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Foreword 
 
 
Vitamin D research has expanded greatly over the last 10 years, with a more than two-fold 
increase in annual publications listed in Pubmed with the key word ‘vitamin D’ from 1675 in 
2005 to 3953 in 2014. 
Part of this increase is due to research showing that vitamin D deficiency is associated with a 
wide range of diseases and health outcomes. Until the 1980s, the primary focus of vitamin D 
research (in combination with calcium supplementation) was on bone diseases. Since then, 
observational studies have linked vitamin D deficiency with increased risk of many diseases: 
both acute and chronic. This book contains publications on several of these disease groups 
linked to vitamin D deficiency. 
The other driver of the increased funding of vitamin D research is the realisation among 
public health agencies of the potential for disease prevention from vitamin D, either through 
supplementation or food-fortification. Vitamin D is very attractive for population-based 
prevention strategies because it is not under patent and, hence, relatively cheap. For example, 
monthly bolus vitamin D supplementation costs about $1–2 per year. The very low costs of 
vitamin D, combined with findings from meta-analyses of previous randomised controlled 
trials showing reduced all-cause mortality in people allocated to vitamin D3 supplementation 
[1], have created interest in investigating vitamin D further. 
Several large scale randomised controlled trials of vitamin D supplementation are currently 
underway around the world [2]. They have two distinguishing features from earlier 
supplementation trials. First, they are using much higher vitamin D doses (by two- to 
four-fold) than previous trials. Second, they are using vitamin D by itself, without calcium 
supplementation. The latter is important from a public health perspective, as calcium is 
water-soluble and needs to be taken daily, making it less attractive than fat-soluble vitamin D 
which has the potential for intermittent (weekly or monthly) dosing. 
The good news is that these mega-trials of vitamin D supplementation are being done. The 
bad news, for anyone wanting a quick answer, is that they will take several years to finish and 
report their main findings.  
In the meantime, this Open Book makes an important contribution by informing clinicians and 
researchers interested in vitamin D and its health effects, particularly those wanting an 
overview of recent developments in this area. 
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Preface 

 Nutrients Open Book: Vitamin D and Human Health celebrates diversity in vitamin D with 
articles from bench-to-bedside, examining the mechanisms, epidemiology, and clinical issues 
in the management of non-skeletal disease. Michael Holick inspired this project, with his 
review of the evidence that vitamin D supports both skeletal and non-skeletal health [1]. 
Developing this theme the book identifies progress in vitamin D research published in a special 
edition Vitamin D and Human Health and other issues of Nutrients1. 
 This book explores evidence for the role of Vitamin D in non-skeletal disease. The chapters 
reflect how far we have progressed since Casimir Funk’s invented the concept of ‘vital amines’ 
a hundred years ago. Whilst he portrayed vitamins as amines found in food with a single mode 
of action and essential for preventing a specific disorder [2], many vitamins do not follow this 
model. Some authorities such as the Institute of Medicine (IOM) still portray vitamin D as 
sourced from food with a recommended dietary allowance of less than 1000IU per day, and 
being synonymous with calcium metabolism and bone disorders, the IOM found little evidence 
to support the role of vitamin D in non-skeletal disease [3]. Now we have a different 
understanding of the epidemiology and physiology of vitamin D and the efficacy of vitamin D 
supplementation in many diseases.  
 Today we recognise vitamin D is a secosteroid hormone derived from sunshine with a 
plethora of physiological functions; autocrine, paracrine, endocrine [4], and epigenetic [5]. 
Thus many diseases are associated with vitamin D deficiency [1] and high levels of evidence 
are available for the efficacy of supplementation with vitamin D. However there is still 
controversy about the causative nature and efficacy of vitamin D in many diseases, as 
exemplified by conflicting evidence from meta-analyses about the efficacy of vitamin D 
supplementation originating from limitations in the design of the primary randomised 
controlled trials (RCTs) [6]. Furthermore, other factors have added to the controversy including 
confirmation bias, biological flaws, denial of two-way causation and the view that deficiency is 
represented by a single 25(OH)D level. This book illustrates how limited acceptance of the 
complex physiology of vitamin D may have led to flawed trial methodology, produced 
conflicting results and differences of opinion evident across the literature.  
 
 
 

                                                
1 Vitamin D intake is measured in micrograms ( g) or international units (IU), where 100 g = 4000IU. Vitamin D 
status assessed as serum levels of 25 hydroxy-vitamin D (25(OH)D) is measured in millimols per litre (mmol/L) or 
nanograms per millilitre (ng/ml), where 100nmol/L = 40ng/ml. The level taken to signify deficiency of 50nmol/L 
is controversial. 
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Chapter 1 - Overview 
 
 Foremost vitamin D researcher Michael Holick, and Mathias Wacker, describe the role of 
vitamin D in both skeletal and non-skeletal health [1] This includes the history of a century of 
discovery since Finsen's Nobel Prize in 1903 for the treatment of tuberculosis, the physiology 
revealing the ubiquitous nature of vitamin D metabolism, including the regulation of 2000 
genes, the commonly used cures, such as light and cod liver oil, and the public health 
interventions, such as sunbaths and food fortification. The authors conclude ‘large randomized 
controlled trials (RCTs) using sufficiently high doses of vitamin D are required to resolve the 
controversy regarding the dose of vitamin D and the level of 25(OH)D that should be attained to 
reduce the risk of diseases associated with deficiency’.  
 
Chapter 2 – Vitamin D Intake and 25(OH)D Levels  
 
 As vitamin D deficiency is pandemic [27], public concern has driven research to investigate 
what intake and levels of vitamin D are sufficient. In North America, the Institute of Medicine 
(IOM) recommends a daily intake of 800 IU of vitamin D [3], however Veugelers and colleague 
[28] demonstrate the IOM made a statistical error in calculating the recommended dietary 
allowance (RDA) for vitamin D, and demonstrate that a far higher RDA is required.  
 In Canada where intakes of vitamin D and levels of 25(OH)D are low [7], Chao and 
colleagues [9] found the level of dose advised by the IOM did not change 25(OH)D levels in 
vitamin D deficient participants and higher doses were required. 
In Saudi Arabia, where vitamin D deficiency is common, Alshahrani and colleague [30] found 
that doses higher than previously recognised of 50,000 IU per week were required for initial 
treatment for deficient patients. They also identified the pleomorphic effects of vitamin D 
outside its conventional role in calcium and bone homeostasis, highlighting the different levels 
of vitamin D and its clinical implications.  
 Across Asia the risk of vitamin D deficiency in pregnancy is high. Roth and colleagues [10] 
examined the dose response to vitamin D supplementation in pregnant women in Bangladesh 
demonstrating that it requires 5,000IU per day (equivalent) for most pregnant women safely 
attain sufficiency (>80 nmol/L) and that 2,000IU per day is ineffective.  
 These authors believe significantly higher doses are required and recommend the RDA for 
vitamin D be reconsidered to allow for appropriate public health and clinical decision-making.  
 
Chapter 3 – Health Impact 
 
 The broad health impact of vitamin D was reviewed by Spedding and colleagues [15] 
examining evidence about the efficacy of vitamin D and the levels of 25(OH)D required in 
different disease. High levels of evidence for many diseases were found supporting the efficacy 
of vitamin D supplements, in contrast to previous reviews [3]. These include Level 1 evidence 
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from meta-analyses for premature mortality and falls prevention, and Level 2 evidence from 
randomised controlled trials for cancer, diabetes, pain, depression and respiratory infections.  
 
 Whilst there is disagreement about the levels of 25(OH)D required to manage bone 
disorders, there is less agreement for non-skeletal diseases. The hypothesis that there is a 
specific level of 25(OH)D at which the therapeutic effect is seen in different diseases is 
supported by evidence from these trials. Specifically higher levels are required for the 
management of non-skeletal diseases than skeletal disease. This challenges the concept that 
there is a single level of 25(OH)D signifying vitamin D deficiency. 
 
Chapter 4 – Neoplastic Disorders 
 
 The evidence that vitamin D reduces the risk of cancer is presented by the luminary vitamin 
D researcher, William B Grant, and Meis Moukayed [16]. They focus on the persistent genomic 
as well as immediate non-genomic effects of vitamin D that regulate cell proliferation, 
differentiation, and survival. This is supported by ecological and epidemiological studies and 
two RCTs. This is further reinforced by a discussion of the role of vitamin D in the normal 
process of differentiation and activation of cells by Hall and colleagues [19] who also examine 
the immune modulation effects of vitamin D and its role in leukaemia and stem cell transplants.  
Clinicians and policy need to provide advice and treat patients based on the best evidence 
available at the time, so researchers need to assist this process through better communication of 
what is currently know. Aware of this predicament, William B Grant and colleague [16] follow 
their review with recommendations that countries adopt awareness, education, and 
implementation strategies to increase supplementation with vitamin D as a preventive measure 
to reduce colon and breast cancer.  
 
Chapter 5 – Cardiovascular Disorders 
 
 The evidence that vitamin D deficiency is a cardiovascular (CVD) risk factors is presented 
by Weyland and colleagues including William B Grant, showing that all the relevant Bradford 
Hills criteria for a causal association between low 25(OH)D levels and CVD risk are satisfied 
[29].  
 Furthermore, vitamin D deficiency may increase cardiovascular risk through altering the 
sympathovagal balance (SVB) and thus blood pressure. Mann and colleagues [20] 
demonstrated SVB suppression in vitamin D deficient participants and the cardioprotective 
effect of Vitamin D supplementation was demonstrated through suppression of SVB in 
cardiocytes by Pacini and colleagues [21]. Moreover blood pressure was found to be dependent 
on the dose of vitamin D by Liu and colleagues [17].  
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Chapter 6 - Metabolic Disorders 
 
 Evidence for the preventive nature of vitamin D also was found for metabolic disorders such 
as diabetes and obesity. A systematic review and meta-analysis of vitamin D supplementation 
in type 1 Diabetes Mellitus by Dong and colleagues [13] showed a 30% reduction in the risk of 
developing Type 1 diabetes when vitamin D supplements were taken in infancy. This provides 
the highest level of evidence of the efficacy of vitamin D for the prevention of diabetes.  
Obesity has become a major global health challenge, which is not only increasing but no 
national success stories have been reported in the past 33 years. The review by Simon Vanlint 
[18] concluded the conflicting outcomes of obesity studies may reflect the two-way causation 
of obesity and vitamin D deficiency and reflect the flaws in the studies rather than the effect of 
vitamin D itself. The first report of the analyses of adipose 25(OH)D in healthy human subjects 
from Piccolo and colleagues [32] found that although there was concordance between levels of 
25-hydroxyvitamin D in serum and subcutaneous white adipose tissue, these levels were 
unaffected by changes in body weight in overweight and obese individuals.  
 
Chapter 7 – Mental Disorders 
 
 Depression can be difficult to treat and uncertainty about the efficacy of antidepressants 
medication has led to trials of non-pharmaceutical medicines. A systematic review and 
meta-analysis of 15 RCTs of the efficacy of vitamin D supplementation in depression was 
conducted by Spedding [24]. Whilst history, physiology, and epidemiological research support 
the role of vitamin D in the management of depression, previous systematic reviews of RCTs 
have found insufficient evidence to support the concept. However these reviews had 
overlooked most of the 15 RCTs of vitamin D supplementation in the management of 
depression published in peer reviewed journals. This may explain the conclusions of previous 
reviewers that more research was needed. This new systematic review and meta-analysis 
compared studies according to the presence or absence of biological flaws [24] and found the 
studies without flaws demonstrated vitamin D supplementation significantly reduced 
depressive symptoms, whereas this effect was not shown for trials with biological flaws. 
Biological flaws in trials make supplementation ineffective such as when the dose of vitamin D 
is too low or participants are not deficient in vitamin D.  
 Many of these primary studies were in elderly patients, however the association between 
depressive symptoms and vitamin D status also occurs in young healthy adults. In New Zealand 
a third of healthy students were vitamin D deficient (<50nmol/L) and deficiency was found to 
be associated with depression symptoms after adjustment for confounders. Polak and associates 
[26] further noted a significantly lower 25(OH)D in the group with a high depression score; the 
effect was clinically significant being a 4.5 point increase on the depression scale for each 27 
nmol/L decrease in serum 25(OH)D.  
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Chapter 8 - Sports Medicine 
 
 Supplements and complementary medicines are commonly used for performance 
enhancement although the evidence is unclear. Whilst vitamin D deficiency is common in 
athletes; especially indoor athletes, Ogan and colleagues [23] found conflicting evidence about 
the efficacy of vitamin D on muscle strength or performance. They concluded performance 
improved only at high 25(OH)D levels above 100 nmol/L but not at lower levels. Barker and 
colleagues [22] found post-exercise muscle weakness correlated with having low levels of 
25(OH)D. Considering the importance of optimal vitamin D status to prevent stress fractures, 
and muscle injury and recovery, authors advise that a goal for all athletes is obtaining optimal 
25(OH)D levels, regardless of the limited literature available in support of a positive effect 
from vitamin D on performance.  
 
Chapter 9 - Risk Factors  
 
 The factors affecting vitamin D deficiency are diverse including social, behavioural and as 
well as health such as chronic disease. 
In Canada, Vatanparast and colleagues [8] suggest that migration is a significant risk factor for 
deficiency intakes of vitamin D as levels of 25(OH)D are low in migrant and refugee children, 
and refugee children have half the level of other Canadian children. In Australia, Bonevski and 
colleagues [12] found beliefs about skin cancer lead to sun avoidance and vitamin D deficiency. 
For patients with organ failure, Theim and colleagues [33] found although most patients 
(80-95%) show vitamin D insufficiency or deficiency, this also occurs in healthier patients 
before and after transplantation, However, there are few guidelines about vitamin D covering 
this situation. Similarly, many rheumatology patients (56%) have low serum 25(OH)D levels, 
and disease activity was found by Sabbagh and colleagues [34] to be five times higher risk of in 
cases with low plasma 25(OH)D than in controls. They consider proper evaluation of vitamin D 
status is needed in this clinical population as there is evidence of a two-way causation between 
rheumatoid arthritis and vitamin D deficiency. Infectious disease, such as community acquired 
pneumonia (CAP) and sepsis in a community-living adult population were also inversely 
associated with Vitamin D status. The strength of this prospective study by Jovanovich and 
colleagues [25] was that serum 25(OH)D levels were measuring at least three months prior to 
illness or hospitalization, thus reinforcing the case for low vitamin D status being considered a 
causative factor, rather than solely a response to illness. The oral contraceptive pill also affects 
25(OH)D levels, as Moller and colleagues [11] found, patients on the pill had up to 25% higher 
concentrations of vitamin D than patients not on the pill. 
 Concerns about the diagnostic accuracy for vitamin D testing [1] led Abdel-Wareth and 
colleagues [14] to compare methods for measuring 25(OH)D levels. They found good 
concordance for the Roche system to HPLC for samples containing high levels of vitamin D3 
and slightly lower concordance for those with higher vitamin D2 levels, but not of a degree that 
would affect clinical decision making. 
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Conclusion 
 
 This Nutrients Open Book: Vitamin D and Human Health expands the literature on vitamin 
D beyond the views of Casimir Funk, and of the Institute of Medicine about the source, intake 
and serum levels of vitamin D, and the opinion that there is insufficient evidence to support the 
use of vitamin D in non-skeletal disease.  
Vitamin D deficiency is pandemic occurring frequently in countries with both high and low 
levels of sunlight. Current IOM recommendations on dietary intake are unlikely to address 
vitamin D deficiency across the community. Therefore there is an urgent need to resolve 
questions of whether vitamin D deficiency is important for disorders other than bone disease, 
and then address the efficacy of vitamin D supplements and the level of 25(OH)D required to 
manage these diseases. Clinicians and policy makers treat patients and guide public health 
policy based on the best evidence available at the time, so researchers need to assist this process 
through better communication of what is currently know and how sure we can be of these 
opinions, rather than focusing on the gaps in knowledge. 
 The current evidence shows Level 1 evidence from meta-analysis for the efficacy of vitamin 
D from meta-analyses for premature mortality, diabetes and falls prevention, and the treatment 
of depression There is Level 2 evidence from randomised controlled trials for cancer, chronic 
pain, and respiratory infections, and lower levels of evidence for reducing cardiovascular risk, 
sporting injuries and for patients with chronic debilitating disease. Thus these authors 
consistently advise the goal is to obtain optimal 25(OH)D levels to manage non-skeletal health.  
However there is still controversy about these findings, as some researchers are sceptical about 
the complexity of vitamin D physiology. As opposed to the scientific evidence about diverse 
mechanism of vitamin D presented here, one such physiology sceptic in a British Medical 
Journal editorial states ‘the putative mechanistic actions of vitamin D’s are so numerous that 
they have been invoked as an explanation for why good triumphs over evil in JRR Tolkien’s 
The Hobbit’ [31].  
 Reinforcing this cynicism are methodological issues highlighted in this Book. Two of these 
issues affecting trial methodology are biological flaws and conceptualising deficiency as a 
single level of 25(OH)D, whilst two others issues affecting review methodology are denial of 
two-way causation and confirmation bias.  
 Scepticism may be reinforced by evidence from trials with biological flaws, such as using 

low ineffective doses of Vitamin D or treating participants who were not deficient at 
baseline. Mirroring pharmaceutical trials, the trial methodology overlooks the sources and 
physiology of vitamin, making a null result more likely.  

 Another issue concerning researchers is the concept that vitamin D deficiency is indicated by 
a single serum 25(OH)D level. However as vitamin D metabolism is tissue dependent, 
deficiency is disease dependent and a single number may not truly represent deficiency 
[15]. The evidence indicates that there are different levels of 25(OH)D representing 
deficiency in different tissues and thus for different diseases.  
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 The two-way causation of disease and vitamin D deficiency was demonstrated for infectious 
disease and may be involved in rheumatoid arthritis and obesity. Although many chronic 
diseases lead to vitamin D deficiency, this does not exclude the possibility that deficiency 
increases the risk of disease. When an association between deficiency and a disease is 
discovered, it is prone to be interpreted as disease causing deficiency without evidence to 
exclude the competing explanation that deficiency caused disease. Whereas the causal 
nature of deficiency in many disorders is supported by RCTs and the Bradford Hill criteria, 
as well as prospective studies that assessed vitamin D levels before the disorder arose.  

 The accepted wisdom was that the role of vitamin D was limited to bone disease and further 
research is needed to establish its role in non-skeletal disease. This presumes that the 
evidence is not already available. However previous reviews have demonstrably failed to 
identify many published trials, leading to a suspicion that some opinion pieces and reviews 
may suffer from confirmation bias finding only evidence that supports the status quo.  
 

 Denying the complex nature of vitamin physiology has led to trial methodology with 
biological flaws that did not consider supplement doses or levels of deficiency. This led to 
conflicting results in RCTs and meta-analyses about the efficacy of vitamin D supplementation. 
Unless these flaws are minimised in future trials, knowledge about vitamin D will not increase 
and may even promulgate disinformation. Confirmation bias and the resistance to considering 
two-way causation in reviews and opinion pieces may spuriously have reinforced the accepted 
wisdom about a lack of evidence for vitamin D in non-skeletal disease. These issues may have 
contributed to the difference between the evidence presented in this book and the conclusions of 
the IOM and physiology sceptics. 

 
 Scepticism, confirmation bias, deficiency levels, biological flaws, and two-way causation 
rarely occur in drug trials however are characteristic of vitamin D research and may occur 
across the spectrum of nutrients. The future of research without these limitations may usher in a 
new age in the understanding of vitamin D and other nutrients. 
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Vitamin D—Effects on Skeletal and Extraskeletal Health and 
the Need for Supplementation 

Matthias Wacker and Michael F. Holick 

Abstract: Vitamin D, the sunshine vitamin, has received a lot of attention recently as a result of a 
meteoric rise in the number of publications showing that vitamin D plays a crucial role in a plethora 
of physiological functions and associating vitamin D deficiency with many acute and chronic 
illnesses including disorders of calcium metabolism, autoimmune diseases, some cancers, type 2 
diabetes mellitus, cardiovascular disease and infectious diseases. Vitamin D deficiency is now 
recognized as a global pandemic. The major cause for vitamin D deficiency is the lack of appreciation 
that sun exposure has been and continues to be the major source of vitamin D for children and adults 
of all ages. Vitamin D plays a crucial role in the development and maintenance of a healthy skeleton 
throughout life. There remains some controversy regarding what blood level of 25-hydroxyvitamin 
D should be attained for both bone health and reducing risk for vitamin D deficiency associated acute 
and chronic diseases and how much vitamin D should be supplemented. 

Reprinted from Nutrients. Cite as: Wacker, M.; Holick, M.F. Vitamin D—Effects on Skeletal and 
Extraskeletal Health and the Need for Supplementation. Nutrients 2013, 5, 111-148. 

1. Introduction 

Vitamin D has been produced by phytoplankton for more than 500 million years [1] and is  
thought to be the oldest of all hormones whose function initially could have been the protection of 
ultraviolet-sensitive macromolecules including proteins, DNA and RNA, when these early forms of 
life were exposed to sunlight for photosynthesis. Later, after the evolution of ocean dwelling animals 
with vertebral skeletons ventured onto land, the maintenance of calcium homeostasis was a major 
physiological problem (as opposed to living in the calcium-rich ocean). It was vitamin D that ensured 
the efficient intestinal calcium absorption from dietary sources and ultimately was essential for the 
development and maintenance of a calcified mammalian skeleton [2]. Obtaining vitamin D from 
either sunlight or diet is still critical for most vertebrates for their skeletal health [1,3–5]. Over time,  
vitamin D has evolved into a hormone having numerous extraskeletal effects by regulating up to 
estimated 2000 genes [6,7]. 

Ethnical and gender differences in skin pigmentation indicate the evolutionary importance of  
a sufficient vitamin D supply. The varying degrees of depigmentation that evolved in order to permit 
UVB-induced synthesis of previtamin D3 when hominids migrated outside the tropics can be 
considered as a compromise solution to the conflicting physiological requirements of vitamin D 
synthesis and photoprotection that differ depending on latitude and thus warrant different degrees of 
skin pigmentation. An evolutionary selection pressure towards a lighter skin coloration going along 
with a higher ability to produce vitamin D seems not only to be exerted by living in geographic 
regions with a lower UV intensity but also by being female. Gender differences in skin pigmentation 
with females being lighter skinned than males in all populations for which data about the skin 
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reflectance was available could be explained by the higher needs of vitamin D during pregnancy and 
lactation [8]. 

2. Vitamin D—Sources 

The main sources of vitamin D are sunlight, supplements and diet [7] (Table 1). 

Table 1. Sources of vitamin D2 and vitamin D3 [7]. Note: This table is modified and 
reproduced with permission from [7], Copyright © 2007 Massachusetts Medical Society. 

Source 
Vitamin D Content 

IU = 25 ng 
 Chemical structures of vitamin D2 [9] and vitamin D3 [10]. 
 Vitamin D2 (Ergocalciferol) Vitamin D3 (Cholecalciferol) 

 

Natural sources  

Cod liver oil ~400–1000 IU/tsp vitamin D3 

Egg yolk ~20 IU/yolk vitamin D3 or D2 

Mackerel, canned ~250 IU/3.5 oz vitamin D3 

Salmon, canned ~300–600 IU/3.5 oz vitamin D3 

Salmon, fresh farmed ~100–250 IU/3.5 oz vitamin D3, vitamin D2 

Sardines, canned ~300 IU/3.5 oz vitamin D3 

Shiitake mushrooms, fresh ~100 IU/3.5 oz vitamin D2 

Shiitake mushrooms, sun dried ~1600 IU/3.5 oz vitamin D2 

Sunlight/UVB radiation ~20,000 IU equivalent to exposure to 1 minimal erythemal dose (MED) 
in a bathing suit. Thus, exposure of arms and legs to 0.5 MED is 
equivalent to ingesting ~3000 IU vitamin D3 

Tuna, canned 236 IU/3.5 oz vitamin D3 
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Table 1. Cont. 

Fortified foods  
Fortified breakfast cereals ~100 IU/serving usually vitamin D3 
Fortified butter 56 IU/3.5 oz usually vitamin D3 
Fortified cheeses 100 IU/3 oz usually vitamin D3 
Fortified margarine 429/3.5 oz usually vitamin D3 
Fortified milk 100 IU/8 oz usually vitamin D3 
Fortified orange juice 100 IU/8 oz vitamin D3 
Fortified yogurts 100 IU/8 oz usually vitamin D3 
Infant formulas 100 IU/8 oz vitamin D3 
Pharmaceutical Sources in the 
United States 

 

Drisdol (vitamin D2) liquid 8000 IU/mL 
Vitamin D2 (Ergocalciferol) 50,000 IU/capsule 
Supplemental Sources  
Multivitamin 400, 500, and 1000 IU vitamin D3 or vitamin D2 
Vitamin D3 400, 800, 1000, 2000, 5000, 10,000, 14,000, and 50,000 IU  

Exposure of human skin to solar UVB radiation (wavelengths: 290–315 nm) leads to the 
conversion of 7-dehydrocholesterol to previtamin D3 in the skin. Previtamin D3 is then rapidly converted 
to vitamin D3 (cholecalciferol) by temperature- and membrane-dependent processes [7,11,12] 
(Figure 1). 

Figure 1. Schematic representation of the synthesis and metabolism of vitamin D for 
regulating calcium, phosphorus and bone metabolism [7]. During exposure to sunlight,  
7-dehydrocholesterol in the skin is converted to previtamin D3. Previtamin D3 immediately 
converts by a heat dependent process to vitamin D3 [7,11,12]. Excessive exposure to 
sunlight degrades previtamin D3 and vitamin D3 into inactive photoproducts [13]. 
Vitamin D2 and vitamin D3 from dietary sources is incorporated into chylomicrons, 
transported by the lymphatic system into the venous circulation [14]. Vitamin D (D 
represents D2 or D3) made in the skin or ingested in the diet can be stored in and then 
released from fat cells. Vitamin D in the circulation is bound to the vitamin D binding 
protein which transports it to the liver where vitamin D is converted by the vitamin  
D-25-hydroxylase to 25-hydroxyvitamin D [25(OH)D]. This is the major circulating 
form of vitamin D that is used by clinicians to measure vitamin D status [7,15] (although 
most reference laboratories report the normal range to be 20–100 ng/mL, the preferred 
healthful range is 30–60 ng/mL) [7]. It is biologically inactive and must be converted in 
the kidneys by the 25-hydroxyvitamin D-1 -hydroxylase (1-OHase) to its biologically 
active form 1,25-dihydroxyvitamin D [1,25(OH)2D] [7,15–17]. Serum phosphorus, 
calcium, fibroblast growth factors (FGF-23) and other factors can either increase (+) or 
decrease ( ) the renal production of 1,25(OH)2D [7]. 1,25(OH)2D feedback regulates its 
own synthesis and decreases the synthesis and secretion of parathyroid hormone (PTH) 
in the parathyroid glands [6,7]. 1,25(OH)2D increases the expression of the  
25-hydroxyvitamin D-24-hydroxylase (24-OHase) to catabolize 1,25(OH)2D to the water 



6 
 

 

soluble biologically inactive calcitroic acid which is excreted in the bile [7,18]. 
1,25(OH)2D enhances intestinal calcium absorption in the small intestine by stimulating 
the expression of the epithelial calcium channel (ECaC) and the calbindin 9K (calcium 
binding protein; CaBP) [7,19,20]. 1,25(OH)2D is recognized by its receptor in osteoblasts 
causing an increase in the expression of receptor activator of NF B ligand (RANKL). Its 
receptor RANK on the preosteoclast binds RANKL which induces the preosteoclast to 
become a mature osteoclast. The mature osteoclast removes calcium and phosphorus 
from the bone to maintain blood calcium and phosphorus levels [7,17]. Adequate calcium 
and phosphorus levels promote the mineralization of the skeleton [7]. Note: This figure 
is reproduced with permission from [21], Copyright © 2007 Michael F. Holick. 

 

The amount of vitamin D production in the skin depends on the incident angle of the sun and  
thus on latitude, season and time of the day. It is highest when the sun is in the zenith and a flattening 
of the incident angle leads to a reduced vitamin D production [17]. Whole body exposure to sunlight 
with one minimal erythema dose (MED), i.e., the minimal dose leading to pink coloration of  
the skin 24 h after exposure, leads to vitamin D levels comparable to oral intake of 10,000 to up to 
25,000 IU vitamin D2 [16,22]. However, sun exposure during most of the winter at latitudes above 
and below ~33 degrees North and South, respectively, doesn’t lead to any production of vitamin D3 
in the skin [16,23] (Figure 2). Other factors influencing the cutaneous vitamin D production 
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adversely are an increase in skin pigmentation, aging, especially age >65 years and the topical 
application of a sunscreen [17]. 

Figure 2. Influence of season, time of day, and latitude on the synthesis of previtamin 
D3 in Northern (A and C) and Southern hemispheres (B and D). The hour indicated in C 
and D is the end of the 1-h exposure time. Note: This figure is reproduced with 
permission from [13], Copyright © 2010 Humana Press. 

 

The number of foods naturally containing vitamin D in significant amounts is very limited. 
Among these are oily fish such as salmon, sardines and tuna, and oils of the liver of some fish such 
as cod as well as sun-exposed mushrooms [7] (Table 1). To increase the content of vitamin D2 in 
mushrooms producers are irradiating them with UV radiation [24,25]. 

In the 1930s, the fortification of milk, sodas, bread and even beer became popular [26]; however, 
after several cases of presumed vitamin D intoxication in infants in the 1950s in Great Britain [27] 
strict regulations limiting vitamin D fortification to only margarine were introduced in Europe 
[14,28]. Due to a relatively high prevalence of lactose intolerance leading to an avoidance of milk 
by many adults, the fortification of orange juice in the US was introduced as a novel approach of 
enhancing the vitamin D status of the public in the 2003 and proved to be as effective as oral 
supplementation [26,29]. Other fortified foods include margarine, yogurt, infant formula, butter, 
cheese and breakfast cereals [7] (Table 1). 
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Vitamin D2 and vitamin D3 are available as oral over-the-counter supplements. In the US, only 
vitamin D2 is available as prescription drug [7,17]. Although there has been debate as to whether 
vitamin D2 is as effective as vitamin D3 in maintaining vitamin D status [30–36], other studies in 
children and adults have demonstrated that they are equally effective [29,37–40]. 

3. Vitamin D—Metabolism 

Vitamin D from cutaneous synthesis or dietary/supplemental intake, is transported to the fat where 
it can be stored or to the liver for the first step of activation, the hydroxylation to 25-hydroxyvitamin 
D [25(OH)D], which is the major circulating form of vitamin D [7,15] and measured to assess a 
patient’s vitamin D status [7,16,41,42] (Figure 1). 

25(OH)D is metabolized in the kidneys by the mitochondrial enzyme 25-hydroxyvitamin  
D-1 -hydroxylase (CYP27B1) to generate the systemically circulating active form, 1,25-
dihydroxyvitamin D [1,25(OH)2D] [7,15–17]. The renal synthesis of 1,25(OH)2D is regulated by 
several factors including serum phosphorus, calcium, fibroblast growth factor 23 (FGF-23), 
parathormone (PTH) and itself [7]. CYP27B1 is also expressed extrarenally in a multitude of  
tissues [17,43], including bone, placenta, prostate, keratinocytes, macrophages, T-lymphocytes, 
dendritic cells, several cancer cells [44], and the parathyroid gland [45] and enables the production 
of 1,25(OH)2D. This active form of vitamin D is locally active and exerts auto- or paracrine  
effects [15,17]. 

1,25(OH)2D induces its own destruction by rapidly inducing the 25-hydroxyvitamin  
D-24-hydroxylase (CYP24A1), which leads to the multistep catabolism of both 25(OH)D and 
1,25(OH)2D into biologically inactive, water-soluble metabolites including calcitroic acid [7,18] 
(Figure 1). 

4. Vitamin D Receptor (VDR)—Distribution and Function 

1,25(OH)2D, either produced in the kidneys [7] or extrarenally in the target tissues [15,17], is the 
ligand of the vitamin D receptor (VDR) whose widespread distribution across many tissues explains 
the myriad of physiological actions of vitamin D. By interacting with the VDR, a transcription  
factor [17,46], 1,25(OH)2D regulates directly and indirectly the expression of up to 2000 genes [6,7], 
many of whose promoters contain specific vitamin D response elements (VDRE). The VDR partners 
with other transcription factors, most importantly the retinoid X receptor (RXR) [47], and 
coactivators and corepressors provide target gene specificity [48–50]. A membrane-bound VDR may 
also exist and mediate more immediate, non-genomic actions of 1,25(OH)2D [44,51,52]. 

5. Prevalence of Vitamin D Deficiency and Insufficiency  

25(OH)D is the vitamin D metabolite that is measured to assess a patient’s vitamin D status [7,17]. 
Vitamin D deficiency is diagnosed when 25(OH)D <20 ng/mL [16,53], vitamin D insufficiency is 
defined as 25(OH)D of 21–29 ng/mL, and 25(OH)D >30 ng/mL is considered sufficient, with  
40–60 ng/mL being the preferred range [16]. Vitamin D intoxication usually doesn’t occur until 
25(OH)D >150 ng/mL [7,16,23]. 
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These reference values are in part based on the finding, that the decline of parathyroid hormone 
(PTH) concentrations with increasing 25(OH)D levels in adults reached its nadir asymptotically at a 
25(OH)D of ~30–40 ng/mL in several studies [7,16,23,54–56]. However, a recent cross-sectional 
analysis of more than 300,000 paired serum PTH and 25(OH)D levels revealed no threshold, even at 
25(OH)D levels >60 ng/mL, above which a further increase of the 25(OH)D level failed to further 
suppress PTH levels. The analysis also showed a strong age-dependency of the PTH-25(OH)D 
relationship [57]. 

According to studies in Canada, 30%–50% of children and adults are vitamin D deficient [58–
60]. The National Health and Nutrition Examination Surveys 2001–2006 showed a prevalence of 
vitamin D deficiency of 33% [60,61]. Studies in Indian school children revealed a prevalence of 
severe vitamin D deficiency (<9 ng/mL) in more than 35% [62] and over 80% of pregnant women 
in India had 25(OH)D levels <22.5 ng/mL [63]. Also reports from Africa [64], Australia [65],  
Brazil [66], Middle East [67,68], Mongolia [69], and New Zealand [70] documented a high risk for 
vitamin D deficiency in both adults and children [60,71]. 

Based on these findings, it has been estimated that 1 billion people worldwide are vitamin D 
deficient or insufficient [7,60] (Figure 3A–C). 

Figure 3. (A) Prevalence at risk of vitamin D deficiency defined as a 25-hydroxyvitamin 
D <12–20 ng/mL by age and sex: United States, 2001–2006. (B) Mean intake of vitamin 
D (IU) from food and food plus dietary supplements from Continuing Survey of Food 
Intakes by Individuals (CSFII) 1994–1996, 1998 and the Third National Health and 
Nutrition Examination Survey (NHANES III) 1988–1994. (C) Reported incidence of 
vitamin D deficiency defined as a 25-hydroxyvitamin D <20 ng/mL around the globe 
including Australia (AU), Canada (CA), China (CH), India (IN), Korea (KR), Malaysia 
(MA), Middle East (ME), Mongolia (MO), New Zealand (NZ), North Africa (NA),  
Northern Europe (NE), United States (USA) [60]. Note: This figure is reproduced with 
permission from [60], Copyright © 2012 The Endocrine Society. 

 
  

A 
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Figure 3. Cont. 

 

 

6. Vitamin D and Calcium and Phosphorus Metabolism 

Vitamin D plays an important role in the calcium and phosphorus metabolism and helps ensure 
adequate levels of these minerals for metabolic functions and bone mineralization [7]. 1,25(OH)2D 
increases the efficiency of intestinal calcium absorption from 10%–15% to 30%–40% by interacting 
with the VDR-RXR and thereby promoting the expression of an epithelial calcium channel and  
a calcium-binding protein [7,19,20]. Based on several experiments conducted in rodents [72,73] it 
has been estimated that 1,25(OH)2D also increases the intestinal phosphorus absorption from 50%–
60% to approximately 80% [7,14]. 

Vitamin D also mediates indirect effects on calcium and phosphorus by regulating the PTH levels. 
The parathyroid glands have CYP27B1 activity and the local production of 1,25(OH)2D using 
25(OH)D as substrate could inhibit the synthesis of PTH [74]. However, 25(OH)D could also directly 
suppress PTH synthesis by directly activating the VDR [75]. Vitamin D deficiency is associated with 

B 

C 



11 
 

 

lower levels of serum-ionized calcium, a stimulus leading to increased PTH levels. Conversely, 
higher calcium levels that are associated with higher 25(OH)D levels, suppress the PTH secretion. 
PTH increases tubular calcium and decreases renal phosphorus reabsorption [14] (Figure 1). PTH 
also stimulates the production of 1,25(OH)2D with the above mentioned effects on calcium and  
phosphorus homeostasis [7,14]. Moreover, both PTH and 1,25(OH)2D stimulate osteoblasts to 
mobilize skeletal calcium stores [7,17] (Figure 1). Vitamin D deficiency leads to secondary 
hyperparathyroidism with PTH-enhanced 1,25(OH)2D production and is often associated with 
normal to high 1,25(OH)2D levels [7]. 

7. Bone Health 

In the mid-1600s most children living in the crowded and polluted industrialized cities in Northern 
Europe developed a severe bone-deforming disease, rickets, that was characterized by growth 
retardation, enlargement of the epiphyses of the long bones, deformities of the legs, bending of the 
spine, knobby projections of the ribcage, and weak and toneless muscles [14,76] (Figure 4). Autopsy 
studies in children in the Netherlands and Boston in the early 1900s showed a rickets prevalence of 
80%–90% [14]. In the 19th and 20th century, the major discoveries regarding the pathogenesis and 
prevention of rickets were made. In 1822, the importance of sun exposure for the prevention and cure 
of rickets was recognized by Sniadecki [77]. In 1890, these observations were extended and the 
recommendation of sun baths to prevent rickets was promoted by Palm [78]. In 1919,  
Huldschinski [79,80] found that exposing children to UV radiation from a sun quartz lamp (mercury 
arc lamp) or carbon arc lamp was effective in treating rickets. In 1918, Mellanby et al. [81] prevented 
rickets in puppies with cod liver oil. McCollum et al. [82] called this new nutritional factor vitamin 
D. Hess and Weinstock [83] and Steenbock and Black [84] observed that UV irradiation of various 
foods and oils imparted antirachitic activity [14]. 

Vitamin D sufficiency is pivotal for normal skeletal development both in utero [7,85] and in 
childhood [14], and for achieving and maintaining bone health in adults [23]. This is due to the fact 
that vitamin D sufficiency leads to an adequate calcium-phosphorus product (Ca2+ × HPO42 ) 
resulting in an effective bone mineralization [14]. Maternal vitamin D insufficiency during 
pregnancy was associated with a significant reduction in bone mineral acquisition in infants [85] that 
still persisted 9 years after birth [86]. In children whose epiphyseal plates haven’t closed, vitamin D 
deficiency with 25(OH)D levels <15 ng/mL causes chondrocyte disorganization and hypertrophy at 
the mineralization front as well as skeletal mineralization defects. This results in bone deformities 
and short stature, the typical signs of vitamin D deficiency rickets [14,87]. 

In adults low 25(OH)D and high PTH also lead to a low serum calcium × phosphorus product, 
resulting in osteomalacia, i.e., a defective mineralization of the collagen matrix causing a reduction 
of structural support and being associated with an increased risk of fracture [17,28]. Results from the 
National Health and Nutrition Examination Survey III (NHANES III) showed that bone density in 
the hip was directly related to the serum 25(OH)D level in both genders of all ethnicities [88,89].  
A German study examined 25(OH)D serum levels and transiliac crest bone specimens of  
675 individuals mainly in the 6th and 7th decade of life (401 males, mean age 58.7 ± 17 years, and  
274 females, mean age: 68.3 ± 17.3 years) dying of unnatural death, such as a motor vehicle accident. 
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The bone biopsies were taken within 48 h after death as well as the blood samples. Various previous 
experiments had shown that the 25(OH)D serum levels were stable for at least 10 days postmortem. 
While there’s no uniformly accepted osteoid volume cut-off for the histologic diagnosis of osteomalacia, 
the study showed a prevalence of osteomalacia of over 25% when using a threshold of >2% osteoid 
volume/bone volume (OV/BV) for the diagnosis of osteomalacia and a prevalence of >43% when 
using a threshold of 1.2% OV/BV as described by Delling in 1975 [90]. Osteomalacia was absent in 
all individuals with 25(OH)D >30 ng/mL, suggesting this as minimum serum level for maintenance 
of bone health. However, no minimum 25(OH)D level could be determined that was inevitably 
associated with mineralization defects [91]. 

One possible explanation is that obtaining a single blood level of 25(OH)D doesn’t provide 
information about the long-term vitamin D status of the individual. It is possible that for example  
that the subject became ill during the winter and stopped ingesting foods containing vitamin D or 
decreased sun exposure during the summer that would acutely lower blood levels of 25(OH)D 
without causing osteomalacia. 

Figure 4. Sister (right) and brother (left) ages 4 years and 6.5 years, respectively, 
demonstrating classic knock-knees and bow legs, growth retardation, and other skeletal 
deformities [14]. Note: This figure is reproduced with permission from [14], Copyright 
© 2006 American Society for Clinical Investigation. 

 

8. Osteoporosis and Fractures 

As a decrease in 25(OH)D leads to secondary hyperparathyroidism associated with osteoclastogenesis 
and an increase in bone resorption exceeding osteoblast-mediated bone formation [88], this can 
precipitate and exacerbate osteopenia and osteoporosis in adults [17,92,93]. 
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Osteoporosis has a prevalence of ~1/3 in women 60–70 years of age and of ~2/3 in women 80 
years of age or older [7]. It’s estimated that currently 10 million Americans have osteoporosis with  
1.5 to 2 million osteoporosis-related fractures annually [94]. An osteoporosis-related fracture will be 
experienced by one in eight men over age 50 years in their lifetime [95]. 

Vitamin D promotes bone health by maintaining the PTH levels in a physiologically healthy level, 
stimulating osteoblastic activity, and promoting bone mineralization as well as reducing risk of falls 
thereby reducing risk of fracture [93,96]. 

According to data from the Women’s Health Initiative [97], the odds ratio of risk for hip fracture 
was inversely related to the serum 25(OH)D level [88]. There’s evidence that patients with 25(OH)D 
levels >30 ng/mL have a lower risk of fracture. Several studies have been conducted to evaluate the 
effect of vitamin D supplementation on the fracture risk, with some studies showing a significant 
reduction of the risk of fractures while others didn’t [98]. One of these showed that the 
supplementation with calcium (1200 mg) and vitamin D3 (800 IU/day) decreased the number of hip 
fractures by 43% (p = 0.043) and the total number of nonvertebral fractures by 32% [99]. The 
RECORD study however, did not show a reduction in fracture risk with supplementation with  
vitamin D (800 IU/day), or calcium (1000 mg/day), or both [100], but often compliance was poor 
and serum 25(OH)D levels were not measured at the end of the study in most participants [7,98,100].  
A meta-analysis of more than 30,000 participants did show that supplementation with vitamin D  
( 792 IU/day) led to a significant reduction in the risk of fracture; the risk of hip fracture was reduced 
by 30%, the risk of any non-vertebral fracture by 14% [98–106]. 

9. Muscular Health and Falls 

Vitamin D exerts multiple effects on muscle health [107]. Its active form 1,25(OH)2D could be 
produced locally in muscle cells as suggested by the recent identification of CYP27B1 bioactivity in 
regenerating mouse muscle and skeletal muscle cells [108], however other studies have failed to 
detect this enzyme in muscle cells [109]. 1,25(OH)2D is thought to modulate muscle function via the 
VDR, which seems to be expressed in skeletal muscles [109–113], by regulating gene transcription 
and promoting de-novo protein synthesis [107]. Also, rapid non-genomic pathways involving  
a membrane-bound vitamin D receptor could exist and affect the calcium handling involving the 
sarcoplasmic reticulum and the calcium signaling in muscle cells [109]. Several studies indicate that 
the muscle function depends on the VDR genotype in the muscle cell [114,115]. The possibility of  
a direct interaction between 25(OH)D and the VDR has been proposed in CYP27B1 /  cells [109,116]. 
However, the existence of a VDR in muscle cells is discussed highly controversially, as a more recent 
study failed to detect the VDR in muscle cells and as the antibodies used for immunocytochemical 
staining to detect the VDR in previous studies have been shown to be not exclusively specific for the 
VDR and could explain potentially false-positive results in these previous studies [117].  

Vitamin D deficiency is associated with diffuse muscle pain, muscle weakness [7,118], 
predominantly in the proximal muscle groups [115], and a reduction in performance speed [107,119]. 
This is caused by muscle atrophy of mainly type II muscle fibers [115]. Proximal muscle weakness 
in severe vitamin D deficiency could also be caused by secondary hyperparathyroidism and resultant 
hypophosphatemia [60,106,120]. 
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There is a positive association between 25(OH)D, lower extremity function, proximal muscle 
strength and physical performance [107,121,122]. Muscle strength [123] and postural and dynamic 
balance [124] were increased by vitamin D supplementation [107]. The effect of vitamin D 
supplementation on the risk of falls was examined in a randomized, controlled multi-dose study, 
showing that the supplementation of 800 IU/day lowered the adjusted-incidence rate ratio of falls by 
72% compared to those taking placebo over 5 months [125]. A meta-analysis of 8 randomized 
controlled trials (n = 2426) showed that supplemental vitamin D of 700–1000 IU/day or a serum 
25(OH)D of 24 ng/mL reduced the risk of falls by 19% and 23% respectively. No benefit was 
observed with lower supplemental doses or lower serum 25(OH)D concentrations [126]. 

10. Cancer 

Living at higher latitudes with lower UV exposure and thus lower vitamin D production is 
associated with an increased risk for the occurrence of a variety of cancers and with an increased 
likelihood of dying from them, as compared to living at lower latitudes [7,17,127,128]. A recent 
review of ecological studies associating solar UVB exposure-vitamin D and cancers found strong 
inverse correlations with solar UVB irradiance for 15 types of cancer: bladder, breast, cervical, colon, 
endometrial, esophageal, gastric, lung, ovarian, pancreatic, rectal, renal, and vulvar cancer; and 
Hodgkin’s and non-Hodgkin’s lymphoma [129]. 

An inverse association between 25(OH)D and the incidence of several cancers and mortality from 
these cancers has been shown in case-control studies, prospective and retrospective studies [130–140], 
especially for cancers of the colon, breast and prostate [7]. Regarding colon cancer, the Nurses’ 
Health cohort study (n = 32,826) showed an inverse association of the odds ratios for colorectal 
cancer with the median 25(OH)D serum levels. At 16.2 ng/mL the odds ratio was 1 and 0.53 at  
39.9 ng/mL (p  0.01) [7,140]. 

These associational studies have certain limitations regarding the establishment of a causality 
between vitamin D status and a reduced risk of cancer, e.g., as low serum 25(OH)D levels are also 
linked with confounding factors related to higher cancer risk, including obesity (vitamin D is 
sequestered in adipose tissue), and lack of physical activity (correlated with less time outdoors and 
less solar exposure) [138]. However, a population-based, double-blind, randomized placebo-controlled 
trial of 4 years duration with more than thousand postmenopausal women, whose principal secondary 
outcome was cancer incidence, showed that the supplementation with calcium (1400–1500 mg/day) 
and vitamin D3 (1100 IU/day) reduced the relative risk (RR) of cancer by ~60% (p < 0.01).  
The repetition of a cancer free survival analysis after the first 12 months revealed, that the relative 
risk for the calcium + vitamin D group was reduced by ~77% (confidence interval [CI]: 0.09–0.60; 
p < 0.005). Multiple regression models also showed that both treatment and serum 25(OH)D 
concentrations were significant, independent predictors of cancer risk [137]. 

Mounting evidence suggests a biological plausibility for anti-carcinogenic effects of vitamin D, 
which could explain these results. 1,25(OH)2D, which has been shown to be produced locally by 
various cancer cells metabolizing the substrate 25(OH)D [38], inhibits carcinogenesis by several 
mechanisms [141]. 1,25(OH)2D exerts anti-proliferative effects on cancer cells by promoting  
cyclin-dependent kinase (CDK) inhibitor synthesis, and by influencing several growth factors and 
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their signaling pathways including insulin-like growth factor 1 (IGF-1), transforming growth factor 
 (TGF ), Wnt/ -catenin, MAP kinase 5 (MAPK5) and nuclear factor B (NF-kB) [142] (Figure 5). 

Figure 5. Metabolism of 25-hydroxyvitamin D [25(OH)D] to 1,25 dihydroxyvitamin D 
1,25(OH)2D for non-skeletal functions. When a monocyte/macrophage is stimulated 
through its toll-like receptor 2/1 (TLR2/1) by an infective agent such as Mycobacterium 
tuberculosis (TB), or its lipopolysaccharide (LPS) the signal upregulates the expression 
of vitamin D receptor (VDR) and the 25-hydroxyvitamin D-1-hydroxylase (1-OHase). 
25(OH)D levels >30 ng/mL provides adequate substrate for the 1-OHase to convert it to 
1,25(OH)2D. 1,25(OH)2D returns to the nucleus where it increases the expression of 
cathelicidin which is a peptide capable of promoting innate immunity and inducing  
the destruction of infective agents such as TB. It is also likely that the 1,25(OH)2D 
produced in the monocytes/macrophage is released to act locally on activated T (AT) and 
activated B (AB) lymphocytes which regulate cytokine and immunoglobulin synthesis 
respectively [143–147]. When 25(OH)D levels are ~30 ng/mL, it reduces risk of many 
common cancers [130–140]. It is believed that the local production of 1,25(OH)2D in the 
breast, colon, prostate, and other cells regulates a variety of genes that control 
proliferation. Once 1,25(OH)2D completes the task of maintaining normal cellular 
proliferation and differentiation, it induces the 25-hydroxyvitamin D-24-hydroxylase 
(24-OHase). The 24-OHase enhances the metabolism of 1,25(OH)2D to calcitroic acid 
which is biologically inert [7,18]. Thus, the local production of 1,25(OH)2D does not 
enter the circulation and has no influence on calcium metabolism. The parathyroid glands 
have 1-OHase activity [45] and the local production of 1,25(OH)2D inhibits the 
expression and synthesis of PTH [74]. The production of 1,25(OH)2D in the kidney enters 
the circulation and is able to downregulate renin production in the kidney [148,149] and to 
stimulate insulin secretion in the -islet cells of the pancreas [148,150]. Note: This figure 
is reproduced with permission from [21], Copyright © 2007 Michael F. Holick. 
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Apoptosis is characterized as programmed cell death permitting the removal of damaged cells 
including cancer cells in multicellular organisms without impairing the cellular microenvironment. 
Defective apoptosis plays a major role in the development and progression of cancer [151]. It has 
been shown, that both immunobiological mechanisms of cancer immunosurveillance and cancer 
immunoediting [152], as well as chemotherapeutic agents and radiation, utilize the apoptotic pathway 
to induce cancer cell death [151,153]. 1,25(OH)2D3 might exert anti-carcinogenic effects by 
promoting various pro-apoptotic mechanisms including the downregulation of the anti-apoptotic 
gene Bcl-2 [154] and by upregulating of the pro-apoptotic gene Bax [155], 1,25(OH)2D3 induces 
differentiation, partly by reducing the expression of the c-myc oncogene [141,156]. It regulates the 
prostaglandin (PG) metabolism and signaling, thus decreasing PG-mediated promotion of 
carcinogenesis [141,157]. It suppresses tumor angiogenesis, e.g., mediated by 1,25(OH)2D’s effects 
on the PG synthesis and by regulating the expression of crucial factors controlling the angiogenesis. 
1,25(OH)2D3 suppresses tumor invasion and metastasis by various mechanisms [141], e.g., by 
decreasing the expression and activity of cell invasion-associated serine proteases and 
metalloproteinases and inducing their inhibitors [158], and by inducing E-cadherin expression, 
contributing to adhesive properties of cells [141,159]. Other effects mediated by 1,25(OH)2D are 
thought to be the induction of autophagy as process to trigger the death of cancer cells and to block 
tumor growth and by inducing enzymes involved in antioxidant defense mechanisms and  
DNA-repair [142]. 1,25(OH)2D also regulates androgen and estrogen receptor signaling, thereby 
inhibiting tumor growth of some sex hormone-dependent tumors such as prostate and breast cancer. 
It has also been shown to reduce the expression of aromatase, thereby inhibiting breast cancer  
growth [141]. 

11. Vitamin D and Cardiovascular Risk 

Most epidemiological and prospective studies as well as meta-analyses [148,160–163] suggest a 
significant inverse association between 25(OH)D serum levels and cardiovascular risk. The prospective 
Intermountain Heart Collaborative Study with more than 40,000 participants revealed that 25(OH)D 
<15 ng/mL compared to 25(OH)D >30 ng/mL was associated with highly significant increases in the 
prevalence of type 2 diabetes mellitus, hypertension, hyperlipidemia, and peripheral vascular disease, 
coronary artery disease, myocardial infarction, heart failure, and stroke (p < 0.0001), as well as with 
incident death (all-cause mortality was used as primary survival measure), heart failure, coronary artery 
disease/myocardial infarction (p < 0.0001), stroke (p = 0.003), and their composite (p < 0.0001) [164]. 

A meta-analysis examining the association between vitamin D status and the risk of cerebrovascular 
events including >1200 stroke cases found that the pooled relative risk for stroke was 52% higher 
when comparing 25(OH)D levels 12.4 ng/mL with 25(OH)D levels >18.8 ng/mL [165]. 

Many of these associations are well established, causation however is yet to be proven [166]. 
Individuals spending less time exercising outdoors in the sun, e.g., have a higher risk of developing 
cardiovascular diseases, and those individuals also will likely have lower 25(OH)D levels 
coincidentally [166,167]. Also, obesity, a condition associated with cardiovascular disease [168], is 
associated with a lower vitamin D status due to a sequestration and volumetric dilution of the 
lipophilic vitamin D in the fat tissue [23,166,169,170], potentially explaining the described 
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correlations [166]. Despite these limitations many studies suggest a biological plausibility for the 
beneficial effects of vitamin D on cardiovascular risk factors and cardiovascular health. 

The vitamin D receptor is present in endothelium, vascular smooth muscle, and  
cardiomyocytes [162,166] and may protect against atherosclerosis through the inhibition of 
macrophage cholesterol uptake and foam cell formation, reduced vascular smooth muscle cell 
proliferation, and reduced expression of adhesion molecules in endothelial cells [166] and through 
inhibition of cytokine release from lymphocytes [162]. Several meta-analyses indicate an inverse 
association between vitamin D status and hypertension [171]. Studies showed, that antihypertensive 
effects were associated with raising 25(OH)D levels with vitamin D supplementation [172–174] or 
UVB exposure [175]. 

Mechanistically, this effect could be partly mediated by vitamin D’s capability to suppress the 
levels of PTH, which can cause arrhythmias and lead to myocardial hypertrophy and increased blood 
pressure [148,176]. 1,25(OH)2D3 has also been shown to suppress the levels of renin and could 
contribute to vitamin D’s potential antihypertensive properties [148,149]. 

A meta-analysis examining the association between vitamin D status or vitamin D 
supplementation, and incident type 2 diabetes showed that individuals with 25(OH)D levels >25 ng/mL 
compared to those with 25(OH)D <14 ng/mL had a 43% lower risk of developing type 2 diabetes 
and that a vitamin D supplementation with >500 IU/day compared to <200 IU/day reduced the risk 
by 13% [177]. In the Nurses’ Health Study >83,000 women were followed-up prospectively and it 
was shown, that a combined daily intake of >1200 mg calcium and >800 IU vitamin D was associated 
with a 33% lower risk of type 2 diabetes with RR of 0.67 (CI: 0.49–0.90) compared with an intake 
of <600 mg calcium and 400 IU vitamin D [178]. A prospective study following-up more than  
2000 participants showed, that the risk of progression from prediabetes to diabetes was reduced by 
62% when comparing the highest quartile of 25(OH)D levels with the lowest quartile [179,180]. 

This could be explained by experimental findings indicating that vitamin D exerts various 
antidiabetic effects. The VDR is expressed in pancreatic beta cells and 1,25(OH)2D stimulates insulin 
secretion [148,150]. Improvement in vitamin D status also leads to a improvement of insulin 
sensitivity, mediated for example by upregulation of insulin receptors [148], and modulates 
inflammation, which is also thought to play a role in type 2 diabetes [150,179] (Figure 5). 

12. Vitamin D’s Role in Autoimmune Disease 

Ecological studies have shown that the prevalence of certain autoimmune diseases was associated 
with latitude, suggesting a potential role of sunlight exposure, and thus vitamin D production, on the 
pathogenesis of type 1 diabetes mellitus, multiple sclerosis and Crohn’s disease [181]. The increased 
prevalence at higher latitudes has been shown for multiple sclerosis (MS) [181,182], inflammatory 
bowel disease [183], rheumatoid arthritis [184] and type 1 diabetes [181,182,185]. 

A few case-control studies relate the vitamin D status to the risk of developing these autoimmune 
diseases [181]. One of them, a prospective, nested case-control study analyzed serum samples and 
the data of disability databases of more than seven million US military personnel, and showed, that 
among whites (148 cases, 296 controls), the risk of multiple sclerosis significantly decreased with 
increasing levels of 25(OH)D (odds ratio for a 20 ng/mL increase in 25(OH)D was 0.59 (95% CI: 
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0.36–0.97). When comparing the highest quintile of 25(OH)D with the lowest, the odds ratio for 
developing MS was 0.38 (95% CI: 0.19–0.75; p = 0.006), with an particularly strong inverse 
association for 25(OH)D levels measured before age 20 years [186]. 

A study addressing vitamin D’s effect on multiple sclerosis showed the safety of high-dose 
vitamin D (~14,000 IU/day). It appeared to have immunomodulatory effects including a persistent 
reduction in T-cell proliferation and resulted in a trend for fewer relapse events [187]. When 
examining the association between 25(OH)D serum levels and the relapse rate in MS patients before 
and after supplementation with ~3000 IU vitamin D per day, a significant strong inverse relationship 
between the relapse incidence rate and the 25(OH)D level (p < 0.0001) was found [188]. 

An inverse association between maternal 25(OH)D levels and the risk for type 1 diabetes in the 
offspring has been shown in a population-based, nested cohort study of ~30,000 pregnant women. 
Compared to the upper quartile of 25(OH)D levels, the odds of type 1 diabetes in the women with 
the lowest quartile was more than twofold higher [189]. A birth-cohort study with >10,000 children 
showed, that regular supplementation with 2000 IU vitamin D per day in the first year of life was 
associated with a 88% reduction of the risk for type 1 diabetes later in life when compared to those 
without supplementation [190]. However, another study did not show a statistically significant 
association between taking cod liver oil or other vitamin D supplements in the first year of life and 
the risk of type 1 diabetes mellitus [191]. 

Merlino et al. [192] showed in a prospective cohort study of 29,368 women of ages 55–69 years 
without a history of rheumatoid arthritis at study baseline, that greater intake (highest versus lowest 
tertile) of vitamin D was inversely associated with risk of rheumatoid arthritis (RR 0.67; 95% CI: 
0.44–1.00; p for trend =0.05). 

These associations indicate a contributory role of vitamin D in the pathophysiology of 
autoimmune diseases. This is further supported by various experimental findings showing vitamin 
D’s capability to regulate chemokine production, counteracting autoimmune inflammation and to 
induce differentiation of immune cells in a way that promotes self-tolerance. This involves the 
enhancement of the innate and the inhibition of the adaptive immune system by regulating the 
interactions between lymphocytes and antigen presenting cells. By increasing the quantity of Th2 
lymphocytes and by inducing proliferation of dendritic cells with tolerance properties, vitamin D 
exerts anti-inflammatory and immunoregulatory effects [181]. 

Immune cells possess both the enzymatic machinery to produce 1,25(OH)2D and a VDR.  
This could explain, why certain polymorphisms in the VDR gene seem to affect the risk for multiple 
autoimmune diseases, the time of onset of disease and disease activity [181,193–197]. 

13. Vitamin D and Infectious Diseases 

The plethora of effects of vitamin D on regulating the immune system plays a role in fighting 
infectious diseases [198]. Vitamin D enhances the innate immunity against various infections [143], 
especially tuberculosis, influenza and viral upper respiratory tract infections [198]. 

Historically, cod liver oil (one of only a few natural sources of vitamin D) was given to 
tuberculosis patients in 19th and 20th century [199–201]. Later in the nineteenth century, 
tuberculosis patients were treated in sanatoriums with heliotherapy, i.e., sun exposure. In 1903, Niels 
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Ryberg Finsen was awarded the Nobel prize for medicine “in recognition of his contribution to the 
treatment of diseases, especially lupus vulgaris (tuberculosis of the skin), with concentrated light 
radiation, whereby he has opened a new avenue for medical science” [199,202]. After vitamin D had 
been identified as the active ingredient in cod-liver oil [199,203], vitamin D2 was used successfully 
in the treatment of lupus vulgaris in several studies. In 1946 a report in Proc. R. Soc. Med. [204] 
stated that there was no room for doubt that calciferol (vitamin D) in adequate dosage will cure a 
substantial proportion of cases of lupus vulgaris [199,204]. In 1947 the first reference to successful 
treatment of pulmonary tuberculosis with vitamin D was published [199,205]. In the wake of the 
antibiotic era both heliotherapy and vitamin D therapy for treating tuberculosis patients were quickly 
forgotten [199,206]. However recent studies have suggested that vitamin D may have an important 
role to play in reducing risk for acquiring one of the most common and deadly infectious diseases 
that plague third world countries [206]. 

One case-control study examining the association between vitamin D status and tuberculosis 
showed, that the mean 25(OH)D levels were statistically significant different (p < 0.005) between 
patients with pulmonary and extrapulmonary tuberculosis (10.7 ng/mL) and controls (19.5 ng/mL) [207]. 
In another study, 25(OH)D levels <10 ng/mL were significantly associated with active tuberculosis 
(OR 2.9; 95% Cl: 1.3–6.5; p = 0.008) [208]. A meta-analysis showed, that low serum 25(OH)D levels 
were associated with higher risk of active tuberculosis, and that the pooled effect size in random 
effects meta-analysis was 0.68 (95% CI: 0.43–0.93), representing a medium to large effect [209].  
A double-blind, placebo-controlled study in Mongolian school children (n = 120) examining the 
effect of vitamin D supplementation (800 IU/day) on tuberculin skin test conversion to positive 
showed a trend towards fewer conversions in the vitamin D group (p = 0.06), suggesting a potential 
role of vitamin D in reducing the rate of acquisition of latent tuberculosis infection [210]. 

Several interventional studies examining the effect of vitamin D supplementation in patients with 
active tuberculosis have been conducted. Some of them showed an improved immunity against 
mycobacteria [211], a significantly improved sputum conversion rate and a higher rate of radiological 
improvement [212], and a significantly hastened sputum culture conversion in participants with the 
tt genotype of the TaqI vitamin D receptor polymorphism [213]. There was also a higher rate of 
tuberculosis symptom improvement and a significantly higher weight gain (p < 0.005) in children [214].  
A prospective, randomized placebo-controlled trial examining the effect of adjunctive vitamin D 
supplementation in patients receiving antimicrobial therapy showed that vitamin D supplementation 
led to an accelerated sputum smear conversion and an accelerated resolution of inflammation [215]. 
Another study however in which three doses of 100,000 IU vitamin D3 each were given during 
8 months did not lead to a reduction in the clinical severity score or mortality [216]. 

Some studies examined the effect of vitamin D supplementation on the risk of influenza [217,218]. 
In 1981, R. Edgar Hope-Simpson proposed that a “seasonal stimulus” was intimately associated 

with solar radiation and explained the remarkable seasonality of epidemic influenza [219,220].  
As the vitamin D status changes during the seasons, it has been suggested, that vitamin D could be 
this “seasonal stimulus” [219]. A randomized trial of vitamin D3 supplementation (1200 IU/day) in 
school children (n = 334) showed a significantly reduced risk for influence A as determined by  
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both antibody and sputum testing compared to the placebo group (RR 0.58; 95% CI: 0.34–0.99;  
p = 0.04) [218]. 

One study using questionnaires to retrospectively determine the occurrence of influenza-like 
disease in participants of 10 different clinical trials (n = 569), receiving 1111–6800 IU/day, however 
did not show a significant difference in the incidence and severity of influenza-like disease [217]. 

The NHANES III study (n > 18) revealed an inverse association between serum 25(OH)D levels 
and recent upper respiratory tract infections (URTI). Lower 25(OH)D levels were independently 
associated with recent URTI compared with 25(OH)D levels of 30 ng/mL (OR 1.36; 95% CI:  
1.01–1.84 for <10 ng/mL and OR 1.24; 95% CI: 1.07–1.43 for 10 to <30 ng/mL). In individuals with 
asthma or chronic obstructive airway disease this association was stronger (OR of 5.67 in asthma 
respectively OR of 2.26 in chronic obstructive airway disease) [221]. A study in Finish men  
(n = 800) found a significant association between 25(OH)D serum levels <16 ng/mL and significantly 
more days of absence from duty due to respiratory infections (p = 0.004) [222]. In Indian children  
(n = 150) vitamin D deficiency has been associated with a significantly higher risk of acute lower 
respiratory infections [223]. 

A study with >200 participants whose primary endpoint was the effect of vitamin D supplementation 
on bone loss also revealed, that the vitamin D3 supplementation for 2 years with 800 IU/day and for 
1 year with 2000 IU/day was associated with a significantly reduced risk of cold and influenza 
symptoms, an effect that was magnified with the supplementation of 2000 IU/day [198,224].  
Other studies however did not show a statistically significant difference, possibly due to poor 
compliance [225,226]. Certain VDR polymorphisms were also associated with a significantly 
increased risk of acute lower respiratory tract infections [227]. 

Several mechanisms could explain vitamin D’s potentially beneficial effects on infectious 
diseases. Monocytes and macrophages can sense pathogen-associated molecular patterns (PAMPs) 
of, e.g., tuberculosis by utilizing their toll-like receptors (TLRs). This induces both VDR and 
CYP27B1, which increases the local production of 1,25(OH)2D that is dependent on the serum 
25(OH)D concentration [145,228]. 1,25(OH)2D enhances the innate immune system by inducing the 
production of antimicrobial peptides like cathelicidin, reactive oxygen species by the (reduced) 
nicotinamide adenine dinucleotide phosphate (NADPH) oxidase and potentially reactive nitrogen 
species by inducible nitric oxide synthase (iNOS), and by inducing autophagy [143–147] (Figure 4). 

14. Vitamin D and Respiratory Diseases 

Although some studies did not find a consistent association between 25(OH)D levels in cord 
blood, maternal vitamin D intake or status during pregnancy and the risk for asthma in childhood 
[229–236], in children with asthma, 25(OH)D levels seem to correlate positively with asthma control 
[237] and lung function [238], and inversely with corticosteroid use [239]. A few interventional 
studies examining vitamin D’s effect on asthma exist [229]. One of them showed as secondary 
outcome that vitamin D3 supplementation (1200 IU/day) in school children was associated with a 
significant 83% reduced risk for asthma exacerbations [218]. Presumably vitamin D’s 
immunmodulatory and pulmonary effects could play a role [229]. 
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15. Prevention and Treatment of Vitamin D Deficiency 

According to the Endocrine Society Practice Guidelines a screening for vitamin D deficiency by 
measuring the 25(OH)D serum level is only recommended for individuals at risk (the most important 
risk factors are listed in Figure 6), and not for the general population [16]. To prevent vitamin D 
deficiency, the Institute of Medicine (IOM) recommends, that infants should immediately receive  
a daily supplementation of vitamin D of 400 IUs during the first year of life. Individuals between  
1 and 70 years should receive 600 IU of vitamin D daily and adults >70 years should receive a daily 
dose of 800 IU vitamin D [53] (Table 2). The serum 25(OH)D level increases for every 100 IU/day 
by ~0.6–1.0 ng/mL [29,37,240,241]. The doses recommended by IOM will likely increase the 
25(OH)D level to 20 ng/mL, which they considered to be adequate for bone health, but not to levels 
>30 ng/mL, as recommended by the Endocrine Society. 

That’s why the Endocrine Society recommended in its Practice Guidelines that infants during their 
first year of life receive a daily supplementation of 400–1000 IU (up to 2000 IU is safe), children 
and adolescents between 1 and 18 years a daily supplementation of 600–1000 IU (up to 4000 IU is 
safe), and adults >18 years a daily supplementation of 1500–2000 IU (up to 10,000 IU is safe) for 
the prevention of vitamin D deficiency [16,53] (Table 2). 

Figure 6. A Schematic representation of the major causes for vitamin D deficiency and 
potential health consequences. Note: This figure is reproduced with permission from [21], 
Copyright © 2007 Michael F. Holick. 
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Table 2. Recommendations of the Institute of Medicine and the Endocrine Society Practice 
Guidelines for daily vitamin D supplementation to prevent vitamin D deficiency. This 
table is reproduced with permission from [16], Copyright © 2011 The Endocrine Society. 

* Mother’s requirement 4000–6000 (mother’s intake for infant’s requirement if infant is not receiving 400 IU/day);  

AI = Adequate Intake; EAR = Estimated Average Requirement; IU = International Units; RDA = Recommended 

Dietary Allowance; UL = Tolerable Upper Intake Level. 

However, obese individuals, patients with malabsorption syndromes, and patients on glucocorticoids, 
anti-seizure and AIDS medications may require higher doses of vitamin D than individuals without 
these conditions [16]. The Endocrine Society’s Clinical Practice Guidelines also recommended 
sensible sun exposure, which for most individuals is the main physiological source of vitamin D, and 
provided a list of the foods rich in vitamin D, and encouraged taking a daily vitamin D supplement 
to ensure adequate 25(OH)D levels. 

 
IOM Recommendations 

Endocrine Society’s 
Recommendations 

Life Stage 
Group 

AI EAR RDA UL 
Daily Allowance 
(IU/day) 

UL (IU)

Infants       
0 to 6 months 400 IU (10 g)   1000 IU (25 g) 400–1000 2000 
6 to 12 months 400 IU (10 g)   1500 IU (38 g) 400–1000 2000 
Children       
1–3 years  400 IU (10 g) 600 IU (15 g) 2500 IU (63 g) 600–1000 4000 
4–8 years  400 IU (10 g) 600 IU (15 g) 3000 IU (75 g) 600–1000 4000 
ales       
9–13 years  400 IU (10 g) 600 IU (15 g) 4000 IU (100 g) 600–1000 4000 
14–18 years  400 IU (10 g) 600 IU (15 g) 4000 IU (100 g) 600–1000 4000 
19–30 years  400 IU (10 g) 600 IU (15 g) 4000 IU (100 g) 1500–2000 10,000 
31–50 years  400 IU (10 g) 600 IU (15 g) 4000 IU (100 g) 1500–2000 10,000 
51–70 years  400 IU (10 g) 600 IU (15 g) 4000 IU (100 g) 1500–2000 10,000 
>70 years  400 IU (10 g) 800 IU (20 g) 4000 IU (100 g) 1500–2000 10,000 
Females       
9–13 years  400 IU (10 g) 600 IU (15 g) 4000 IU (100 g) 600–1000 4000 
14–18 years  400 IU (10 g) 600 IU (15 g) 4000 IU (100 g) 600–1000 4000 
19–30 years  400 IU (10 g) 600 IU (15 g) 4000 IU (100 g) 1500–2000 10,000 
31–50 years  400 IU (10 g) 600 IU (15 g) 4000 IU (100 g) 1500–2000 10,000 
51–70 years  400 IU (10 g) 600 IU (15 g) 4000 IU (100 g) 1500–2000 10,000 
>70 years  400 IU (10 g) 800 IU (20 g) 4000 IU (100 g) 1500–2000 10,000 
Pregnancy       
14–18 years  400 IU (10 g) 600 IU (15 g) 4000 IU (100 g) 600–1000 4000 
19–30 years  400 IU (10 g) 600 IU (15 g) 4000 IU (100 g) 1500–2000 10,000 
31–50 years  400 IU (10 g) 600 IU (15 g) 4000 IU (100 g) 1500–2000 10,000 
Lactation *       
14–18 years  400 IU (10 g) 600 IU (15 g) 4000 IU (100 g) 600–1000 4000 
19–30 years  400 IU (10 g) 600 IU (15 g) 4000 IU (100 g) 1500–2000 10,000 
31–50 years  400 IU (10 g) 600 IU (15 g) 4000 IU (100 g) 1500–2000 10,000 
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The Endocrine Society’s Practice Guidelines also recommended treatment strategies for patients 
with vitamin D deficiency depending on age and underlying medical conditions. For vitamin D 
deficient infants 0–1 years old, a treatment with 2000 IU/day of vitamin D2 or vitamin D3 or with 
50,000 IU of vitamin D2 or vitamin D3 once weekly for 6 weeks was suggested, followed by 
maintenance therapy of 400–1000 IU/day. For vitamin D deficient children aged 1–18 years who are 
vitamin D deficient, treatment with 2000 IU/day of vitamin D2 or vitamin D3 or with 50,000 IU of 
vitamin D2 once a week, both for at least 6 weeks, was suggested, followed by maintenance therapy 
of 600–1000 IU/day. Vitamin D deficient adults should be treated with 50,000 IU of vitamin D2 or 
vitamin D3 once a week for 8 weeks or with ~6000 IU/day of vitamin D2 or vitamin D3, followed by 
maintenance therapy of 1500–2000 IU/day. In obese patients, patients with malabsorption 
syndromes, and patients on medications affecting vitamin D metabolism, two to three times higher 
doses are (at least 6000–10,000 IU/day) of vitamin D to treat vitamin D deficiency are recommended, 
followed by maintenance therapy of at least 3000–6000 IU/day [16]. This strategy of giving 50,000 IU 
of vitamin D twice monthly to treat or prevent recurrence of vitamin D deficiency or insufficiency 
was without any toxicity for up to six years [242] (Figure 7). 

Figure 7. (A) Mean serum 25-hydroxyvitamin D [25(OH)D] levels in all patients: 
includes patients treated with 50,000 IU vitamin D2 every 2 weeks (maintenance therapy, 
n = 81), including those patients with vitamin D insufficiency who were initially treated 
with 8 weeks of 50,000 IU vitamin D2 weekly prior to maintenance therapy (n = 39). 
Error bars represent standard error of the mean, mean result over 5 years shown. Time 0 
is initiation of treatment, results shown as mean values averaged for 6 month intervals. 
When mean 25(OH)D in each 6 month group was compared to mean initial 25(OH)D, a 
significant difference was shown with p < 0.001 up until month 43 and p < 0.001 when 
all remaining values after month 43 were compared to mean initial 25(OH)D. (B) Mean 
serum 25(OH)D levels in patients receiving maintenance therapy only: Levels for 37 
patients who were vitamin D insufficient (25(OH)D levels <30 ng/mL) and 5 patients 
who were vitamin D sufficient (25(OH)D levels 30 ng/mL) who were treated with 
maintenance therapy of 50,000 IU vitamin D2 every two weeks. Error bars represent 
standard error of the mean, mean result over 5 years shown. Time 0 is initiation of 
treatment, results shown as mean values averaged for 6 month intervals. When mean 
25(OH)D in each 6 month group were compared to mean initial 25(OH)D, a significant 
difference was shown with p < 0.001 up until month 37 and p < 0.001 when all remaining 
values after month 43 were compared to mean initial 25(OH)D. (C) Serum calcium 
levels: Results for all 81 patients who were treated with 50,000 IU of vitamin D2. Error 
bars represent standard error of the mean. Time 0 is initiation of treatment, results shown 
as mean values averaged for 6 month intervals. Normal serum calcium: 8.5–10.2 mg/dL. 
Note: This figure is reproduced with permission from [242], Copyright © 2009 American 
Medical Association. 
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However, certain conditions like granulomatous conditions [243], genetic disorders [244] or rare 
polymorphisms of enzymes involved in vitamin D metabolism [245] are associated with an increased 
risk for vitamin D toxicity. 

16. Conclusions 

What continues to be needed are randomized controlled interventional studies with high power 
and using sufficiently high doses of vitamin D examining vitamin D’s effects on various health outcomes. 
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However, the present body of evidence of experimental findings, ecological, case-control, retro- 
and prospective observational and interventional studies is substantial and suggests a pivotal role of 
vitamin D for a plethora of physiological functions and health outcomes including neuropsychiatric 
disorders [246], justifying the recommendation to enhance children’s and adults’ vitamin D status 
by following recommendations for sensible sun exposure, ingesting foods that contain vitamin D and 
vitamin D supplementation. Increasing the vitamin D status worldwide in the general adult and 
children population without rare conditions associated with an increased risk for vitamin D toxicity 
will help improve their overall health and well-being (Figure 6). 
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A Statistical Error in the Estimation of the Recommended 
Dietary Allowance for Vitamin D 

Paul J. Veugelers and John Paul Ekwaru 

Reprinted from Nutrients. Cite as: Veugelers, P.J.; Ekwaru, J.P. A Statistical Error in the Estimation 
of the Recommended Dietary Allowance for Vitamin D. Nutrients 2014, 6, 4472-4475. 

The Institute of Medicine (IOM) issues dietary recommendations on the request of the U.S. and 
Canadian governments. One of these recommendations is the Recommended Dietary Allowance 
(RDA). The RDA is the nutrient intake considered to be sufficient to meet the requirements of 97.5% 
of healthy individuals [1]. The RDA for vitamin D is 600 IU per day for individuals 1 to 70 years of 
age and is assumed to achieve serum 25-hydroxyvitamin D (25(OH)D) levels of 50 nmol/L or more 
in 97.5% of healthy individuals [1]. Serum 25(OH)D is the established proxy for vitamin D status 
and levels of 50 nmol/L or more have been shown to benefit bone health and to prevent disease and 
injury [1]. 

The IOM based their RDA for vitamin D on an aggregation of 10 supplementation studies that  
were carried out during winter months and at locations with latitudes above the 50th parallel north  
to minimize the influence of cutaneous vitamin D synthesis [2–11]. As several of these 10 studies 
examined more than one supplementation dose, collectively they provided 32 study averages of 
serum 25(OH)D levels. These are replicated as the green diamonds in Figure 1. The IOM regressed 
the 32 study averages against vitamin D intake to yield the dose response relationship of vitamin D 
intake and serum 25(OH)D (green solid line in Figure 1). The IOM further calculated the lower and 
upper 95% confidence prediction interval based on the 32 study averages and the standard deviation 
of these 32 study averages (green dashed lines in Figure 1). On the basis of this, the IOM estimated 
that 600 IU of vitamin D would achieve an average 25(OH)D level of 63 nmol/L and a lower 95% 
confidence prediction limit (2.5 percentile) of 56 nmol/L. The latter value was rounded downwards 
to 50 nmol/L to accommodate uncertainty in the estimation [1]. This data point (600 IU vitamin D, 
50 nmol/L) is the basis for the current RDA and for the IOM’s conclusion that an intake of 600 IU 
of vitamin D per day will achieve serum 25(OH)D levels of 50 nmol/L or more in 97.5% of 
individuals. This conclusion, however, is incorrect. 
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Figure 1. Dose response relationship of vitamin D intake and serum 25 hydroxyvitamin D. 

 

The correct interpretation of the lower prediction limit is that 97.5% of study averages are 
predicted to have values exceeding this limit. This is essentially different from the IOM’s conclusion 
that 97.5% of individuals will have values exceeding the lower prediction limit. To illustrate the 
difference between the former and latter interpretation, we estimated how much vitamin D is needed 
to achieve that 97.5% of individuals achieve serum 25(OH)D values of 50 nmol/L or more. For this 
purpose we reviewed each of the 10 studies used by the IOM. Eight studies reported both the average 
and standard deviation [2,5–11]. These eight studies had examined a total of 23 supplementation 
doses [2,5–11]. For each of these 23 study averages we calculated the 2.5th percentile by subtracting 
2 standard deviations from the average (depicted by yellow dots in Figure 2). Next, we regressed 
these 23 values against vitamin D intake to yield the lower prediction limit (red line in Figure 2). 
This regression line revealed that 600 IU of vitamin D per day achieves that 97.5% of individuals 
will have serum 25(OH)D values above 26.8 nmol/L rather than above 50 nmol/L which is currently 
assumed. It also estimated that 8895 IU of vitamin D per day may be needed to accomplish that 
97.5% of individuals achieve serum 25(OH)D values of 50 nmol/L or more. As this dose is far 
beyond the range of studied doses, caution is warranted when interpreting this estimate. Regardless, 
the very high estimate illustrates that the dose is well in excess of the current RDA of 600 IU per day 
and the tolerable upper intake of 4000 IU per day [1]. 
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Figure 2. Dose response relationship of vitamin D intake and serum 25 hydroxyvitamin D. 

 

The public health and clinical implications of the miscalculated RDA for vitamin D are serious. 
With the current recommendation of 600 IU, bone health objectives and disease and injury prevention 
targets will not be met. This became apparent in two studies conducted in Canada where, because of 
the Northern latitude, cutaneous vitamin D synthesis is limited and where diets contribute an 
estimated 232 IU of vitamin D per day [12]. One study estimated that despite Vitamin D supplementation 
with 400 IU or more (including dietary intake that is a total intake of 632 IU or more) 10% of 
participants had values of less than 50 nmol/L [13]. The second study reported serum 25(OH)D levels 
of less than 50 nmol/L for 15% of participants who reported supplementation with vitamin D [14]. 
If the RDA had been adequate, these percentages should not have exceeded 2.5%. Herewith these 
studies show that the current public health target is not being met. 

We recommend that the RDA for vitamin D be reconsidered to allow for appropriate public health 
and clinical decision-making. 
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The Importance of Dose, Frequency and Duration of  
Vitamin D Supplementation for Plasma 25-Hydroxyvitamin D 

Yi-Sheng Chao, Ludovic Brunel, Peter Faris and Paul J. Veugelers 

Abstract: The importance of dose, frequency and duration of vitamin D supplementation for plasma 
25(OH)D levels is not well described and rarely reported for supplementation that exceeds 2000 IU 
per day. The objective is to examine dose, frequency and duration of supplementation in relation to 
plasma 25(OH)D in a large population-based sample. We accessed data on 2714 volunteers that 
contributed to 4224 visits and applied multilevel regression. Compared to not using supplements, a 
minimum regimen of 1000–2000 IU once or twice per week for one month was not effective in 
raising 25(OH)D. Compared to this minimum regimen, higher doses of 2000–3000, 3000–4000, and 
5000 IU or more were associated with a 7.49, 13.19 and 30.22 nmol/L 25(OH)D increase, respectively; 
frequencies of three to four, five to six and seven times/week were associated with a 5.44, 16.52 and 
30.69 nmol/L increase, respectively; and supplementation of five months or longer was associated 
with an increase of 6.68 nmol/L (p < 0.01 for all). Age, body weight, physical activity, smoking, and 
self-rated health were significantly associated with 25(OH)D. Whereas dose, frequency and duration 
of supplementation are important to healthy subjects committed to optimizing their nutritional status, 
to the design of clinical trials, individual characteristics and lifestyle contribute substantially to 25(OH)D. 

Reprinted from Nutrients. Cite as: Chao, Y.-S.; Brunel, L.; Faris, P.; Veugelers, P.J. The Importance 
of Dose, Frequency and Duration of Vitamin D Supplementation for Plasma 25-Hydroxyvitamin D. 
Nutrients 2013, 5, 4067-4078. 

1. Introduction 

Vitamin D plays an important role in maintaining bone health and has benefits for extra-skeletal 
health [1]. Daily intake of 600 IU of vitamin D [2] and other dosages have been recommended [3].  
However, vitamin D intake is not an effective measure of vitamin D status in human bodies. Plasma  
25-hydroxy-vitamin D [25(OH)D] levels are the established proxy to assess health benefits [4,5]. 

The dose response relationship between supplementation and plasma 25(OH)D is the key to 
understanding the intervention effect. Researchers studied the relationship between vitamin D daily 
doses and plasma 25(OH)D levels in the elderly or postmenopausal women with a maximum dose 
of 1000 or 1400 IU/day [6,7]. Heaney suggested that plasma 25(OH)D levels rise by 1 ng/mL  
(2.5 nmol/L) for every 100 IU (2500 ng) of daily vitamin D intake [8]. Where he and other researchers 
confirmed the linearity in the relationship between vitamin D supplementation and 25(OH)D in other 
populations [3,9], others reported a non-linear relationship for doses exceeding 1600–4000 IU per  
day [10–12]. In addition to daily supplementation, other supplementation frequencies (i.e., variable 
times per week or weekly, monthly or annually) were tested in various trials of varying periods of  
time [3,13,14]. Recent studies focused on the long half-life of vitamin D and investigated the  
long-term effects of supplementation [7,15]. However, these studies have not investigated the 
importance of dose, frequency and duration of supplementation for plasma 25(OH)D. 
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The objective of the present study is to examine the independent associations of dose, frequency 
and duration of vitamin D supplementation to plasma 25(OH)D in a large population-based sample 
of healthy participants. 

2. Experimental Section 

The Pure North S’Energy Foundation, a not-for-profit charitable organization, has provided free 
health and wellness services for volunteers since October 2007 [16]. Details of the program and data 
collection protocol are described elsewhere [16]. In brief, volunteer participants, mostly residing  
in the Canadian province of Alberta, were offered health promotion counseling and nutritional 
supplementation, with a particular focus on vitamin D given the Northern latitude of the locations 
where the program was offered. Participants were invited to complete a lifestyle questionnaire, have 
their heights and weights measured, and have blood drawn for the assessment of plasma  
25(OH)D [17], among others [16]. 

Questionnaires included questions on dose, frequency, and duration of vitamin D supplementation. 
The dose was recorded as 1000–2000 IU, 2000–3000 IU, 3000–4000 IU and more than 5000 IU. 
Frequency of supplementation was recorded as never, one or two times, three to four times, five to 
six times and seven times per week, and duration of supplementation as one, two, three, four or five 
(or more) months. In the present study, we used 1000–2000 IU, once or twice per week, for one 
month as the minimum regimen for comparisons with higher doses, frequencies and durations, as 
well as for comparisons with those not taking vitamin D supplements. 

The questionnaire included questions on physical activity, diet, smoking, season and place of 
residence. Physical activity was categorized as low, moderate and high [18]. Participants were asked 
to rate their general health as excellent, very good, good, fair, or needs improvement. As self-selection 
in the participation in the health and wellness program could be motivated by participants’ health  
status [19], and the program could be particularly attractive to those with relatively poor health, we 
also considered individuals’ health status at first visits in our analyses. 

The Foundation anonymised their data prior to forwarding it to the University of Alberta for 
analyses. The present study made use of 4224 records of 2714 participants that completed the 
questionnaire and had plasma 25(OH)D measured between October 2007 and April 2012.  
One participant was excluded due to advanced kidney disease (estimated glomerular filtration rate  
<15 mL/min/1.73 m2), which affects the metabolism of vitamin D and the production of its active 
metabolites [20]. 

Plasma 25(OH)D values constituted the outcome in multilevel regressions models that tested the 
importance of dose, frequency and duration of vitamin D supplementation. Dose, frequency and 
duration were first analyzed univariably and subsequently multivariably to adjust for the potential 
confounders listed above. We applied multilevel regression to accommodate the hierarchical 
structure of the data, as records from one, two or more study visits were nested within observations 
of participants. Participants’ characteristics were considered at level 1 and visit specific characteristics 
at level 2. The regression analyses of the contribution of dose, frequency and duration to raising 
25(OH)D were first analyzed without consideration of potential confounders (univariable) and 
subsequently with consideration (multivariable) of potential confounding of age, gender, body 
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weight status, general health, season, physical activity, smoking status, and the consumption of milk 
(daily servings), fish (weekly servings) and margarine (frequency). To allow for our regression 
analyses to simultaneously analyze the associations of (1) no supplementation and (2) varying levels 
of supplementation in relation to 25(OH)D, we introduced interaction terms of (1) supplementation 
(Yes/No) and (2) dose, frequency and duration of supplementation. The resulting regression 
coefficients were to be interpreted as the changes in plasma 25(OH)D associated with (1) a minimum 
regimen relative to no supplementation and (2) a one-unit change in dose, frequency and duration of 
vitamin D supplementation relative to the minimum regimen. All analyses were conducted using 
STATA version 12 (College Station, TX, USA). Statistical significance was defined as p values less 
than 0.05 (two tails). 

The Human Research Ethics Board of the University of Alberta had approved access to and 
analysis of the Foundation’s data for the purpose of the present analyses. 

3. Results 

From 2007 to 2012, there were 4224 visits made by 2714 participants. The mean age at visits was 
42.48 ± 11.00 (mean ± SD, range = 9–85) years and the latitudes of their residence were 53.36 ± 2.49 
(range = 42.93–68.30). The mean plasma 25(OH)D level was 96.41 ± 47.17 (range = 10–522) and 
2068 visits (48.96%) were made between April and October. At visits with reported use of vitamin 
D supplementation, plasma 25(OH)D levels were, on average, 103.31 ± 47.58 nmol/L (range = 10–522), 
which is statistically significant more than 64.92 ± 28.93 nmol/L (range = 13.1–211) at visits without 
reported vitamin D supplementation (Table 1). Relative to visits without reporting supplementation use, 
visits with reported supplementations were more likely to be made by older participants, by those 
residing at lower latitudes, by overweight and obese participants, and by those reporting better health 
(p < 0.05 for all) (Table 1). 

Table 1. Characteristics of 4224 visits by 2714 participants according to vitamin D 
supplementation use. 

  Not taking vitamin D 
supplements (N = 759) 

Taking any vitamin D 
supplements (N = 3465) 

P 

    Mean SD  Mean SD   
25-hydroxyvitamin D (nmol/L) 64.92 28.93  103.31 47.58  <0.001 
Age (years)  35.78 11.03  42.48 11  <0.001 
Male (%) 68.25%   69.99%   0.35 
Latitude (degrees)  53.8 2.91  53.36 2.49  <0.001 
Body weight categories (%)      <0.01 
  Underweight 1.19%   0.52%    
 Normal weight 28.59%   24.01%    
  Overweight 36.50%   37.09%    
 Obesity 33.73%   38.38%    
General Health (first visits) (%)      <0.01 
 Excellent 4.87%   6.58%    
  Very good 23.98%   0.2771    
 Good 41.90%   42.60%    
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Table 1. Cont. 

 Not taking vitamin D 
supplements (N = 759) 

Taking any vitamin D 
supplements (N = 3465) 

P 

General Health (first visits) (%)       <0.01 
  Fair 17.13%   14.31%    
 Needs improvement 12.12%   8.80%    
April to October (%) 49.28%   48.89%   0.85 
Health behaviors        
Physical activity level (%)       <0.01 
 Low 37.88%   33.58%    
  Moderate 43.29%   51.87%    
 High 18.82%   14.56%    
Smoking (%) 16.16%   15.48%   0.64 
Food servings         
Milk (per day) (%)       0.49 
 0 6.18%   6.82%    
  1 to 2 64.61%   66.69%    
 3 or more 29.22%   26.49%    
Fish (per week) (%)       <0.001 
 0 28.25%   19.17%    
  1 to 2 50.28%   59.11%    
 3 or more 21.47%   21.72%    
Margarine consumption frequency (%)     0.11 
 Never 24.04%   27.99%    
  Rarely 34.13%   32.16%    
 Often 34.38%   30.28%    
  Always 7.45%   9.57%    

Note: 25(OH)D: plasma 25-hydroxyvitamin D levels. Categorical and continuous variables were tested with chi-square 
and two-sample t tests, respectively. 

At those visits that participants reported to be taking vitamin D supplements, Table 2 shows the 
average plasma 25(OH)D levels by dose, frequency and duration of supplementation. The 
incremental increases of plasma 25(OH)D levels in each of these three dimensions were statistically 
significant (p < 0.001 for each of dose, frequency and duration). Compared to those using 
supplements one or two times per week (75.15 ± 31.86 nmol/L), those taking vitamin D supplements 
everyday had significantly higher 25(OH)D (129.37 ± 53.20 nmol/L, p < 0.001). Similarly, 
participants taking dosages of 5000 or more IU at a time (129.63 ± 55.88 nmol/L) had significantly 
higher 25(OH)D than those taking 1000–2000 IU each time (82.99 ± 34.77 nmol/L, p < 0.001).  
The average 25(OH)D for those taking vitamin D for five or more months (113.96 ± 48.89 nmol/L) 
was also significantly higher than for those only using vitamin D supplements for one month  
(83.35 ± 41.08 nmol/L, p < 0.001). The mean 25(OH)D levels associated with the highest doses, 
most frequent use and longest time of supplementation were significantly higher than those 
associated with the least intense supplementation regimens. 
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Table 2. Plasma 25-hydroxyvitamin D [25(OH)D] levels by dose, frequency and 
duration of vitamin D supplementation of 4224 study visits by 2714 participants. 

    Not taking vitamin D supplementation Taking any supplements P 
    No. of obs. Mean SD No. of obs. Mean SD  
  759 64.76 28.86 3465 103.31 47.58 <0.001 * 
Dose (IU)        
 1000 to 2000    1433 82.99 34.77 <0.001 ** 
  2000 to 3000    524 98.89 36.53  
 3000 to 4000    432 110.56 39.93  
  5000 or more    1076 129.63 55.88  
Frequency, times/week       
  1–2/week    738 75.15 31.86 <0.001 ** 
 3–4/week    762 89.28 37.94  
  5–6/week    935 108.27 41.76  
 7/week    1030 129.37 53.2  
Duration (months)        
 1    629 83.35 41.08 <0.001 ** 
  2    258 85.72 36.99  
 3    281 90.84 40.63  
  4    225 96.8 42.23  
  5 or more    2072 113.96 48.89  

Note: IU: international units; * Two-sample t test, comparing the mean values between those taking supplements or 

not; ** One-way ANOVA (analysis of variance) for different doses or frequencies or durations among those taking  

any supplements. 

Table 3 shows univariable and multivariable analysis of the association of dose, frequency and 
duration and other factors with plasma 25(OH)D levels. The multivariable analysis revealed that 
plasma 25(OH)D levels associated with minimum supplementation regimen (1000–2000 IU once or 
twice per week for a duration of one month) was not statistically significant higher than that when 
not taking supplements (  = 3.08; 95% CI: 1.10–7.26). Dose, frequency and duration of 
supplementation were each significantly associated with 25(OH)D levels (Table 3). Relative to the 
minimum regimen dose, those taking 2000–3000 IU was associated with 7.49 nmol/L (95% CI:  
3.73–11.24) higher plasma 25(OH)D levels and higher doses were associated with higher plasma 
levels (Table 3). With respect to frequency, taking supplements 3–4 times per week was associated 
with 5.44 nmol/L (95% CI: 1.52–9.35) higher plasma levels compared to the minimum regimen. Any 
further increases in frequency, 5–6 times or 7 times per week, were associated with higher increase 
in plasma 25(OH)D levels. For those who had been supplementing vitamin D for five months or 
more, there were statistically significant increases of 6.68 nmol/L (95% CI: 3.05–10.31) in plasma 
25(OH)D levels relative to those taking the minimum regimen. Figure 1 visualizes the dose response 
relationship of vitamin D supplementation and plasma 25(OH)D based on the figures presented in 
Table 3. The first bar drawn on the left shows the plasma 25(OH)D for those not taking supplements, 
compared to the plasma 25(OH)D level for a minimum regimen (1000–2000 IU once or twice per 



54 
 

 

week for one month). The other bars visualize the estimated increase in plasma 25(OH)D resulting 
from doses, frequencies and durations exceeding those of the minimum regimen. 

Table 3. The effects of dose, frequency and duration of vitamin D supplementation and 
individual characteristics on plasma 25(OH)D levels (nmol/L) among participants of a 
health and wellness program. 

Models Univariable analysis  Multivariable analysis  
  (95% CI)   (95% CI)  
Vitamin D supplementation      
Taking minimum 
supplementation (compared 
to not taking any 
supplements) 

36.84 *** (33.39 to 40.29) 3.08 ( 1.10 to 7.26) 

Dose (IU)       
1000 to 2000 (minimum regimen as reference) (minimum regimen as reference) 
2000 to 3000 14.27 *** (10.47 to 18.08) 7.49 *** (3.73 to 11.24) 
3000 to 4000 26.56 *** (22.44 to 30.68) 13.19 *** (9.02 to 17.36) 
5000 or more 47.33 *** (44.25 to 50.41) 30.22 *** (26.86 to 33.59) 

Dose frequency       
1–2/week (minimum regimen as reference) (minimum regimen as reference) 
3–4/week 14.09 *** (10.07 to 18.10) 5.44 ** (1.52 to 9.35) 
5–6/week 33.05 *** (29.13 to 36.97) 16.52 *** (12.41 to 20.64) 

7/week 53.02 *** (49.09 to 56.95) 30.69 *** (26.35 to 35.03) 
Duration (months)       

1 (minimum regimen as reference) (minimum regimen as reference) 
2 2.87 ( 3.11 to 8.85) 0.18 ( 5.07 to 5.44) 
3 6.61 * (0.82 to 12.39) 3.22 ( 1.94 to 8.38) 
4 11.10 *** (4.86 to 17.35) 3.31 ( 2.34 to 8.97) 
5 or more 28.56 *** (24.82 to 32.30) 6.68 *** (3.05 to 10.31) 

Age (per 10 years) 7.65 *** (6.35 to 8.96) 1.46 * (0.28 to 2.63) 
Male (female as reference) 6.79 *** ( 10.19 to 3.38) 1.23 ( 4.10 to 1.64) 
Body weight status       

Underweight 10.27 ( 28.06 to 7.52) 3.45 ( 17.87 to 10.96) 
Normal (reference) (reference) 
Overweight 6.56 ** ( 10.36 to 2.76) 7.13 *** ( 10.33 to 3.93) 
Obesity 14.85 *** ( 18.71 to 11.00) 14.59 *** ( 17.97 to 11.21) 

General health (first visit)       
Excellent (reference) (reference) 
Very good 11.01 ** ( 17.89 to 4.14) 4.29 ( 9.94 to 1.36) 
Good 19.08 *** ( 25.70 to 12.46) 7.98 ** ( 13.52 to 2.44) 
Fair 27.34 *** ( 34.73 to 19.96) 12.92 *** ( 19.15 to 6.69) 

Needs improvement 30.20 *** ( 38.11 to 22.29) 11.24 ** ( 17.97 to 4.51) 
Latitude (per 10°) 17.50 *** ( 23.37 to 11.63) 5.39 * ( 10.17 to 0.61) 
Summer months (April to 
October) 

1.18 ( 1.50 to 3.86) 2.91 ** (0.74 to 5.09) 
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Table 3. Cont. 

Models Univariable analysis  Multivariable analysis  
  (95% CI)   (95% CI)  
Physical activity levels       

Low (reference) (reference) 
Moderate 6.05 ** (2.58 to 9.52) 1.96 * ( 1.01 to 4.92) 
High 9.99 *** (5.06 to 14.93) 4.36 (0.04 to 8.68) 

Smoking       
Non-smoker (reference) (reference) 
Smoker 0.91 ( 4.79 to 2.97) 5.52 ** ( 8.88 to 2.17) 
Milk servings/day       
0 (reference)   (reference)  
1 to 2 5.14 ( 11.69 to 1.41) 3.92 ( 9.46 to 1.62) 
3 or more 2.56 ( 9.58 to 4.46) 1.76 ( 7.72 to 4.19) 

Fish servings/week       
0 (reference)   (reference)  
1 to 2 0.33 * (9.45 to 2.10) 0.51 ( 4.31 to 3.30) 
3 or more 2.52 ** (13.51 to 2.86) 2.59 ( 2.00 to 7.18) 

Margarine consumption 
frequency 

      

Never (reference)   (reference)  
Rarely 6.12 ** ( 10.33 to 1.91) 2.22 ( 5.78 to 1.34) 
Often 12.89 *** ( 17.19 to 8.59) 4.75 * ( 8.43 to 1.08) 
Always 7.60 * ( 13.74 to 1.47) 2.74 ( 7.96 to 2.47) 

Constant (not shown)   114.46 *** (87.25 to 141.68) 
No. of visits 4224   4224   
No. of individuals 2714   2714   
Note:  = regression coefficients representing changes in plasma 25-hydroxyvitamin D (25(OH)D) (nmol/L). 
Minimum regimen: 1000–2000 IU once or twice per week for one month. * p < 0.05; ** p < 0.01; *** p < 0.001. The 
univariable analyses considered each covariate in separate analyses with the exception of dose, frequency and duration 
that were considered simultaneous. The constants of these univariable models were not shown. The multivariable 
analysis considered all variables included in the table as these have been reported to affect plasma 25-hydroxyvitamin 
D levels in the literature. 

Age, summer season (April to October), and high levels of physical activity were associated in a 
statistically significant manner with higher plasma 25(OH)D levels (p < 0.05 for all). Males, northern 
latitudes, overweight or obesity, poor self-reported health and margarine intake were associated with 
lower 25(OH)D levels (p < 0.05 for all). 
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Figure 1. The dose responses between 25-hydroxyvitamin D levels and vitamin D 
supplementation based on the estimates from the multivariable regression model. 

 
Note: All estimated changes in plasma 25-hydroxyvitamin D were compared to the minimum 
regimen* (1000–2000 IU once per week for one month). The error bars indicate the range of 95% 
confidence intervals. All estimates were adjusted for gender, age, body weight status, general 
health at first visits, latitudes, summer months (April to October), physical activity levels, 
smoking, and diet (milk and fish servings and frequency of margarine use). 

4. Discussion 

We showed that participants with a minimum regimen (1000–2000 IU of vitamin D once or twice 
per week for one month) had plasma 25(OH)D levels that were not statistically higher than those of 
participants not taking supplements. This minimum regimen (1000–2000 IU, one or two times a 
week) is quantitatively similar to a daily intake of 143–571 IU. Clinical trials have tested compatible 
doses of 400 IU daily and showed benefits to bone density, but equivalent doses are not sufficient to 
prevent hip fractures or colorectal cancer [21,22]. To achieve the latter, individuals need higher 
plasma 25(OH)D levels, usually more than 75 nmol/L [23,24]. The effectiveness of the minimum 
regimen on improving plasma 25(OH)D levels is consistent with biological evidence. Lips suggested 
that catabolism rates of vitamin D are lower when plasma 25(OH)D levels are low [25]. This increases 
the propensity of accumulation at lower dosages. 
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We quantified the associations of dose, frequency and duration with plasma 25(OH)D and showed 
that the effects of dose and frequency were more pronounced than the effect of duration. We showed 
that only extending the supplementation duration to three or five months (or more) was correlated 
with substantial increases in plasma 25(OH)D. Whole-body distribution [26], half-life time [4], and 
plateau effects [12,23] may be the biological mechanisms underlying the modest contribution of 
regimens with duration of less than five months. 

The dosing regimen promoted by the IOM is 600 IU for males and females between the ages of  
1–70 years [2]. Others have advocated higher vitamin D intake [4,27]. The IOM recommendations 
are uniform and not distinct for individuals of varying body weight, sun exposure, health status and 
life style (physical activity, smoking status and diet). The present study revealed substantial 
contributions of these factors such that we believe they should be taken into consideration when 
choosing supplementation dosages to reach a target plasma 25(OH)D level. 

The effects of body weight, sun exposure, and lifestyle on 25(OH)D[4] are also important to the 
design of clinical trials. Clinical trials testing varying vitamin D regimens may successfully control 
for heterogeneity between groups by random assignment, but may fail to adjust for the heterogeneity 
within groups [3]. To improve clinical trials of vitamin D regimens, we recommend that 
consideration be given not only to supplementation dose and frequency, but also to the individual 
characteristics. Examples include sun exposure advisories and season specific sun exposure advisories 
to trial participants, quantification of dietary intake, and an analytic approach that addresses body 
weight status. 

We had observed that a minimum regimen (1000–2000 IU, one or two times a week, 
quantitatively similar to a daily intake of 143–571 IU) did not result in a substantial or statistically 
significant increase relative to not taking supplements (see Supplemental Table 1 to compare the 
results from previous studies). The Women’s Health Initiative used a regimen of 400 IU daily (which 
is in the range of our minimum regimen) and did not observe a reduction in all cardiometabolic 
outcomes examined [28,29]. Pittas et al. and Scragg [28,29] reported that 400 IU daily may have 
been too low a dose to achieve these benefits, which seem consistent with our observation of an 
insignificant effect of the minimum regimen. 

The population-based approach with the consideration of various confounding factors and a large 
sample size should be considered as strengths of the present study [8,30]. As this study was 
conducted among healthy individuals, the results are generalizable to healthy individuals who seek 
to improve their vitamin D status. Other studies and trials had targeted populations with very specific 
characteristics, such as postmenopausal women [31] or the elderly only [32], or a small number of 
healthy men [9]. The adjustment of a number of confounding factors, such as obesity and physical 
activity, also makes the findings relevant to a broader population. However, we acknowledge that 
there are other existing confounding factors not taken into consideration. This study evaluated 
participants of a health and wellness program that is mostly offered to active workers. For this reason, 
socioeconomic status was considered to be homogenous. No questions related to income, education, 
job status, race and ethnicity, or family composition was included in the program’s questionnaires, 
which had been associated with 25(OH)D levels [33–35]. Limitations include the self-reported nature 
and reporting imprecision of some of the factors studied including dose, frequency and duration. 
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Lastly, in the absence of better information on sun exposure, we used latitude and season as proxies 
for sunlight exposure, which may have introduced error and bias. 

5. Conclusions 

Each of the three dimensions of vitamin D supplementation—dose, frequency and duration—are 
independently associated with plasma 25(OH)D levels. The multivariable analysis reveals that 
plasma 25(OH)D levels associated with a minimum supplementation regimen (similar to a daily 
intake of 143–571 IU are not significantly higher than not taking supplements. These characteristics 
of the dose response relationship are not only useful for individuals to optimize plasma 25(OH)D, 
but also important for researchers to consider that, besides the assigned doses, there are other factors 
that influence plasma 25(OH)D levels and these should be adjusted for. 
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Vitamin D: Deficiency, Sufficiency and Toxicity 

Fahad Alshahrani and Naji Aljohani 

Abstract: The plethora of vitamin D studies over the recent years highlight the pleomorphic effects 
of vitamin D outside its conventional role in calcium and bone homeostasis. Vitamin D deficiency, 
though common and known, still faces several challenges among the medical community in terms of 
proper diagnosis and correction. In this review, the different levels of vitamin D and its clinical 
implications are highlighted. Recommendations and consensuses for the appropriate dose and 
duration for each vitamin D status are also emphasized. 

Reprinted from Nutrients. Cite as: Alshahrani, F.; Aljohani, N. Vitamin D: Deficiency, Sufficiency 
and Toxicity. Nutrients 2013, 5, 3605-3616. 

1. Introduction 

Vitamin D plays an essential role in the regulation of metabolism, calcium and phosphorus 
absorption of bone health. However, the effects of vitamin D are not limited to mineral homeostasis 
and skeletal health maintenance. The presence of vitamin D receptors (VDR) in other tissue and 
organs suggest that vitamin D physiology extends well above and beyond bone homeostasis [1]. 
Additionally, the enzyme responsible for the conversion of 25[OH] D to its biologically active form 
[Vitamin D (1,25[OH]2 D)] has been identified in other tissues aside from kidneys [2,3], and that 
extra renal synthesis of 1,23[OH]2D may be equally important in regulating cell growth and 
differentiation via paracrine or autocrine regulatory mechanisms [4]. 

The mechanism of action of vitamin D3 through its hormonal form, dihydroxyvitaminD3, involves 
a nuclear VDR that regulates the transcription of several target genes in a variety of vitamin D target 
cells that are primarily involved in the calcium homeostasis of cell differentiation [5]. 
Hypervitaminosis D occurs when pharmacologic doses of vitamin D are consumed for prolonged 
periods of time or from a single megadose translating to a large increase in circulating 25[OH]D 
concentrations [6]. 

2. Vitamin D Metabolism 

Vitamin D has two distinct forms: vitamins D2 and D3. Vitamin D2 is a 28-carbon molecule 
derived from ergosterol (a component of fungal cell membranes), while vitamin D3 is a 27-carbon 
derived from cholesterol [7]. UV-B irradiation of skin triggers photolysis of 7-dehydrocholesterol 
(pro-vitamin D3) to pre-vitamin D3, which is rapidly converted to vitamin D3 by the skin’s 
temperature. Vitamin D (D2 and D3) from the skin and diet undergo two sequential hydroxylations: 
first in the liver (25[OH]D) and then in the kidney, leading to its biologically active form  
1,25-dihydroxyvitamin D (1,25[OH]2D) [8]. Table 1 shows the nomenclature for vitamin D precursors 
and metabolites. 
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Table 1. Nomenclature of vitamin D precursors and metabolites. 

Common Name Clinical Name Abbreviation Comments 
7-Dehydrocholesterol Pro-vitamin D3 7DHC Lipid in cell membranes 

Cholecalciferol Pre-vitamin D3  Photosynthesized in skin or diet 

Ergocalciferol Pre-vitamin D2  
Obtained from diet. Equivalent to 
vitamin D3 as precursor for active 

vitamin D 
Calcidiol 25-Hydroxyvitamin D 25[OH]D Best reflects vitamin D status 

Calcitriol 1,25-Dihydroxvitamin D 1,25[OH]D2 
Active form of vitamin D, tightly 

regulated 

The 1,25 [OH]2D ligand binds with high affinity to vitamin D receptors (VDRs), which then 
increases intestinal absorption of both calcium and phosphorus. In addition, vitamin D is actively 
involved in bone formation, resorption, mineralization, and in maintenance of neuromuscular 
function. Circulating 1,25[OH]2D inhibits serum parathyroid hormone (PTH) levels by negative 
feedback mechanism and by increased serum calcium levels. It also regulates bone metabolism 
through activation of the VDRs found in osteoblasts, releasing biochemical signals and leading to 
the formation of mature osteoclasts [9]. 

In a low vitamin D state, the small intestine can absorb approximately 10%–15% of dietary 
calcium. When adequate however, intestinal absorption of dietary calcium rises to approximately  
30%–40% [9,10]. Hence, low vitamin D levels (25[OH]D) may lead to insufficient calcium 
absorption, and this has clinical implications not only for bone health but also for most metabolic 
functions. The increase in PTH restores calcium homeostasis by increasing tubular reabsorption of 
calcium in the kidney, increasing bone calcium mobilization and enhancing 1,25[OH]2D production [10]. 

3. Optimum 25[OH]D Levels 

The vitamin D level needed to optimize intestinal calcium absorption (34 ng/mL) is lower than 
the level needed for neuromuscular performance (38 ng/mL) [11,12]. Experts however believe that 
the lower limit of adequate 25[OH]D levels should be 30 ng/mL [13]. Still others recommend a lower 
limit of 40 ng/mL, since impaired calcium metabolism due to low serum 25[OH]D levels may trigger 
secondary hyperparathyroidism, increased bone turnover and progressive bone loss [14,15]. 

The proposed 25[OH]D cut-off for optimum skeletal health is the level that reduces PTH to a 
minimum and increases calcium absorption to its maximum [11,16]. Several studies have shown that 
PTH levels plateau at a minimum steady-state level as serum 25[OH]D levels approach and rise 
above approximately 30 ng/mL (75 nmol/L) [16–18]. The established consensus of several vitamin 
D cut-offs is presented in Table 2 [18–20]. It is noteworthy, however, that there is a continued debate 
and exchange of knowledge with respect to the optimum cut-off for 25(OH)D. 
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Table 2. Diagnostic Cut-Offs of levels of serum 25[OH]D. 

25[OH] Level (ng/mL) 25[OH]D Level (nmoL/L) Laboratory Diagnosis 
<20 <50 Deficiency 

20–32 50–80 Insufficiency 
54–90 135–225 Normal in sunny countries 
>100 >250 Excess 
>150 >325 Intoxication 

4. Measurements of 25[OH]D versus 1,25[OH]2D3 

The clinical advantages of choosing 25[OH]D instead of calcitriol as a marker for vitamin D status 
has been listed by Rajasree et al. [21]. First, 25[OH]D has the highest concentration of all vitamin D 
metabolites. Second, its levels remain stable for almost two weeks. Lastly, vitamin D toxicity is 
thought to be a function of 25[OH]D instead of calcitriol. It has been observed that serum 25[OH]D 
is the best indicator of vitamin D status among individuals without kidney disease [22]. Furthermore, 
25[OH]D in large amounts can replace calcitriol to stimulate bone calcium metabolism [23]. 
Although nephrectomy abolishes a response to physiological dose of 25[OH]D, a large dose (1000 
fold) of 25[OH]D can stimulate intestinal calcium absorption and bone calcium metabolism in 
nephrectomized rats [24]. Hughes et al., studied vitamin D intoxication in two human patients with 
normal kidney function and showed that both patients had 16-fold above normal concentrations of 
plasma 25[OH]D levels (500–600 ng/mL), while 1,25[OH]D2D3 plasma concentrations were only 
modestly elevated (40–56 pg/mL) [25]. Differences in calcidiol versus calcitriol are presented in 
Table 3. 

Table 3. Calcidiol versus Calcitriol. 

Metabolite function 25[OH]D 1,25[OH]2D3 

Nutritional Status Best indicator 
Does not indicate nutritional 

status 
Half life >15 days <15 h 

Stability in serum Stable Unstable 

Hypovitaminosis D Indicative (low) 
Non-indicative  

(normal to elevated) 

Hypervitaminosis D Indicative (elevated) 
Non-indicative (low to normal or 

mild elevated) 

Calcium regulation 
Possible under  

non-physiological conditions 
Tight under  

physiological conditions 
PTH regulation Depends on vitamin D status Tight 

DBP binding 
High affinity (releases the free 

metabolite once DBP is saturated 
Low affinity to exert the 
physiological function 

VDR binding 
Strongest among metabolite other 

than calcitriol 
High affinity to elicit the 

biological function 
Note: VDR: vitamin D receptor; DBP: vitamin D binding protein; PTH: parathyroid hormone. 
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5. Supplementation of Vitamin D2 versus Vitamin D3 

Multiple preparations of vitamin D and its metabolites are commercially available for supplement 
use. The two most common supplements are ergocalciferol (vitamin D2) and cholecalciferol (vitamin 
D3). Some studies [26,27], but not all [28], suggest that vitamin D3 increases serum 25[OH]D more 
efficiently than vitamin D2. A large, single dose of vitamin D2 does not last longer than a large dose 
of D3. In a study conducted by Armas et al., [27], subjects were given one dose of 50,000 IU of either 
vitamin D2 or vitamin D3. Vitamin D2 was absorbed just as well as vitamin D3, yet blood levels of 
25[OH]D started dropping rapidly after 3 days among subjects given vitamin D2 whereas those on 
vitamin D3 sustained high levels for two weeks before dropping gradually. 

A daily dose of 4000 IU of vitamin D3 for two weeks was observed to be 1.7 times more effective 
in raising 25[OH]D levels than 4000 IU of vitamin D2 [26]. On the other hand, Holick et al. found 
that a daily dose of 1000 IU of vitamin D2 over 11 weeks duration increased 25[OH]D levels from 
42 to 67 nmoL/L (16.9 to 26.8 ng/mL) [28]. Consequently, vitamin D3 levels also increased from 49 
to 72 nmoL/L (19.6 to 28.9 ng/mL). It took 6 weeks for 25[OH]D levels to plateau on that regimen. 
In another study, Glendenning et al. compared 1000 IU of D2 versus D3 in patients who had vitamin 
D insufficiency with subsequent hip fractures. After three months, those who were supplemented 
with D3 had a 31%–52% greater increase in 25[OH]D levels than those supplemented with D2. 
However, parathyroid hormone levels did not differ between groups [29]. 

In children, Gordon et al., assigned 40 infants and toddlers with vitamin D deficiency to one of 
three regimens (2000 IU oral vitamin D2 daily, 50,000 IU vitamin D2 weekly or 2000 IU vitamin D3 
daily) for 6 weeks. At the end of the trial, 25[OH]D levels increased from 42.5 to 90 nmoL/L and 
there were no significant differences between treatment groups [30]. 

In terms of bioavailability, Biancuzzo et al., tested changes in 25[OH]D status from a daily dose 
of 1000 IU of vitamin D2 or D3 from either calcium-fortified orange juice with vitamin D or 
supplement capsules for 11 weeks. The average 25[OH]D levels of all groups (D2 from orange juice, 
D2 from capsules, D3 from orange juice, D3 from capsules) went up to about 25 nmoL/L with no 
significant differences between groups [31]. 

Treatment for most studies found D2 to be less effective than D3, whereas in studies finding them 
equally effective, the treatment was daily amounts between 400 and 2000 IU [32]. Houghton and 
Vieth indicated that vitamin D3 is the most potent form of vitamin D in all primate species, including 
humans, owing to the diminished binding of vitamin D2 metabolites to DBP in plasma [33].  
They also confirmed the finding of Hollick [34], which indicated that the difference in binding 
capacity is potentially explained by the presence of a methyl group at carbon-24 position on the D2 
molecule. The different hydroxylation sites of two forms of vitamin D leads to the production of 
unique biologically active metabolites. Based on this, the 24-hydroxylation after the 25-hydroxylation 
results in the formation of 1,24,25[OH]3D2 and the deactivation of vitamin D2 molecule. On the other 
hand, the vitamin D3 metabolite 1,24,25[OH]3D3 must undergo an additional side chain oxidation to 
be biologically deactivated [35]. Interestingly, 1,24,25[OH]3D3 has the ability to bind VDR with 
~40% capacity higher than with 1,25[OH]2D3 [36]. 
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6. Candidates for Calcidiol (25-OHD) Measurements 

The best indicator of vitamin D status is 25-OHD because it reflects cutaneous and dietary intake, 
not to mention it is the major circulating form of vitamin D [37]. While there are many established 
causes of vitamin D deficiency, as listed in Table 4, screening for the general population warrants further 
investigation. The United States Preventive Services Task Force (USPSTF) did not comment for or 
against routine screening for vitamin D deficiency. One approach is to consider serum testing in patients 
at high risk for vitamin D deficiency, and treating without testing those at a lower risk [38]. Just recently, 
a statement from Osteoporosis Canada suggested that based on clinical suspicion for vitamin D 
insufficiency and its complications the clinical approach can take into account three settings (Table 5). 

Table 4. Major causes of vitamin D deficiency [13]. 

Causes Example 
Reduced skin synthesis Sunscreen, skin pigment, season/time of day, aging 

Decreased absorption 
Cystic fibrosis, celiac disease, Crohn’s disease, 

gastric bypass, medications that reduce  
cholesterol absorption 

Increased sequestration Obesity (BMI > 30) 
Increased catabolism Anti-convulsant, glucocorticoid 

Breastfeeding Exclusively without vitamin D supplementation 
Decreased synthesis of 25-hydroxyvitamin D Hepatic failure 

Increased urinary loss of 25-hydroxyvitmain D Nephrotic proteinuria 
Decreased synthesis of 1,25-dihydroxyvitmain D Chronic renal failure 

Inherited disorders Vitamin D resistance 

Table 5. Approach to vitamin D correction [39]. 

Risk Category Action Level of Evidence 
Low: 

Adult < 50 years 
Without comorbid conditions 

affecting vitamin D absorption  
or action 

400–1000 IU 
No calcidiol  

measurement required 

Level 3  
Evidence grade D 

 

Moderate: 
Adult > 50 years 

With or without osteoporosis 
but without comorbid conditions 
that affect vitamin D absorption 

or action 

800–2000 IU 
Calcidiol measurement in initial 

assessment but if therapy for 
osteoporosis is prescribed, 

calcidiol should be measured 
after three to four months, of an 

adequate dose. 

Level 2  
Evidence grade B 

 
Level 3  

Evidence grade D 
 

High: 
Co-morbid conditions that affect 
vitamin D absorption or action 

and/or recurrent fractures  
or bone loss despite  

osteoporosis treatment 

Calcidiol should be measured 
and supplementation based on 

the measured value. 

Grade B 
Recommendation 
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7. Vitamin D Correction 

In patients with normal absorptive capacity, for every 40 IU/day (1 g/day) of vitamin D3, serum 
25(OH)D concentrations increase by approximately 0.3 to 0.4 ng/mL (0.7 to 1.0 nmol/L) [40]. 
Largest increments are seen in patients with the lowest starting 25(OH)D level, but subsequently 
declines as 25(OH)D concentration reaches 40 ng/mL (100 nmol/L) [41]. Nutritional deficiency 
(25OHD < 50 nmol/L) requires initial treatment with 50,000 units of vitamin D2 or vitamin D3 orally 
once per week for 6–8 weeks, and then 800 to 1000 IU of vitamin D3 orally thereafter [42]. 
Intramuscular cholecalciferol (300,000 IU) in one or two doses per year is also an option for 
increasing serum 25 OHD level [43]. 

Nutritional insufficiency (25 OHD 50–75 nmol/L) requires treatment with 800 to 1000 IU of 
vitamin D3 daily. This intake will bring the average adult’s vitamin D status to 7 nmol/L higher over 
a three-month period. Still, many individuals might need higher doses. In malabsorptive states, oral 
dosing and duration of treatment is dependent on the individual patient’s on vitamin D absorptive 
capacity. High doses of vitamin D (10,000 to 50,000 IU daily) may be necessary for patients who 
had gastrectomy or malabsorption history. Patients who remain deficient or insufficient on such 
doses need to be treated with hydroxylated vitamin D metabolites, since they are more readily 
absorbed than with ordinary sun or sun camp exposure. All patients should maintain a daily calcium 
intake of at least 1000 mg (for ages 31 to 50 years) to 1200 mg (for ages 51 and older) per day [44]. 

8. Vitamin D Toxicity 

Vitamin D as a fat-soluble vitamin raised concerns about toxicity from excessive supplementation. 
Widespread vitamin D fortification of foods and drinks from the 1930s to 1950s in the United States 
and Europe led to reported cases of toxicity [45]. Hypercalcemia is responsible for producing most 
of the symptoms of vitamin D toxicity. Early symptoms of vitamin D toxicity include gastrointestinal 
disorders like anorexia, diarrhea, constipation, nausea, and vomiting. Bone pain, drowsiness, 
continuous headaches, irregular heartbeat, loss of appetite, muscle and joint pain are other symptoms 
that are likely to appear within a few days or weeks; frequent urination, especially at night, excessive 
thirst, weakness, nervousness and itching; kidney stones [46]. 

There are three major hypotheses for vitamin D toxicity [47]: 

(i) Raised plasma 1,25[OH]D concentrations lead to increased intracellular 1,24[OH]D 
concentrations. This hypothesis is not widely supported as many studies revealed that 
vitamin D toxicity is associated with normal or marginally elevated 1,25[OH]D [23]. It was 
only Mawer et al. who reported elevated 1,25[OH]D with vitamin D toxicity [48]. 

(ii) Vitamin D intake raises plasma 25[OH]D levels to concentrations that exceed DBP 
binding capacity, and free 25[OH]D has direct effects on gene expression once it enters 
target cells. High dietary vitamin D intake alone increases plasma 25[OH]D. The low affinity 
of 1,25[OH]D for the transport protein DBP and its high affinity for VDR dominate normal 
physiology. This makes it the only ligand with access to the transcriptional signal 
transduction machinery. However, in vitamin D intoxication, overloading by various vitamin 
D metabolites significantly compromises the capacity of the DBP by allowing other 
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metabolites to enter the cell nucleus. Of all the inactive metabolites, 25[OH]D has the 
strongest affinity for the VDR, and thus at sufficiently high concentrations, could stimulate 
transcription [47]. 

(iii) Vitamin D intake raises the concentrations of many vitamin D metabolites, including 
vitamin D itself and 25[OH]D, and these concentrations exceed the DBP binding capacity 
and release of “free” 1,25[OH]D which enters target cells [47]. 

The amount of UVB radiation required for vitamin D sufficiency can be calculated from the 
amount of vitamin D produced from one minimal erythemal dose (MED), or 10,000–25,000 IU of 
oral vitamin D [9].The MED can be defined as the amount of time needed to cause skin to turn pink. 
The length of time varies with geographical location, skin pigmentation, percent of body fat, and age. 
Excessive exposure to sunlight will not cause vitamin D intoxication because sunlight degrades any 
excess vitamin D [48]. 

The highest recorded individual serum 25[OH]D concentration obtained from sunshine was from 
a farmer in Puerto Rico with a level of 225 nmol/L [49]. On the other hand, the highest recorded 
individual 25[OH]D achieved from artificial ultraviolet light treatment sessions was 275 nmol/L 
[50]. Vieth reported that vitamin D toxicity probably begins to occur after chronic consumption of 
approximately 40,000 IU/day (100 of the 400 IU capsules) [6]. Reports in which pharmacologic 
doses of vitamin D were given for a prolonged time, the indications why it was given and in which 
the final serum 25[OH]D concentrations are provided and summarized in Table 6. 

9. Hypersensitivity to Vitamin D 

Vitamin D hypersensitivity syndromes are often mistaken for vitamin D toxicity. The most 
common is primary hyperparathyroidism. Granulomatous diseases, such as sarcoidosis, granulomatous 
TB and some cancers also cause vitamin D hypersensitivity, as the granuloma or the tumor may make 
excessive amounts of calcitriol, thus raising serum calcium levels [6]. 

Table 6. Studies reporting elevated vitamin D status and associated diseases. 

Reference, year, and daily 
dosage ( g) 

Duration 
Final 25[OH]D 

concentration (nmoL/L) 
Indication 

Mason et al., [51], 1980 1250  >52 weeks 717 Hypoparathyroidism 
Haddock et al., [49],  

1982 1875  
>100 weeks 1707.5  Hypoparathyroidism 

Gertner and Domenech [52], 
1977 500–2000  

12–52 weeks 442–1022 Various 

Counts et al., [53],  
1975 2500  

12 weeks 1550 Anephric 

Hughes et al., [25], 1976  
2500–6250 n = 3 

>52 weeks 1000–1600 Not stated 

Streck et al., [54],  
1979 2500  

3.8 years 707.5 Hypoparathyroidism 
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Table 6. Cont. 

Reference, year, and daily 
dosage ( g) 

Duration 
Final 25[OH]D 

concentration (nmoL/L) 
Indication 

Davies and Adams [55], 1978 
3750  
2500  

 
364 weeks 
520 weeks 

 
1125 
1000 

 
Paget disease 

Thyroidectomy 

Mawer et al., [48], 1985  
1875  
5000  
2500  
1250  
4285  
2500  
2500  
1250  

 
520 weeks 
520 weeks 
520 weeks 

1248 weeks 
26 weeks 

520 weeks 
312 weeks 

1040 weeks 

 
568 

1720 
995 
632 
908 
856 
778 
903 

 
Hypoparathyroidism 
Hypophosphatemic 

rickets 
Carpal tunnel 

syndrome 
Celiac disease 

Chilblain 
Thyroidectomy 

Arthritis 
Hypoparathyroidism 

Allen and Skah [56], 1992 
1875  

 
19 years 

 
267 

 
Hypoparathyroidism 

Rizzoli et al., [57], 1994 
15,000  
7500  
7500  
1075  
7500  
7500  
250  

 
96 weeks 
3 weeks 
74 weeks 
12 weeks 
4 weeks 
4 weeks 

390 weeks 

 
221 
801 

1692 
374 
650 
621 
608 

 
 

Osteoporosis 
Osteoporosis 

Hypoparathyroidism 
Osteoporosis 
Osteoporosis 
Osteomalacia 

Pettifor et al., [58] 1995 
50,000 (n = 11) 

 
10 days 

 
847–1652 

Not stated 

Jacobus et al., [59] 1992 
725–4364 (n = 8) 

 
6 years 

 
“mean” 731 

Not stated 

10. Conclusions 

The present review discussed current knowledge on vitamin D physiology, its clinical relevance 
and evidence-based treatment options on vitamin D status correction. Caution should still be 
practiced by clinicians in providing vitamin D supplementation among vitamin D deficient 
populations, with proper monitoring using approved and certified methods. Indications for vitamin 
D supplementation outside the conventional calcium homeostasis should also be considered to 
maximize extra-skeletal benefits of vitamin D correction. 
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Pharmacokinetics of High-Dose Weekly Oral Vitamin D3 
Supplementation during the Third Trimester of Pregnancy in 
Dhaka, Bangladesh 

Daniel E. Roth, Abdullah Al Mahmud, Rubhana Raqib, Evana Akhtar, Robert E. Black and 
Abdullah H. Baqui 

Abstract: A pharmacokinetic study was conducted to assess the biochemical dose-response and 
tolerability of high-dose prenatal vitamin D3 supplementation in Dhaka, Bangladesh (23°N). Pregnant 
women at 27–30 weeks gestation (n = 28) were randomized to 70,000 IU once + 35,000 IU/week vitamin 
D3 (group PH: pregnant, higher dose) or 14,000 IU/week vitamin D3 (PL: pregnant, lower dose) until 
delivery. A group of non-pregnant women (n = 16) was similarly administered 70,000 IU once + 35,000 
IU/week for 10 weeks (NH: non-pregnant, higher-dose). Rise ( ) in serum 25-hydroxyvitamin D 
concentration ([25(OH)D]) above baseline was the primary pharmacokinetic outcome. Baseline mean 
[25(OH)D] were similar in PH and PL (35 nmol/L vs. 31 nmol/L, p = 0.34). A dose-response effect was 
observed: [25(OH)D] at modeled steady-state was 19 nmol/L (95% CI, 1 to 37) higher in PH vs. PL  
(p = 0.044). [25(OH)D] at modeled steady-state was lower in PH versus NH but the difference was not 
significant ( 15 nmol/L, 95% CI 34 to 5; p = 0.13). In PH, 100% attained [25(OH)D]  50 nmol/L and 
90% attained [25(OH)D]  80 nmol/L; in PL, 89% attained [25(OH)D]  50 nmol/L but 56% attained 
[25(OH)D]  80 nmol/L. Cord [25(OH)D] (n = 23) was slightly higher in PH versus PL (117 nmol/L vs. 
98 nmol/L; p = 0.07). Vitamin D3 was well tolerated; there were no supplement-related serious adverse 
clinical events or hypercalcemia. In summary, a regimen of an initial dose of 70,000 IU and 35,000 
IU/week vitamin D3 in the third trimester of pregnancy was non-hypercalcemic and attained [25(OH)D] 

 80 nmol/L in virtually all mothers and newborns. Further research is required to establish the safety of 
high-dose vitamin D3 in pregnancy and to determine if supplement-induced [25(OH)D] elevations lead 
to maternal-infant health benefits. 

Reprinted from Nutrients. Cite as: Roth, D.E.; Mahmud, A.A.; Raqib, R.; Akhtar, E.; Black, R.E.;  
Baqui, A.H. Pharmacokinetics of High-Dose Weekly Oral Vitamin D3 Supplementation during the 
Third Trimester of Pregnancy in Dhaka, Bangladesh. Nutrients 2013, 5, 788-810. 

1. Introduction 

The maternal-infant health benefits of vitamin D supplementation during pregnancy remain  
uncertain [1,2]. However, observational studies have suggested associations between vitamin D status 
during pregnancy and postnatal infant health outcomes [3–5]. Serum 25-hydroxyvitamin D 
concentration ([25(OH)D])  50 nmol/L is associated with skeletal health benefits [1], but some data 
suggest that improving vitamin D status to attain serum [25(OH)D]  80 nmol/L may enhance a range 
of vitamin D-related functions [6–8]. However, there have been relatively few published studies of 
vitamin D3 pharmacokinetics, safety and clinical effects during pregnancy [9]. 

The possible association between maternal-fetal vitamin D status and infant health outcomes may be 
particularly relevant to South Asian countries such as Bangladesh, where adverse perinatal outcomes 
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and infant mortality are public health priorities [10], and where vitamin D deficiency has been observed 
among women of reproductive age [11] and young infants [12]. Therefore, to guide the design of clinical 
trials of antenatal vitamin D supplementation in Bangladesh, we conducted a randomized open-label 
pilot trial of two antenatal vitamin D3 supplementation doses that were several fold higher than those in 
typical prenatal supplements. The primary aims were to establish the biochemical dose-response in terms 
of the change in serum [25(OH)D], and to specifically assess whether the regimens achieved [25(OH)D] 

 80 nmol/L in most participants. The response to the higher-dose supplement regimen was also assessed 
in a cohort of non-pregnant participants that served as a separate comparison group. The present study 
builds on previously reported observations of single-dose vitamin D3 pharmacokinetics in the same 
setting [13]. 

2. Experimental Section 

2.1. Participants 

Pregnant women were enrolled at a maternal health clinic in inner-city Dhaka, Bangladesh (23°N) in 
February 2010 if they were: Aged 18 to <35 years; at 27 to <31 completed weeks of gestation based on 
the reported first day of the last menstrual period; held permanent residence in Dhaka at a fixed address; 
and, planned to stay in Dhaka for at least four months. Reasons for exclusion were: preexisting medical 
condition; current vitamin D supplement use; anti-convulsant or anti-mycobacterial medications; severe 
anemia (hemoglobin concentration <70 g/L); hypertension at enrollment (systolic blood pressure  

140 mmHg or diastolic blood pressure 90 mmHg on at least two measurements); major risk factors 
for preterm delivery or pregnancy complications; or previous delivery of an infant with a congenital 
anomaly or perinatal death. Healthy non-pregnant women attending the same clinic for health 
maintenance (e.g., contraception), or because they were accompanying pregnant women, were enrolled 
in August–September 2009 if they were non-lactating, had not missed a recent menses at the expected 
date, and had a negative urine pregnancy test (First Response Early Results, Church & Dwight Company, 
Inc., Princeton, NJ, USA). Otherwise, inclusion and exclusion criteria were similar to the pregnant participants. 

The study was approved by the Institutional Review Board at The Johns Hopkins Bloomberg School 
of Public Health and the International Center for Diarrheal Disease Research, Bangladesh (ICDDR, B). 
All participants gave signed informed consent prior to participation. The trial was registered at 
ClinicalTrials.gov (NCT00938600). 

2.2. Study Design and Interventions 

Pregnant participants were randomized at enrollment to receive a single dose of vitamin D3 70,000 IU 
(1.75 mg, where 1 mg = 40,000 IU) on day 0 followed by vitamin D3 35,000 IU (0.875 mg) per week 
starting on day 7 and continuing until delivery (referred to as group “PH”; pregnant, higher dose), or to 
vitamin D3 14,000 IU (0.350 mg) per week starting on day 0 and continuing until delivery (“PL”; 
pregnant, lower dose). Participants in the non-pregnant cohort (“NH”; non-pregnant, higher dose) 
received the same higher-dose intervention as PH, i.e., a single dose of vitamin D3 70,000 IU on day 0 
followed by vitamin D3 35,000 IU per week starting on day 7 and continuing until the last dose on  
day 63 (total of 10 doses). Vitamin D3 was administered as Vigantol Oil (Merck KGaA, Germany),  
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a liquid supplement (20,000 IU D3/mL) commercially available in Bangladesh (see Ref 13 for details 
regarding quality assurance). Participants were advised not to take other vitamin D-containing 
supplements during the study period. Pregnant participants were provided with standard prenatal 
supplemental iron (60 mg/day) and folic acid (400 mcg/day). NH was studied before enrolment of PH, 
to establish safety of the high-dose regimen in non-pregnant women prior to its use in pregnant women. 
As an additional safety measure, the response to a single initial dose vitamin D3 (70,000 IU) was 
observed in a separate cohort, prior to the initiation of enrollment of cohorts of participants who received 
weekly doses [13]. A preceding report of single-dose vitamin D3 pharmacokinetics included data from 
participants in weekly-dose groups PH and NH, but only from days 0 to 7 (i.e., preceding the 
administration of a second vitamin D dose) [13]. Women who received only the single 70,000 IU dose 
are not included in any of the present analyses. 

2.3. Data Collection Procedures 

Pregnant women were assessed weekly until delivery. Non-pregnant participants had weekly follow-
ups for 10 weeks (the last visit was on day 70, one week after the final D3 dose). Weekly assessments 
included a checklist of symptoms and blood pressure measurement. In NH and PH, participants provided 
up to six scheduled blood specimens and at least seven urine samples during a 10-week follow-up period 
beginning on the day of supplement administration (day 0), according to one of two randomly assigned 
sampling schedules, A or B (Figure 1). Specimens on days 65 and 67 were intended to measure  
inter-dose fluctuations in [25(OH)D] and serum calcium. Urine was collected at visits without scheduled 
blood collection up to day 70 (Figure 1). Participants in PL were asked to provide three blood specimens 
and four urine specimens (schedule C in Figure 1). From day 70, pregnant participants provided urine 
specimens on a weekly basis until delivery. 

Figure 1. Blood and urine specimen collection schedules. Participants in groups PH and NH 
were randomly assigned to either scheduled “A” or “B”. Participants in group PL all 
followed schedule “C”. 

 

2.4. Specimen Collection and Biochemical Analyses 

Maternal and cord serum samples were collected by standard techniques and maintained at 4 °C prior 
to same-day transfer to the laboratory. Spot urine specimens were collected in sterile plastic containers 
and maintained at 4 °C until same or next-day analysis of the calcium:creatinine ratio (ca:cr). Serum 
aliquots for the 25(OH)D assay were frozen at 20 °C for up to five months prior to shipment from 

 Day 
0 2 4 7 14 21 28 35 42 49 56 63 65 67 70 

A                 

B                 

C                 

Blood collection 

Urine collection  



76 
 

 

Bangladesh to Toronto. Total serum [25(OH)D] was measured with the Diasorin Liaison Total assay in 
the laboratory of Reinhold Vieth in Toronto [14], which meets the International Vitamin D External 
Quality Assessment Scheme (DEQAS) performance targets [15]. Mean within-run coefficient of 
variation (CV%) was 7.8% (5.8% for specimens with values <150 nmol/L) and mean between-run CV% 
was 10.5% (9.0% for specimens <150 nmol/L). Serum calcium, serum albumin, and urine 
calcium:creatinine ratio (ca:cr) were routinely measured using the AU640 Olympus Autoanalyzer 
(Olympus Corporation, Japan) in the Clinical Biochemistry Laboratory at the International Center for 
Diarrheal Disease Research, Bangladesh (ICDDR, B) in Dhaka within 24–48 h of collection of serum 
or urine aliquots. Total serum calcium concentration ([Ca]) was adjusted for the serum albumin 
concentration by the following conventional formula: [Ca] + (0.02 × (40-albumin)). Intact parathyroid 
hormone (PTH) was measured using a chemiluminescent assay on the i1000SR Architect Autoanalyzer 
(Abbott Diagnostics, Lake Forest, IL, USA), with a reference range of 1.59–7.23 pmol/L (Clinical 
Biochemistry Lab, icddr,b). 

2.5. Safety Monitoring 

The adjusted [Ca] reference range was 2.10–2.60 mmol/L. Umbilical cord venous serum [Ca] was 
considered elevated if greater than 3.0 mmol/L [16]. Urine ca:cr were expressed as mmol Ca/mmol Cr, 
considering 1.0 as the upper limit of the reference range [17]. An albumin-adjusted serum calcium 
concentration >2.60 mmol/L prompted a repeat measurement on a new specimen as soon as possible. 
Confirmed hypercalcemia was a priori defined as albumin-adjusted serum calcium concentration  
>2.60 mmol/L on both specimens (since hypercalcemia caused by vitamin D intoxication would not be 
expected to resolve within a few days without intervention). Episodes of urinary calcium:creatinine ratio 
(ca:cr) >1.0 mmol/mmol prompted a repeat urine ca:cr measurement within one week.  
A ca:cr > 0.85 mmol/mmol that was also 2-fold or greater relative to the lowest previously observed 
value in the same participant prompted repeat urine assessment. Persistent hypercalciuria was defined 
as ca:cr > 1.0 mmol/mmol on two consecutive results, or on two non-consecutive measurements but in 
the presence of persistent symptoms suggestive of possible hypercalcemia. Persistent hypercalciuria or 
persistent ca:cr > 0.85 mmol/mmol that was also 2-fold or greater relative to the lowest previously 
observed value were indications for unscheduled measurement of serum calcium. Abnormal urinalyses, 
hypertension, reported severe symptoms, or persistence of any mild symptomatic complaints prompted 
referral to the study physician for further evaluation. Participants were referred to an antenatal care 
physician at the maternity clinic for treatment of urinary tract infections, hypertension, or other medical 
problems. Participants with obstetric complications were transported to a local tertiary-care hospital with 
advanced neonatal care facilities. All costs of medical and obstetric care were borne by the study. 

2.6. Statistical Analysis 

Pharmacokinetic outcomes were expressed as the attained maternal/cord [25(OH)D] and the rise in 
maternal [25(OH)D] above baseline ( [25(OH)D]). Distributions in each group and at specific time 
points were summarized as geometric mean [25(OH)D] and 95% confidence intervals (CI). Between-group 
differences were analyzed by linear regression of log-transformed [25(OH)D]. To facilitate comparisons 
to other studies, the [25(OH)D] at days 63 and beyond was also expressed as a function of the 



77 
 

 

equivalent daily dose administered to each group, in micrograms (i.e., 125 mcg/day in groups NH and 
PH, and 50 mcg/day in group PL). To investigate inter-dose fluctuations, the mean [25(OH)D] at days 
65, 67, and 70 were compared to day 63 in groups NH and PH. The proportion of participants and cord 
blood specimens with [25(OH)D]  50 nmol/L or 80 nmol/L were compared across groups using log-
binomial regression. Mean changes in [25(OH)D] over time in each group were also modeled as 
continuous non-linear parametric functions (see Appendix). These analyses used all available individual 
participant-level data; standard errors were corrected to account for the within-subject correlation of 
repeated outcomes. Serum [Ca] and urine log-transformed ca:cr were each modeled as functions of time 
using fixed indicator variables for baseline, weeks 2 to 5 (days 4 to 34), and week 6 and later (day 35 
and thereafter). Comparisons of PH to NH or PL were analyzed using group-by-time interaction terms. 
Serum [Ca] and urine ca:cr were also expressed in terms of the proportions of episodes above the references 
ranges. In all analyses, p < 0.05 was considered statistically significant; however, the Holm procedure was 
used for multiple pair-wise comparisons [18]. Where appropriate, generalized estimating equations (GEE) 
with robust error estimation were used to account for non-independence of repeated measures. Analyses 
were conducted using Stata versions 10.1 and 11.1 (Stata Corporation, College Station, TX, USA). 

3. Results 

3.1. Participant Characteristics and Retention 

Twenty-eight pregnant women were recruited and randomly assigned to one of two groups,  
PH (n = 14) and PL (n = 14). Sixteen non-pregnant women were enrolled (Figure 2). 

Figure 2. Study flow diagram. Participant screening, enrollment, exclusions, and withdrawal 
over the course of the study. 
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Of 28 randomized pregnant participants, 4 (14%) left the Dhaka area prior to completion of the study 
protocol (2 in PH and 2 in PL). Specimens in the 10th week were available in 10/14 women in PH and 
9/14 in PL. Cord specimens were available in 23 (82%) of enrolled participants. PH and PL were 
generally similar with respect to baseline characteristics (Table 1) and [25(OH)D] (Table 2). However, 
NH enrollment occurred in the summer rather than mid-winter and NH participants had higher average 
baseline [25(OH)D] compared to the pregnant participants (Table 1). 

Table 1. Participant characteristics at enrollment. 

 NH PH PL p 
# Enrolled 16 14 14  
Age (years), Mean (±SD) 24.6 (±4.5) 22.2 (±3.1) 22.1 (±4.8) 0.190 
Gestational age at enrollment (weeks) 

Mean (±SD) - 28.4 (±1.2) 28.5 (±1.3) 0.760 
Range - 26.1–30.6 27–30.7  

Married 12 (75%) 14 (100%) 13 (93%) 0.110 
Education level attained 

None 2 (13%) 4 (29%) 3 (21%) 0.285 
Primary 10 (63%) 9 (64%) 11 (79%)  
Secondary or higher 4 (25%) 1 (7%) 0  

Height (cm), mean (±SD) 152.1 (±4.7) 150.7 (±4.7) 148.9 (±4.5) 0.179 

Table 2. Serum 25-hydroxyvitamin D concentrations at baseline and through 10 weeks of 
supplementation in non-pregnant and pregnant participants 1. 

 Non-pregnant Pregnant Pregnant  
 NH PH PL   
# Enrolled 16 14 14   
Vitamin D3 regimen 

Loading dose 70,000 IU 70,000 IU 0  
Weekly doses 35,000 IU 35,000 IU 14,000 IU  

Duration of supplementation 10 weeks 
27–30 weeks 
gestation until 

delivery 

27–30 weeks 
gestation until 

delivery  

Dates of enrollment 
17 Aug–6 Sep 

2009 
3–16 Feb 2010 3–16 Feb 2010 

 
Participants with [25(OH)D] measured 
during 10th week (days 63 to 70), n (%) 14 (88%) 10 (71%) 9 (64%) p value 2 
Number of specimens per participant, 
Median  6 6 3 

PH vs. 
NH 

PH vs. 
PL 

Baseline [25(OH)D] 
Mean [95% CI] 57 [47,69] 35 [30,42] 31 [26,38] <0.001 0.341
Range (min, max) 27, 93 21, 55 20, 57   

Attained [25(OH)D] in 10th week 
Mean [95% CI] 139 [121,160] 98 [89,109] 76 [61,95] <0.001 0.038
Range (min, max) 85, 238 71, 153 36, 119   
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Table 2. Cont. 

[25(OH)D] in 10th week 
Mean [95% CI] 76 [61,96] 57 [44,73] 36 [22,61] 0.082 0.128
Range on days 63 to 70 28, 160 19, 130 7, 75   

[25(OH)D] at days 63 to 70 per daily 
vitamin D3 dose (nmol/L/mcg) 

Mean [95% CI] 0.61 [0.48, 0.79] 0.46 [0.34,0.61] 0.73 [0.38,1.38] 0.220 0.081
Area under the [25(OH)D]-time curve 
(nmol·d/L) to day 63/65 (AUC63) 3 3500 [2886,4245] 2925 [2331,3670] 1678 [923,3053] 0.383 0.020
Participants with mean [25(OH)D]  

 50 nmol/L in 10th week, #/n (%) 4 14/14 (100%) 10/10 (100%) 8/9 (89%) 1.000 0.166
Participants with mean [25(OH)D]  

 80 nmol/L in 10th week, #/n (%) 4 14/14 (100%) 9/10 (90%) 5/9 (56%) 0.152 0.127
PTH  

Baseline (n = 28), mean [95% CI] - 2.10 [1.26,3.52] 1.53 [0.94,2.49] 
- 0.011 5Final (n = 22), mean [95% CI] - 1.63 [1.01,2.66] 2.49 [1.61,3.85] 

Cord serum [25(OH)D] (n = 23) 
Mean [95% CI] - 117 [99,137] 98 [84,115] - 0.074
Range (min, max) - 74, 168 53, 124   
Cord [25(OH)D]  50 nmol/L, #/n (%) - 12/12 (100%) 11/11 (100%) - 1.000
Cord [25(OH)D]  80 nmol/L, #/n (%) - 11/12 (92%) 10/11 (91%) - 0.949

1 Summary measures are geometric means with 95% confidence intervals, unless otherwise indicated. 2 Linear regression 

models (GEE was implemented where there were repeated measures for the same individuals) unless otherwise indicated; 

all p values < 0.05 remained significant after correction for multiple pairwise comparisons using the Holm method.  
3 AUC for each group was the geometric mean (and 95% confidence intervals) of individual participants’ AUCs; the 

analyses included 33 participants who were followed-up to at least week 10 (day 63 or 65, depending on serum sampling 

schedule): NH, n = 14 participants; PH, n =10; PL, n = 9. Comparison of the AUC based on only 3 datapoints (baseline, 

day 21/28/35, and day 63/65) was undertaken as a sensitivity analysis because group PL participants only had [25(OH)D] 

measured at a maximum of three visits at which blood collection was scheduled; the latter analysis involved the same  

33 participants as in the preceding analysis. 4 Proportion of participants in each group with average [25(OH)D]  50 nmol/L 

or 80 nmol/L in specimens collected on days 63 to 70; comparisons between groups were assessed by binomial regression. 

None of the pairwise comparisons were statistically significant after correction for multiplicity using the Holm method.  
5 p value for the group-by-time interaction term in a GEE model (exchangeable correlation and robust standard errors), 

using log-transformed PTH as the outcome, indicating that the change from baseline over time significantly differed 

between the two groups. 

3.2. Effect of Prenatal Vitamin D3 Supplementation on Vitamin D Status 

Mean [25(OH)D] rose gradually above baseline in all groups during follow-up (Table 2; Figure 3). 
Final mean [25(OH)D] during the 10th week of supplementation was significantly higher in PH versus 
PL (98 vs. 76 nmol/L, respectively; p = 0.038) and significantly lower versus NH (98 vs. 139 nmol/L;  
p < 0.001) (Table 2). However, [25(OH)D] in PH was not significantly lower in the 10th week 
compared to NH (Table 2). The [25(OH)D] threshold of 50 nmol/L was attained by nearly all 
participants, but only the higher-dose regimen reliably led to [25(OH)D]  80 nmol/L by the 10th week 
in pregnant women. During the 10th week, there were no notable inter-dose fluctuations in NH and PH 
(Figure 4); mean [25(OH)D] at days 65, 67, and 70 differed from day 63 by <6 nmol/L (all  
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p values > 0.5). There was substantial inter-subject variability in the response to vitamin D 
supplementation, with one PL participant demonstrating only a 7 nmol/L final increase in [25(OH)D] 
above her baseline. Among participants who received the higher-dose regimen, there was as much as a 
7-fold difference between the lowest and highest responders based on [25(OH)D] at week 10 (Table 2). 
Three participants in NH had [25(OH)D] > 200 nmol/L, but the highest [25(OH)D] in any pregnant 
participant was 153 nmol/L. There was no significant association between baseline vitamin D status and 

[25(OH)D] (data not shown). 

Figure 3. Changes in serum 25-hydroxyvitamin D concentration from baseline resulting 
from weekly vitamin D3 administration to non-pregnant women who received an initial dose 
of 70,000 IU and then 35,000 IU/week thereafter (NH), pregnant women who received an 
initial dose of 70,000 IU and then 35,000 IU/week thereafter (PH), and pregnant women who 
received 14,000 IU/week (PL). Lines connect the group means at each follow-up visit. 
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Figure 4. Lack of inter-dose fluctuations in mean serum 25-hydroxyvitamin D concentrations 
among non-pregnant (NH) and pregnant women (PH) during the 10th week of 
supplementation with 35,000 IU vitamin D3 per week, with the most recent dose 
administered on day 63. Lines connect the group means at each day; 95% confidence 
intervals are represented by vertical capped bars. 

 

Non-linear parametric models representing the change in [25(OH)D] as a continuous function of time 
yielded inferences regarding baseline and modeled steady-state mean [25(OH)D] that were consistent 
with the empiric cross-sectional estimates (Table 3) and provided appropriate fits to the data (Figure 5). 
Extended models indicated that the [25(OH)D] at modeled steady-state was 19 nmol/L greater in PH 
compared to PL (p = 0.044) (Table 3). Mean modeled steady-state [25(OH)D] was lower in PH 
compared to NH but the difference was not statistically significant (Table 3). 

Table 3. Estimates of the change in serum 25-hydroxyvitamin D concentration over time in 
response to weekly vitamin D3 supplementation in non-pregnant women who received an 
initial dose of 70,000 IU and then 35,000 IU/week (NH), pregnant women who received an 
initial dose of 70,000 IU and then 35,000 IU/week (PH), and pregnant women who received 
a weekly dose of 14,000 IU/week (PL). Results are based on negative exponential models, 
and shown as mean (lower 95% confidence bound, upper 95% confidence bound). 

  Model 1 Model 2 Model 3 Model 4 Model 5 

  
Non-pregnant 

(NH) 

Pregnant,  
higher-dose 

(PH) 

Pregnant, lower-
dose  
(PL) 

Pregnant 
(PL & PH) 

Higher dose 
(NH & PH) 

Number of 
participants 

 16 14 14 28 29 

Number of 
specimens 

 89 75 36 111 162 
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Table 3. Cont. 

  Model 1 Model 2 Model 3 Model 4 Model 5 

  
Non-pregnant 

(NH) 

Pregnant,  
higher-dose 

(PH) 

Pregnant, lower-
dose  
(PL) 

Pregnant 
(PL & PH) 

Higher dose 
(NH & PH) 

Baseline 
[25(OH)D]  

nmol/L 58 [48,69] 36 [29,42] 31 [25,38] 31 [25,37] 57 [47,67] 

[25(OH)D] at 
steady-state (a) 

nmol/L 79 [60,97] 62 [48,75] 45 [23,67] 43 [29,57] 77 [62,93] 

[25(OH)D] at 
steady-state per 
daily dose 
equivalent 

nmol/L/mcg 
D3 per day

0.63 [0.48, 
0.78] 

0.49 [0.38, 0.60] 0.90 [0.47,1.34] - - 

Steady-state 
[25(OH)D] 
([25(OH)D]t0 + a) 

nmol/L 137 [116,157] 97 [87,108] 76 [54,98] 74 [61,87] 134 [117,151] 

Decay rate (k) days 1 0.08 [0.03,0.12] 0.11 [0.07,0.15] 0.07 [ 0.01,0.16] 0.11 [0.07, 0.15] 0.09 [0.06, 0.12]
Group (g) 0 (Ref) - - - PW-C NP-H 
 1 - - - PW-H PW-H 
Difference in 
[25(OH)D] 
between groups 
at baseline ( ) 

nmol/L - - - 4 [ 4,13] 21 [ 33, 9] 

Difference in 
[25(OH)D] 

between groups 
at steady-state 
(d) 

nmol/L - - - 
19 [1,37] 
p = 0.044 

15 [ 34,5] 
p = 0.131 

Adjusted R2  0.55 0.71 0.63 0.72 0.69 
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Figure 5. Negative exponential models predicting serum 25-hydroxyvitamin D 
concentrations in response to weekly vitamin D3 supplementation in non-pregnant women 
who received an initial dose of 70,000 IU and then 35,000 IU/week (NH), pregnant women 
who received an initial dose of 70,000 IU and then 35,000 IU/week (PH), and pregnant 
women who received a weekly dose of 14,000 IU/week (PL). Vertical bars represent the 
95% confidence intervals of the empiric geometric means at each scheduled follow-up time. 

 

Mean cord serum [25(OH)D] was higher in PH (117 nmol/L) versus PL (98 nmol/L) but the 
difference was not significant (Table 2). The proportions of newborns with [25(OH)D]  80 nmol/L (PH: 
92%; PL: 91%) and 50 nmol/L (PH: 100%; PL: 100%) were similar in the two groups. There was a 
moderate association between cord and maternal [25(OH)D] (  = 0.67, p < 0.001). 

3.3. Ancillary Biochemical Parameters 

Mean albumin-adjusted serum [Ca] increased significantly within the reference range during follow-
up in PH but it did not change significantly in the comparison groups (Table 4; Figure 6). The increase 
in PH was significantly greater than in PL or NH (Table 4). There was a single episode of albumin-
adjusted [Ca] > 2.60 mmol/L in a PH participant during an episode of acute gastroenteritis that occurred 
after two weeks of supplementation. Her albumin-adjusted [Ca] of 2.61 mmol/L declined to 2.39 mmol/L 
in a repeat specimen on the same day, the illness was self-limited, and there was no other biochemical 
or clinical evidence of vitamin D toxicity; furthermore, the participant continued to receive the 
supplement and had increasing [25(OH)D] (range, 52 to 98 nmol/L during follow-up) but did not develop 
any further episodes of hypercalcemia or elevations in urine ca:cr. There were no episodes of confirmed 
hypercalcemia according to a priori study definitions.  
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Figure 6. Mean albumin-adjusted serum calcium concentrations in the three participant 
groups. (A) Mean albumin-adjusted serum calcium concentration in pregnant 
participants who received an initial dose of 70,000 IU and then 35,000 IU/week (PH) and 
pregnant participants who received a weekly dose of 14,000 IU/week (PL); (B) Mean  
albumin-adjusted serum calcium concentration in non-pregnant participants who 
received an initial dose of 70,000 IU and then 35,000 IU/week (NH). Vertical bars 
represent the 95% confidence intervals of the means at each scheduled follow-up time. 
Horizontal line indicates the upper limit of the reference range (2.60 mmol/L). 
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Urine ca:cr rose initially during follow-up in all groups but appeared to plateau in PL and decline 
in PH and NH during the latter half of the follow-up period (Table 5; Figure 7). There were five 
episodes of ca:cr > 1.0 mmol/mmol (Table 5). One participant in group PL had two consecutive 
episodes on days 42 and 44 and thus met the definition for persistent hypercalciuria by study criteria; 
however, [Ca] was normal and despite continued supplementation, the ca:cr was within the normal 
limits thereafter. The higher-dose intervention (PH) suppressed the average PTH concentration, 
which was significantly different from the increase observed in PL (p = 0.011) (Table 2). 

Table 5. Urine calcium:creatinine ratio in random spot urine specimens collected at 
baseline, 1st to 5th weeks of follow-up, and 6th week to the end of the supplementation 
period in non-pregnant women who received an initial dose of 70,000 IU vitamin D3 and 
35,000 IU/week (NH), pregnant women who received an initial dose of 70,000 IU 
vitamin D3 and 35,000 IU/week (PH), and pregnant women who received 14,000 
IU/week (PL). 

 

n 1 

Urinary calcium-creatinine ratio (mmol/mmol) # Episodes 
>1.0 mmol/mmol 

(# Participants ever having 
>1.0 mmol/mmol) 

Follow-up period 

Mean 2 
Minimum, Maximum 

p value
PH vs. 
NH 3 

p value
PH vs. 
PL 3 

NH PH PL NH PH PL NH PH PL 

Baseline 16 14 14 
0.23 0.10 0.21 

- - 
0 0 0 

0.04, 0.58 0.01, 0.44 0.06, 0.91 (0) (0) (0) 

1st to 5th weeks 49 36 12 
0.36 4 0.24 5 0.24 

0.164 0.105 
3 0 0 

0.04, 1.47 0.02, 0.95 0.07, 0.64 (2) (0) (0) 

6th week to end  62 53 33 
0.26 0.18 6 0.30 

0.164 0.500 
0 0 2 

0.03, 0.91 0.01, 0.96 0.05, 1.05 (0) (0) (1) 

Total  127 
10
3 

59 
0.29 0.19 0.26 

0.014 0.047 
3 0 2 

0.03, 1.47 0.01, 0.96 0.05, 1.05 (2) (0) (1) 
1 Number of specimens (there may have been multiple specimens from a single participant during a given follow-up 

period). 2 Geometric means. 3 Group by time interactions using GEE with robust standard errors. 4 The p value for the 

test of the difference from baseline was 0.018; however, this was not statistically significant after adjustment for 

multiple testing (adjusted critical p value of 0.017). 5 The increase from baseline was statistically significant (p < 0.001) 

and remained so after adjustment for multiple testing (adjusted critical p value of 0.025). 6 Not significantly different 

from baseline after adjustment for multiple testing (p = 0.042, adjusted critical p of 0.025); and, not significantly 

different from the period of 1st to 5th weeks (p = 0.136). 
  



87 
 

 

Figure 7. Mean urine calcium:creatinine ratio in the three participant groups.(A) Mean 
urine calcium:creatinine ratio in pregnant participants who received an initial dose of 
70,000 IU and then 35,000 IU/week (PH) and pregnant participants who received a 
weekly dose of 14,000 IU/week (PL), and (B) Mean urine calcium:creatinine ratio in 
non-pregnant participants who received an initial dose of 70,000 IU and then 35,000 
IU/week (NH). Vertical bars represent the 95% confidence intervals of the means at each 
scheduled follow-up time. 
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3.4. Clinical Outcomes 

There were no known supplement-related clinical adverse events. One pregnant participant in the 
lower-dose group (PL) developed new-onset mild hypertension unassociated with any significant 
morbidity or biochemical abnormalities (highest serum [25(OH)D] was 86 nmol/L); her pregnancy 
ended in an uncomplicated term delivery. The frequency of possible hypercalcemia symptoms was 
similar during follow-up in PH when compared to PL (odds ratio, 0.82; 95% CI, 0.35 to 1.92; p = 0.65). 
Groups PH and PL were similar with respect to pregnancy and newborn outcomes (Table 6). 
Anthropometric measures at birth did not significantly differ between the two groups (data not shown). 

Table 6. Pregnancy and newborn outcomes among women who received an initial dose  
of 70,000 IU vitamin D3 and 35,000 IU/week (PH) or 14,000 IU/week (PL) during the 
third trimester. 

 
PH PL 

p value 
(for between-group difference) 

n 12 12  
Gestational age at birth, weeks (by LMP) 1 

Mean (±SD) 39.2 (±2.3) 38.5 (±2.7) 0.512 
Range 33.6–42.3 32.7–43.2  

Preterm, # (%) 1 (8%) 3 (25%) 0.590 
Birth weight (g) 

Mean (±SD) 2 2774 (±456) 2604 (±379) 0.332 
Range 2210–4000 2020–3120  
# (%) SGA 3 9 (75%) 8 (67%) 1.000 
# (%) LBW 2 (17%) 4 (33%) 0.640 

Delivery mode, # (%) Cesarean section 4 6 (50%) 6 (50%) 1.000 
Sex, # (%) female 6 (50%) 6 (50%) 1.000 
Live births 5, # (%) 12 (100%) 12 (100%) - 
Alive at 1 month of age, # (%) 12 (100%) 12 (100%) - 

1 In a sample of 113 deliveries at the study site (October 2009 to January 2010) for which there was a recalled first day 

of last menstrual period, the mean gestational age at birth was 39.7 weeks (±2.2). 2 In a consecutive sample of 362 

liveborn infants delivered at the study site (October 2009 to January 2010), the mean birth weight was 2780 g (±440). 
3 Based on US newborn birthweight reference [19]. 4 In a consecutive sample of 369 deliveries at the study site 

(October 2009 to January 2010), there were 199 cesarean deliveries (54%). 5 In a sample of 369 deliveries at the study 

site (Oct 2009 to Jan 2010), there were 7 stillbirths (2%). 

4. Discussion 

This study demonstrated the biochemical dose response to third-trimester high-dose weekly 
antenatal vitamin D3 supplementation. Among Bangladeshi women with a mean [25(OH)D] of  
33 nmol/L, 70,000 IU followed by 35,000 IU/week of vitamin D3 until delivery yielded an average 
[25(OH)D] that was about 20 nmol/L higher than an antenatal dose of 14,000 IU/week (the IOM 
vitamin D upper limit at the time the study was conducted). Similar to our conclusions from analyses 
of single-dose vitamin D3 pharmacokinetics in the same study setting (and involving an overlapping 
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group of participants) [13], we found that the minor differences between pregnant vs. non-pregnant 
participants receiving the same dose were within the margins of error given the small sample size. 
However, based on the present analysis, we could not exclude the possibility of a slightly diminished 
25(OH)D response to a weekly dose of vitamin D during the third trimester of pregnancy. 

To our knowledge, the 35,000 IU/week regimen used in this study is the highest vitamin D3 
maintenance dose studied in pregnancy under controlled conditions. Devlin et al. (1986) reported 
that a daily dose of 1000 IU vitamin D3 administered to 15 French women during the third trimester 
modestly raised mean maternal serum [25(OH)D] from 55 nmol/L to 65 nmol/L [20]. The largest 
published study of vitamin D3 supplementation in pregnancy was conducted by Bruce Hollis and 
colleagues in South Carolina, in which 502 pregnant women at 12 to 16 weeks gestation were 
randomized to 400 IU/day, 2000 IU/day, or 4000 IU/day vitamin D3 [21]. This population was more 
vitamin D-replete at baseline (mean [25(OH)D] = 60 nmol/L) compared to the present study. Based 
on data from the 350 participants (70%) followed until delivery, the 2000 IU/day and 4000 IU/day 
regimens raised [25(OH)D] to means of 105 nmol/L (rise of 47 nmol/L) and 119 nmol/L (rise of 
60 nmol/L), respectively, at one month before delivery [21]. The [25(OH)D] in the 2000 IU/day 
group in the Hollis study was similar to the response we observed in the 14,000 IU/day group 
(equivalent regimen) in the present study, substantiating the consistency of vitamin D3 dose-response 
modeling across diverse populations of pregnant women. In a separate trial in South Carolina, 
Wagner et al. reported comparatively less robust responses to 2000 IU/day and 4000 IU/day during 
pregnancy, which may have been attributable to non-adherence to the supplementation regimen [22]. 

The lower dose produced a more efficient 25(OH)D response per mcg of vitamin D3 when 
compared to the high-dose regimen: 0.73 vs. 0.46 nmol/L/mcg/day in the empiric estimates, and  
0.90 versus 0.49 nmol/L/mcg/day based on the pharmacokinetic model. These estimates, as well as 
those from the non-pregnant cohort that received the higher-dose regimen (0.61 nmol/L/mcg/day 
based on 10th-week data, and 0.63 nmol/L/mcg/day based on the parametric model), were similar to 
the values conventionally cited for non-pregnant adults: ~0.70 nmol/L/mcg/day [23,24]. However, 
analyses by Barger-Lux et al. (1998) [25] and Aloia et al. (2008) [24], as well the recent IOM report 
(2010) [1], have demonstrated that the [25(OH)D] per mcg is a curvilinear inverse function of 
vitamin D intake at doses <50 mcg/day, but nearly proportional to intake at >50 mcg/day [24], which 
may explain the greater observed efficiency of the lower dose. 

A unique aspect of this study was the measurement of biochemical parameters between weekly 
doses at the end of the supplementation period. These data showed an absence of inter-dose 
perturbations in calcium homeostasis that might have otherwise been missed by sampling serum only 
at the time of the “trough” [25(OH)D] (i.e., immediately preceding administration of a weekly dose). 
Although the study may have been too small to detect minor inter-dose fluctuations in [25(OH)D], 
the data supported the appropriateness of administering weekly doses of 35,000 IU instead of daily 
administration of 5000 IU. 

In pregnant participants, the higher-dose vitamin D regimen had a significant suppressive effect 
on maternal PTH secretion, relative to the lower dose, as indicated by the change in average PTH 
concentrations from baseline to delivery, similar to previous observations by Wagner et al. in South 
Carolina [22]. However, since the role of PTH as a vitamin D status biomarker during pregnancy is 
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unclear [26], the clinical significance of the apparent dose-response effect of vitamin D on PTH 
requires further study. 

Both the higher and lower vitamin D3 regimens administered to pregnant women attained fetal 
[25(OH)D]  50 nmol/L. Therefore, in this small sample, we did not observe a clear benefit of the 
higher-dose over the lower-dose regimen with respect to neonatal vitamin D status. In a related study 
at the same study site, we observed a mean cord [25(OH)D] of 50 nmol/L (range of 29 to 80 nmol/L) 
in a group of neonates born to women who had received a single vitamin D3 dose of 70,000 IU at  
30 weeks gestation [13], and previous studies in South Asia have found cord serum [25(OH)D] 
ranging from 17 to 59 nmol/L [27–30].  

Appreciable increases in serum calcium in the higher-dose relative to the lower-dose group 
highlighted a dose-dependent effect of vitamin D3 supplementation on calcium homeostasis. We 
previously reported that mean serum calcium concentrations rose slightly but significantly during the 
first week after administration of a single 70,000 IU dose of vitamin D3 in both pregnant and  
non-pregnant participant groups [13]. However, in the present analyses of weekly-dose vitamin D3, 
a significant increase in serum [Ca] from baseline was only observed in pregnant women who 
received the higher dose. Pregnancy is associated with an elevation in the maternal serum 
concentration of the active vitamin D metabolite, 1,25-dihydroxyvitamin D (1,25(OH)2D) [31,32], 
which appears to be primarily attributable to classic renal 1 -hydroxylation of 25(OH)D [33]. 
However, placental trophoblasts and decidual cells [34] are capable of extra-renal 1 -hydroxylation 
which could theoretically predispose the pregnant woman to exaggerated physiological responses to 
increases in [25(OH)D] [9]. Similar to the participants who received only a single dose of 70,000 IU 
[13], maternal serum calcium values in the weekly-dose participants were all below the threshold for 
defining hypercalcemia used by the IOM in setting the 1997 dietary reference intakes (DRIs) for 
vitamin D (2.75 mmol/L) [35] and in the revised DRIs in 2010 (2.63 mmol/L) [1]. Cord blood 
calcium concentrations were also within reference limits, and [25(OH)D] were well below the range 
that has been associated with toxicity in adults [36] and older children [37]. Pregnancy and newborn 
clinical outcomes were within the expected range for the study population, but we were unable to 
draw conclusions from this study regarding clinical effects of vitamin D. Nonetheless, this study 
together with the recent findings of Hollis and Wagner and colleagues in South Carolina [21,22] 
demonstrate that vitamin D3 doses during pregnancy up to 25% above the current IOM UL of 4000 
IU/day do not induce hypercalcemia, and have not led to any observed short-term clinical adverse effects. 

There were several important limitations of this study. First, precision of estimates of 
pharmacokinetic parameters and between-group comparisons, as well as the generalizability of 
inferences regarding maternal-fetal safety of high-dose vitamin D supplementation, were limited by 
the small number of participants, stringent inclusion/exclusion criteria, and enrolment of pregnant 
and non-pregnant participants at one clinic site. Moreover, the lower-dose pregnancy group had less 
frequent blood sampling (a cost-savings measure given the relative lack of safety concerns for this 
group) and only 9 of 14 enrolled women contributed endpoint samples during the 10th week of 
supplementation. The supplementation period may not have been long enough to ensure that all 
participants reached a steady-state [25(OH)D]. Conclusions based on comparisons between pregnant 
and non-pregnant women were tempered by the differences in baseline characteristics, including 
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season of enrolment and the relatively higher socioeconomic status of the non-pregnant participants. 
In addition, there were too few participants to consider modifiers of [25(OH)D]. Most importantly, 
the present results do not yet provide sufficient evidence that the regimens studied are beneficial or 
safe for use in clinical or public health practice; rather, they serve to inform application of these dose 
regimens in future research studies. 

5. Conclusions 

This detailed analysis of the response to high-dose weekly vitamin D3 administered during the 
third-trimester of pregnancy demonstrated a dose-responsiveness to oral vitamin D3 in Bangladeshi 
women that echoed observations in other settings, and was generally in accordance with established 
pharmacokinetic characteristics of vitamin D3. Nonetheless, increases in the mean calcium 
concentration (within the normal range) and suppression of PTH secretion among pregnant women 
receiving the higher-dose regimen (70,000 IU initial dose followed by weekly doses of 35,000 IU) 
highlighted the physiological impact of the intervention and the need to cautiously address potential 
pregnancy-specific sensitivities to vitamin D supplementation.  

Prior to undertaking large trials to test the effects of prenatal micronutrient interventions on 
pregnancy and birth outcomes, preliminary dose-finding and safety studies are essential, particularly 
when the intervention is a fat-soluble vitamin at a dose above the conventional upper limit of 
tolerability (i.e., 4000 IU/day for vitamin D, as established by the Institute of Medicine [1]).  
The most direct application of the present observations is to guide the design of future trials of 
vitamin D3 (at doses up to 35,000 IU per week) aimed at confirming safety and establishing the 
health benefits of antenatal vitamin D supplementation in South Asia, where many potentially 
vitamin D-responsive outcomes (e.g., infant growth and infectious disease morbidity) are major 
public health priorities. Following from our preliminary pharmacokinetic studies, we have conducted 
a placebo-controlled trial of 35,000 IU/ week during the third trimester (n = 160), with follow-up of 
infants to monitor growth to one year of age (NCT01126528). Future trials in Dhaka will address the 
dose-dependency of the effects of prenatal vitamin D supplementation on infant growth and morbidity. 
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Appendix 

Non-Linear Modeling of Change in 25[(OH)D] over Time  

Mean changes in [25(OH)D] over time in each group were modeled as continuous non-linear 
parametric functions. Consistent with the first-order process that characterizes 25(OH)D metabolism 
in the physiological range of vitamin D inputs, Heaney’s group has shown empirically that a negative 
exponential growth function is well suited to model the gradual rise in [25(OH)D] over time (t) to a 
steady-state plateau in response to daily (Heaney et al., 2003 [23]) or weekly (Heaney et al., 2011 [38]) 
oral vitamin D3 supplementation: 

 (1)

A particular advantage of this model is that despite its non-linearity, the coefficients are easily 
interpreted: a is the [25(OH)D] above baseline at steady-state and k is the slope that defines the rate 
of the rise (the higher is k, the more rapidly the steady-state is reached). The steady-steady is the 
[25(OH)D] at which the rate of 25(OH)D formation theoretically equals the rate of 25(OH)D 
utilization/catabolism. Furthermore, the model could be readily extended to permit comparisons 
between groups of participants (g), with the aim of estimating the average difference (d) between the 
groups’ [25(OH)D] at steady-state (see below for derivation of the extended model): 

 (2)

Regression coefficients were estimated by a non-linear least-squares approach, assuming a  
log-normal error distribution of [25(OH)D] and standard error estimation that accounted for the  
intra-subject correlation of repeated measures. 

To derive an extended negative exponential growth function that enabled comparison of the  
steady-state concentrations between the two groups, we first considered a generic model for the 
negative exponential growth function, where [25(OH)D] at time t is a function of the baseline 
concentration [25(OH)D] at t=0, the slope of the exponential rise, k, and the asymptotic maximal rise 
above baseline, a, at steady-state (t = infinity): 

 

We can consider Equation (1) with respect to two different groups, g, such that if: 

 

Then,  

 (3)

Similarly for group g = 1, if:  
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Then, 

 (4)

Combining Equation (3) and Equation (4) into one model, and allowing the intercept to vary  
by group: 

 (5)

Solving further: 

 

 

 (6)

Since we are specifically interested in measuring the difference between a1 and a0, we can invoke 
a new coefficient d, whereby: 

 (7)

Then, substituting Equation (7) into Equation (6) yields:  
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Does Vitamin D Sufficiency Equate to a Single Serum  
25-Hydroxyvitamin D Level or Are Different Levels Required 
for Non-Skeletal Diseases? 

Simon Spedding, Simon Vanlint, Howard Morris and Robert Scragg 

Abstract: Objective: Clarify the concept of vitamin D sufficiency, the relationship between efficacy 
and vitamin D status and the role of Vitamin D supplementation in the management of non-skeletal 
diseases. We outline reasons for anticipating different serum vitamin D levels are required for 
different diseases. Method: Review the literature for evidence of efficacy of supplementation and 
minimum effective 25-hydroxyvitamin D (25-OHD) levels in non-skeletal disease. Results: 
Evidence of efficacy of vitamin supplementation is graded according to levels of evidence. Minimum 
effective serum 25-OHD levels are lower for skeletal disease, e.g., rickets (25 nmol/L), osteoporosis 
and fractures (50 nmol/L), than for premature mortality (75 nmol/L) or non-skeletal diseases, e.g., 
depression (75 nmol/L), diabetes and cardiovascular disease (80 nmol/L), falls and respiratory infections 
(95 nmol/L) and cancer (100 nmol/L). Conclusions: Evidence for the efficacy of vitamin D 
supplementation at serum 25-OHD levels ranging from 25 to 100 nmol/L has been obtained from 
trials with vitamin D interventions that change vitamin D status by increasing serum 25-OHD to a 
level consistent with sufficiency for that disease. This evidence supports the hypothesis that just as 
vitamin D metabolism is tissue dependent, so the serum levels of 25-OHD signifying deficiency or 
sufficiency are disease dependent. 

Reprinted from Nutrients. Cite as: Spedding, S.; Vanlint, S.; Morris, H.; Scragg, R. Does Vitamin D 
Sufficiency Equate to a Single Serum 25-Hydroxyvitamin D Level or Are Different Levels Required 
for Non-Skeletal Diseases? Nutrients 2013, 5, 5127-5139. 

1. Introduction 

Vitamin D supplementation is established in both the prevention and treatment of bone disease [1] 
but its role in other clinical situations remains contentious. This article examines the role of vitamin 
D in the management of non-skeletal disease. 

The term “vitamin D” is a misnomer. It is a secosteroid pro-hormone synthesized in response to 
sunshine exposure and has autocrine, paracrine and endocrine modes of action [2]. Vitamin D 
receptors (VDRs) occupy 2776 genomic positions and modulate 229 genes [3]. The wide distribution 
of VDRs suggests a role for vitamin D in most physiological systems of the body, implying that 
deficiency may lead to physiological changes predisposing to chronic diseases. Vitamin D deficiency 
is a public health concern as it is pandemic [4], affecting a third of the population, even in tropical 
and subtropical regions [5–10]. There is considerable debate about terminology and serum  
25-hydroxyvitamin D (25-OHD) levels [11]. A 25-OHD concentration for vitamin D deficiency is 
defined as <50 nmol/L and sufficiency as >75 nmol/L in this paper, although the concept of a single 
level for sufficiency is not universal, one example being acetylsalicylic acid that requires different 
serum levels for analgesia and anticoagulation. 
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There is substantial disagreement about what constitutes vitamin D sufficiency and the role of 
vitamin D in the management of non-skeletal disease, despite an exponential increase in vitamin D 
research and myriad of consensus statements and guidelines [12,13]. Thus clinicians still lack clear 
information about efficacy of vitamin D and the relationship between supplement dose or vitamin D 
status and clinical response in non-skeletal disease. 

Whilst the influential Institute of Medicine (IOM) report on calcium and vitamin D asserted that  
the role for vitamin D was exclusive to bone health, based on null studies relating to non-skeletal 
disease [1], more than 12,000 vitamin D articles have been published since the IOM report [12]. This 
suggests it is timely to review the role of vitamin D in non-skeletal disease. Furthermore the view is 
gaining traction that these null studies relating to non-skeletal disease were due to methodological 
limitations of inadequate doses of vitamin D and inappropriate baseline levels of 25-OHD that led to 
inept conclusions about vitamin D efficacy [13,14]. Studies and reviews with these limitations were 
identified using the approach advocated by Lappe and Heaney [15]. These include studies that did 
not measure baseline 25OHD levels [16] or used doses of vitamin D that were unlikely to achieve 
sufficiency [16,17] or whose participants who were already vitamin D replete [18,19]. 

2. Tissue Dependence of Vitamin D 

These design limitations have a profound effect on the results due to the pharmacokinetics of 
vitamin D. Unlike most vitamins and many nutrients, vitamin D activity is tissue-dependent. 
Different levels of 25-OHD have different therapeutic effects which vary according to the target 
tissue [2]. 25-OHD is not the active form of vitamin D and requires hydroxylation to the active form  
1,25-dihydroxyvitamin D (1,25OH2D). This occurs either in the kidney, which accounts for 
circulating concentrations of 1,25OH2D, and locally in specific tissues through the action of the 
enzyme 25-hydroxyvitaminD3-1 -hydroxylase. However the levels of this enzyme vary between 
tissues, therefore the serum 25-OHD concentration required for the adequate synthesis of 1,25OH2D 
also varies between tissues [20]. 

It follows that each physiological or therapeutic effect may require a specific minimum serum  
25-OHD concentration. Good evidence already exists for differential levels in bone disease, with 
most evidence suggesting that serum 25-OHD concentrations of at least 20–25 nmol/L are required 
to prevent rickets, but that higher concentrations of 50–60 nmol/L are required to prevent 
osteoporosis and fractures [21]. 

We explore the evidence for therapeutic levels in non-skeletal disease, and hypothesise that tissue 
dependence may be responsible for the limitations of some studies included in previous reviews. 
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3. Aims of This Paper 

1. To examine trials and reviews of vitamin D supplementation in non-skeletal diseases. 
2. To examine the minimum effective levels of 25-OHD that are associated with  

non-skeletal diseases. 
3. To assess the level of evidence for the efficacy of vitamin D supplementation in  

non-skeletal disease. 

4. Methods 

This review focuses on studies with a primary endpoint of a non-skeletal disease using therapeutic 
doses that were shown to improve participants’ vitamin D status. Studies were collected through 
Medline searches and by examining the publications of two US groups: the IOM [1] and the Vitamin D 
Council [12]. 

The authors reviewed evidence for vitamin D in the management of non-skeletal diseases. Studies 
and reviews with significant limitations due to design flaws were identified, using the approach 
advocated by Lappe and Heaney [15], which emphasises the value of RCTs, where baseline vitamin 
D status was known and where the supplemental dose of vitamin D administered could therefore be 
shown to have improved vitamin D status. However, excluding studies which did not satisfy all of 
these criteria was not always possible due to limitations of the current evidence base. 

Consensus statements will be presented for: 
1. The highest level of evidence for each non-skeletal disease, evaluated according to the 

Australian National Health and Medical Research Council levels of evidence (Table 1) [22];  
2. The minimum effective serum level of 25-OHD in non-skeletal disease. 

Table 1. Australian National Health and Medical Research Council (Australia) Evidence 
Hierarchy: designations of “levels of evidence” [22]. 

Level Intervention 
I Systematic review of Level II studies  
II Randomised controlled trial 

III-1 Pseudo-randomised controlled trial  
III-2 Comparative study with concurrent controls: non-randomised, experimental 

trial, cohort study, case-control study, or interrupted time series with a 
control group  

III-3 A comparative study without concurrent controls: historical control study, 
or 
two or more single arm study, Interrupted time series without a parallel 
control group 

IV Case series with either post-test or pre-test/post-test outcomes  
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5. Findings 

Premature mortality—There is Level I evidence that vitamin D supplementation reduces 
premature mortality. A Cochrane review of randomized controlled trials (RCTs) showed a 6% 
reduction in all-cause mortality [23], with observational data from the NHANES and ESTHER 
studies suggesting a minimum 25-OHD concentration of 75 nmol/L for preventing premature 
mortality [24,25]. 

Cancer—There is Level II evidence from one RCT that vitamin D supplementation leads to a 
substantial reduction in overall risk of internal cancers [26]. The reported minimum 25-OHD 
concentration for cancer prevention is 100 nmol/L [27] whilst a review shows an inverse, non-linear 
relationship between 25-OHD levels and cancer risk [28].  

Muscle function and falls—There is Level I evidence from a meta-analysis that demonstrated a 
26% reduction in falls with vitamin D supplementation [29]. Other meta-analyses [30–32] that 
included RCTs with design limitations reached a null conclusion [33]. The optimal 25-OHD 
concentration for lowest risk of falls is 95 nmol/L [34]. 

There is Level II evidence for the efficacy of vitamin D supplementation in vitamin D deficiency 
for lower limb muscle strength [35]. 

Cardiovascular disease—There is Level III-2 evidence that vitamin D protects against 
cardiovascular disease from three meta-analyses of cohort studies [36,37]. One study of 300,000 
person years demonstrated a 39% reduction in IHD in people with high 25-OHD concentrations in 
comparison with those with severe deficiency and a similar effect on incidence of ischaemic  
stroke [38]. In another study, Vitamin D supplementation conferred substantial survival benefit (OR 
for death 0.39 p < 0.0001) in cardiac patients [39]. These estimates are very similar to those proposed 
in an earlier systematic review and meta-analysis by Parker et al. [40]. The reported minimum  
25-OHD concentration associated with lowest CVD risk is 80 nmol/L [41]. 

Respiratory infections—There is Level II evidence that vitamin D supplementation reduces  
rates of respiratory infections including pneumonia [42], influenza [43] and upper respiratory 
infections [44]. This is supported by epidemiological studies for tuberculosis [45,46] and other 
respiratory infections [47–49]. The reported minimum 25OH-D concentration associated with a 
reduced incidence of viral respiratory infections is 95 nmol/L [50]. 

Diabetes—There is Level II evidence from two randomized controlled trials that vitamin D 
supplementation improves insulin sensitivity and decreases insulin resistance [51,52]. This is supported 
by three meta-analysis of cohort studies, which found low 25-OHD concentrations predicted 
increased risk of type 2 diabetes [53–55]. The reported minimum vitamin D concentration for 
reducing insulin resistance is 80 nmol/L [56]. 

Depression—There is Level II evidence that vitamin D supplementation is effective in treating 
depression from four RCTs in which supplementation significantly reduced depression in vitamin D 
deficient depressed patients [56–59]. The reported minimum 25OH-D concentration associated with 
reduced depression is 95 nmol/L [58]. 

Dental disease—There is Level II evidence from a RCT for dental caries [60]. There is also 
evidence from the NHANES database showing that attachment loss (AL) is significantly and 
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inversely correlated with serum 25-OHD concentrations in those aged over 50 years AL was lowest 
in individuals whose 25-OHD levels exceeded 84 nmol/L [61]. 

Pain—There is Level II evidence for the efficacy of vitamin D supplementation in chronic 
musculoskeletal pain patients who are also vitamin D deficient [62]. An RCT in vitamin D 
insufficient non-Western immigrants in the Netherlands showed a clinically meaningful positive 
effect on pain 6 weeks after high-dose vitamin D supplementation [63]. No threshold level has  
been proposed. 

Health service utilisation and costs—There is Level III-2 evidence that vitamin D deficiency 
increases health care utilisation and cost. A large study of health care costs in US veterans found that 
vitamin D deficiency predicted increased health care costs at all six participating sites [64]. Another 
study estimated that health care utilisation was 39% higher in vitamin D deficient patients [65]. 
Vitamin D supplementation may be more cost effective than currently funded prevention programs; 
single studies show that supplementation appears to be more cost effective than screening programs 
for bowel cancer [66] and more cost effective than multifactorial interventions for preventing falls 
in the elderly [67]. Considering the economic burden of disease due to vitamin D deficiency, the 
estimated benefit of increasing vitamin D status across Western Europe was said to be €187b per 
year [68], calculated on a population basis the equivalent figure for Australia was $14b per year. 

6. Summary of the Evidence 

There is evidence for the efficacy of vitamin D (Table 2):  
Level I for prevention of falls and premature mortality; 
Level II for prevention of diabetes, respiratory infections, cancer and for managing 
musculoskeletal pain and depression; 
Level III for health service utilisation, prevention of cardiovascular disease, musculoskeletal 
strength and dental disease. 
Evidence supports the contention that specific 25-OHD levels may be required to prevent disease, 

with higher concentrations required for non-skeletal disease. Table 2 shows the levels associated 
with lowest risk of the following diseases: 

20–25 nmol/L for osteomalacia, and rickets,  
50–60 nmol/L for osteoporosis, and fractures, 
75–85 nmol/L for premature mortality cardiovascular disease, diabetes, and for treatment of 

depression and dental disease, 
95–100 nmol/L for falls, cancer, and respiratory infections. 
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Table 2. Proposed vitamin D concentrations in the management of non-skeletal diseases. 

 Level of evidence
NHMRC [24] 

Minimum effective serum 25-OHD 
concentration in nmol/L [24] 

Premature mortality Level l 75  
Falls prevention Level l 95  
Cancer prevention Level ll 100  
Respiratory infection prevention Level ll 95  
Diabetes prevention Level ll 80  
Depression treatment Level ll 75  
Musculoskeletal pain management  Level ll  
Dental disease Level lll-2 >84  
Musculoskeletal strength  Level lll-1  
Cardiovascular disease Level lll-2 80  
Health service utilisation  Level lll-2  

7. Discussion 

The evidence supports the following conclusions: 

• The use of vitamin D supplements in the management of non-skeletal diseases is supported by; 
High level of evidence for reducing premature mortality, falls (Level I), Moderate evidence for 
reducing diabetes, respiratory infections, depression and some cancers (Level II), and a Lower 
level of evidence for preventing cardiovascular disease, and treating musculoskeletal pain and 
dental disease(Level III).  

• The minimum level of 25-OHD required for preventing non-skeletal disease is higher than for 
skeletal disease. 

• Economic evaluations indicate vitamin D supplementation reduces health service costs. 

However there is still skepticism about the role of vitamin D in non-skeletal disease based on the 
IOM report [1]. Since this report there have been 12,000 vitamin D publications, including reviews 
showing increasing consistency in the evidence about efficacy and the therapeutic levels in  
non-skeletal disease [69–72]. This evidence comes from research in different disciplines, study 
designs, and countries. Beyond this evidence, there are publications showing how the Bradford Hill 
criteria are satisfied in non-skeletal diseases [73], and genetic evidence from the first randomized 
trial on gene expression demonstrating a “molecular fingerprint that help explain the non-skeletal 
health benefits of vitamin D” [74]. 

There is currently considerable concern regarding the accuracy of serum 25-OHD measurements. 
While international efforts towards a standardisation program for this assay are making considerable 
progress, we have worked with the best available evidence that is currently available. We recognize 
that these ranges of 25–50 nmol/L for skeletal disease and 75–100 nmol/L for non-skeletal disease 
may change slightly when a standardisation program is fully implemented. However it is likely these 
diverse ranges for skeletal and non-skeletal disease will remain quite separate even after 
standardisation. This would be consistent with the hypothesis that the different ranges reflect 
different mechanisms or tissue dependence, as seen with other medicines, such as acetylsalicylic acid. 
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It is likely that an improved community vitamin D status would reduce health care utilisation and 
costs, and thus the economic burden of a wide range of chronic diseases. Adequately-powered, 
purpose-designed, randomised studies may provide greater certainty if baseline 25OHD is measured 
and adequate doses of vitamin D are used. Currently clinicians may accept the information provided 
pathology companies as to what constitutes a “target” 25-OHD level. Pathology companies generally 
suggest a wide target range, for example 60–160 nmol/L rather than specifically designate levels for 
deficiency and sufficiency, whilst the Royal College of Pathologists of Australasia is less specific, 
suggesting a level greater than 50 nmol/L for “optimal health”. 

There is concern about morbidity at high levels of 25-OHD raised by epidemiological studies, a 
retrospective cohort in general practice (CopD) [75] and a prospective community cohort study 
(NHANES III) [76]. They support the hypothesis of a reverse J curve indicating morbidity increases 
at higher levels of 25-OHD (140 nmol/L). The authors grant that these studies “did not allow 
inference of causality”. Whereas meta-analysis of prospective cohort studies do provide Level I 
evidence of causality according to the NHMRC [22]. Three meta-analyses did not demonstrate 
increased mortality at higher levels of 25OHD [77–79]. A 28% reduction in mortality in the highest 
category was demonstrated in the largest study and largest meta-analysis performed to date [78]. 
These studies indicate there is conflicting evidence for an upper inflection point in a J shaped curve 
at “high” 25-OHD levels. 

We hypothesise that just as vitamin D metabolism is tissue dependent, so the levels of 25-OHD 
that signify sufficiency are disease dependent. Thus the response to vitamin D supplementation is 
dependent on the baseline 25-OHD level, the dose of vitamin D and dose-response characteristics. 

In the field of research, trials can be designed to minimise limitations of study design that lead to 
null outcomes knowing the range of serum 25-OHD in which changes in serum levels will lead to 
responses in specific body systems. This will also provide more clarity when assessing the 
effectiveness of vitamin D in different diseases, greater uniformity in the results of meta-analyses 
and less confusing guidelines. 

In the field of health care, knowledge of the minimum therapeutic level for vitamin D will ensure 
clinicians can provide the correct dose and monitor it appropriately for treatment of specific diseases, 
and that policy makers have the opportunity to make evidence-based decisions about nutritional 
advice, supplementation, and fortification of food with vitamin D. 

Further research to clarify the specific therapeutic levels for vitamin D sufficiency in different 
diseases and the dose response characteristics of vitamin D will ensure progress in research, clinical 
medicine, and public health. 
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Molecular Link between Vitamin D and Cancer Prevention 

Meis Moukayed and William B. Grant 

Abstract: The metabolite of vitamin D, 1 ,25-dihydroxyvitamin D3 (also known as calcitriol), is a 
biologically active molecule required to maintain the physiological functions of several target tissues 
in the human body from conception to adulthood. Its molecular mode of action ranges from 
immediate nongenomic responses to longer term mechanisms that exert persistent genomic effects. 
The genomic mechanisms of vitamin D action rely on cross talk between 1 ,25-dihydroxyvitamin 
D3 signaling pathways and that of other growth factors or hormones that collectively regulate cell 
proliferation, differentiation and cell survival. In vitro and in vivo studies demonstrate a role for 
vitamin D (calcitriol) in modulating cellular growth and development. Vitamin D (calcitriol) acts as an 
antiproliferative agent in many tissues and significantly slows malignant cellular growth. Moreover, 
epidemiological studies have suggested that ultraviolet-B exposure can help reduce cancer risk and 
prevalence, indicating a potential role for vitamin D as a feasible agent to prevent cancer incidence 
and recurrence. With the preventive potential of this biologically active agent, we suggest that 
countries where cancer is on the rise—yet where sunlight and, hence, vitamin D may be easily 
acquired—adopt awareness, education and implementation strategies to increase supplementation 
with vitamin D in all age groups as a preventive measure to reduce cancer risk and prevalence. 

Reprinted from Nutrients. Cite as: Moukayed, M.; Grant, W.B. Molecular Link between Vitamin D 
and Cancer Prevention. Nutrients 2013, 5, 3993-4021. 

Abbreviations 

WSTF: Williams syndrome transcription factor; WINAC: WSTF including nucleosome assembly 
complex; MCF-7: Michigan Cancer Foundation-7 human breast adenocarcinoma cell line; MART-10: 
19-nor-2 -(3-hydroxypropyl)-1 ,25-Dihydroxyvitamin D3; EB1089: Seocalcitol; SW620: Human 
colorectal adenocarcinoma cell line; PC/JW: Human colorectal adenoma-derived epithelial cell line 
derived from adenomatous polyposis; HT29: Human colorectal adenocarcinoma cell line HT29;  
SW-480-ADH: malignant colon cancer subline of human Dukes’ type B colorectal adenocarcinoma 
cell line SW-480; LNCaP: Human prostatic carcinoma cell line LNCaP; CL-1: Human prostate 
cancer cell line derived from LNCaP; IGFBP3: IGF-binding protein 3; MCF10CA: Human metastatic 
breast cancer cell line MCF10CA; HL60: Human promyelocytic leukemia cells; mTOR: mammalian 
target of rapamycin; CDK: Cyclin-dependent kinase; APC: Adenomatous polyposis coli; LPB-Tag: 
Long Probasin Promoter-Large T Antigen. 
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1. Vitamin D: Introduction, Function and Metabolism 

1.1. Introduction to Vitamin D: History and Physiological Roles 

Vitamin D refers to two fat soluble substances, vitamin D3 (cholecalciferol) and vitamin D2 
(ergocalciferol), and their metabolites, which are considered to be important nutrients for human 
health. Dietary vitamin D3 sources include dairy, eggs, fish and meat [1], while dietary vitamin D2 
(ergocalciferol) sources are UVB-irradiated yeast and fungi [2,3]. However, there seem to be some 
unaccounted for dietary sources [4]. In humans, vitamin D3, made naturally by the body following 
exposure to ultraviolet light, acts as an important endocrine hormone precursor. 

Mellanby [5] and McCollum [6] first identified vitamin D’s effects in experiments that investigated 
the chemical components of cod liver oil that could prevent rickets in animals. Later studies by Hess 
[7], McCollum [8], Steenbock [9], Askew [9] and Windaus [10] helped isolate, identify and 
determine the structure and function of this hormone and its essential role in skeletal health. In 1939, 
Windhaus determined the structure and initial pathways by which vitamin D3 was synthesized from  
7-dehydrocholesterol [11,12]. His biochemical investigations were the basis for Holick and 
colleagues [13–16] to later elucidate the biochemical pathways and physiological mechanisms that 
regulated the formation of the active vitamin D hormone, 1 ,25-dihydroxyvitamin D3 [17]. Vitamin 
D3 is initially synthesized via the initial conversation of 7-dehydrocholesterol upon UV irradiation of 
the skin [13–16]. This provitamin D3 is further metabolized in the liver and kidneys to produce the 
active hormone, 1 ,25-dihydroxyvitamin D3, often mentioned in the literature simply as vitamin D 
[18–21] (Figure 1). However, extrarenal production of 1,25-dihydroxyvitamin D also occurs in many 
organs [22]. 25-hydroxyvitamin D [25(OH)D] is the circulating metabolite of vitamin D that is 
routinely measured. 

In the 90 years since the above discovery to date, scientists have demonstrated unequivocally that 
vitamin D exerts a spectrum of biological effects well beyond its classical role in calcium and 
phosphate homeostasis. The cloning of the vitamin D receptor (VDR) in 1987 and the detection of 
VDRs in almost all tissues of the body spurred wide interest in its physiological functions [23]. 
Vitamin D3 has important homeostatic functions in fetal and adult development and differentiation 
in endocrine, metabolic, neurological, epidermal and immunological systems of the human body [24–26] 
(Table 1). Moreover, several studies support an essential role for vitamin D in regulating mechanisms 
controlling cell proliferation, differentiation and growth. These bodies of evidence reveal protective 
functions for vitamin D against carcinogen-induced neoplasia and recurrent secondary metastasis [27]. 
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Table 1. Vitamin D can exert its action in several organ systems and tissues of the body. 
This occurs in a paracrine, autocrine, intracrine or endocrine manner [24–26]. 

Organ or system Target tissue or cell Specific effects 

Intestine Duodenum 

 Intestinal calcium absorption 
(TRPV6 intestinal calcium 

transporters) 
 Calbindin D28k 

 
Jejunum 

(brush border and basolateral membranes) 
 Intestinal phosphate transport 

Bone 
Osteoblasts (and, in turn, osteoclasts)  

and chondrocytes 

 Bone formation: bone 
mineralization and matrix 
formation;  osteocalcin;  

osteopontin/SPP1;  RANKL for 
osteoblasts to activate osteoclasts  

Parathyroid gland Chief cells  PTH 

Kidneys 
Distal tubules (Ca) 

Proximal Tubules (phosphate) 

 Reabsorption of Calcium  
(  TRPV5, calbindin) 

 Reabsorption of phosphate  
(  NPT1 and NPT2) 

 Detoxification of 1 ,25 
dihydroxyvitamin D3 (CYP24A1 

OHase) 
 Calbindin D9k 

Immune system 
Monocytes/macrophages and T 

lymphocytes (helper type 1) 
Suppression of -interferon  

and IL-1–6 
Central nervous 

system 
Dorsal root ganglia (glial cells) and 

hippocampus 
 Production of NGF, neurotrophin 
3 and leukemia-inhibitory factor 

Epithelium Epidermal skin (keratinocyte)  Differentiation 
 Hair follicle  Differentiation 
 Female reproductive tract Uterine development 
 Mammary  Cell growth 
 Prostate  Cell growth 
 Colon  Cell growth 

Endocrine target tissues Thyroid gland  TSH  
 Pancreatic -cells   Insulin secretion (Calbindin 28K) 

Many systems  Diverse cells and cancer cell lines 

 Cell growth (  c-Fos,  c-Myc) 
 Differentiation (  p21,  p27) 

 Apoptosis (  Bcl-2) 
 Angiogenesis  

 = upregulates/increases;  = downregulates/decreases. CYP24A1 OHase = 1,25-dihydroxyvitamin D3  
24-hydroxylase; IL = interleukin; NGF = nerve growth factor; NPT1 = sodium-dependent phosphate 
transporter 1; NPT2 = sodium-dependent phosphate transporter 2; PTH = parathyroid hormone;  
RANKL = receptor activator of nuclear factor kappa-B ligand; SPP-1 = secreted phosphoprotein 1;  
TRPV5 = transient receptor potential cation channel subfamily V member 5; TRPV6 = transient receptor 
potential cation channel subfamily V member 6; TSH = thyroid stimulating hormone. 
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Figure 1. Ultraviolet radiation (290–330 nm) from the sun and body heat convert  
7-dehydrocholesterol in the skin to cholecalciferol (vitamin D3). Vitamin D3 is further 
metabolized in the liver and kidneys to yield the active metabolite 1,25(OH)2D3. 

 

1.2. Vitamin D Genomic Action via the VDR 

1.2.1. VDR Distribution, Dimerization and Function 

Vitamin D acts as a steroid hormone by regulating gene transcription. The effect of the bioactive 
hormone 1 ,25-dihydroxyvitamin D3 occurs via the VDR. The VDR was identified in 1969 [28] and 
was cloned in 1987 [29]; its crystal structure and binding to its natural ligand were characterized in 
2000 [30]. Since its discovery, researchers have detected the VDR in many tissues of the body, 
including bone, pancreatic  cells, parathyroid gland, brain, skin, prostate, testes, heart, skeletal 
muscle tissue, breast, liver, lung, intestine, kidneys, adipose cells and immune response cells, such 
as macrophages, dendritic cells and activated B- and T-cells [31–36]. The receptor is widely 
distributed in the body, indicating physiological roles in homeostatic regulation beyond bone tissue 
mineralization. Ligand binding by 1 ,25-dihydroxyvitamin D3 to its receptor can either activate or 
repress genes [37–41]. The VDR exerts its genomic effects by binding to regulatory vitamin D 
response elements (VDREs) present in the promoter regions of target genes in these tissues. The most 
prevalent motif for the VDRE sequence consists of two half-sites, each with the six-nucleotide 
consensus sequence, GGTCCA, separated by three other nucleotides of any sequence [37]. This motif 
is known as direct repeat 3 (DR3), although other configurations of VDRE-binding sites, including 
DR6 and DR4, exist in some vitamin D-regulated genes [26,37,42,43]. 

Ligand-bound VDR-dependent transcription regulation of genes occurs via the dimerization of 
the receptor with the retinoic X receptor (RXR). Although VDR preferentially binds to RXR, creating 
a VDR-RXR dimer, VDR can also bind other receptors of the nuclear receptor superfamily, which 
include thyroid, vitamin A, PPAR-γ and other orphan receptors [44]. The VDR-RXR dimer can 
regulate genes in several systems and tissues [26]. 
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1.2.2. VDR Structure and Role of Cofactors 

The VDR has two variant isoforms, one with 424 amino acids (aa) and the other with 427 aa [45,46]. 
The complete functional protein contains several distinct domains: a DNA-binding domain  
(aa 24–115), a nuclear localization sequence (aa 44–55, 79–105), a hinge domain (aa 116–226),  
a dimerization domain (aa 37, 91–92, 244–263, 317–395) that overlaps with the ligand-binding 
domain (LBD) (aa 227–244, 268–326, 396–422) and the sequences of the activation domain (AF2; 
aa 246, 416–422) [47,48]. 

As with other nuclear hormone receptors, VDR has a conserved DNA-binding domain that 
comprises two zinc fingers necessary for target gene VDRE binding and dimerization of the activated 
receptor. The first zinc finger (proximal to the N terminus of the protein) is required for docking at 
the VDRE, whereas the second zinc finger is required for binding dimerization with RXR. A nuclear 
localization sequence is located within the DNA-binding region and just upstream of the C terminal 
to this binding domain. The nuclear localization sequence directs localization of the activated 
receptor to the nucleus to regulate gene transcription. The LBD, which consists of 12 -helices joined 
by -sheets, has regions required for 1 ,25-dihydroxyvitamin D3 binding at helix 2 and two further 
regions required for RXR heterodimerization (see [30,37] for key references on LBD crystal structure 
and properties and functions). Within this C-terminus region of the LBD lies the major activation 
domain, AF2, required for transcription coactivation. Ligand binding by the active hormone creates 
a conformational change that releases transcription repressors such as WSTF and WINAC and 
enables attachment of coactivators [49–51]. AF2 is bound by cofactors of the steroid receptor 
coactivator (SRC) family, NCoA62-SKIP, CBP/p300 and p/CAF, and proteins of the VDR-interacting 
protein complex (DRIP/Mediator) [52,53]. CBP/p300 and p/CAF have histone acetyl transferase 
ability, which unravels the chromatin of the target gene [54]. This unwinding of the chromatin 
enables the transcription machinery, such as TF2B and RNA polymerase II, to bind and subsequently 
initiate transcription [55]. The DRIP complex, made up of approximately 15 leucine-rich proteins, is 
unique in its function in that it creates a bridge between the SRC coactivator proteins lodged at the 
VDRE of the gene and the transcription machinery at the start site of the regulated gene. DRIP 205 
specifically is required in this vitamin D-induced transcription activation to enable an open position 
of the transcribed chromatin [56,57]. 

1.2.3. Nongenomic Cytoplasmic Action 

Vitamin D can also function via nongenomic mechanisms without exerting transcriptional effects 
or requiring additional protein synthesis. Such nongenomic effects have previously been reported for 
other nuclear hormones, such as estrogen, thyroid hormone and corticosteroids [58,59]. Vitamin D 
is thought to regulate rapid cellular calcium flux and calcium-activated chloride channel activity via 
a membrane-bound receptor protein known as 1,25-(OH)2D membrane–associated rapid response 
steroid-binding protein (1,25 D-MARRSBP), also known as endoplasmic reticulum stress protein 
57. MARRSBP was identified, purified and cloned from chick intestinal epithelium [60]. MARRSBP 
has also been found in tissues, including osteoblasts, liver, adipocytes and muscle [61–67]. 
MARRSBP acts via a G protein-coupled process that activates phospholipase C. Phospholipase C 
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hydrolyzes membrane-bound phosphoinositol bisphosphate (PIP2) to release inositol trisphosphate 
(IP3) and diacylglycerol. In turn, these cellular messengers enable the release of calcium from 
endoplasmic stores and mediate the acute quick release of calcium in the cell [68]. This interaction, 
however, cannot occur without nuclear-targeted VDR, indicating that a cooperative mechanism of 
action between membrane-bound MARRSBP and VDR mediates rapid responses in some tissue 
types [35,69]. This interaction between the membrane-bound and nucleus-bound receptors can occur 
in cancer cell lines. In MCF-7 breast cancer cells, MARRSBP antagonizes VDR, thus implicating 
the membrane-bound MARRSBP in the modulation of cellular proliferation and malignancy. 
However, the full purpose of this interaction is yet to be elucidated [70]. 

2. Vitamin D and Cancer 

2.1. Vitamin D Mechanisms Regulating Cellular Proliferation and Growth 

Through the genomic actions of vitamin D3 via VDR regulation of several genes containing 
VDREs, 1 ,25(OH)2 vitamin D3 and its analogues inhibit cell cycle progression and tumor cell 
growth in several cancer cell lines. Such mechanisms range from preventing cell proliferation (cell 
cycle arrest) to inducing apoptosis to inducing or suppressing cell adhesion molecules and growth 
factors that promote cellular homing and metastasis. 

2.2. Cell Cycle and Apoptosis 

The cell cycle is regulated by a complex network of interlinked regulators that in concert govern 
cellular proliferation. Vitamin D may exert growth inhibitory effects through repression of different 
key molecules involved in cell cycle regulation. For example, Jensen and colleagues [71] demonstrated 
that 1,a,25-(OH)2D3 treatment of human breast cancer cell line MCF-7 resulted in repression of  
c-Myc, a known proto-oncogene in the cell cycle regulatory machinery. Salehi-Tabar and colleagues [72] 
demonstrated that 1,a,25-(OH)2D3 can suppress expression of the oncogene c-Myc and, thus, 
promotes the increased expression of its antagonist, the transcriptional repressor, MAD1/MXD1. 
This effect is mediated by other cellular regulators, such as F-box protein (FBW7). Meyer and 
colleagues [73] also demonstrated that in colonic cells of colorectal tumors, treatment with  
1,a,25-(OH)2D3 can suppress c-Fos and c-Myc gene expression in a manner that involves B-catenin 
signaling interactions. In prostate cancer cells, Washington and colleagues [74] showed that this 
repression is independent of retinoblastoma protein (Rb). Li and colleagues [75] showed that treatment 
of ovarian cancer cells with 1,25-dihydroxyvitamin D3 results in p27(Kip1) stabilization and G(1) 
arrest through downregulation of cyclin E/cyclin-dependent kinase 2 and Skp1-Cullin-F-box 
protein/Skp2 ubiquitin ligase. Collectively, these studies confirm that vitamin D can suppress cell 
proliferation through inhibitory effects on several regulators in the network of cell cycle control machinery. 

Akutsu and colleagues [76] reported that treating human head and neck squamous cell carcinoma 
cells SCC25 with vitamin D arrested cell proliferation at the G0/G1 phase. Vitamin D also upregulated 
the growth-arrest DNA damage repair factor, GADD45 , at both the mRNA and protein levels.  
Cyclin-dependent kinase inhibitor p21 was also induced at the mRNA level, but not at the protein 
level. Chiang and colleagues showed that both vitamin D and its analogue, MART-10, were potent 
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chemicals that could arrest the cell cycle at the G0/G1 transition phase in MCF-1 breast cancer cell 
lines. This process occurred through the expression of BAX/BCL proapoptotic proteins and the 
initiation of apoptosis via release of cytochrome C from mitochondria. Moreover, MART-10 induced 
no observed hypercalcemic effects (which are sometimes observed with vitamin D treatment), 
suggesting that such analogues would be good agents to deter cancer progression without detrimental 
side effects ([77]). In adenoma and carcinoma colorectal cell lines (SW620, PC/JW and HT29), 
treatment with vitamin D or its analogue, EB1089, induced apoptosis independent of p53, increased 
the number of cells in the G1 phase and increased levels of the proapoptotic protein, Bak (a member 
of the BCl-2 gene family), in all cell lines tested. This finding suggested that vitamin D and its 
analogues are clinically effective for treating colorectal cancers. In rat glioma C6.9 cell lines, vitamin D 
treatment induced apoptosis via DNA fragmentation and upregulation of p53 and GADD45  
genes [78]. In prostate cancer cell lines, vitamin D treatment inhibited cyclin-dependent kinase 2 
activity and induced G0/G1 cell cycle arrest [79]. Therefore, several lines of evidence from in vitro 
studies support the role of vitamin D in promoting cell cycle arrest and promoting apoptosis in 
malignant transformed cells. 

2.3. Hypoxia, Oxidative Stress, HIF-1 and Angiogenesis 

Hypoxia and oxidative stress are often associated with cancer progression. Oxidative stress often 
induces DNA damage and loss of DNA-repair ability [80,81]. Hypoxia also promotes hypoxia-inducible 
factor 1 (HIF-1)-dependent angiogenesis essential for tumor growth [82]. Treatment of several cell 
lines, such as SW-480-ADH, LNCaP (a prostate cancer cell line) and MCF-7, with vitamin D 
activates cellular signaling cascades that reduce thioredoxin and promote antioxidant responses, 
induce mRNA expression of superoxide dismutase (in prostate epithelial cells) and downregulate 
glutathione levels by increasing glucose-6-phosphate dehydrogenase expression [83–85]. 

Vitamin D3 inhibits initiators of cellular angiogenesis in several cancer cell lines. Adding vitamin 
D3 to the highly aggressive androgen-insensitive prostate cancer cell line, CL-1, inhibits proliferation 
of these cells both in normoxia and in hypoxic environments that resemble those in cancer tissues. 
This effect is also observed in LNCaP and in SW-480 colon cancer cell lines. Vitamin D3 also inhibits 
secretion of vascular endothelial growth factor (VEGF) in these cell lines, as well as in the MCF-7 
breast cancer cell line. Furthermore, vitamin D treatment downregulates endothelin 1 (ET-1) and 
glucose transporter 1 (Glut-1). VEGF-1, ET-1 and Glut-1 are essential for inducing angiogenesis. 
This molecular effect is mediated via significant downregulation of HIF-1 transcription and 
translation [86]. 

A study by Chung and colleagues [87] showed that in tumor-derived endothelial cells from VDR 
knockout mice, loss of VDR resulted in an increase in HIF-1 , VEGF, angiopoietin 1 and  
platelet-derived growth factor levels. Moreover, in vivo, mice lacking VDR exhibited enlarged  
blood vessels to perfuse tumor lesions. This clearly implicates VDR in the control of  
tumor-associated angiogenesis. 
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2.4. Interactions with Growth Factors that Mediate Transformation, Cell Adhesion and Metastasis 

Vitamin D3 strongly inhibits the Sonic Hedgehog signaling cascade in human renal cell 
carcinoma. Mice xenografted with renal cell carcinoma cells yet treated with vitamin D exhibit the 
absence of tumor development or substantial growth inhibition, suggesting the vitamin D3 can be 
used prophylactically to prevent tumor development or regression [88]. 

Insulin-like growth factors (IGFs) and their binding proteins have been implicated in the 
development of several tumors [89]. In prostate cancer, for example, IGFBP3 protein levels decrease 
when cells progress from benign to malignant metastasis [90,91]. Microarray analysis has shown that 
vitamin D3 regulates IGFBP3, which sequesters and modulates levels of IGF-I, in LNCaP human 
prostate cancer cell lines [92]. Upon treatment with vitamin D3, IGFBP3 mRNA is highly 
upregulated in LNCaP cells. In malignant and metastatic MCF10CA breast cancer cells, IGFBP3 
transcripts were upregulated after treatment with a vitamin D analogue, Gemini [93]. IGFBP5 gene 
expression was induced after treatment with vitamin D3 in MCF-7 breast cancer cell lines [94]. 

An interaction in cellular signaling that is required for vitamin D’s growth-inhibitory role in 
prostate cancer cells occurs between vitamin D and androgens [79]. Without androgen receptors, 
vitamin D is ineffective in its protective action, indicating that the protective function of the hormone 
requires signaling cross talk between both molecules. 

Similarly, in the colon cancer cell line, Caco-2, vitamin D signaling is thought to modulate the 
apoptotic effects of transforming growth factor 1 (TGF- 1). Unlike its effect on normal epithelial 
cells, TGF  cannot inhibit cell growth in Caco-2 (and other colon cancer-derived cell lines, such as 
SW-480). However, this resistance is reverted upon treatment of Caco-2 cell lines with vitamin D [95]. 
The effect of vitamin D3 appears to be via upregulation of IGF-II receptors and increased expression 
of TFG- 1 itself in these cell lines. Furthermore, the apparent sensitization of cells to apoptosis by 
vitamin D in otherwise apoptosis-resistant malignant cell lines indicates an important role for vitamin 
D in the treatment of resistant refractory tumors. Vitamin D interacts with TGF- –SMAD1 signaling, 
blocks transcriptional expression of cell cycle proteins and inhibits the action of cell cycle protein 
cyclins D1, D2, D3 and E. Vitamin D can also inhibit epidermal growth factor signaling and its 
mitogenic Ras signaling [40,96,97]. 

Wnt signaling activation is a key culprit in the pathogenesis of several cancers [98–101]. Wnt acts 
through the nuclear localization of -catenin and its association with downstream transcription 
factors, such as TCF1 (also known as TCF7) and TCF4 (also known as TCF7L2). Upon nuclear 
localization, -catenin can activate several genes involved in tumor growth, metastasis or angiogenesis. 
Wnt can upregulate cell cycle progression genes, such as cyclin D, c-Myc and c-jun, matrix 
metalloproteinase MMP-7 [102], and limb, bud and heart (LBH) transcription factor, which promote 
cell malignancy and metastasis. Wnt also upregulates endothelin 1, VEGF and interleukin 8 (IL-8), 
all of which promote angiogenesis, required to feed aggressive tumors [103–105]. Wnt also 
downregulates E-cadherin, required for cellular adhesion [106]. This downregulation may modulate 
the metastatic transformation associated with Wnt-activated tumor cells [107]. The antitumor effects 
of vitamin D that antagonize Wnt signaling action have been best demonstrated in breast,  
colorectal and prostate cancer cells. Vitamin D treatment downregulates several of the above 
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tumorigenesis-promoting genes. This action is modulated by the genomic effects of VDR interaction 
with -catenin and, therefore, suppression of Wnt-activated transcription induction of the  
above-mentioned genes [85,94,107–112]. Vitamin D also upregulates the Wnt antagonist, DKK-1, 
thus suppressing Wnt activation and associated transformation [112,113]. 

Vitamin D treatment blocks production of IL-1  in macrophages [114] and, hence, blocks 
inflammation associated with colon carcinoma progression. This inactivation of IL-1  suppresses 
inflammation and, in turn, Wnt signaling activation in colon cancer epithelial cells required for the 
progression of colon tumors [115]. The suppressive effects of vitamin D on inflammation have also 
been confirmed through studies that have shown that vitamin D can suppress IL-1 , IL-6 and IL-17 
and NF- B in inflammation associated with breast and prostate cancer cells [107,116,117]. 

2.5. Autophagy 

Vitamin D regulates cancer-associated autophagy. Autophagy is important in the prevention of 
tumor progression in vivo [118,119]. Autophagy allows cells to survive in conditions of stress, such 
as low oxygen or nutrient deprivation, through digestion of cellular debris or accumulated damaged 
organelles. Such debris may damage the cell and, hence, affect viability and survival. Although it 
may be considered a contradiction to accept that promoting cell survival in tumor cells would be 
warranted, studies in HL60 myeloid leukemia cells and in MCF-7 breast cancer cell lines indicate 
that activating autophagy pathways by the hormone, vitamin D, is important in exciting signaling 
pathways mediating the tumor-suppressive role of vitamin D. Vitamin D treatment of tumor cells 
seems to mediate upregulation of a protein known as beclin-1, which interacts with PI3 kinase 
(PI3K), which, in turn, inhibits mTOR, responsible for promoting tumor growth and progression. 
The specific inhibition of mTOR signaling is one that suppresses molecules, such as CDK inhibitors, 
p19 and p27, but is independent of p53-mediated mechanisms. Vitamin D treatment is crucial for 
maintaining cell viability and survival via signaling pathways that require PI3K and mitogen-activated 
protein kinase signaling and that are independent of pathways eliciting apoptosis. Such signaling 
activation is effective at early stages of cellular damage, which is associated with carcinogenesis (and 
cancer therapy), and where neovascularization of tissues is absent. Treatment with vitamin D in such 
tumors at early stages of cellular transformation would induce autophagy with the aim of clearing 
damaged chromosomes and organelle debris [120]. After autophagy, p53 and other tumor-suppressor 
genes can either initiate cellular repair cascades if tumorigenesis is in its earlier stages or induce 
apoptosis in cells sensitized for treatment with radiotherapy or chemotherapy [119,121] Moreover, 
the beneficial effects of vitamin D-induced autophagy have been postulated to be exerted via 
attenuation of inflammation associated with tumorigenesis. However, because autophagy effects can 
promote both cell survival and inhibition of tumor progression, albeit under different cellular 
environments, the balance between both these opposing mechanisms on vitamin D treatment needs 
further study. Such studies will help determine the exact sequence and dose of vitamin D treatment 
relevant as an adjuvant anticancer drug therapy in combination with tumor treatments [36,122–124]. 
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2.6. Lessons from Animal Models 

Animal models offer additional supportive evidence that demonstrates the effective role of  
vitamin D in preventing uncontrollable hyperplasia and neoplasia leading to tumor formation [24]. 
Several kinds of animal models support this notion: 

• VDR-knockout mouse models of VDR (VDRKO or VDR / ) vs. wild-type  
counterparts (VDRWT) 

• Animals supplemented with vitamin D 
• Animal models in which tumorigenesis is chemically induced before animals are 

supplemented with vitamin D or its analogues 
• VDRKO models where tumors are implanted or transfected 
• knockout animal or heterozygotes of other genes (e.g., APCmin/+ or nude mice) subsequently 

supplemented with vitamin D 

Two initial VDRKO models have been established and subsequently reproduced by others to 
characterize the in vivo role of VDR in animal models [125,126]. In vivo, the effects of vitamin D on 
cellular proliferation and terminal differentiation differed between tissues; some tissue types showed 
hypoplasia and impaired development, whereas other tissues displayed clear hyperplasia. For example, 
the knockout mice, VDR / , exhibit growth retardation, impairment of bone formation, osteomalacia, 
alopecia, impaired folliculogenesis and uterine hypoplasia. Furthermore, transfection of mice with 
Lewis lung carcinoma cells shows that VDR /  mice display significantly reduced metastasis of lung 
cancer cells compared with VDRWT animals [127]. 

In contrast, VDR /  mice show hyperproliferation in mammary glands, the parathyroid gland and 
the descending colon. VDR /  mice displayed colonic cell division and increased expression of cell 
proliferation markers, PCNA (proliferating cell nuclear antigen) and cyclin D1. Scientists in the 
Cross lab later confirmed the VDR /  model as a suitable model of colorectal hyperproliferation and  
DNA damage [128,129]. 

Using the VDR /  mouse, Zinser and colleagues [130] demonstrated the role of vitamin D and its 
receptor in mammary gland morphogenesis. Comparing VDR /  mice with VDRWT, they showed 
that mammary glands from developing VDR mice at puberty were heavier and exhibited faster 
growth and ductal branching than their VDRWT counterparts. In organ culture, mammary tissues 
from VDR /  treated with estrogen or progesterone exhibited greater hormonal sensitivity than 
VDRWT. After pregnancy and lactation, VDR /  mice showed delayed breast gland involution after 
offspring weaning compared with VDRWT. Mehta and colleagues [131,132] demonstrated in rodent 
mammary organ culture that treatment with a noncalcemic vitamin D analogue significantly reduces 
tumor lesion incidence at both the early initiation and promotion stages. In dietary supplementation 
studies, Jacobson and colleagues [133] demonstrated in dimethylbenzanthracene (DMBA)-treated 
rats that rats fed on low vitamin D diets had higher tumor incidence than those fed vitamin D-replete 
diets. VanWeelden and colleagues transplanted nude mice (nu/nu mice) with MCF-7 breast cancer 
xenografts and, then, followed the treatment with supplementation. Mice were either supplemented 
with the low-calcemic vitamin D analogue (EB1089) or placebo pellets given to corresponding 
control subjects. This supplementation lasted for five weeks. In animals administered the vitamin D 
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analogue, cell proliferation in tumors was reduced two-fold compared with control mice. Moreover, 
the rate of apoptosis was enhanced in EB1089-treated mice, which also experienced significant 
regression of implanted breast tumors compared with control subjects [134]. These studies indicate 
that vitamin D action via the VDR is essential to modulate mammary gland proliferation and induce 
differentiation [130,135,136]. Moreover, such studies indicate an in vivo cytoprotective role for 
vitamin D (and its analogues) in cancer prevention [134,137]. Xu and colleagues suggest through 
their studies on APCmin/+ heterozygous mouse models that the in vivo growth-modulating effect of  
vitamin D might be a result of a signaling interplay that allows vitamin D to block the mitogenic 
effects of growth factors implicated in neoplasty [138,139]. 

Moreover, deletion of the VDR gene in VDR /  mice predisposes these mice to higher risk and 
susceptibility to chemically-induced cancers of the skin, prostate, blood, lymph and breast.  
For example, treatment of VDRKO mice with DMBA dysregulates skin proliferation and 
hyperproliferates both basal and epidermal cells with reduced epidermal differentiation. DMBA 
induced higher incidence of cutaneous lesions in VDR /  mice than in VDRWT [140–142]. However, 
VDR /  mice do not spontaneously develop skin tumors without predisposition to carcinogens.  
Upon DMBA treatment, VDRKO mice also exhibit higher incidence of alveolar and ductal 
hyperplasias and 16% higher lymphoblastic and thymic lymphomas than VDRWT counterparts.  
No observed tumor development occurred in tissues, such as ovary, uterus, lung and liver [130,142]. 
Similarly, in LPB-Tag transgenic mice, pRB and p53 tumor-suppressor genes are inactivated, causing 
prostate cancer, cellular proliferation and tumor progression much faster in VDRKO mice than in 
VDRWT. These differences are abolished upon treatment with testosterone. This finding indicated 
that vitamin D has a growth-modulating effect on cell growth through measured signaling interplay 
with other growth factors [143]. 

2.7. Evidence for Vitamin D and Cancer 

The solar ultraviolet-B (UVB)-vitamin D-cancer hypothesis was proposed by the brothers Cedric 
and Frank Garland after seeing the atlas of colon cancer mortality rates (MRs) in the United States 
as beginning graduate students at Johns Hopkins University in 1974. They recognized a general 
inverse correlation between the regional doses of sunlight and colon cancer MRs. Their seminal 
paper was published in 1980 [144]. They later added breast [145] and ovarian [146] cancer to the list 
of cancers with reduced MRs in regions of higher solar radiation. 

They used the ecological approach, which compares disease outcomes averaged by geographical 
units with risk-modifying factors, providing perhaps the strongest evidence that solar UVB and 
vitamin D reduce the risk of cancer. The evidence has been reviewed in recent papers [147,148].  
The reasons the ecological approach is strong for cancer include: that many cases are included, that 
solar UVB, through production of vitamin D, is a significant risk reduction factor for many types of 
cancer, that other risk-modifying factors, such as ethnic background and smoking, can be used in the 
analyses and that cancers develop slowly. 

Single-country ecological studies have provided strong and relatively consistent findings for many 
types of cancer. Single countries have the advantages for ecological studies that the populations are 
reasonably homogeneous, that they have similar diets and smoking habits, etc., but if not, the 
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differences can be easily modeled, as has been done for the United States in an ecological study that 
used solar UVB doses for July, lung cancer MRs as the index of smoking and alcohol consumption, 
those of Hispanic heritage included in the category “white Americans”, poverty level and urban/rural 
residence [149]. The findings for UVB were similar to those found in an earlier study that used only 
UVB doses, but omitted several states with high Hispanic population rates [150]. The results  
for alcohol consumption, Hispanic heritage and smoking were in good agreement with the  
journal literature.  

There have been several solar UVB indices used in single-country ecological studies: annual solar 
radiation doses [144,151], solar UVB from the Total Ozone Monitoring System (TOMS) operated 
by NASA [149,150,152–154] and latitude [155–160]. A new set of solar UVB dose by month for 
North America is also available [161]. In some studies, indices of personal UVB irradiance were 
used: non-melanoma skin cancer in Spain [157] and California [159] and lip cancer less lung cancer 
in Nordic countries [162]. No factor other than vitamin D production has been proposed to explain 
the inverse correlations between the solar UVB indices and cancer incidence and/or MRs except for 
prostate cancer. It was noticed that the geographical variation of prostate cancer MR in the United 
States shared many features with the atlas of greatest ancestry by county for 2000 [163]. That finding 
inspired a multi-country ecological study involving genetics, diet and socioeconomic status.  
The hypothesized genetic link was to the apolipoprotein E epsilon4 (ApoE4) allele, an important risk 
factor for Alzheimer’s disease [164]. Two important functions of this allele are to increase the 
production of insulin and cholesterol in order for those with this allele to be able to store more of the 
excess energy consumed in order to last between feasts. This allele is more common among  
hunter-gatherer people and those living at high northern latitudes. Several dietary supply factors were 
considered, and the energy derived from cereals/grains was found to be inversely correlated with 
prostate cancer incidence and MRs. The index of socioeconomic status used was gross national 
product per capita. Multiple linear regression analyses using these three factors found an adjusted R 
of about 0.5, with all three factors having significant correlations with prostate cancer, ApoE4 and gross 
national product (GNP)/capita as risk factors [164]. Numerous studies have investigated the role of 
genes in the risk of prostate cancer. Only one other study identified ApoE4 as a risk factor, however 
[165]. Observational studies generally do not find that serum 25-hydroxyvitmain D (25(OH)D) levels 
are associated with the risk of prostate cancer [166]. 

Table 2 summarizes the findings from various single-country ecological studies. 
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Table 2. Cancers for which inverse correlations between incidence and/or mortality rates 
(MRs) were found with respect to indices of solar UVB dose in single-country studies 
(references to be supplied). 

Cancer 

MR 

(deaths/100,000/ 

Year) * 

US 

[149,152] 

Australia 

[155] 

China 

[153,156] 

France 

[158] 

Japan 

[151] 

Nordic 

countries 

[162] 

Spain 

[157] 

Lung 69.4   X   X X 

Breast 26.9 X X X X  X X 

Colorectal 24.5 X X X X X X X 

Prostate 22.0 X X    X  

Colon 20.1 X X X X X X X 

Pancreatic 10.2 X X   X X X 

Leukemia 8.8 X X X  X   

Ovarian 8.4 X X     X 

Gastric 7.3 X X X  X X X 

non-Hodgkin’s 

lymphoma (NHL) 
7.0 X X     X 

Bladder 6.6 X  X   X X 

Brain 5.2       X 

Renal 4.9 X     X  

Esophageal 4.8 X X X X X X X 

Rectal 4.4 X  X  X X X 

Oral, pharyngeal 4.0 X     X  

Endometrial 3.7 X   X   X 

Cervical 3.2   X X    

Gallbladder 1.1 X    X X X 

Hodgkin’s 

lymphoma 
1.1 X      X 

Thyroid 0.4 X      X 

Vulvar 0.3 X       

* [167]; MR, MR for males, United States, 1970–94, unless for a female cancer. 

The types of cancer are ordered by the MR for males (females for female cancers) for the United 
States for the period 1970–1994 [167]. The reason for doing so is that the more common a type of 
cancer is, the easier it is to include enough cases in the study to find significant correlations with 
solar UVB or vitamin D [168]. As expected, the types of cancer with the higher MRs generally have 
more findings of inverse correlation with solar UVB doses. For those with fewer significant findings 
relative to others with similar MRs, this suggests that the beneficial effect of UVB and vitamin D is 
weak or nonexistent, such as for brain cancer. For those with a relatively higher number of findings 
for its MR range, it is likely that the effects of UVB and vitamin D are strong, such as for esophageal 
and gallbladder cancer. 

These findings are discussed in greater detail in Grant [147]. Several things can be inferred from 
the table. One is that the types of cancer with the higher MRs are generally more likely to have been 
found inversely correlated with the solar UVB indices. This is reasonable, since the uncertainty of 
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each value is reduced [168]. There is little support for vitamin D reducing the risk of brain cancer, 
as it is a relatively common cancer, but with only one supporting study. On the other hand, the 
findings for thyroid and vulvar cancers are considered good evidence of the protection by vitamin D, 
since the MRs are so low. 

While ecological studies may provide the earliest and, in some respects, best evidence for a role 
of solar UVB and vitamin D in reducing the risk of cancer, such findings should be supported by 
other types of studies in order to evaluate the findings from ecological studies. The next most 
common type of epidemiological study used to evaluate the role of solar UVB and vitamin D in 
reducing the risk of cancer is the observational study. There are two types of observational studies: 
case-control studies in which serum the 25(OH)D level is determined near the time of cancer 
diagnosis; and nested case-control studies from cohort studies. The perceived advantages of the 
nested case-control studies include unbiased matching of controls and using 25(OH)D levels, UVB 
doses or irradiances not affected by the health outcome. Case-control studies could have serum 
25(OH)D levels affected by the disease state. However, there does not appear to be any evidence that 
the existence of cancer per se affects serum 25(OH)D levels or behavior, since most people do not 
know they have cancer until it is diagnosed. The primary problem of the cohort study approach is 
that serum 25(OH)D levels from blood drawn at time of enrollment are generally used in the analysis, 
no matter how many years have elapsed since enrollment. As shown in a pair of papers that examined 
health outcome with respect to years after enrollment, linear declines were found in risk reduction 
with respect to follow-up time for cancers [169] and all-cause MR [170]. 

Table 3 presents an overview of the findings from observational studies supporting the  
UVB-vitamin D-cancer hypothesis. 

Table 3. Results from observational studies of cancer incidence with respect to UVB 
irradiance or serum 25(OH)D levels. 

Cancer [171] [154] [172] Others 
Bladder X * X X [173] 
Brain     
Breast    Case-control 
Colon  X  Cohort 

Colorectal X   Cohort 
Endometrial    [174] 
Esophageal X    

Esophageal, squamous cell  X *   
Gastric X *  X *  

Head and neck   X [175] 
Hepatoblastoma    [160] 

Leukemia X    
Leukemia, acute lymphoblastic    [160] 

Liver   X *  
Lung X *  X  

Lung, adeno, squamous cell  X   
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Table 3. Cont. 

NHL X * X  [160,176] 
Oral/pharyngeal X    

Ovarian    [177] 
Pancreatic X X X * [178] 

Pleura  X   
Prostate X * X   
Rectal  X *  Cohort 
Renal X * X X [179] 

Thyroid  X  [180] 
* Not statistically significant. 

It is noted that the study from the Health Professionals Follow-up Study [171] and the National 
Institutes of Health-American Association of Retired Persons (NIH-AARP) Diet and Health  
study [154] were based, in large part, on solar UVB doses. That was explicit in Lin [154] and implicit 
in Giovannucci [171] in that it used a modeled serum 25(OH)D level based on measurements of 
serum 25(OH)D levels in 1000 men with respect to such factors as geographical location, skin 
pigmentation and leisure time spent out of doors. Other studies based on UVB were those for 
endometrial cancer [181], hepatoblastoma, acute lymphoblastic leukemia and NHL [160,176]. 

For colorectal cancer, cohort studies with follow-up times out to 12 years found a significantly 
reduced risk for higher serum 25(OH)D levels [158]. However, for breast cancer, significantly 
reduced risk for higher serum 25(OH)D levels was reported only for follow-up times less than three  
years [169]. The reason for the different findings is that breast cancer is a rapidly developing cancer, 
while colorectal cancer is not. For example, breast cancer is diagnosed more frequently in spring and 
fall [182]. The authors suggested that vitamin D reduces breast cancer risk in summer, while 
melatonin does in winter, due to low sunlight levels. 

2.8. Clinical Trials 

There have been two randomized controlled trials (RCT) using vitamin D and calcium that found 
a beneficial effect in reducing cancer incidence. The first one was one conducted on post-menopausal 
women in Nebraska [183]. Those in the treatment arms took 1450 mg/day calcium or 1450 mg/day 
calcium plus 1100 IU/day vitamin D3. At the time of enrollment, the mean serum 25(OH)D level was 
72 nmol/L. At the end of the first year, those taking vitamin D plus calcium had a mean serum 
25(OH)D level of 96 nmol/L, while those in the other two arms had 71 nmol/L. Between the ends of 
the first and fourth years, those taking only calcium had a 44% reduction in all-cancer incidence, 
while those taking calcium plus vitamin D had a 77% reduction. Based on the relationship between 
breast cancer incidence rates from case-control studies vs. serum 25(OH)D level, the expected 
reduction would be 18%. The difference between 44% and 77% is 33%. Given the uncertainty in 
both values, and the confounding of vitamin D with calcium, the finding in the RCT is in reasonable 
agreement with the cancer risk-25(OH)D relation. Calcium has been found to reduce the risk of 
cancer in a number of studies [184]. 
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The second successful vitamin D/calcium RCT was from a reanalysis of a subset of data from the 
Women’s Health Initiative study. Participants were given 400 IU/day vitamin D3 and 1500 mg/day 
calcium, but many did not comply and take all of the supplements. For those participants who had 
not been taking vitamin D or calcium supplements prior to enrolling, there were significant decreases 
of total, breast and invasive breast cancer of 14%–20% and, nonsignificantly, a reduced risk of 
colorectal cancer of 17% [185]. For those taking vitamin D and/or calcium prior to enrollment, there 
was no beneficial effect of taking them during the study. This reduction is about twice that expected 
from vitamin D alone, so it probably includes a contribution from calcium. 

There are a number of reasons why there are so few vitamin D RCTs reporting a reduced risk of 
cancer. One is that for many years, researchers used 400 IU/day vitamin D3. This amount reduces 
the risk of rickets, but not much else. It is only in the past decade that many of the non-calcemic 
benefits of vitamin D were reported. For non-calcemic benefits, higher serum 25(OH)D levels are 
required. A second reason is that most of the vitamin D RCTs treated vitamin D as a drug, assuming 
that other sources of vitamin D were unimportant and that there was a simple dose-response relation 
between oral vitamin D and the serum 25(OH)D level. In fact, the vitamin D-serum 25(OH)D level 
relation is nonlinear and eventually saturates [186]. Proper vitamin D RCTs should have a model 
relationship between serum 25(OH)D level and health outcome, generally from observational 
studies, enroll people at the lower end of this relationship, supplement them with sufficient vitamin 
D3 to raise their serum 25(OH)D level to the upper end and measure serum 25(OH)D levels at the 
time of enrollment and after a year of supplementing, as well as consider other sources of vitamin D, 
such as solar UVB irradiance. The guidelines for conducting vitamin D RCTs were outlined in a 
recent paper [187]. 

2.9. Cancer Survival 

Another way to examine whether vitamin D reduces the risk of cancer is to investigate whether 
those with higher serum 25(OH)D levels at the time of cancer diagnosis have better survival rates 
than those with lower levels. Those diagnosed with colorectal cancer with serum 25(OH)D levels in 
the upper quartile had half the MR of those in the lower quartile [188]. Such findings led to a study 
on the disparities in cancer survival rates for black Americans compared to white Americans [189]. 
It was found that there are disparities for 13 types of cancer after consideration of socioeconomic 
status, stage at diagnosis and treatment: bladder, breast, colon, endometrial, lung, ovarian, pancreatic, 
prostate, rectal, testicular and vaginal cancer, Hodgkin lymphoma and melanoma. Solar UVB doses 
and/or serum 25(OH)D levels have been reported to be inversely correlated with incidence and/or 
MRs for all of these cancers. The disparities not accounted for by socioeconomic status, stage at 
diagnosis and treatment ranged from 0% to 50%, with a mean value near 25%. This value is 
consistent with the disparities in serum 25(OH)D levels for black and white Americans: 40 nmol/L 
for black Americans and 65 nmol/L for white Americans [190]. 
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2.10. Hill’s Criteria for Causality 

A. Bradford Hill laid down the criteria for causality in a biological system in 1965 [191].  
The primary criteria appropriate for UVB irradiance and vitamin D include strength of association, 
consistent findings in different populations, temporality, biological gradient, plausibility (e.g., 
mechanisms), experiment (e.g., RCT) and analogy. As seen from the information presented in this 
work, most of the criteria are satisfied to a reasonable extent, especially for breast and colorectal 
cancer. By invoking analogy, many of the other cancers also qualify based on the findings in 
ecological studies. Hill’s criteria for causality have been applied to many types of cancer, finding 
them largely satisfied for breast and colorectal cancer and somewhat satisfied for several other types 
of cancer [192], as well as for breast cancer [193]. 

3. Recommendations/Conclusions 

Based on the evidence reviewed in this paper, there is very good-to-excellent scientific evidence 
that solar UVB irradiance and vitamin D reduce the risk of many types of cancer. However, 
acceptance by public policy review boards has not yet accepted the evidence. Part of the reason is 
that they generally require well-conducted randomized controlled trials rather than ecological or 
observational studies before making recommendations. Another reason is that UV irradiance is 
considered the most important risk factor for melanoma and non-melanoma skin cancer, so many 
public health bodies are reluctant to recommend more sun exposure. 
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The Role of Vitamin D in Hematologic Disease and Stem  
Cell Transplantation 

Aric C. Hall and Mark B. Juckett 

Abstract: Vitamin D is a steroid hormone with a broad range of biological effects ranging from the 
classical role as a mediator of calcium and phosphate balance to cellular differentiation and immune 
modulation. These effects impact normal and dysfunctional hematopoietic and immune function, 
which may allow an avenue for improved treatment and support of patients suffering from hematologic 
disorders. In this review, we will summarize the role of vitamin D in normal hematopoiesis, discuss 
ways in which vitamin D may improve outcomes, and discuss a potential role of vitamin D for 
treating hematologic disorders and modulating the immune system to improve the outcome of 
allogeneic stem cell transplant. 

Reprinted from Nutrients. Cite as: Hall, A.C.; Juckett, M.B. The Role of Vitamin D in Hematologic 
Disease and Stem Cell Transplantation. Nutrients 2013, 5, 2206-2221. 

1. Introduction 

Vitamin D is a steroid hormone whose classical role is as a regulator of calcium and phosphate 
metabolism. This action, carried out through the renal, skeletal, and gastrointestinal systems has 
accumulated additional attention over the last several years with osteoporosis and bone health 
becoming an increasingly important concern for an aging population. Further investigation has 
discovered high rates of vitamin D deficiency in the United States population leading to a 
proliferation of recommendations for supplementation and investigation into the activity of the 
hormone. As investigators pursued the biochemical targets of vitamin D that influenced calcium 
homeostasis, multiple other roles of vitamin D signaling were discovered in various tissues that 
express vitamin D receptors (VDRs). VDRs have been identified on hematopoietic and lymphoid 
cells, leading to efforts to understand the role of vitamin D in blood cell development and immune 
system function. In this review we will attempt to give an overview of the role of vitamin D in normal 
hematopoietic and immune function, explore experience at exploiting vitamin D receptor signaling 
to treat hematologic disorders, discuss roles of the vitamin D receptor in immune recovery following 
hematopoietic stem cell transplant, and finally discuss the use of vitamin D in hematology and stem 
cell transplant patients. 

2. Vitamin D in Normal Hematopoiesis 

2.1. Vitamin D Production and Mechanism of Biological Action 

Human vitamin D production requires the skin, liver, and kidney to convert 7-dehydrocholesterol 
in the skin to 1,25-dihydroxycholecalciferol, the active form of the hormone. Dehydroxycholesterol 
is converted to cholecalciferol (Vitamin D3) with UV light as a cofactor and then goes through two 
hydroxylation steps to 25-hydroxycholecalciferol and then 1,25-dihydroxycholecalciferol in the liver 
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and kidney [1]. Vitamin D2 (ergocalciferol) is produced in some fungi and invertebrates in an analogous 
manner, as ergosterol is converted to ergocalciferol with UVB light as a necessary cofactor [2]. 
Ergocalciferol can be absorbed from the intestines when taken as a supplement and is similarly 
hydroxylated for activity so that, like 1,25 dihydroxyvitamin D, it can activate the vitamin D receptor 
(VDR). Vitamins D2 and D3 can both be referred to as vitamin D and references differ as to their 
biological equivalence. In general, authors who contend a difference in biological activity suggest 
vitamin D3 is more biologically potent [3]. The VDR is the mediator of vitamin D activity. It is a 
receptor in the family of steroid/thyroid hormone-activated transcription factors. The gene for VDR 
is encoded on chromosome 12, and is subject to significant variability among individuals due to 
numerous polymorphisms [4]. Several germ line variants of the vitamin D receptor gene (alleles) are 
known to exist, explaining at least part of the variability in VDR activity among individuals [5]. 
These polymorphisms have been linked to such diverse biological effects as adult height, bone 
mineral density, and susceptibility to early periodontal disease and tuberculosis [6,7]. 

After being bound by activated vitamin D, VDR can form a homodimer or form a heterodimer 
with a retinoid X receptor. Those dimers can then binds to vitamin D response elements (VDREs) in 
promoters of target genes eventually leading to target gene transcription [1,4]. Screens for VDREs 
have revealed them in multiple growth, differentiation, and apoptosis governing genes including 
some known to be involved in human malignancy such as cyclin D1; Cyclin dependent kinases 2,4,6; 
PTEN; P53; and PI3 Kinase [8].  

2.2. Vitamin D Role in Myeloid Differentiation 

Aside from its ubiquity in affecting the transcription of many genes, VDR is present on a wide 
variety of tissues outside the intestine, bones, and kidneys, which are the organs most involved in the 
classical role of vitamin D. In the hematopoietic system the VDR receptor is expressed on  
various hematopoietic precursors as well as monocytes, some thymocytes, and activated B and T 
lymphocytes [8]. Studies with knock-out (KO) animals show vitamin D signaling does not appear to 
be necessary for differentiation of the normal hematopoietic cell repertoire, as mice with vitamin D 
receptor knock-out produce normal numbers and proportions of blood cells [8–10]. Still, vitamin D 
stimulation can influence hematopoietic development as experiments treating both normal hematopoietic 
stem cell lines and leukemic cell lines with the active form of vitamin D led to increased 
monocyte/macrophage differentiation and increased numbers of those mature cells–an effect that is 
not observed in VDR KO mice [11,12]. After being bound by a vitamin D analogue, the VDR forms 
a homodimer or binds the retinoid X receptor and proceeds to interact with a VDRE and signal 
transcription of various effector RNAs [9,11]. The retinoic acid receptor (RAR) is an alternative 
dimerization partner for the retinoid X receptor [13]. Just as VDR activity seems to drive monocytic 
differentiation, the RAR activity drives differentiation toward mature granulocytes [11]. Experiments 
in cell cultures suggest that activated RAR and VDR compete for binding of RXR and the relative 
balance between RAR/RXR vs. VDR/RXR dimers influence the relative activity of monopoiesis and 
granulopoiesis [11,14]. A double knock-out animal for VDR and RAR create appropriate colony 
forming units for monocytes and granulocytes so it is suspected that the primary effect of vitamin D 
is on cytokine signaling and the final steps in differentiation in these two cell types [11].  
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The complexity of the interaction between VDR and RXR is highlighted by a recent finding that 
retinoic acid and vitamin D can potentiate the other’s activity as VDR stimulation seems to be 
augmented in the presence of RAR:RXR binding [11]. 

2.3. Vitamin D Role in Immune Modulation 

In addition to the role of vitamin D and the VDR in normal hematopoiesis and leukocyte 
differentiation the presence of the VDR on activated lymphocytes suggests a role in immune 
modulation on differentiated cells. VDR knock-out (KO) mice have a normal number of T and B 
lymphocytes but there are changes in the cytokine profile in VDR knock-out mice that affect the  
T-helper (Th) immune response. Inflammatory cytokines can elicit a cellular immune response 
termed “Th1” or a humoral immune response termed “Th2”. The Th1 response is stimulated by IL2 
and IFN-  as major mediators, while the Th2 response is driven by IL-4, IL-6, and IL-10 [9]. In 
general, stimulation of the VDR receptor has been shown to favor the Th2 response by suppressing 
IFN-  and this underlies the immune-modulatory effects of Vitamin D [8,9]. This is somewhat 
confounded, however, by the fact that in the context of complete vitamin D knock-out, the Th1 
response is actually impaired, possibly through inhibition of IL-18 [9]. The VDR also seems to be 
crucial for proper development of invariant natural killer (iNK) cells, a subset of lymphoid cells 
involved in the most basic immune responses and also in restricting autoimmunity [15,16]. This was 
noted in the rodent VDR KO model in which iNKT cells were reduced. Reduced iNKT may promote 
autoimmunity but also blunted airway response to inflammation [15,16]. VDR receptor may also 
have a role in the homing of lymphoid cells to specific tissues and in attenuating inflammation. This 
has been shown by Yu and colleagues who studied a mouse model of inflammatory bowel disease. 
They were able to show that VDR KO animals developed an autoimmune inflammatory bowel 
disease in response to commensal flora, but the effect could be blunted with wild type CD4 cells 
[17]. Ultimately, they demonstrated that intraepithelial lymphocytes (with a pattern of CD4 +) were 
dramatically reduced in VDR KO mice due to lower production and impaired tissue homing. 
CD4 + T lymphocytes are T-regulatory cells that help suppress inflammation by secretion of  
IL-10 and thus their reduced presence led to a fulminant colitis [17]. This provides an example of 
vitamin D mediated attenuation of an immune response suggesting that vitamin D may have a role 
in immune tolerance, the process by which autoimmunity is prevented. 

3. Utilizing Vitamin D in Antineoplastic Therapy 

3.1. Vitamin D as Differentiation Therapy for Myeloid Malignancies 

In vitro studies show that vitamin D promotes differentiation of normal hematopoietic precursors 
and malignant myeloblasts, which has led to significant interest in studying vitamin D analogues as 
treatment for myeloid malignancies, particularly myelodysplastic syndrome (MDS) and acute 
myeloid leukemia (AML). MDS is a hematologic condition that typically manifests as cytopenias 
(low numbers of normal blood cells) and is due to acquired mutations in the DNA of hematopoietic 
stem cells causing difficulties in differentiation and production of mature cell types. Some forms of 
MDS may cause increased numbers of myeloblasts or “blasts,” which are immature, undifferentiated 
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precursors of blood cells found circulating in the blood or present in the marrow and indicative of 
flawed differentiation of hematopoietic stem cells. These forms of MDS are considered higher risk 
as they are more likely to accumulate additional mutations that may lead to AML. The blast 
percentage, severity of cytopenias, age, and cytogenetics (chromosomal abnormalities found in tissue 
culture) are also used to risk stratify patients with MDS using tools such as the International 
Prognostic Scoring System (IPSS). AML is an aggressive blood cancer defined by replacement of 
normal hematopoietic cells with rapidly replicating myeloblasts, which are unable to undergo 
differentiation and thus accumulate in the marrow and peripheral blood. It may evolve spontaneously 
or as a secondary process from MDS. Much of the early research into therapy with vitamin D 
analogues paralleled the discovery that all-trans retinoic acid (ATRA), a ligand for RXR, could 
produce deep, durable remissions for acute promyelocytic leukemia (APML), a particular form of 
AML. This discovery supported the idea of differentiation therapy as a viable and exciting treatment 
for myeloid malignancies and an alternative to the classic approach using cytotoxic chemotherapy. 
Specific pre-clinical experience with HL-60 and other leukemic lines, such as U-937 and THP-1 
have all shown differentiation and apoptosis of neoplastic myeloblasts with vitamin D, which would 
seem to suggest these compounds can, like ATRA in APML, convert differentiation-arrested 
myeloblasts into a mature blood cell [1,11,18]. The exact mechanisms by which this change is 
induced by Vitamin D receptor activation is not fully understood and investigations have revealed 
complex cross-signaling involving PI3 Kinase, activation of multiple pro-differentiation steps in the 
MAPK pathway, and likely upregulation of pro-apoptotic factors such as p53 [1]. Of note, early 
preclinical trials used supraphysiological doses of vitamin D to induce differentiation, raising 
concern therapeutic doses would necessarily cause hypercalcemia.[11,19] Early efforts, however, 
showed that fractionated dosing seemed to offer some promise for achieving differentiation with 
lower doses within physiological ranges [12]. 

3.2. Vitamin D as Therapy for Myelodysplastic Syndrome 

There are seven studies of single agent vitamin D therapy for MDS. Koeffler and colleagues 
performed the first study of such a regimen in 1985, when they reported on 18 patients with MDS 
treated with single agent 1,25-dihydroxycholecalciferol up to a dose of 2 g per day [19]. Although 
8/18 patients had minor hematologic responses, no response persisted over the full 12 weeks of the 
study and hypercalcemia was a common toxicity of treatment [19]. It is important to note that this 
was a population at high-risk for death or the development of AML. Seven individuals had disease 
that transformed to AML over the study period [19]. Takahashi and colleagues treated 11 patients 
with MDS with 1-hydroxycholecalciferol and similarly saw partial or minor and transient responses 
in five of the 11 [20]. They were able to minimize hypercalcemia with intermittent dosing of the  
vitamin D, but this may have reduced efficacy [20]. Other studies of vitamin D analogues alone for 
MDS include Molnar and colleagues, who in 2007 reported treating 23 patients with low or 
intermediate risk MDS with 2000–4000 international units of cholecalciferol daily. They failed to 
show any hypercalcemia, but there were no hematologic responses [21]. Mellibovsky and colleagues 
reported a positive single arm study of 19 patients with low or intermediate risk MDS by IPSS treated 
with either 25-hydroxycholecalciferol (five patients) or 1,25 dihydroxycholecalciferol (14 patients) 
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of whom 11/19 had significant hematologic response [22]. Of note, there were no cases of 
hypercalcemia in this study. 

There are two studies looking at vitamin D2 analogues for MDS. Koeffler and colleagues treated  
12 patients with low to high risk disease with a vitamin D2 analogue (Paracalcitol) with no responses 
noted; one patient had a doubling of his platelet count but succumbed to fatal fungal infection shortly 
afterward [23]. In 2008 Petrich and colleagues reported a phase II study with 15 MDS patients, 12 
with low risk disease, who were treated with doxercalciferol, another D2 analogue with possibly 
lower risk of hypercalcemia [24]. Nine of 14 patients completed the full planned 12 weeks of 
treatment with five stopping early due to progressive disease and one due to hypercalcemia [24].  
Six patients had stable disease and ultimately eight progressed while on study leading to a conclusion 
that doxercalciferol had at best minimal activity. Notably, both patients with CMML experienced 
worsening monocytosis that reversed upon discontinuation of doxercalciferol, which may suggest an in 
vivo differentiation effect [24]. 

One notable study is a series of 30 patients treated by Motomura and colleagues in which patients 
were randomized to supportive care or 1-hydroxyvitamin D3 starting at 1 g and titrated up to 4–6 g 
if tolerated [25]. The two groups were matched for diagnoses and had a reasonable balance of higher 
and lower risk patients. The patients allotted to vitamin D3 received on average 17 months of therapy. 
Two patients developed hypercalcemia on the treatment arm and only one had a transient 
hematologic improvement with the rest failing to improve. Nevertheless, only one of the 15 patients 
on vitamin D analogue therapy and 7/15 on the control arm progressed to AML leading to a 
statistically significant benefit in survival in the treatment group [25]. 

There have been efforts to combine vitamin D with other differentiation and cytotoxic agents. 
Blazsek and colleagues reported a case in 1991 of a patient with MDS who responded to a 
combination of cis-retinoic acid and vitamin D therapy, leading to the hypothesis that this 
combination could be useful for non-APML myeloid disorders [26]. Siitonen and colleagues reported 
the results of a series of 19 patients with all types and risk categories of MDS treated with a 
combination of 13-cis-retinoic acid, 1,25-dihydroxycholecalciferol (1 g daily), and valproic acid [27]. 
Valproic acid in this case was being used as a histone deacetylase (HDAC) inhibitor. Overall 3/19 
patients had minor hematologic improvement, but toxicity, general linked to valproic acid (fatigue, 
liver function changes) and retinoids (skin problems), led 8/19 patients to be intolerant of the  
regimen [27]. The authors ultimately concluded that the addition of vitamin D did not seem to add 
significant synergistic activity to the valproic acid regimen already known to have modest activity. 

One promising path is the use of growth factors with differentiating agents. Ferrero and colleagues 
reported in 2008 on a study of 63 patients with MDS, excluding high risk patients with high numbers 
of blasts, treated with a combination of recombinant human erythropoietin as well as cis-retinoic 
acid; 1,25 dihydroxycholecalciferol; and 6-thioguanine if blasts were present [28]. The purpose of 
this study was primarily to assess erythroid response and compare it to the rates seen with erythropoietin 
alone or the combination of the two differentiating agents and thioguanine alone, which was 
approximately 30% for each. Overall, there was an erythroid response rate of 60% overall, which was 
better in the low risk patients than those with excess blasts [28]. There was also data for improved 
survival for the low risk patients who had a response, with 93% of responders vs. 58% of 
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nonresponders alive at three years [28]. Though presented as a positive study, the lack of 
erythropoietin dose standardization or control arm makes the benefits from the new agents difficult 
to appreciate. Toxicity was generally mild and primarily related to the retinoid agents. Surprisingly, 
there was little emphasis on the cardiovascular mortality rate of 8/63 patients, which could have been 
associated with the use of the erythroid stimulating agent [28]. 

Another group of studies has looked at combinations of vitamin D analogues as differentiating 
agents with cytotoxic chemotherapy. Ferrero and colleagues reported on experience treating 53 MDS 
patients with 13-cis-retinoic acid (20–40 mg/day) and 1,25-dihydroxycholecalciferol (1–1.5 g/day) 
with or without intermittent thioguanine, a cytotoxic agent [29]. Thioguanine was utilized three out 
of every six weeks for subjects with a marrow blast count of >5% or those who failed to respond to 
the dual differentiating agent therapy [29]. Ultimately, 40/53 patients ended up receiving 
thioguanine. Overall response rate was 60% but rates of complete response (CR) were low with only 
two patients in the entire cohort achieving that outcome. Still, 50% of patients had a decline in 
transfusion requirement, which is a clinically relevant outcome and could significantly improve 
quality of life [29]. 

3.3. Vitamin D as Therapy for Acute Myeloid Leukemia 

MDS, particularly in its lower risk forms, may be an indolent disease with a natural history 
extending over years. AML, on the other hand, tends to be fatal over weeks to a short number of 
months without effective treatment. Therefore, therapeutic plans that include only differentiating 
agents such as vitamin D have tended to be used only in patients with very treatment resistant disease 
or those at high risk for side effects of conventional cytotoxic chemotherapy. The only studies of 
vitamin D monotherapy in AML consists of a total of five patients treated in Japan in the mid 1980s 
of whom 4/5 had transient improvements in blasts and 1/5 had reported brief normalization of the 
bone marrow as reported by Irino, Takahashi, and Nakayama [20]. 

There are at least two series of elderly AML patients treated with low dose cytarabine regimens 
(subcutaneous in Europe and low dose IV in the US) combined with vitamin D analogue and another 
agent. Low dose cytarabine is a relatively well-tolerated cytotoxic regimen that had been the standard 
of care for elderly or unfit patients with AML. Slapak and colleagues in 1992 reported the use of 
cytarabine at continuous infusion (20 mg/m2/day) for 21 days with oral hydroxyurea (500 mg twice 
daily) starting the day preceding cytarabine and continuing for 22 days, and 1,25 dihydroxyvitamin 
D (0.5 g twice daily) from the initiation of therapy until relapse or end of study [30]. Of the 29 
patients (all older than 62 years) there was an overall response rate 79% of which 13 (45%) were in 
CR [30]. Toxicity was primarily hematologic with severe neutropenia and thrombocytopenia 
common, though this is essentially an unavoidable side effect of all effective therapies for AML. 
Only two patients developed hypercalcemia, which was asymptomatic and required no further 
treatment than holding the vitamin D analogue. Median remission duration was 9.8 months with 
overall survival of 12 and 14 months for non-responders and responders, respectively [30].  
These results are considered at least not inferior to those seen with low dose cytarabine alone. Ferrero 
and colleagues in 2004 report a similar low dose cytarabine (8 mg/m2 subcutaneously twice daily) 
and 1,25-dihydroxyvitamin D (1 g daily) regimen with 13 cis-retinoic acid (20–40 mg daily) and 
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thioguanine (40 mg daily). Thioguanine and cytarabine were given for the first two to three weeks 
with 1,25-dihydroxyvitamin D3 and 13 cis-retinoic acid for a five week course. Those who responded 
received dual differentiating agent therapy continuously with either daily thioguanine, one out of 
every three weeks, or 6-mercaptopurine + cytarabine for two weeks out of every five or six [31]. 
Thirty total patients were treated (24 with AML and 6 with MDS) and using similar response criteria 
to the Slapak study, this regimen showed a 50% response rate with 8 having a CR (27%) and seven 
having a partial response (PR) [31]. Once again, toxicity was primarily related to cytopenias and is 
difficult to separate from disease effect. Median survival was 7.5 months for the entire treatment arm 
but significantly better at 16.5 months in responders [31]. Toxicity was primarily related to profound 
cytopenias with no hypercalcemia reported [31]. As in other studies with retinoic acid derivatives, 
dry mouth and lips were a common side effect. 

The only study of vitamin D analogue combined with chemotherapy with a control group in the 
published literature is that reported by Hellstrom and colleagues in Sweden [32]. Seventy-eight total 
patients were treated, 68 with MDS and 15 with AML (either proceeding from MDS or with blast 
count of <30%). Cytarabine was given in a divided dose of 15 mg/m2/day subcutaneously and 
continued until bone marrow cellularity was 50% of that at study initiation or until “unacceptable” 
peripheral cytopenias developed. At that point cytarabine was held to allow counts to stabilize then 
reintroduced unless there was failure for count recovery, clear signs of progression, intolerance, or 
response. Half of the patients received dual differentiating agent therapy in addition to cytarabine 
with 13 cis-retinoic acid at 1 mg/kg/day and 1  OH-vitamin D at a starting dose of 1 g/day and 
increasing until mild hypercalcemia developed [32]. In this study there was no significant difference 
in response rate between the two arms with response rates of 26.1% overall for the study [32]. Median 
overall survival was 10.5 months and not different between the arms [32]. Rate of transformation to 
AML in the MDS cohort was similarly unchanged. Given increased toxicity in the experimental arm, 
this was felt to suggest no additive benefit of differentiation agents with low dose cytarabine in the 
management of high risk MDS/AML [32]. 

Unfortunately, the studies of vitamin D monotherapy for myeloid disorders suffer from limitations 
including lack of control group, variable response criteria, and unclear end-points, which makes 
drawing conclusions difficult. Ultimately, it seems a portion of patients with myeloid disorders may 
respond to vitamin D monotherapy but the numbers are likely small and the responses transient. 
Patients with lower grade disease and without blasts may have a higher likelihood of response. 
Combination therapies may show more promise but few of these include a control group and the use 
of other active agents makes it difficult to determine the activity of the vitamin analogues. The only 
vitamin D and chemotherapy combination regimen studied in a controlled trial failed to show benefit 
from the addition of vitamin D. It is possible that hypercalcemia in vivo, which was seen in almost 
all studies, limits the maximally tolerated dose, significantly diminishing the therapeutic potential of 
vitamin D based therapies. Further studies are needed to define a role of vitamin D therapy in the 
treatment of myeloid malignancies. 
  



152 
 

 

3.4. Vitamin D as Therapy for Non-Myeloid Hematologic Cancers 

There are few studies examining the role of vitamin D in non-myeloid blood disorders. Multiple 
pre-clinical studies have shown activity of the vitamin D analogue EB1089 in the myeloma H929 
cell line [33–35]. In this case, the agent appears to promote apoptosis, and induce cell cycle arrest by 
down regulation of cyclin dependent kinases, an activity that is augmented by transforming growth 
factor beta (TGF- ) [33]. There are pre-clinical studies demonstrating that vitamin D has an inhibitory 
effect on lymphoid neoplastic cells, but to date, no studies in humans have been performed [8]. 

4. Vitamin D as a Modulatory of Immune Response in Allogeneic Transplant 

There is considerable interest in vitamin D analogues for their immune-modulatory effects.  
The last decade has brought a renaissance of immune therapies in oncology with the approval of 
rituximab, a humanized IgG1 targeting CD20 on lymphoma cells; ipalimumab, a CTLA-4 inhibitor 
that upregulates the immune response against melanoma; and promising results with PD-1 inhibitors, 
which also increase immune responses against many other malignancies. Hematologic malignancies 
have long been known to be susceptible to immune surveillance and allogeneic hematopoietic stem 
cell transplantation (HSCT) has been established as a curative therapy for many hematologic 
malignancies since the 1980s. HSCT is performed by replacing an individual’s entire hematopoietic 
system, and hence his or her immune system, with that of another person. HSCT is the only potential 
curative therapy for several hematological disorders but presents two major barriers associated with 
the immune system. To allow a donor immune system to persist without being rejected, the recipient 
must receive immune suppressive chemotherapy, which causes severe reduction in immune cells and 
a significantly increased risk of infection. Post-transplant, when the donor immune system has 
grown, it may attack or reject the recipient’s tissues in a process called graft versus host disease 
(GVHD). Treatment of GVHD requires immune suppressive medications, thus leading to a delicate 
interplay between the dangers of immune stimulation and immune suppression. Optimal therapy 
would involve stimulation of the donor immune system to react and destroy the blood disease, 
without driving the immune response to healthy recipient tissues or organs. This process of immune 
modulation is mediated by a complex system of lymphocytes and associated cytokine regulators and 
agents that can modulate this system are attractive to improve outcomes. 

Vitamin D via the VDR has a role in immune regulation and vitamin D analogues are well-established 
therapies for some autoimmune conditions such as psoriasis. This effect is likely due to the known 
effects of vitamin D on activated T and B cells that may affect signaling, tissue targeting, or immune 
regulation. Of course, given their roles in monopoiesis and macrophage activity, VDR stimulation 
appears to be crucial to the activity of antigen presenting cells and this is felt to be responsible for 
the role VDR activity seems to play in response to infections. For example, in tuberculosis infection 
decreased vitamin D levels appear to increase the risk of tuberculosis disease and supplementation 
may help resolve infection [7,36]. The immunomodulatory role of vitamin D suggests possible 
importance in the outcome following HSCT. VDR genes are polymorphic in the human population 
and the genetic variation in VDR has been a subject of investigation in patients undergoing HSCT. 
These polymorphisms were discovered by variation in restriction enzyme cleavage sites and thus are 
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defined and named for these enzymes (i.e., TaqI, ApaI) with two different allele possibilities with 
different cleavage patterns. Though the exact ways in which various polymorphisms change vitamin 
D receptor activity are often unknown these genetic variations have been associated with variability 
in immune function and other vitamin D activities such as growth, bone formation, and susceptibility 
to infectious diseases [6]. 

Cho et al. reported an analysis of VDR polymorphisms in 147 Korean patients who underwent 
matched related donor HSCT. They analyzed recipient VDR polymorphisms and retrospectively 
evaluated the association with patient outcomes including infection, GVHD, overall survival (OS) 
and disease free survival (DFS) [37]. The most significant findings were a correlation between 
polymorphisms at the Taq1 cleavage site where heterozygotes, (those possessing at least one copy of 
the C allele), had better disease free survival (DFS) and overall survival than TT homozygotes [37]. 
The functional significance of this allelic variation is unknown and no direct link to high or low VDR 
activity is reported. This study also found that recipients having two copies of the “A” allele for the 
ApaI polymorphism experienced decreased rates of acute GVHD and infection [37]. Polymorphisms 
of ApaI have been correlated to VDR activity with homozygosity for the “a” allele associated with 
higher VDR activity [4]. 

Middleton and colleagues reported a cohort of 88 patients with myeloid malignancies whose VDR 
gene polymorphisms and those of their 80 sibling donors were analyzed and correlated to outcomes [6]. 
Like Cho and colleagues, they noted a marked trend toward diminished acute GVHD in recipients 
with the AA (low VDR activity) genotype. Donor results for ApaI polymorphisms were somewhat 
more confusing. Recipients of donors with high VDR activity genotype (aa) showed a trend toward 
more GVHD, though not statistically significant (p = 0.065), but recipients of donors with the low VDR 
activity genotype (AA) had a statistically significant increased rate of death (HR 2.027, p = 0.0232) 
[6]. This is somewhat unusual as GVHD is a major contributor of mortality from HSCT and typically 
increased rates of GVHD will lead to increased mortality. This decreased survival was not 
statistically significant in patients who received cyclosporine GVHD prophylaxis alone (p = 0.83) 
but was marked for those patients who received multiagent GVHD prophylaxis with cyclosporine 
and the addition of methotrexate (n = 17), ATG (n = 4), corticosteroids (n = 4), or multiple additional 
agents (n = 2) (HR > 12, p < 0.0.0001). Primary causes of death in this cohort were infection, relapse, 
and interstitial pneumonitis [6]. 

Finally, Bogunia-Kubik and colleagues published an analysis of 123 Polish patients with the 
inclusion of those receiving unrelated donors [4]. They found an association between the FF 
genotype, which is associated with high VDR activity, and outcomes following HSCT. If both the 
donor and recipient possessed the FF genotype, the recipient experienced higher risk of GVHD [4]. 
As in the other studies ApaI genotype also impacted risks of GVHD. Interestingly, different 
genotypes corresponded to higher GVHD risks depending on whether they were present in the donor 
or recipient. In this analysis, unlike the previous one by Middleton, donor AA (low VDR activity) 
genotype correlated with a higher risk for GVHD than donor genotypes with at least one “a” allele [4]. 
At the same time, recipient aa (high VDR activity) genotype had a higher risk of GVHD and death 
than the low VDR activity genotype, which is consistent with what has been seen in other studies [4]. 
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Clearly, in its mediation of immune signaling the vitamin D receptor appears to have an impact 
on immune reconstitution after HSCT and subsequent risks of infection, graft versus host disease, 
and graft versus disease effect. This would suggest a wide range of therapeutic potential if these 
relationships can be better understood. Despite the fact that vitamin D through the VDR usually plays 
an immune modulatory role, it appears that the most vigorous phenotype of the vitamin D receptor, 
when present in the recipients of HSCT leads to worse GVHD and worse outcomes [4,6,37]. This is 
suggested to be due to a particular role of stimulating the immediate immune response and cytokine 
storm that initiates GVHD, which is likely through a paracrine effect with its presence in recipient 
tissue [4]. One could also see vigorous VDR activity as promoting antigen presentation and thus a 
vigorous immune response though there is less speculation on this mechanism. Regarding donor 
VDR genotype, results are contradictory. The idea of vigorous VDR signaling in donors being 
favorable (as seen in the study of Bogunia-Kubik and colleagues) could suggest VDR mediated 
immune activation could promote more aggressive immune surveillance of infection and preclinical 
disease relapse. In addition, the role of VDR in production and homing of T regulatory cells, such as 
the CD4 + cells seen in the rodent model, could lead to improved modulation of the reconstituted 
immune system and improve outcomes. This data is compelling in suggesting that VDR and likely 
vitamin D play a role in immune reconstitution and immune surveillance in transplant patients and 
the findings may lead to opportunities to improve outcome following HSCT by the use of vitamin D 
analogues. A better understanding of how vitamin D status may affect the immune milieu in the 
setting of different polymorphisms could be useful for making recommendations about vitamin D 
supplementation. Given the general recommendations to supplement vitamin D after transplantation, 
it may be important to study the role of supplementation on outcome particularly in recipients with 
vigorous VDR phenotypes. Such a relationship is suggested by unpublished data from Bogunia-Kubik 
and colleagues, which showed higher rates of GVHD in recipients with the high VDR activity (aa) 
genotype treated with supplementary vitamin D [4]. Similarly, these findings suggest that in some 
recipients of HSCT, supplementation could promote better immune function in the reconstituted 
immune system and help prevent infections or late forms of GVHD [38]. 

5. Vitamin D Status in Supportive Care for Treatment of Hematologic Malignancies 

Finally, at the same time vitamin D status is examined as a factor in disease outcomes and the  
non-classical roles are explored, the classical role of vitamin D in regulating bone calcium deposition 
and bone density remains critical. Two populations in which significant attention has been paid to 
vitamin D status are patients after allogeneic stem cell transplant, who are known to have significant 
endocrinologic and nutritional risk factors for deficiency related to their treatment, and patients with 
multiple myeloma, a disease intimately related to bone health. 

Pediatric allogeneic stem cell transplant recipients are at particular vulnerability to bone loss due 
to the high risks of total body irradiation and conditioning chemotherapy to cause endocrine failure 
syndromes prior to final adult growth and the deposition of primary bone mass in the 20s.  
Moustoufi-Moab and colleagues looked at 55 patients who received allogeneic transplant between 
the ages of 5–26 and who were at least three years from the procedure and compared their bone 
mineral density scores to healthy controls [39]. Eighty-nine percent of patients did have 
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endocrinopathies, and post-transplant patients were found to have significantly lower bone mineral 
density than healthy controls. Rates of vitamin D deficiency were high but not significantly different 
between patients and controls in this analysis [39]. 

Studies of adults have been contradictory in regards to assessing vitamin D status of allogeneic 
stem cell transplant survivors, though timing at which assessment is done likely has a significant 
effect. Joseph and colleagues assessing patients on day 0 and day +100 found 70% and 58% of 
patients to be vitamin D deficient, respectively [40]. Of note, this was an observational study and the 
different time points were assessed in different cohorts of patients. Fourty-six of the 72 patients in 
the post-transplant cohort had bone mineral density measurements with high rates of osteopenia 
(83%) and osteoporosis (22%) but these values were not significantly different in the vitamin D 
deficient and non-vitamin D deficient patients [39]. Still, the small sample size makes this lack of 
difference difficult to confirm. Robien and colleagues looked at a mixed cohort of 95 adults and 
children after at least one-year post transplant and found a only 10% were frankly vitamin D deficient 
with an additional 24% being insufficient [41]. Of note, greater than 60% of the patients in the study 
were taking vitamin D supplementation and oral intake was the greatest factor related to adequate 
levels. A daily intake of 400–600 IU corresponded with adequate levels of serum vitamin D and, as 
anticipated, prednisone diminished serum vitamin D concentrations [41]. No analysis of bone 
mineral density was done in this study. 

Given these findings, there are clear recommendations on management of vitamin D status and 
bone health for patients after allogeneic stem cell transplant. UK guidelines recommend DEXA 
scanning for all patients expected to be on chronic (>3 months) of corticosteroid therapy as well as 
measurement for and correction of vitamin D deficiency [42]. ASBMT guidelines recommend 
DEXA for older women, all allogeneic stem cell transplant recipients, or those on chronic steroids 
or calcineurin inhibitors [43]. Both recommend assessment for vitamin D deficiency, and correction  
if present. 

Myeloma is a plasma cell malignancy that causes lytic bone disease as one of its hallmarks. Given 
the importance of vitamin D in bone formation, the role of vitamin D supplementation in myeloma 
has gained some attention. Myeloma is known to promote osteoclastic over osteoblastic activity as a 
factor in causing lytic bone lesions. This activity can be reversed by one of our newer and best agents 
for myeloma, bortezomib. It has been shown that vitamin D significantly promotes the ability of 
bortezomib to inhibit osteoclast proliferation and heal bone lesions [44]. This would suggest an 
important role for supplementation, or at least adequate repletion, during treatment in order promote 
healing of bone disease. 

At the same time the role of vitamin D has been examined clinically and observationally. Badros 
and colleagues surveyed 100 consecutive patients seen in University of Maryland cancer center with 
multiple myeloma and found 75% of patients were frankly deficient or insufficient [45]. They used 
this information to emphasize the need for checking and supplementation, particularly as 
bisphosphonates that are widely recommended in MM have never been shown to be effective without 
adequate calcium and vitamin D levels [45]. Additionally, attempts have been made to correlate 
vitamin D levels with myeloma behavior. Two observational studies from the Mayo clinic and 
Australia look at the clinical characteristics of vitamin D deficient myeloma patients [46,47]. 
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Diamond and colleagues in New South Wales followed a group of myeloma patients for 10 years 
and stratified them into quartiles by serum vitamin D concentration. Statistically significant 
differences in paraprotein level and albumin concentration were seen with vitamin D quartile with 
lower quartiles associated with worse myeloma markers [47]. The lowest quartile also had 
significantly worse bone mineral density compared to the other quartiles. On the other hand, Ng and 
colleagues at the Mayo clinic looked at 148 newly diagnosed patients and were able to correlate  
1,25-dihydroxyvitamin D levels of <50 nmol/L with lower albumin and higher CRP [46]. There was 
also a trend toward higher levels of vitamin D deficiency with higher staged myeloma, but there was 
no difference in skeletal events between the groups [46]. It should be noted that as observational 
studies both of these analyses cannot show causation, as it is impossible to know whether bad 
myeloma influences vitamin D status or vitamin D status influences myeloma behavior. Still, given 
the role of vitamin D in helping repair bone damage repletion is likely prudent to assure adequate 
repletion during treatment. 

Ultimately, studies have revealed that post-allogeneic stem cell patients are vulnerable to 
endocrinopathies and bone mineral loss. Supplementation of fairly low doses seems to correspond to 
adequate levels and despite somewhat unclear direct relationships between vitamin D level and bone 
density at one point in time it seems prudent to maintain normal levels in patients particularly 
vulnerable to bone disease. Similarly, data that vitamin D is required for bisphosphonate activity and 
may help bortezomib, an important agent used for treatment of myeloma, suggests that those with 
lytic skeletal disease should at least receive replacement to assure a normal vitamin D level. 

6. Summary and General Conclusions 

Ultimately, the ubiquity of the vitamin D receptor and the myriad physiologic effects that have 
been found suggest multiple mechanisms of potential benefit from the use of Vitamin D in the 
treatment of hematologic disease. In the hematopoietic system there is evidence that the vitamin D 
pathway affects both differentiation of cells and their ultimate activation once differentiated, 
although the importance in various disease states remains poorly understood. It can be said with some 
level of certainty that vitamin D promotes differentiation of monocytes and macrophages under 
certain conditions, and there is a suggestion that at least a fraction of cases of myeloid disorders (i.e., 
CMML) may respond to vitamin D supplementation. Similarly, immune-modulatory effects of 
vitamin D almost certainly affect the complicated immune environment in patients who have had 
allogeneic stem cell transplants. As the modulation of their immune system is a major factor in the 
clinical outcomes of these patients, understanding vitamin D signaling better in this situation may be 
helpful. Well-controlled trials will likely be necessary to confirm any anti-leukemic or anti-MDS 
benefits of vitamin D therapy. Continued scientific investigation of immune modulation and the role 
of vitamin D in that process is still necessary to understand proper mediation of immune function 
with vitamin D. 
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A Novel Role for a Major Component of the Vitamin D Axis: 
Vitamin D Binding Protein-Derived Macrophage Activating 
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Stimulation of Macrophages 
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Abstract: The role of vitamin D in maintaining health appears greater than originally thought, and the 
concept of the vitamin D axis underlines the complexity of the biological events controlled by 
biologically active vitamin D (1,25(OH)(2)D3), its two binding proteins that are the vitamin D receptor 
(VDR) and the vitamin D-binding protein-derived macrophage activating factor (GcMAF). In this study 
we demonstrate that GcMAF stimulates macrophages, which in turn attack human breast cancer cells, 
induce their apoptosis and eventually phagocytize them. These results are consistent with the observation 
that macrophages infiltrated implanted tumors in mice after GcMAF injections. In addition, we 
hypothesize that the last 23 hydrophobic amino acids of VDR, located at the inner part of the plasma 
membrane, interact with the first 23 hydrophobic amino acids of the GcMAF located at the external part 
of the plasma membrane. This al1ows 1,25(OH)(2)D3 and oleic acid to become sandwiched between 
the two vitamin D-binding proteins, thus postulating a novel molecular mode of interaction between 
GcMAF and VDR. Taken together, these results support and reinforce the hypothesis that GcMAF has 
multiple biological activities that could be responsible for its anti-cancer effects, possibly through 
molecular interaction with the VDR that in turn is responsible for a multitude of non-genomic as well as 
genomic effects. 

Reprinted from Nutrients. Cite as: Thyer, L.; Ward, E.; Smith, R.; Fiore, M.G.; Magherini, S.;  
Branca, J.J.V.; Morucci, G.; Gulisano, M.; Ruggiero, M.; Pacini, S. A Novel Role for a Major 
Component of the Vitamin D Axis: Vitamin D Binding Protein-Derived Macrophage Activating Factor 
Induces Human Breast Cancer Cell Apoptosis through Stimulation of Macrophages. Nutrients 2013, 5, 
2577-2589. 

1. Introduction 

The so-called vitamin D axis is involved in various aspects of human breast cancer, the most common 
human tumor. The vitamin D axis is composed of the biologically active form of vitamin D 
(1,25(OH)(2)D3), and by two proteins that specifically bind it. These proteins are the vitamin D receptor 
(VDR) and the vitamin D binding protein that is the precursor of the vitamin D binding protein-derived 
macrophage activating factor, also termed GcMAF [1]. The role of vitamin D in human breast cancer is 
witnessed by the number of studies that have been published on the subject [2]. More intriguing, 
however, is the relative lack of information about GcMAF and human breast cancer; in fact, in the  
peer-reviewed literature, as of today (May 2013), there are only four studies on this subject. In two of 
these studies, the effects of GcMAF were observed on the human breast cancer cell line MCF-7 in vitro [3,4]. 
Another study examined the glycosylation status of vitamin D binding protein in cancer patients 
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including breast cancer patients [5], whereas a less recent study reported the effects of administering 
GcMAF to metastatic breast cancer patients [6]. 

It is interesting to notice that no studies have, so far, been performed in order to assess whether 
GcMAF, which is a known powerful activator of macrophages, was indeed capable of activating 
macrophages that could in turn “attack” human breast cancer cells. There is indirect evidence suggesting 
that GcMAF activates macrophages that infiltrate experimental tumors in animal models [7,8].  
This evidence, however, is indirect and, most important, refers to experimental tumors other than human 
breast cancer. In addition, since the observations quoted above were performed in experimental animals, 
the presence of confounding factors associated with the complexity of the responses of the whole 
organism to the presence of transplanted or advanced tumors, limits the possibility of interpretation of 
the presented results. 

Therefore, in order to fill this gap of knowledge, we performed experiments to provide clear-cut 
evidence that GcMAF, as part of the vitamin D axis, activates normal macrophages that in turn exert a 
tumoricidal action against human breast cancer cells without the presence of confounding factors. 

2. Experimental Section 

Purified, activity-tested GcMAF was obtained from Immuno Biotech Ltd., Guernsey, Channel Islands. 
Paricalcitol was from Abbott, Roma, Italy. All other reagents were from Sigma Aldrich, Milano, Italy. 

2.1. Cell Lines 

Human breast cancer cells (cell line MCF-7) were obtained from the Istituto Zooprofilattico 
Sperimentale della Lombardia e dell’Emilia-Romagna, Brescia, Italy. Cells were routinely maintained 
at 37 °C in a humidified atmosphere of 5% CO2 in Eagle’s minimum essential medium in Earle’s 
Balanced salt solution, supplemented with 1 mM sodium pyruvate, 10% fetal bovine serum (FBS),  
100 U/mL penicillin, and 100 g/mL streptomycin (Invitrogen, Carlsbad, CA, USA). No 1,25(OH)(2)D3 
was present in the culture medium. In experiments of co-cultures, macrophages (cell line Raw 264.7, 
HPA Culture Collection) were activated by culturing them in the same medium of MCF-7 cells and in 
the presence of 100 ng/mL GcMAF for 72 h prior to addition to the MCF-7 cell culture. GcMAF 
concentration was established by preliminary experiments showing a linear dose-response curve. The 
initial response was observed at 1 ng/mL and a plateau was reached at 100 ng/mL. These concentrations 
were consistent with the results previously reported [3,4]. Before addition to the MCF-7 cell culture, the 
macrophages were gently centrifuged and re-suspended in fresh medium in order to avoid transferring 
GcMAF to the co-culture. In this way, we could rule out direct effects of GcMAF on MCF-7 cells.  
The macrophages were added at a ratio of 1:1 to the MCF-7 cell culture. The cells were then allowed to 
settle for 1 h before time-lapse photography. Photography was taken over a 7-day period using an Olympus 
CK2 microscope and a GXCAM-3 with NCH Debut capture software. In the experiments described in 
Figures 1A and 2, the cells were fixed and stained as described below 40 h after co-culturing them. 
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2.2. Study of Cell Morphology 

Cell morphology was studied by phase-contrast microscopy using an Optika inverted microscope 
(Model XDS-2; Optika Microscopes, Bergamo, Italy). This microscope had a positive-phase plate for 
phase-contrast imaging below a long working distance condenser lens, and an 8 Mp digital camera with 
LCD Screen (Optika Microscopes, Bergamo, Italy). The light source was a 6 V/30 W halogen  
pre-centered illuminator, with adjustable intensity. Phase-contrast imaging was performed on living cells 
without any fixation or treatment. A series of digital images of living cells were recorded for each 
experimental point and the most representative were chosen. 

Haematoxylin-eosin and Papanicolaou staining were also performed. This last staining results in very 
transparent cells, such that even thicker specimens with overlapping cells could be recorded. Briefly, 
cells were stained with Harris haematoxylin as nuclear stain. Orange G and EA-65 (Light Green, 
Bismarck Brown, and Eosin) were used for cytoplasmic staining (Sigma Aldrich, Milano, Italy). Slides 
were mounted with permanent mounting medium and observed under light microscopy (Nikon 
Instruments SpA, Milano, Italy). Pictures shown are representative of typical experimental data.  
Each experiment was performed with quadrupled samples and was replicated three times. 

2.3. Study of Cell Proliferation 

Assessment of cell proliferation was determined by a Calbiochem Rapid Cell Proliferation Kit 
(Calbiochem, D.B.A., Milano, Italy) [9]. Each condition was replicated with quadrupled samples and 
each experiment was replicated three times. Differences between experimental values were evaluated by 
the Student’s t-test. 

2.4. Study of Amino Acid Alignments and Functions 

Analyses were carried out on the nucleotide and amino-acid sequences of the genes coding for vitamin 
D binding protein/GcMAF (isoform 1 precursor; gi|324021743|ref|NP_001191235.1) and VDR 
(gi|38511972|gb|AAH60832.1) in Homo sapiens. In reference to the protein alignments, three 
parameters have been taken into account: 

1. sequence identity 
2. sequence similarity 
3. hydrophobic profile 

These criteria were evaluated because they determine the quality of the alignments. In addition, we 
evaluated the functional value of the amino acids replaced, i.e., the importance that any divergence 
assumes within the sequence. The values obtained have allowed the scores to be added, rather than 
multiplied, in the global calculation of alignment scores. Information concerning the selected genes was 
obtained from the database at the University of California, Santa Cruz [10] referring to the latest 
published version of the human genome [11]. In particular, we used the table refGene, containing all 
gene coding and non-coding for proteins. In this way, it was possible to obtain detailed information on 
human genes, such as: chromosome, position of the start and the end of transcription, position of the 
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start and the end of coding part, and the number and the positions of exons. The annotations for the genes 
were obtained using the algorithm liftOver [12]. 

The presence of conserved elements within the alignment was verified by using the information 
contained in the phastConsElements28way table of the UCSC database. This table contains the 
predictions of conserved elements produced by the phastCons program. The positions were reported on 
the alignment. All operations, from the search of genomic information to the creation of the alignments, 
were made using R Statistical Mathematical Software. Once the sequences were aligned, the columns of 
residues were taken into consideration. Any lined-up residue is to be considered implicitly related to 
evolution. The hydrophobic profile was obtained using software on the website [13]. Among the several 
systems that can be used for the calculation of the index of the amino acid sequence 
hydrophobicity/hydrophilicity, we selected the Kyte and Doolittle’s method [14]. The three-dimensional 
protein structures of vitamin D-binding protein and VDR were obtained through the use of the PDB 
archive [15]. Superposition between the two structures was possible through the use of the Swiss Pdb 
Viewer software [16]. The PDB archive contains information about experimentally-determined 
structures of proteins, nucleic acids, and complex assemblies. SwissPdb Viewer is an application that 
provides an interface allowing analysis of several proteins at the same time. The proteins can be 
superimposed in order to deduce structural alignments and compare their active sites or any other 
relevant parts. Amino acid mutations, H-bonds, angles, and distances between atoms are easy to obtain 
thanks to the intuitive graphic and menu interface. 

3. Results 

When co-cultured with human breast cancer cells in the absence of GcMAF, macrophages did not 
interact with human breast cancer cells and their characteristically irregular morphology was maintained 
(Figure 1A). Little or no vacuoles could be observed in macrophage cytoplasm, indirect evidence of a 
lack of activation. As described before, human breast cancer cells exhibited their typically  
non-homogeneous morphology, with some cells larger than other. The morphology of the cells was 
irregularly polygonal. As expected, human breast cancer cells tended to grow, one on top of the other, 
forming clusters that reflected the characteristic loss of contact inhibition. Figure 1B depicts phase 
contrast microphotography of a cluster of human breast cancer cells cultured in the absence of 
macrophages or any other addition. Cancer cells are visible as cords of cells growing in multi-layers in 
the center of the Figure. At higher magnification (Figure 1C), the cells appeared densely packed, with 
linear, non-fragmented, margins, and with a clearly recognizable organization of chromatin inside the 
nucleus, indicating a strong synthetic activity compatible with the high rate of proliferation of these cells. 
The nucleoli are clearly visible. Figure 1D, shows Papanicolau staining of only human breast cancer 
cells; a significant cluster can be observed in the left lower side of the image. The nuclei appear heavily 
stained as expected in growing cancer cells. The perimeter of the cells is linear with no indents or signs 
of fragmentation. Empty (white) areas in the well are also clearly observable. These represent naked 
areas of the plastic well that reflect the loss of adherence typical of cancer cells. Loss of adherence is a 
pre-requisite for cellular detachment, invasiveness, and metastatic potential. 
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Figure 1. (A) Haematoxylin-eosin staining (magnification 300×); in the absence of GcMAF, 
small macrophages do not appear to interact with MCF-7 human breast cancer cells. The 
picture refers to 40 h co-culture. (B) Phase contrast microphotography (300×) of a cluster of 
cancer cells in the center. (C) At higher magnification (1200×) the cells appear densely 
packed. (D) Papanicolau staining (1200×); a cluster in the left lower side of the image. The 
nuclei are heavily stained and the perimeter of the cells is linear with no indents or signs of 
fragmentation. 

 

 

However, when human breast cancer cells were co-cultured with macrophages that had been 
previously activated by GcMAF (100 ng/mL) for 72 h, the picture was completely different as shown in 
Figures 2 and 3. The pictures show co-culture of GcMAF-activated macrophages and human breast 
cancer cells after 40 h incubation. GcMAF-activated macrophages appeared as small cells that 
surrounded human breast cancer cells. Figure 2A (Papanicolau staining,) clearly shows a group of human 
breast cancer cell in the center of the image surrounded by hundreds of small macrophages. At higher 
magnification, (Figure 2B) one human breast cancer cell appears completely surrounded by macrophages 
that are also observable on top of the cell. The nucleus of the macrophages is well stained, whereas the 
chromatin in the nucleus of the cancer cell appears fragmented and disorganized. The nucleoli, however, 
are still recognizable; this phenomenon can be interpreted as an index of remaining synthetic activity as 
expected in cells undergoing active apoptosis. The cytoplasm of macrophages appears vacuolated thus 
suggesting active phagocytosis. Figure 2C shows another field where two large human breast cancer 
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cells are surrounded by GcMAF-activated macrophages that appear to emit cytoplasmic extrusions that 
search for contact with the membrane of cancer cells. The cell in the center of Figure 2C, at higher 
magnification (Figure 2D), shows a peculiar aspect; the chromatin in the nucleus appears fragmented 
and, in the lower right corner, the cytoplasm appears to be indented as if the two macrophages in that 
region were actively deconstructing the cytoplasmic assembly of the cancer cell. A similar phenomenon 
can be observed on the left where two macrophages indent the cytoplasmic profile of the cancer cell. 

It is worth noticing that all these morphological changes are consistent with the induction of apoptosis 
of human breast cancer cells by activated macrophages [17]. In particular, some of the morphological 
changes were consistent with the early phases of apoptosis and the morphology of the nucleus of human 
breast cancer cells shown in Figure 2 is almost superimposable to that represented in Figure 1 (left panel) 
of Hacker, 2000 [17]. Even the changes in the morphology of the cytoplasm were consistent with the 
induction of apoptosis by GcMAF-activated macrophages and the cytoplasm of human breast cancer 
cells showed the typical pattern of disintegration that precedes the formation of apoptotic bodies.  
In addition, in this case, the morphology of the cytoplasm of the cancer cells appears remarkably similar 
to that presented in Figure 1 (middle panel) of Hacker, 2000 [17]. Although the morphological features 
observed here are suggestive of active apoptosis, further studies using ELISA tests to quantify the level 
of human active caspase-3 protein, the major executioner protease in apoptosis, will determine 
quantitatively the degree of apoptosis induced by GcMAF-activated macrophages. 

Figure 2. Co-culture of GcMAF-activated macrophages and human breast cancer cells; 
Papanicolau staining. (A) Cancer cells in the center are surrounded by hundreds of small 
macrophages (100×). (B) One human breast cancer cell is completely surrounded by 
macrophages that are also observable on top of the cell (200×). (C) Two large cancer cells 
are surrounded by GcMAF-activated macrophages (100×). (D) The same cell (200×); the 
chromatin in the nucleus is fragmented and, in the lower right corner, the cytoplasm is to be 
indented as if the two macrophages in that region were actively deconstructing the cytoplasm 
of the cancer cell. 
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Figure 2. Cont. 

 

Time-lapse micro-photography shows that after about seven days of co-culture of GcMAF-activated 
macrophages with human breast cancer cells, the irregular growth of the breast carcinoma cells was 
arrested and the large protruding cell biomass was reduced. Figure 3A shows the human breast cancer 
cells and the GcMAF-activated macrophages at day one; the cancer cells, as expected, form an irregular 
layer that covers the field of observation. Individual cancer cells can be recognized as well as the naked 
areas of the plate as described above. GcMAF-activated macrophages appear as small cells that are 
attached to the cancer cells, in most cases, above them. It is interesting to notice that almost no 
macrophages can be observed in the naked areas of the plate, thus confirming the observation that 
GcMAF-activated macrophages seek for contact with the cancer cells. After seven days of  
co-incubation (Figure 3B), no individual cancer cell can be recognized. After macrophage-induced 
apoptosis, their apoptotic bodies are all grouped together in the center of the field of observation, and 
most of the field is empty of cancer cells. Most GcMAF-activated macrophages surround and infiltrate 
the mass of cancer cell debris in the center. 

Figure 3. Phase contrast microphotography from time-lapse recording of co-culture of 
GcMAF-activated macrophages and human breast cancer cells. (A) Day one of co-culture; 
the cancer cells form an irregular layer. Individual cancer cells can be recognized.  
GcMAF-activated macrophages appear as small cells that are attached to the cancer cells, in 
most cases above them. (B) Day seven of co-culture. No individual cancer cell can be 
recognized. Their apoptotic bodies are grouped together in the center of the field, and most 
of the field is empty of cancer cells. Most GcMAF-activated macrophages surround and 
infiltrate the mass of cancer cell debris in the center. 
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Taken together these results demonstrate for the first time that GcMAF-activated macrophages induce 
human breast cancer cell apoptosis and the subsequent reduction of the cancer cell mass following 
phagocytosis of apoptotic cancer cells by macrophages. 

4. Discussion 

It is long considered that the role of vitamin D in maintaining health is much greater than originally 
supposed, up to the point that some authors jokingly wonder whether “does vitamin D make the world 
go ‘round’?” [18]. The emergence of the concept of the vitamin D axis [1,19] further underlines the 
complexity of the biological events controlled by 1,25(OH)(2)D3 through its two binding proteins (VDR 
and vitamin D-binding protein/GcMAF) that interfere with a growing number of events at the cellular 
and molecular level. In this study we focused our attention on the product of deglycosylation of the 
vitamin D-binding protein that is GcMAF, probably one of the most potent macrophage activators so far 
discovered [20]. Our results demonstrate that GcMAF stimulates macrophages that in turn attack human 
breast cancer cells, possibly induce their apoptosis and eventually phagocytise them. These results are 
consistent with the observation that macrophages infiltrated experimental tumors implanted in severely 
immunodeficient mice after GcMAF injections [8]. However, at variance with the observation reported 
above, in our experiments we could rule out indirect effects due to the adaptive response of the whole 
organism to the presence of an advanced tumor and to the GcMAF-induced inhibition of angiogenesis 
with consequent tumor hypoxia and necrosis [8]. A limitation of the present study is represented by the 
use of only two cell lines, which are human breast cancer cell line MCF-7, and mouse Raw 264.7 
macrophages. It should be noticed, however, that GcMAF exerted qualitatively superimposable effects 
on primary human mononuclear cells [21] and in the human monocytoid cell line, MonoMac 6 [22]. 
Future experiments will elucidate whether the effects observed in this study can be extrapolated to other 
human breast cancer cell lines challenged with GcMAF-activated human macrophages. 

The observation that GcMAF, a component of the vitamin D axis, exerts tumoricidal effects on human 
breast cancer cells through macrophage activation raises the question of whether there is any interaction 
between GcMAF and the VDR. Such a type of interaction would be critical to understand the effects of 
1,25(OH)(2)D3 and GcMAF at the molecular level. This question might appear odd at first, as, for many 
years, it had been thought that VDR was localized in the cytoplasm and in the nucleus, and GcMAF 
could not cross the plasma membrane and therefore had to be recognized by a surface receptor, possibly 
a lectin-type receptor [23]. However, the observation of an association between the polymorphisms of 
the gene coding for VDR, and differential responses to GcMAF in human monocytes [21], as well as 
with metastatic breast cancer [24], raises the apparently odd issue of a molecular interaction between 
GcMAF and the VDR. In support for this hypothesis there is the observation that the VDR translocates 
to the plasma membrane [25], and plasma membrane associated VDR is responsible for the rapid, non-
genomic effects of vitamin D [26]. Thus, in order to verify the possibility of a molecular interaction 
between GcMAF and VDR, we compared the amino acid sequences corresponding to their respective 
1,25(OH)(2)D3 binding sites. There are 23 hydrophobic amino acids near the amino terminus of GcMAF 
(-----MKRVLVLLLAVAFGHALERGRDY) and 23 amino acids near the carboxyl terminus of the VDR 
(SFQPECSMKLTPLVLEVFGNEIS-----). If these two sequences are aligned (Figure 4A), it is possible 
to observe, not only that in both proteins there is a long stretch [21,24] of hydrophobic amino acids 



169 
 

 

(highlighted in green in Figure 4A, upper insert), but that four hydrophobic amino acids are identical (L 
L FG; indicated in yellow and in green above and under the alignment. The sequence of GcMAF is 
above). In addition, 11 amino acids have similar functional valence as indicated by the conventional 
symbols (*), (.) and (:). Therefore, in the 1,25(OH)(2)D3 binding domains of GcMAF and VDR there 
are in total 11 out of 23 amino acids that show functional identity or similarity and 13–14 that are 
hydrophobic. A molecular interaction between the two proteins can therefore be proposed (Figure 4A). 
According to this model, the last 23 hydrophobic amino acids of VDR (VDR is on the right of Figure 4A), 
located at the inner part of the plasma membrane (represented as a dotted line), could interact with the 
first 23 hydrophobic amino acids of the GcMAF (GcMAF is on the left of the Figure 4A) located at the 
external part of the plasma membrane, with 1,25(OH)(2)D3 (represented in yellow) sandwiched between 
the two vitamin D-binding proteins. Oleic acid, taken as an example of an unsaturated fatty acid bound 
to GcMAF [27], could stabilize the complex at the level of the plasma membrane. In fact, both 
1,25(OH)(2)D3 and oleic acid in GcMAF are located in a shallow cleft of the GcMAF protein that makes 
them accessible to the plasma membrane. In addition to the mode of interaction proposed in Figure 4A, 
there could be further additional interaction that takes into consideration just the fact that vitamin D 
binding-protein (and therefore also GcMAF) binds unsaturated fatty acids as demonstrated by Williams 
et al., 1998 [27]. The fatty acid binding site is located between domains II and III, which is between 
positions 304 and 387. When we aligned the 23 hydrophobic amino acids of the VDR quoted above 
(represented in the insert in Figure 4B; also in this case, the sequence of GcMAF is represented above 
that of VDR) and the corresponding hydrophobic amino acids of the unsaturated fatty acid binding site 
of GcMAF (in particular, those in position 356–386), we observed that there was a significant degree of 
functional homology; in fact there are eight amino acids with similar functional valence in a long stretch 
of hydrophobic amino acids (highlighted in blue). 
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Figure 4. Amino acid alignments and three-dimensional protein structures of  
vitamin D-binding protein/GcMAF and VDR. (A) 23 hydrophobic amino acids of VDR (on 
the right), located at the inner part of the plasma membrane (dotted line), interact with 23 
hydrophobic amino acids of the GcMAF (on the left of the Figure) located at the external 
part of the plasma membrane. In the insert the hydrophobic amino acids are highlighted in 
green and the four hydrophobic amino acids that are identical (L L FG) are highlighted in 
yellow and in green above and under the alignment. Vitamin D indicates 1,25(OH)(2)D3. 
(B) 23 hydrophobic amino acids of the VDR interact with a stretch of hydrophobic amino 
acids of the unsaturated fatty acid binding site of GcMAF. In the insert, eight amino acids 
with similar functional valence in a long stretch of hydrophobic amino acids highlighted in blue. 

 

Therefore, it can be hypothesized that GcMAF and the VDR have multiple sites of interaction at the 
level of the plasma membrane. According to this model, the presence of 1,25(OH)(2)D3, in the culture 
medium should increase the effects of GcMAF by facilitating the interaction between GcMAF and VDR. 
Consistent with this model, we previously demonstrated that the effects of 1,25(OH)(2)D3 and GcMAF 
were synergistic in inhibiting MCF-7 cell proliferation [4], and the preliminary results reported in Table 
1 indicate that GcMAF and paricalcitol, a non-hypercalcemic VDRagonist, also have synergistic effects. 
In the experiment described in Table 1, we chose to use paricalcitol instead of 1,25(OH)(2)D3 in order 
to determine whether the synergism between 1,25(OH)(2)D3 and GcMAF that we had previously 
observed [4], was to be ascribed exclusively to 1,25(OH)(2)D3, or could also be obtained with other 
VDR agonists. From the results presented in Table 1, it appears that paricalcitol, and, possibly, other 
VDR agonists, could fit the molecular model proposed in Figure 4. 
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Table 1. Effects of GcMAF and paricalcitol on Raw 264.7 macrophages. Raw 264.7 cells 
were incubated for 30 min with indicated additions. The effects of GcMAF on macrophage 
activation were assessed by determining cell proliferation. In fact, it was demonstrated that 
monocytes/macrophages activated by GcMAF administration immediately stop DNA 
replication and rapidly synthesize a large amount of Fc-receptors as well as an enormous 
variation of receptors [28]. Paricalcitol was added at the concentration of 300 fg/mL. At this 
concentration, paricalcitol did not exert any effect. In the presence of paricalcitol  
(300 fg/mL), the effect of 4 ng/mL GcMAF was identical to that of 40 ng/mL GcMAF in the 
absence of paricalcitol. These results demonstrate that the presence of a selective VDR 
agonist at a concentration that is not sufficient to activate VDR per se increases by an order 
of magnitude the response to GcMAF. Data are presented as means ± S.E.M. (n = 12).  
* p < 0.02 vs. control. 

Treatment Absorbance units (×103) 
Control (no addition) 390 ± 11 

Paricalcitol 450 ± 10 
GcMAF 40 ng/mL 379 ± 9 * 

GcMAF 4 ng/mL + paricalcitol 327 ± 10 * 

Taken together, these results support the hypothesis that the interaction between GcMAF and VDR 
might be facilitated by VDR agonists. This hypothesis is further strengthened by the recent observation 
that activated macrophages are able to generate enough biologically active vitamin D so as to be 
detectable in the general circulation [29], thus suggesting a paracrine/autocrine positive feedback loop. 

5. Conclusions 

The results presented in this study suggest that the role of vitamin D in physiology and pathology is 
far more complex than previously envisaged. Thus, in addition to 1,25(OH)(2)D3 itself, at least another 
component of the vitamin D axis, GcMAF, exerts significant effects at the cellular level and it appears 
that the effects of GcMAF are interconnected with VDR activation. Therefore, it can be hypothesized 
that these interconnections between 1,25(OH)(2)D3, GcMAF and VDR will be instrumental in devising 
new therapeutic usages for the components of the vitamin D axis. 
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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 

Patricia G. Weyland, William B. Grant and Jill Howie-Esquivel 

Abstract: Serum 25-hydroxyvitamin D (25(OH)D) levels have been found to be inversely associated 
with both prevalent and incident cardiovascular disease (CVD) risk factors; dyslipidemia, hypertension 
and diabetes mellitus. This review looks for evidence of a causal association between low 25(OH)D 
levels and increased CVD risk. We evaluated journal articles in light of Hill’s criteria for causality in a 
biological system. The results of our assessment are as follows. Strength of association: many randomized 
controlled trials (RCTs), prospective and cross-sectional studies found statistically significant inverse 
associations between 25(OH)D levels and CVD risk factors. Consistency of observed association: most 
studies found statistically significant inverse associations between 25(OH)D levels and CVD risk factors 
in various populations, locations and circumstances. Temporality of association: many RCTs and 
prospective studies found statistically significant inverse associations between 25(OH)D levels and CVD 
risk factors. Biological gradient (dose-response curve): most studies assessing 25(OH)D levels and CVD 
risk found an inverse association exhibiting a linear biological gradient. Plausibility of biology: several 
plausible cellular-level causative mechanisms and biological pathways may lead from a low 25(OH)D 
level to increased risk for CVD with mediators, such as dyslipidemia, hypertension and diabetes mellitus. 
Experimental evidence: some well-designed RCTs found increased CVD risk factors with decreasing 
25(OH)D levels. Analogy: the association between serum 25(OH)D levels and CVD risk is analogous 
to that between 25(OH)D levels and the risk of overall cancer, periodontal disease, multiple sclerosis 
and breast cancer. Conclusion: all relevant Hill criteria for a causal association in a biological system 
are satisfied to indicate a low 25(OH)D level as a CVD risk factor. 

Reprinted from Nutrients. Cite as: 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. 

1. Introduction 

Cardiovascular disease (CVD) is the leading cause of death in the United States and has been since 
the early 1900s [1]. CVD incidence peaked in the 1960s and then gradually declined over the  
next 50 years. From 1980 to 2000, the death rate for coronary heart disease (CHD) for men, adjusted for 
age, decreased from 543 to 267 per 100,000, and for women, the death rate decreased from 263  
to 134 per 100,000. Almost half of the decline can be attributed to decreasing CVD risk factors, including 
hypertension (HTN), smoking and dyslipidemia [2]. The CVD death rate has now plateaued, but, 
alarmingly, may be increasing [1], reducing life expectancy for the first time [3]. To decrease CVD 
morbidity and mortality, we must identify and effectively treat all risk factors and their causes. 

Robert Scragg [4] first hypothesized that increasing ultra-violet (UV)-related vitamin D status affords 
protection against CVD. The serum 25-hydroxyvitamin D (25(OH)D) level is the most widely used 
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measurement to assess overall vitamin D status [5]. Serum 25(OH)D levels are inversely associated with 
several CVDs, including myocardial infarction (MI) [6,7], coronary artery disease (CAD), heart failure, 
atrial fibrillation, ventricular tachycardia [8], peripheral vascular disease (PVD) [8–11], stroke [8,12], 
incident coronary artery calcium (CAC) [13–16], cardiac valve and vascular calcification [17] and all 
CVDs [18]. 

Study findings have inversely associated risk factors for CVD with serum 25(OH)D levels, including 
lower serum high-density lipoprotein cholesterol (HDL-C) levels, higher serum triglyceride (TG) levels 
[15], diabetes mellitus (DM) [8,19], increased blood pressure (BP) [15,20–25], dysfunctional changes 
in the characteristics of plasma lipids [26–28], inflammation [29] and increased serum parathyroid 
hormone (PTH) levels [30]. 

Isolating primary risk factors that cause CVD is challenging, because the human body responds to 
disrupted homeostasis by up- and down-regulating cellular function. Multiple pathways may exist 
between a low serum 25(OH)D level and increased CVD risk. Some pathways may be direct and not 
include any intermediate factors, whereas others may be indirect and include an intermediate factor(s). 
Moreover, CVD is not a single diagnosis, but rather, according to the National Center for Health 
Statistics, a group of diagnoses, including CAD, heart failure, essential HTN, hypertensive renal disease, 
cardiac dysrhythmias, rheumatic heart disease, cardiomyopathy, pulmonary heart disease and 
cerebrovascular disease [31]. 

The level of sufficiency for serum 25(OH)D is still being debated. Two schools of thought exist 
regarding what constitutes a sufficient level: 20 ng/mL [32,33] and 30 ng/mL [34–37]. Approximately 
32% of the U.S. population has a deficient serum 25(OH)D level (defined as <20 ng/mL) [38].  
The worldwide prevalence of deficient serum 25(OH)D levels is approximately one billion [39].  
The primary causes of low serum 25(OH)D levels are strict sun protection and inadequate dietary or 
supplemental vitamin D intake [40]. Levels are easily elevated by oral vitamin D supplementation [41].  
A daily intake of 10,000–20,000 IU of cholecalciferol (vitamin D3) per day is unlikely to result in vitamin 
D toxicity [42]. Results from epidemiological studies suggest that if a low serum 25(OH)D level is a 
primary risk factor for CVD and then corrected, all-cause mortality could decrease significantly, both in 
the United States [43] and worldwide [44]. 

2. Approach and Rationale 

The research studies used for this evaluation were located in the PubMed database by using the 
following search terms: Hill’s criteria for causality, vitamin D, cardiovascular disease, randomized 
controlled trial, seasonality, hypertension, dyslipidemia, coronary artery calcium, parathyroid hormone, 
inflammation, diabetes mellitus and high-density lipoprotein cholesterol. Studies were also sought in the 
references of the preceding studies. We evaluated studies for relevance to this assessment and being 
representative of current research. We included them regardless of whether they supported criteria for  
a causal association between serum 25(OH)D levels and CVD risk. 

We evaluated the likelihood of a causal association between a low serum 25(OH)D level and 
increased risk for CVD by applying Sir Austin Bradford Hill’s criteria for causality in a biological system 
[45] (see Table 1). Causality is multifaceted, and certain conditions must be met to determine that  
a causal association is likely. Hill stated that the criteria are useful, as we most often depend on observed 
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events to detect relationships between sickness and its antecedents. Waiting to take action until research 
results explain the entire chain of events that lead to disease may not be necessary when discovering  
a few links in the chain may suffice. 

Table 1. Hill’s criteria for causality in a biological system. 

Criterion Defining Question 

Strength of the association 
Is there a large difference in the outcome between 
exposed and non-exposed persons? 

Consistency of the observed association 
Has the outcome been observed by multiple researchers, 
in various circumstances, places and at different times? 

Specificity of the association 
Are there specific persons or geographic locations 
associated with specific outcomes? 

Temporality (temporal relationship of  
the association) 

Does the cause always precede the effect? 

Biological gradient Is there a dose-response curve? 

Plausibility of the biology 
Is the suspected causation consistent with current 
knowledge of biology? 

Coherence 
Are there any serious conflicts with the biology or 
natural history of the disease? 

Experiment (experimental or  
quasi-experimental evidence) 

Has an observed association led to a preventive action 
that has prevented the outcome? 

Analogy Is there an analogous exposure and outcome? 

The criteria relevant to this evaluation include all, except specificity and coherence. This evaluation 
does not include specificity, because evidence supports low serum 25(OH)D levels and increased risk of 
several other disease processes [43]. This evaluation does not include coherence, because of its similarity 
to plausibility (see Table 2), and the information would be redundant. Hill’s criteria have been used to 
assess a causal association between serum 25(OH)D levels and cancer risk [46], periodontal disease [37], 
multiple sclerosis (MS) [47], breast cancer risk [48] and the most prevalent cancers [49]. 

To arrive at the most accurate conclusions and to intervene with the most effective treatments, a 
thorough understanding of causality and of the limitations inherent in how we determine whether a causal 
association exists is essential. No single type of study, including randomized controlled trials (RCTs), 
can evaluate each of Hill’s criteria. This evaluation used Hill’s criteria, because it can consider the results 
of RCTs, prospective, cross-sectional and epidemiological studies. 
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Table 2. Studies used to evaluate causality between low vitamin D and increased risk of 
CVD. HTN, hypertension; DM, diabetes mellitus; PWV, pulse wave velocity. 

Criterion Proposed Mechanism Reference No Effect Satisfied? 
Strength of association  [6,8,12,50–53]  Yes 

Consistency  [7,15,54–56]  Yes 
Temporality  [8,18,55,57,58]  Yes 

Biological Gradient  [8,55,59,60]  Yes 

Plausibility 

Blunts renin-angiotensin system [61,62]  

Yes 

Arterial stiffness (HTN) [15,62–66]  
Reduced risk of DM [19]  
Insulin resistance [67]  
Glucose regulation [58,67,68]  
Seasonal variations in serum 25(OH)D [4]  
Lipids [69,70]  
Metabolic syndrome [71–75]  
DM type 2 and its progression [19,57,76]  

Experiment 

RCTs [77] [78] 

Yes 

Blood pressure reduction [79]  
Blunts renin-angiotensin system [61]  
Arterial stiffness (PWV) [25]  
Insulin resistance [80,81]  
Glucose [80,81]  
Lipids  [82–84] 
Metabolic syndrome [85,86]  

Analogy 
Cancer [46,87]  

Yes 
DM type 2 [19]  

Confounding Factors 

Nitric oxide liberated by solar UV [88–90]  

Yes 

Calcium supplementation [91]  
Reverse causation [91]  
CVD risk factors affect 25(OH)D levels (obesity) [91]  
Physical activity [92]  
Statins [75,93]  
Seasonal variations in temperature [94,95]  

Concerns     
Excess vitamin D  [96]   

Hypercalcemia  [97]   
DM Limited effect of vitamin D [98–101]   

3. Findings: Evaluation Using Hill’s Criteria for Causality 

The studies included in this criteria section and all of the studies in the subsequent criteria sections 
are ordered by design; first are the meta-analyses, then prospective, retrospective, cross-sectional,  
case-control and lastly ecological studies. They are then ordered from the highest to the lowest relative 
risk ration (RR), hazards ratio (HR) or odds ratio (OR) when available. 
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3.1. Strength of the Association 

The stronger the positive or negative association between two variables, the more likely the 
association is causal. However, this may not always be true. One must consider all that is known about 
the two variables before concluding that an association is causal. For example, a very strong association 
may exist between an exposure and a disease, but another unknown variable may mediate the two. 
Alternatively, an exposure may directly cause a disease, but only under certain, sometimes very limited, 
circumstances; therefore, the association between the exposure and the disease would be weak. Therefore, 
a strong association is neither necessary nor sufficient to determine the likelihood of a causal association. 

Satisfying the strength of association criterion requires a thorough evaluation of the correlation 
between vitamin D status and CVD risk. To come as close as possible to determining the true strength 
of an association, one must determine and then consistently use the most accurate and precise measures 
of the exposure and the disease [102]. Most researchers agree that the serum 25(OH)D level is the most 
accurate measure of overall vitamin D status. Several investigators have found statistically significant 
associations between serum 25(OH)D levels and CVD risk factors or CVDs. 

Correia and colleagues [51] performed a prospective study in which they examined the association 
between serum 25(OH)D levels and the incidence of CVD-related mortalities during hospitalization. 
Ten percent of their 206 participants were severely deficient, defined as serum 25(OH)D  
levels 10 ng/mL. Incident CVD-related mortality was much higher at 24% for the group of patients 
with severe serum 25(OH)D deficiency versus 4.9% in the group of patients with levels >10 ng/mL (RR 
4.3, 95% CI, 1.8, 10, p = 0.001). These results are impressive, but the authors acknowledge that the CIs 
were very wide. Anderson and colleagues [8] completed a study with both cross-sectional and 
prospective data, which offered support for an association between serum 25(OH)D levels and CVD 
risk. The researchers examined 41,504 electronic health records and concluded from the  
cross-sectional data that there is an inverse association between prevalence of CVD risk factors and 
serum 25(OH)D levels. A significant increase in the prevalence of HTN (30% relative increase RI), DM 
(90% RI), PVD (53% RI) and hyperlipidemia (9% RI) was present in the group with serum 25(OH)D 
levels 15 ng/mL compared with the group with levels 30 ng/mL (p < 0.0001 for all, significant after 
Bonferroni correction for multiple comparisons). The authors acknowledge that selection bias may have 
been present, because only individuals who had serum 25(OH)D levels in their record were included in 
the study. 

Researchers outside North America have also found inverse associations between serum 25(OH)D 
levels and risk factors for CVD, although sun exposure and diet may differ. Jang and colleagues [50] 
performed a cross-sectional study with 320 Korean girls whose average age was 13 years, 63.8% of 
whom had serum 25(OH)D levels <20 ng/mL. After adjusting for physical activity and BMI Z-score, the 
researchers found that serum 25(OH)D levels were negatively associated with fasting blood glucose 
levels (r = 0.1748, p = 0.0033) and insulin resistance (r = 0.1441, p = 0.0154), both risk factors for 
metabolic disorders. 

The 2013 study by Deleskog and colleagues [53] had mixed results. The researchers performed a 
cross-sectional study with 3430 participants, 8% of whom had deficient serum 25(OH)D levels defined 
as <51 nmol/L (<20 ng/mL), 82% had insufficient levels defined as 51–75 nmol/L (20–30 ng/mL)  
and 10% had sufficient levels defined as 75 nmol/L ( 30 ng/mL). No independent association emerged 
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between serum 25(OH)D level insufficiency and carotid intima media thickness. However, those with 
deficient levels were more likely to have CVD risk factors, including higher BP, blood glucose,  
TG levels and lower serum HDL-C levels. Additionally, they were more likely to have DM. 

Sun and colleagues [12] performed a case-control study in which they examined the association 
between ischemic stroke risk and serum 25(OH)D levels in 464 females with ischemic stroke and  
464 female matched controls. The researchers compared participants in the lowest versus highest tertiles 
of serum 25(OH)D levels after adjusting for dietary and lifestyle covariates. Lower serum 25(OH)D 
levels were associated with an increased risk for ischemic stroke (OR 1.49, 95% CI, 1.01, 2.18, p < 0.04). 

Scragg and colleagues [6] were one of the first research teams to examine the association between 
serum 25(OH)D levels and CVD. The researchers performed a case-control study with 179 MI cases 
with controls matched for age, sex and date of blood collection. They found an RR for MI  
of 0.43 (95% CI, 0.27, 0.69) for participants with serum 25(OH)D levels at or above their study median 
value of 32 nmol/L (12.8 ng/mL) versus below the median. 

Deleskog and colleagues [52] included 774 participants in a case-control study to evaluate the 
association between serum 25(OH)D levels and premature MI (younger than 60 years). Serum 25(OH)D 
levels were analyzed twice as a categorical variable; insufficiency was defined as <50 nmol/L  
(20 ng/mL) and was compared with levels 50 nmol/L; a separate analysis defined insufficiency as <75 
nmol/L (30 ng/mL), which was compared with levels 75 nmol/L. Neither of the definitions of serum 
25(OH)D level insufficiency were independently associated with premature MI. Therefore, the results 
do not support the criterion. The researchers concluded that the serum 25(OH)D level insufficiency may 
promote risk factors that are already established and known to promote atherothrombosis. 

The criterion strength of the association has thus been met for 25(OH)D levels and CVD or CVD risk 
factors, including MI, CVD-related mortality, ischemic stroke risk, HTN, DM, PVD, hyperlipidemia, 
elevated blood glucose and increased insulin resistance. 

3.2. Consistency of the Association 

An association is consistent if it is observed under different circumstances, at different times, in 
various places and by various researchers [45]. Consistency is also confirmed if the results of a study 
can be replicated with a different sample of participants with the same study design and analytic methods. 
Inconsistent study results may occur when differences exist in study design, lab assays, definitions of 
serum 25(OH)D level deficiency, insufficiency versus sufficiency and statistical methods. Confidence 
in the results of meta-analyses depends on an assessment of the comparability of all studies included in 
the analysis [103]. 

Parker and colleagues [54] carried out the study with the strongest support for the criterion of 
consistency. In their meta-analysis, they systematically reviewed 28 studies with a total of 99,745 
participants. The researchers reported important variations among studies included in their review, 
including categories of serum 25(OH)D levels, study design and analyses. Despite these differences,  
29 of 33 ORs from the 28 studies showed an inverse association between serum 25(OH)D levels and the 
prevalence of cardio-metabolic disorders. One study demonstrated no effect, and three studies showed a 
positive association. Parker and colleagues [54] found a 43% reduction in cardio-metabolic disorders 
with the highest levels of serum 25(OH)D (OR 0.57, 95% CI, 0.48, 0.68). 
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The meta-analysis by Wang and colleagues [55] offers additional strong support. They included  
19 prospective studies with a total of 65,994 participants, of whom 6123 developed CVD. The 19 studies 
included CVD, CVD mortality, CHD and stroke as outcomes. Wang and colleagues found an inverse 
linear association between serum 25(OH)D in the range 20–60 nmol/L (8–24 ng/mL) and the risk of 
CVD (RR, 1.03, 95% CI, 1.00, 1.06). 

Giovannucci and colleagues [7] found results consistent with the previous studies. This prospective, 
nested, case-control study included 454 male participants who were CHD cases and 900 male controls 
matched for age, HTN, aspirin use, physical activity, serum TG and low-density lipoprotein cholesterol 
(LDL-C) levels, as well as alcohol use. The median values for each of the four categories of serum 
25(OH)D levels were entered as continuous variables in a regression model. The researchers found a 
two-fold increase in risk for MI if the serum 25(OH)D level was less than 16 ng/mL compared with 
those with a level of at least 30 ng/mL (RR, 2.42, 95% CI, 1.53, 3.84; p  0.001). They also found  
a 2.1% decreased risk of MI for every 1 ng/mL increase in serum 25(OH)D levels. Only including males 
in the study prevents the generalizability of the results to females. 

Support for the consistency criterion is also evident in the prospective study by de Boer and colleagues 
[15] (N = 1370). At baseline, 723 (53%) had CAC. Over a three-year period, 135 participants developed 
CAC. The researchers adjusted for gender, age, ethnicity/race, location, season, activity level, smoking 
status, body mass index (BMI), DM, BP and serum lipid and C-reactive protein (CRP) levels.  
They found that serum 25(OH)D levels were inversely associated with incident, but not prevalent, CAC; 
for every 10 ng/mL decrease in the serum 25(OH)D level, the risk of developing CAC increased by 23% 
(RR, 1.23, 95% CI, 1.00, 1.52, p = 0.049). 

Finally, a cross-sectional study by Kendrick and colleagues [56] found similar supporting results by 
using data from 16,603 participants of the Third National Health and Nutrition Examination Survey 
(NHANES III). Serum 25(OH)D level deficiency, defined as <20 ng/mL, was associated with a 57% 
increased odds for prevalent CVD. After adjusting for gender, age, ethnicity/race, season, activity level, 
smoking status, HTN, DM, BMI, dyslipidemia, chronic kidney disease and vitamin D use, the odds 
decreased to 20% (OR, 1.20, 95% CI, 1.01, 1.36, p = 0.03). 

A study-participant characteristic that should be included in the evaluation of the consistency criterion 
is ethnicity. A prospective study by Michos and colleagues [82] found that serum 25(OH)D levels less 
than 15 ng/mL were not associated with fatal stroke in blacks, but were associated with fatal stroke in 
whites. One limitation of this study is that because the median time to fatal stroke was 14.1 years and 
the serum 25(OH)D levels were only drawn once at baseline, there could have been undetected significant 
changes in serum 25(OH)D levels during the study. Differences in CHD events, including angina, MI, 
cardiac arrest or CHD death, by ethnicity were found in a prospective study by Robinson-Cohen and 
colleagues [66]. The researchers found an association between lower serum 25(OH)D levels and incident 
CHD events for white or Chinese, but not black or Hispanic participants. The same limitation is present 
in this study; only a baseline serum 25(OH)D level was drawn, and there was a median follow-up period 
of 8.5 years. 

An unexplained difference by ethnicity was found by Gupta and colleagues [104], who performed a 
cross-sectional study. The researchers found significant associations between both pre-diabetes and  
pre-hypertension and gender, age and BMI in Mexican-Americans. However, they did not find an 
association between either pre-diabetes or pre-hypertension and serum 25(OH)D levels, as has been 
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found for both non-Hispanic whites and non-Hispanic blacks. The authors stated that the reason for these 
results was unclear. 

Results from a study performed by Rezai and colleagues [14] found that there was an association 
between serum 25(OH)D levels and left ventricular end-diastolic volumes for men of all ethnicities. The 
results of this cross-sectional study add support to the criterion of consistency, because low 25(OH)D 
levels showed the same association with poorer CV status for all ethnicities. This may mean that 
disparities in the prevalence of low vitamin D status among ethnicities may cause the disparities among 
ethnicities in the prevalence of CVD. Webb and colleagues [12] found that the pulse wave velocity 
(PWV) was higher in British South Asians of Indian descent than in white Europeans (9.32 m/s vs. 8.68 m/s, 
p = 0.001) using a cross-sectional design. They also found that the serum 25(OH)D level was 
independently associated with PWV, when adjusted for age, mean arterial pressure, sex, glucose, heart 
rate, vasoactive medications and South Asian ethnicity (R2 = 0.73, p = 0.004). The researchers concluded 
that vitamin D insufficiency may mediate an increase in aortic stiffness without a difference in the risk 
profile, including vascular disease. 

The preceding studies have shown mixed results, and the reasons for the differences are multifaceted. 
One reason for the disparity in serum 25(OH)D levels among different ethnic groups is that vitamin D 
production is inversely proportional to skin pigmentation [105]. Skin pigmentation varies among 
members of the same ethnic group, and designing a study in which skin pigmentation is objectively 
quantified and included as a variable may help to clarify differences between individuals versus groups. 
Studies that use ethnicity self-reporting or that have the investigator determine the ethnicity of the 
participants can also decrease the validity of the findings. 

The consistency of the association criterion has thus been met due to the research results regarding 
the systematic review by Parker and colleagues and the smaller described supporting studies. The studies 
regarding ethnicity have mixed results. Parker and colleagues in their meta-analysis found overall 
associations between serum 25(OH)D levels and MI, stroke, ischemic heart disease, PVD, DM and 
metabolic syndrome. 

3.3. Temporality 

Temporality refers to the direction of influence in a sequence of events. An event or phenomenon 
cannot cause another event or phenomenon if the presumed cause does not precede the presumed effect. 
Determining whether a potential risk factor precedes a disease process is particularly difficult when the 
disease is chronic and progresses slowly [45]. Determining the temporal direction of influence of low 
serum 25(OH)D levels in relation to CVD risk by examining the results of prospective studies or  
meta-analyses that have included only prospective studies will help determine if the criterion of 
temporality has been met. 

DM is a well-established risk factor for CVD, and the association between serum 25(OH)D levels 
and DM has been prospectively studied. Song and colleagues [57] included 21 prospective studies  
with 76,220 participants, 4996 incident type 2 DM cases and serum 25(OH)D in a meta-analysis.  
The researchers compared the highest to lowest serum 25(OH)D levels using categories and found that 
the summary RR for type 2 DM was 0.62 (95% CI, 0.54, 0.70). The statistical significance of the inverse 
association between DM risk and serum 25(OH)D levels remained after controlling for sex, criteria for 
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DM diagnosis, follow-up time, sample size and 25(OH)D assay type. Each 10 nmol/mL (4 ng/mL) 
increase in the serum 25(OH)D level was associated with a 4% lower risk of type 2 DM (95% CI, 3, 6; 
p linear trend = 0.0001). Therefore, low 25(OH)D levels may be a risk factor for CVD with type 2 DM 
as the mediator. 

Wang and colleagues [55] examined the association between CVD mortality along with CVD risk 
and serum 25(OH)D levels in a meta-analysis of 19 prospective studies. Collectively, these studies had 
65,994 participants, of whom 6123 developed CVD. The researchers used the median serum 25(OH)D 
levels, or if unavailable, they compared the mean or the midpoint of the upper and lower bounds in each 
of the 25(OH)D categories from each of the 19 studies to the category of the risk of CVD. Being in the 
lowest category was associated with a higher risk for all CVDs (pooled RR 1.52, 95% CI, 1.30, 1.77), for 
CVD mortality (pooled RR 1.42, 95% CI, 1.19, 1.71), for CHD (pooled RR 1.38, 95% CI, 1.21, 1.57) and 
for stroke (pooled RR 1.64, 95% CI, 1.27, 2.10) than the highest category. 

Although the study by Anderson and colleagues [8] was included in both the Song and colleagues 
and Wang and colleagues meta-analyses, it is a landmark study, and the results are important to cite. 
This study offers strong support for temporality. The prospective study using electronic health records 
monitored participants for an average of 1.3 years and a maximum of 9.3 years. The prevalence of serum 
25(OH)D levels 30 ng/mL was 63.6%. Participants without risk factors for CVD with serum 25(OH)D 
levels 15 ng/mL had a higher risk of incident HTN, dyslipidemia and DM than those with levels 30 
ng/mL. Adjusted relative rates for death increased by 20% for serum 25(OH)D levels of 16–30 ng/mL 
and increased by 77% for serum 25(OH)D levels 15 ng/mL. The researchers concluded that these data 
provide support for low serum 25(OH)D level as a primary risk factor for CVD. Schöttker and  
colleagues [18], in a prospective study with 9578 participants, found an increased risk of cardiovascular 
mortality associated with decreased serum 25(OH)D levels (hazards ratio (HR) 1.39, 95% CI, 1.02, 1.89). 

Tsur and colleagues [58] conducted a prospective cohort study over a two-year period that assessed 
incident impaired fasting glucose (IFG) and DM type 2 in 117,960 participants. The researchers adjusted 
for several variables, including sex, age, BMI, serum LDL-C, HDL-C, TG levels, history of HTN, 
smoking status and CVD. Participants with a serum 25(OH)D level 25 nmol/L (10 ng/mL) had an OR 
for progression from normoglycemia to IFG of 1.13 (95% CI, 1.03, 1.24), from normoglycemia to DM 
of 1.77 (95% CI, 1.11, 2.83) and from IFG to DM of 1.43 (95% CI, 1.16, 1.76), compared with a serum 
25(OH)D level 75 nmol/L (30 ng/mL). The researchers concluded that a low serum 25(OH)D level 
may be an independent risk factor for IFG and DM that can eventually lead to CVD. 

The previously described meta-analyses of prospective studies and the additional prospective studies 
offer evidence that temporality is satisfied, because they all use serum 25(OH)D levels taken at the time 
of enrollment, which precedes the incident event or death. Furthermore, most reviewed individual 
prospective studies, and a meta-analysis of prospective studies showed an increased incidence of CVD 
or CVD risk factors with decreasing serum 25(OH)D. The CVDs or risk factors for CVD included CVD 
mortality, CHD, stroke, dyslipidemia, HTN, type 2 DM and IFG. 

3.4. Biological Gradient (Dose-Response Relation) 

In the context of this assessment, the biological gradient, or dose-response relation, refers to the 
change in the prevalence or incidence rate of CVD or risk factors for CVD as serum 25(OH)D levels 
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change. The biological gradient criterion is satisfied when the value of the dependent variable (effect) 
can be predicted, with some degree of confidence, when the value of the independent variable (cause) is 
known. Hill [45] states that securing a satisfactory quantitative measure to use for this purpose is  
often difficult. 

Wang and colleagues [55] showed a biological gradient effect in their 2012 meta-analysis. They found 
a linear (graded) and inverse association between serum 25(OH)D levels of 20–60 nmol/L  
(8–24 ng/mL) and the risk of CVD. They found a linear trend for the RR = 1.03 (95% CI, 1.00, 1.06) for 
every 25 nmol/L (10 ng/mL) decrease in 25(OH)D ([55]; Figure 3). Wang and colleagues had similar 
results in an earlier study [60]. They examined low serum 25(OH)D levels and incident CVD 
prospectively in 1739 participants from the Framingham Offspring Study. A serum 25(OH)D  
level <15 ng/mL was associated with a two-fold increase in an age and sex-adjusted five-year incident 
rate for CVD compared with those with a level of 15 ng/mL (multivariable-adjusted HR = 1.62,  
95% CI, 1.11, 2.36; p = 0.01). The researchers also found a graded increase in CVD risk for serum 
25(OH)D levels of 10–14 ng/mL (multivariable-adjusted HR = 1.53, 95% CI, 1.00, 2.36; p = 0.01) versus 
levels <10 ng/mL (multivariable-adjusted HR = 1.80, 95% CI, 1.05, 3.08; p = 0.01). 

Anderson and colleagues [8] performed a prospective study, which was included in the Wang and 
colleagues meta-analysis. The researchers found statistically significant and biologically-graded inverse 
associations between serum 25(OH)D levels and the prevalence of CVD and CVD risk factors, including 
PVD, HTN, DM and hyperlipidemia (all p < 0.0001). The researchers categorized serum 25(OH)D 
levels; levels of serum 25(OH)D 15 ng/mL versus those 30 ng/mL were associated with increased 
prevalence of DM (90% relative and 14% absolute) and HTN (30% relative and 12% absolute) (p trend 
for both <0.0001). 

Vacek and colleagues [59] performed a retrospective study (n = 10,899) for a 68-month period. Using 
univariate analysis, the researchers found statistically significant ORs for vitamin D deficiency, defined 
as 30 ng/mL, and CAD (OR, 1.16, 95% CI, 1.012, 1.334, p = 0.03), cardiomyopathy (OR, 1.29, 95% CI, 
1.019, 1.633, p = 0.03) and HTN (OR, 1.40, 95% CI, 1.285, 1.536, p  0.0001). 

The criterion, biological gradient, or dose-response curve, has thus been met. Most reviewed studies 
used serum 25(OH)D levels as categorical or continuous variables and found strong evidence for a 
graded association between levels and CVD/CVD risk factors, including nonspecific CVD, PVD, HTN, 
DM, hyperlipidemia, elevated BMI, elevated serum LDL-C and TG levels and decreased serum  
HDL-C levels. 

3.5. Plausibility 

Biological plausibility can be confirmed when the suspected causation mechanism is consistent with 
the current knowledge of biology. The actual physiological pathway of the hypothesized causal 
association between low serum 25(OH)D levels and increased risk for CVD may include mediators that 
are known CVD risk factors or other unknown factors. Specific cellular-level causative mechanisms that 
explain the increase in CVD associated with low vitamin D status need to be identified in order to 
definitively state that the criterion, biological plausibility, has been met. 

Several cellular-level causative mechanisms have been proposed. It should be taken into consideration 
that, in contrast to the causative agent of an infectious disease, these proposed causative mechanisms do 
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not necessarily compete with one another and are not mutually exclusive. Some or all of the proposed 
mechanisms may be accurate. This is because CVD is a broad category of diseases, and each of the 
diseases has multiple causes. 

An in vitro study by Oh and colleagues [17] found an inhibition of foam cell formation when 
macrophages from persons with type 2 DM exposed to modified LDL were cultured in the bio-active 
form of vitamin D; 1 ,25-dihydroxyvitamin D3 (1 ,25(OH)2D3). They also found accelerated foam cell 
formation when the vitamin D receptors (VDRs) were deleted from the macrophages. A reduction in the 
formation of atherosclerotic lesions in mice with the administration of the vitamin D analog, calcitriol 
(1 ,25(OH)2D3), was seen by Takeda and colleagues [32]. They hypothesize that calcitriol modulates 
the systemic and intestinal immune systems by inducing immunologically-tolerant dendritic cells and  
T-cells, both of which are anti-atherogenic. 

Additionally, an in vitro study by Riek and colleagues [106] was performed in order to determine if 
vitamin D plays a role in monocyte migration and adhesion. The researchers examined monocytes from 
study participants (n = 12) with type 2 DM and obesity who were vitamin D deficient. The researchers 
found a 20% reduction in monocyte migration in monocytes incubated with 25(OH)D3 compared to 
vitamin D-deficient conditions (p < 0.005). They also found that, compared to monocytes maintained in 
vitamin D-deficient conditions, incubation with 25(OH)D3 also significantly decreased adhesion  
(p < 0.05). The researchers concluded that hydroxylation of 25(OH)D3 to 1,25(OH)2D3 at the cellular 
level may play a role in vitamin D anti-atherogenic effects. 

VDRs were also found in human coronary artery smooth muscle cells (CASMC) by Wu-Wong and 
colleagues [107]. When CASMC were treated with the vitamin D analogs, calcitriol or paricalcitol  
(19-nor-1 ,25(OH)2D2) there was an upregulation of 24-hydroxylase and also an upregulation of 
thrombomodulin (TM) mRNA. Downregulation of TM mRNA has been associated with atherosclerosis 
and thrombosis. Finding that upregulation occurred led the researchers to hypothesize that this is the 
mechanism that leads to a decrease in morbidity and mortality with vitamin D analog use in persons with 
chronic kidney disease. 

Many studies have shown inverse associations between established CVD risk factors, such as 
dyslipidemia, HTN and DM [108] and serum 25(OH)D levels (see Table 2). The following research 
studies further assist in evaluating the plausibility of a causal association. 

3.5.1. Dyslipidemia 

A proposed causal mechanism for the association between low serum 25(OH)D levels and increased 
risk for CVD involves dysfunctional changes in the characteristics of plasma lipids, including 
metabolism or transport [26], the ability to promote macrophage efflux, [27] and changes in serum levels 
of total cholesterol (total-C), HDL-C, LDL-C and TGs [15,28]. 

Skaaby and colleagues [70] investigated the association between serum 25(OH)D levels at baseline 
and incident dyslipidemia over five years in a prospective study with 4330 participants. A serum 
25(OH)D level of 10 nmol/L (4 ng/mL) higher at baseline was associated with decreased serum TG 
levels (  = 0.52, 95% CI, 0.99, 0.05, p = 0.03) and decreased serum very-low-density lipoprotein 
cholesterol (VLDL-C) levels (  = 0.66, 95% CI, 1.1, 0.2, p = 0.005). With the same higher serum 
25(OH)D level at baseline, the OR for incident hypercholesterolemia was 0.94 (95% CI, 0.90, 0.99,  
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p = 0.01). The researchers concluded that higher serum 25(OH)D levels may favorably change lipid 
profiles and therefore positively influence cardiovascular health. 

Karhapää and colleagues [109] performed a cross-sectional study in which they examined the 
relationship between serum 25(OH)D levels and total-C, LDL-C, HDL-C and TG levels in a study that 
included 909 male participants. The researchers found a significant inverse association between serum 
25(OH)D levels and total-C, LDL-C and TG levels (  = 0.15, 0.13 and 0.17, respectively;  
p < 0.001), which supports lower serum 25(OH)D levels leading to a less favorable lipid profile. 
However, they found no association between serum 25(OH)D and HDL-C levels, which does not support 
an association between lower serum 25(OH)D levels and a more favorable lipid profile. 

Jorde and colleagues [28] also examined the association between serum 25(OH)D levels and serum 
lipid levels by using both cross-sectional and longitudinal data collected over 14 years. The cross-sectional 
study included 10,105 participants, and the researchers found that with increasing quartiles of serum 
25(OH)D levels, serum HDL-C and LDL-C levels increased and serum TG levels decreased. In the 
longitudinal study with 2159 participants, the researchers found that increasing quartiles of serum 25(OH)D 
levels were associated with decreased serum TG levels. These results, except for the increase in serum 
LDL-C levels, support associating higher serum 25(OH)D levels with a more favorable lipid profile. 

Researchers have also conducted genomic and cytochrome P450 enzyme studies to determine 
mechanisms that cause low serum 25(OH)D levels to lead to dysfunctional changes in lipids. Shirts and 
colleagues [69], in a cross-sectional study with 1060 participants, investigated the influence of  
single-nucleotide polymorphisms on serum HDL-C, LDL-C and TG levels for gene-25(OH)D 
interactions. Participants with deficient levels of serum 25(OH)D were more likely to also have lower 
serum HDL-C levels (p = 0.0003). Chow and colleagues [110] incubated human hepatocytes with 
1,25(OH)2D3 and found a reduction in cholesterol production due to an increase in cytochrome P450 
enzyme 7A1 activation of the VDR. 

Guasch and colleagues [29] found an association between low plasma 25(OH)D levels and 
atherogenic dyslipidemia after adjusting for BMI in a cross-sectional study with 316 participants.  
When the researchers introduced serum-ultrasensitive CRP levels as a covariable, an association was no 
longer present. They suggested that inflammation may mediate the effect of serum 25(OH)D levels on 
lipid profiles. 

3.5.2. Hypertension 

The cause of HTN is usually unknown. Researchers have investigated the association between serum 
25(OH)D levels and both prevalent and incident idiopathic HTN and pre-HTN [20,22–25]. Carrara and 
colleagues [61] conducted a prospective interventional trial in which they administered 25,000 IU of 
oral cholecalciferol (vitamin D3) weekly over two months to 15 participants with essential HTN.  
There was neither randomization to different interventions or a placebo group. Because the researchers 
found reduced aldosterone (p < 0.05) and renin plasma levels (p < 0.05) after supplementation, they 
concluded that for persons with essential HTN and a low serum 25(OH)D level, vitamin D supplementation 
may help decrease BP. 

Forman and colleagues [21] performed a prospective study with 1811 participants with measured 
plasma 25(OH)D levels. The researchers found that incident HTN was greater for participants with a 
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plasma 25(OH)D level of 15 ng/mL compared to those with a level 30 ng/mL (RR 3.18, 95% CI, 1.39, 
7.29). For men only (n = 613), the RR for the same comparison was much greater (RR 6.13,  
95% CI, 1.0, 37.8) compared to women only (n = 1198) (RR 2.67, 95% CI, 1.05, 6.79). Forman  
and colleagues [62] also conducted a prospective study that included only women participants aged  
32–52 years. The researchers found that incident HTN increased for the lowest quartile (6.2–21.0 ng/mL) 
versus the highest quartile (32.3–89.5 ng/mL) for 25(OH)D levels (OR, 1.66, 95% CI, 1.11, 2.48, p = 0.01). 

Increased arterial stiffness may be an effect of low serum 25(OH)D level. Giallauria and  
colleagues [63], in a cross-sectional study with 1228 participants, found a statistically significant inverse 
association between serum 25(OH)D levels and arterial stiffness, measured with PWV (adjusted R2 = 0.27, 

 = 0.43; p = 0.001). Furthermore, measuring PWV, Mayer and colleagues [64] performed a  
cross-sectional study and found a negative association with serum 25(OH)D level quartiles. The lowest 
serum 25(OH)D level quartile (<20 ng/mL) had the highest PWV score compared with the second, third 
or fourth quartile (p = 0.0001). 

Three studies with only female participants had similar results. Pirro and colleagues conducted a 
cross-sectional study with 150 postmenopausal and serum 25(OH)D-insufficient (<30 ng/mL) 
participants [65]. The researchers found a significant association between arterial stiffness, measured 
with PWV and serum 25(OH)D levels, but not after controlling for logarithmically-transformed serum 
PTH levels. Serum PTH levels were associated with arterial stiffness (  = 0.23, p = 0.007). Reynolds 
and colleagues [66] in a cross-sectional study found a similar association between serum 25(OH)D levels 
and aortic stiffness (PWV scores) (  = 0.0217, 95% CI, 0.038, 0.005, p = 0.010) for 75 female 
participants with systemic lupus erythematosus. The authors did not state that serum PTH levels were 
measured and controlled for, and therefore, PTH levels may have mediated the association. 

3.5.3. Diabetes Mellitus 

DM is an important risk factor for CVD. Several studies have associated serum 25(OH)D levels and 
both prevalent and incident DM. Afzal and colleagues [19], in a prospective study with 9841 white 
participants, found an increased risk of type 2 DM for study participants with plasma 25(OH)D  
levels 5 ng/mL versus 20 ng/mL (HR, 1.22, 95% CI, 0.85, 1.74). The researchers also performed a  
meta-analysis of 13 studies and found a greater prevalence of type 2 DM for those in the lowest versus 
highest quartile for the serum 25(OH)D level (cut-points for the quartiles varied among the 13 studies) 
(OR, 1.39, 95% CI, 1.21, 1.58). Anderson and colleagues [8], found an adjusted RI in incident DM  
of 89% for very low ( 15 ng/mL) versus sufficient ( 30 ng/mL) categories of serum 25(OH)D levels 
(HR, 1.89, 95% CI, 1.54, 2.33, p < 0.0001). Forouhi and colleagues [67] found in a prospective study 
with 524 participants that baseline 25(OH)D levels were inversely associated with the 10-year risk of 
hyperglycemia (fasting glucose:  = 0.002, p = 0.02) and insulin resistance (fasting insulin  = 0.15, 
p = 0.01). 

3.5.4. Metabolic Syndrome 

Studies have been conducted to assess the association between both incident and prevalent metabolic 
syndrome and serum 25(OH)D levels. A prospective study by Gagnon and colleagues [74] found that 
12.7% of 4164 participants developed metabolic syndrome over a five-year follow-up period. A higher 
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risk of metabolic syndrome was present for those with serum 25(OH)D levels in the first quintile  
(<18 ng/mL) (OR = 1.41, 95% CI, 1.02, 1.95) and second quintile (18–23 ng/mL) (OR = 1.74, 95% CI, 
1.28, 2.37) compared with the highest quintile ( 34 ng/mL). Serum 25(OH)D levels were inversely 
associated with fasting glucose (p < 0.01), homeostasis model assessment for insulin resistance  
(p < 0.001), TG (p < 0.01) and waist circumference (p < 0.001). No association with two-hour plasma 
glucose (p = 0.29), HDL-C (p = 0.70) or BP (p = 0.46) was evident at the five-year follow-up. 

Another cross-sectional study conducted by Brenner and colleagues [72] with 1818 participants found 
an 8.9% prevalence of metabolic syndrome. The researchers found an inverse association between 
plasma 25(OH)D levels and the number of components for metabolic syndrome (  = 0.1,  
p < 0.0001). Components of metabolic syndrome included serum HDL-C level <40 mg/dL (males)  
or <50 mg/dL (females), serum TG level 1.7 mmol/L, fasting plasma glucose 110 mg/dL,  
BP  130/85 mmHg and waist circumference >102 cm (males) or >88 cm (females). A lower OR (0.50, 
95% CI, 0.24, 1.06) for metabolic syndrome was evident for study participants whose plasma 25(OH)D 
level was in the highest versus lowest quartile. After adjusting for age, sex, ethnicity, smoking status, 
physical activity and month of interview, researchers found that a 10-nmol/mL (4 ng/mL) increase in the 
plasma 25(OH)D level was inversely associated with the homeostasis model assessment for insulin 
resistance score (  = 0.08, p = 0.006). Another cross-sectional study by Reis and colleagues [71] that 
included 1654 participants with DM assessed the prevalence of metabolic syndrome. The researchers 
divided serum 25(OH)D levels into quintiles and found an OR of 0.27 (CI, 0.15, 0.46; p trend <0.001) 
for metabolic syndrome for the highest quintile (median = 88 nmol/L (35 ng/mL)) versus the lowest 
quintile (median = 26.8 nmol/L (10.7 ng/mL)). 

In a case-control study by Makariou and colleagues, 52 participants with metabolic syndrome had 
lower serum 25(OH)D levels (mean = 11.8 ng/mL, range = 0.6–48.3 ng/mL) than 58 controls  
(mean = 17.2 ng/mL, range = 4.8–62.4 ng/mL; p = 0.027) [75]. Serum 25(OH)D levels were inversely 
associated with serum TG levels (r = 0.42, p = 0.003) and small dense LDL-C (r = 0.31, p = 0.004). 

The criterion for plausibility has thus been satisfied. There are several proposed biologically-plausible 
cellular-level mechanisms for the increase in CVD associated with low vitamin D status. Studies 
involving the assessment of an association between serum 25(OH)D levels and dyslipidemia, HTN, DM 
and metabolic syndrome have also been evaluated. Dyslipidemia, HTN, DM and metabolic syndrome 
are all plausible mediators between low serum 25(OH)D levels and increased risk of CVD. Specifically, 
the studies support increased serum LDL-C, VLDL-C and TG levels, decreased serum HDL-C levels, 
increased arterial stiffness, increased insulin resistance, hyperglycemia and increased incident metabolic 
syndrome as potentially plausible mediators. 

3.6. Experiment 

Researchers have conducted RCTs to assess the effect of serum 25(OH)D levels on CVD risk factors. 
However, vitamin D RCTs conducted to date have mixed results. The main reason is that vitamin D 
RCTs have been designed largely on the model used for pharmaceutical drugs, which assumes that the 
agent used in the trial is the only source of the agent and that a linear dose-response relation exists. 
Neither assumption is valid for vitamin D. 
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Another consideration is that chronic disease is caused by more than one risk factor and may occur 
only after long-term versus short-term vitamin deficiency. Vitamin supplementation studies are usually 
designed to assess the decrease in risk due to increasing vitamin intake to meet the minimum sufficiency 
level. Additional information would be gained from studies that also test the effects of supplementation 
on levels beyond those previously established for disease risk [111]. 

Robert Heaney [112] recently outlined the steps to design and conduct vitamin D RCTs: (1) start with 
the 25(OH)D level-health outcome relation; (2) measure the 25(OH)D levels of prospective participants; 
(3) enroll only those with low 25(OH)D levels; (4) supplement with enough vitamin D3 to increase 
25(OH)D levels to the upper end of the quasi-linear region of the 25(OH)D level-health outcome 
relation; and (5) re-measure 25(OH)D levels after supplementation. For CVD, these recommendations 
would translate to enrolling people with 25(OH)D levels below about 15 ng/mL and then supplementing 
with 2000–4000 IU of vitamin D3 per day to raise 25(OH)D levels to >30–40 ng/mL. 

The effect of vitamin D supplementation on CVD risk factors for women with polycystic ovarian 
syndrome was investigated by Rahimi-Ardabili and colleagues [113]. The study participants taking the 
vitamin D supplement had a statistically significant increase in serum vitamin D level and statistically 
significant decreases in serum total-C, TGs and VLDL-C levels (all p < 0.05). They did not have any 
changes in serum levels of HDL-C, LDL-C, apolipoprotein-A1 (Apo-A1) or high-sensitivity C-reactive 
protein (hs-CRP). The placebo group had no changes. 

Schnatz and colleagues [77] supplemented participants (n = 600) with 1000 mg of elemental calcium 
and 400 IU of vitamin D per day. The researchers found a 1.28 mg/dL decrease in LDL-C  
(p = 0.04) with a 38% increase in the 25(OH)D level. The researchers also found an increase in HDL-C 
and a decrease in TGs. 

Breslavsky and colleagues [68] conducted an RCT, including 47 participants with type 2 DM, who 
were randomized into two groups. One group received cholecalciferol (vitamin D3) at 1000 IU per day 
for 12 months, whereas the other group received a placebo. After being similar at baseline, the group 
receiving cholecalciferol had significantly decreased hemoglobin A1c levels (p < 0.0001), but no change 
occurred in the placebo group. 

Grimnes and colleagues [114] performed an RCT with 94 participants with low serum 25(OH)D 
levels. The participants were randomly assigned to receive a 20,000 IU supplement of oral D3 or a 
placebo twice weekly for six months. The supplement did not improve the lipid profile, which included 
total-C, LDL-C, HDL-C and TGs. 

Ponda and colleagues [82] conducted a randomized, placebo-controlled, double-blinded trial.  
They randomized 151 vitamin D-deficient participants to receive oral D3 at 50,000 IU weekly for eight 
weeks or placebo and then examined the effect on serum cholesterol levels. In the supplemented group, 
serum 25(OH)D levels increased, serum PTH levels decreased and serum calcium levels increased. 
When participants were stratified by the change in serum 25(OH)D level and the serum calcium level, 
those whose response was greater than the median response had an increase in serum LDL-C of  
15.4 mg/dL compared with those who had lower than the median response. The analysis of the group 
receiving placebo did not show this relationship. Table 3 shows results from RCTs in order of serum 
25(OH)D level at time of enrollment. This RCT does not support a beneficial effect on lipid status. 

In a manuscript under preparation, it was found that for vitamin D RCTs related to CVD risk factors, 
the median baseline serum 25(OH)D level for the RCT with significant beneficial effects was 15 ng/mL, 
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while the median baseline serum 25(OH)D for those without beneficial effects was 19 ng/mL (Grant, in 
preparation). This finding underscores the importance of having a low baseline serum 25(OH)D level 
when designing and conducting vitamin D RCTs to evaluate the findings of observational studies, as 
proposed by Heaney [112]. 

The criterion for experiment has thus been met. We reviewed RCTs that supplemented participants 
with vitamin D and found that most well-designed RCTs supported a causal association between serum 
25(OH)D levels and CVD risk. 
 



   

193 

T
ab

le
 3

. R
es

ul
ts

 o
f s

tu
di

es
 o

n 
vi

ta
m

in
 D

 su
pp

le
m

en
ta

tio
n 

an
d 

C
V

D
 ri

sk
 fa

ct
or

s (
or

de
re

d 
by

 m
ea

n 
se

ru
m

 2
5(

O
H

)D
 (n

g/
m

L)
). 

M
ea

n 
Se

ru
m

 2
5(

O
H

)D
(n

g/
m

L)
 

V
ita

m
in

 D
3 D

os
e 

(I
U

/d
ay

) 
In

cr
ea

se
 in

 2
5(

O
H

)D
(n

g/
m

L)
 

M
ea

n 
A

ge
 

(y
ea

r)
 

H
ea

lth
 O

ut
co

m
e 

of
 In

te
re

st
 

Fi
nd

in
gs

 
R

ef
er

en
ce

 

8.
4 

40
00

 
19

.6
 

42
 

In
su

lin
 se

ns
iti

vi
ty

 
5.

9 
vs

. 
5.

9 
(p

 =
 0

.0
03

) 
[1

15
] 

8.
4 

40
00

 
19

.6
 

42
 

Fa
st

in
g 

se
ru

m
 g

lu
co

se
 

3.
6 

vs
. 1

.1
 (p

 =
 0

.0
2)

 
[1

15
] 

13
 

40
0 

or
 1

00
0 

13
 

64
 

H
D

L-
C

, L
D

L-
C

, T
G

, A
po

A
1,

 A
po

B
10

0,
 

H
O

M
A

-I
R

, h
s-

C
R

P,
 sI

C
A

M
-1

, I
L-

6 
N

ot
 si

gn
ifi

ca
nt

 
[8

3]
 

<2
0 

20
00

 *
 

 
 

To
ta

l c
ho

le
st

er
ol

, H
D

L-
C

, L
D

L-
C

, T
G

s 
N

ot
 si

gn
ifi

ca
nt

 
[8

2]
 

14
.7

 
10

00
 

15
 

38
 

To
ta

l c
ho

le
st

er
ol

, L
D

L-
C

, A
po

A
1,

 
A

po
A

1:
A

po
B

-1
00

 
Si

gn
ifi

ca
nt

 to
 p

 <
 0

.0
1 

[1
08

] 

14
.7

 
10

00
 

15
 

38
 

H
D

L-
C

, L
D

L-
C

:A
po

B
-1

00
 

Si
gn

ifi
ca

nt
 to

 p
 <

 0
.0

4 
[1

08
] 

14
.7

 
10

00
 

15
 

38
 

A
po

B
-1

00
, l

ip
op

ro
te

in
(a

) 
N

ot
 si

gn
ifi

ca
nt

 
[1

08
] 

16
.1

 
28

57
 *

 
40

 
52

 
In

su
lin

 se
ns

iti
vi

ty
 

N
ot

 si
gn

ifi
ca

nt
 

[1
14

] 
16

.3
 

0 
 

51
 

Sy
st

ol
ic

 B
P 

+1
.7

 m
m

 
[7

9]
 

16
.3

 
10

00
 

 
51

 
 

0.
66

 m
m

 
[7

9]
 

14
.5

 
20

00
 

 
51

 
 

3.
4 

m
m

 
[7

9]
 

15
.6

 
40

00
 

 
51

 
 

4.
0 

m
m

 
[7

9]
 

19
.6

 
40

00
 

19
.5

 
14

.1
 

In
su

lin
 se

ns
iti

vi
ty

 
1.

36
 v

s. 
+0

.2
7 

(p
 =

 0
.0

3)
 

[1
16

] 
 

 
 

 
Fa

st
in

g 
in

su
lin

 
6.

5 
vs

. +
1.

2 
(p

 =
 0

.0
3)

 
[1

16
] 

19
.6

 
28

57
 *

 o
r 5

71
4 

* 
40

 
52

 
H

D
L-

C
, L

D
L-

C
, T

G
s, 

A
po

A
1,

 A
po

B
, 

 
hs

-C
R

P 
N

ot
 si

gn
ifi

ca
nt

 
[8

4]
 

22
.9

 
28

57
 *

 o
r 5

71
4 

* 
22

.8
 

50
 

TN
F-

, I
L-

6,
 H

O
M

A
-I

R
, Q

U
IC

K
I 

N
ot

 si
gn

ifi
ca

nt
 

[1
17

] 
23

 
10

00
 

21
 

61
 

Sy
st

ol
ic

 B
P 

1.
5 

m
m

 v
s. 

+0
.4

 m
m

 (p
 =

 0
.2

6)
[2

5]
 

30
.3

 
25

00
 

16
 

64
 

G
lu

co
se

, C
R

P,
 F

M
D

, d
ia

st
ol

ic
 B

P,
 sy

st
ol

ic
 

B
P,

 P
W

V
 

N
ot

 si
gn

ifi
ca

nt
 

[1
18

] 

* 
A

ve
ra

ge
 d

ai
ly

 o
ra

l i
nt

ak
e 

fr
om

 a
 b

ol
us

 d
os

e;
 F

M
D

, f
lo

w
-m

ed
ia

te
d 

di
la

tio
n;

 Q
U

IC
K

I, 
qu

al
ita

tiv
e 

in
su

lin
 s

en
si

tiv
ity

 c
he

ck
 in

de
x;

 h
s-

C
R

P,
 h

ig
h-

se
ns

iti
vi

ty
 C

-r
ea

ct
iv

e 
pr

ot
ei

n;
 T

N
F-

, t
is

su
e 

ne
cr

os
is

 fa
ct

or
; I

L-
6,

 in
te

rle
uk

in
 6

; A
po

A
1,

 a
po

lip
op

ro
te

in
 A

1;
 A

po
B

, a
po

lip
op

ro
te

in
 B

. 



194 
 

 

3.7. Analogy 

The likelihood of a causal association between low vitamin D status and several diseases has been 
evaluated using Hill’s criteria for causality in a biological system. Hill’s criteria were met when  
Grant [46] evaluated overall cancer risk, when breast cancer risk was evaluated by Mohr and 
colleagues [48], when Grant and Boucher [37] evaluated periodontal disease and when Hanwell and 
Banwell [47] evaluated multiple sclerosis. Hanwell and Banwell found that all of the criteria were 
satisfied, except the criterion for disease prevention by intervention (experiment). The researchers 
state that fulfilling this criterion will be difficult because multiple sclerosis has a low incidence, the 
age of onset is highly variable and there is a lack of consensus regarding optimal vitamin D dose and 
the timing of treatment. 

The criterion, analogy, has thus been met. Several assessments with various diseases have shown 
an analogous association to low serum 25(OH)D levels and CVD risk. 

3.8. Confounding Factors 

Potischman and colleagues [119] discussed the inadequacies of traditional causal criteria for 
assessing nutrients, but they acknowledged that they are necessary for public health recommendations. 
The authors stated that additional important considerations exist, such as confounding, errors in 
measurement and dose-response curves for nutrients. 

Opländer and colleagues [88] discovered a potentially confounding factor for the association 
between production of vitamin D in the skin and a decrease in BP. UVB irradiation is responsible 
for vitamin D production and is associated with a decrease in BP, but UVA irradiation was found to 
also decrease BP. The effect was attributed to UVA irradiation-induced release of nitric oxide. 

Beveridge and colleagues identified other confounders [91]. Associations in vitamin D studies 
may be confounded by the effects of other CVD risk factors in addition to those being studied, and 
confounding related to the possibility of reverse causality may also occur. Liberopoulos and  
colleagues [93] found that statins have different effects on the increase of serum 25(OH)D levels. 
Woodhouse and colleagues [94] found a seasonal variation in serum total-C, HDL-C and TG levels. 
These confounders can be controlled for with the use of appropriate statistical analyses, just as age, 
gender, ethnicity, BMI and smoking status are often controlled for in research studies. 

Essential to the credibility of study results is the measurement and reporting of adherence to the 
intervention. The evaluation of adherence to oral vitamin D supplements given in a study may be 
either absent or inadequate. Furthermore, an inquiry about concurrent use of personal oral vitamin D 
supplementation may differ across studies. Negative study results may simply be attributed to a lack 
of adherence to the intervention, because it leads to bias and a decrease in the statistical power. 

4. Conclusions 

Despite the identification and treatment of currently recognized CVD risks, CVD remains the 
leading cause of death. The focus of vitamin D research has recently expanded to include the effects 
of vitamin D status on CVD and CVD risk factors. Low serum 25(OH)D levels are associated with 
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increased incidence [8], prevalence [56] and risk factors for CVD [15]. This assessment demonstrates 
that Hill’s criteria were satisfied. 

Potential benefits of decreasing the impact of a risk factor for CVD should outweigh potential 
risks. Repletion of vitamin D stores with a supplemental dose of 10,000 IU per day or less is unlikely 
to lead to toxic effects [39]. Repletion can be accomplished by a sensible increase in sun exposure [37] 
or by consuming vitamin D-rich foods, but this goal is most easily accomplished with oral 
supplementation. Furthermore, more severe deficiencies in serum 25(OH)D levels show a more rapid 
increase than less severe deficiencies [103]. Treatment for some CVD risk factors is expensive and 
may be difficult to access, but oral vitamin D supplements are readily accessible and reasonably 
priced. Other considerations for individualized treatment should include attention to skin melanin 
content, latitude and altitude of residence, dietary habits and amount of sun exposure. 

The physiological mechanisms hypothesized to cause low vitamin D status to increase CVD risk 
have not yet been confirmed. Nearly all research studies regarding low vitamin D status and increased 
risk of CVD use observational study designs. More RCTs are needed that incorporate the complex 
pharmacokinetic and pharmacodynamic properties of vitamin D in the study design: dose-response 
curve, half-life, avoidance of toxicity and use of the most accurate and precise serum assays. 

Exposure to sunlight or vitamin D supplementation may be used in an RCT, although having a 
control group with a zero serum 25(OH)D level would not be possible. This approach is possible 
only in drug studies [120]. Nutrients are more appropriately studied in the context of proving negative 
causation: the absence of an antecedent caused the consequence. This study design would be 
consistent with research involving preventive healthcare strategies. 

Current scientific evidence supports a causal association between serum 25(OH)D levels and 
increased risk for CVD on the basis of Hill’s criteria for causality in a biological system. Only RCTs 
starting with low serum 25(OH)D levels found significant beneficial effects of vitamin D 
supplementation in reducing risk factors associated with CVD. However, evidence to date suggests 
that raising serum 25(OH)D levels to at least 30 ng/mL will reduce the risk of CVD. 

Whether it is ethical to design a study in which a group of people is deprived of a known essential 
nutrient to measure an endpoint should be carefully determined. Furthermore, waiting for completion 
of long-term RCTs to change treatment recommendations, especially when risks are minimal, may 
adversely affect the health of countless individuals. According to Hill [45]: “All scientific work is 
incomplete—whether it be observational or experimental. All scientific work is liable to be upset or 
modified by advancing knowledge. That does not confer upon us a freedom to ignore the knowledge 
we already have, or to postpone the action that it appears to demand at a given time.” 

Acknowledgments 

The authors would like to acknowledge and thank Steven M. Paul, Principal Statistician, School 
of Nursing, UCSF, for his expert assistance with the interpretation of statistical analyses in the 
research studies we included in this review. 
  



196 
 

 

Author Contributions 

All of the authors contributed to the conception and design of this review as well as the analyses 
performed in order to determine if the criteria had been met. Patricia G. Weyland drafted the  
review with considerable assistance with the review of literature, organization and editing from  
Jill Howie-Esquivel and William B. Grant. All of the authors have approved all of the manuscript 
revisions as well as the final version prior to submission for publication. 

Conflicts of Interest 

The authors declare no conflicts of interest. Patricia G. Weyland receives funding from Bio-Tech 
Pharmacal (Fayetteville, AR, USA) and the Sunlight Research Forum (Veldhoven, The Netherlands). 

References 

1. Jones, D.S.; Podolsky, S.H.; Greene, J.A. The burden of disease and the changing task of 
medicine. N. Engl. J. Med. 2012, 366, 2333–2338. 

2. Ford, E.S.; Ajani, U.A.; Croft, J.B.; Critchley, J.A.; Labarthe, D.R.; Kottke, T.E.; Giles, W.H.; 
Capewell, S. Explaining the decrease in U.S. deaths from coronary disease, 1980–2000.  
N. Engl. J. Med. 2007, 356, 2388–2398. 

3. Olshansky, S.J.; Passaro, D.J.; Hershow, R.C.; Layden, J.; Carnes, B.A.; Brody, J.; Hayflick, L.; 
Butler, R.N.; Allison, D.B.; Ludwig, D.S. A potential decline in life expectancy in the United 
States in the 21st century. N. Engl. J. Med. 2005, 352, 1138–1145. 

4. Scragg, R. Seasonality of cardiovascular disease mortality and the possible protective effect of 
ultra-violet radiation. Int. J. Epidemiol. 1981, 10, 337–341. 

5. DeLuca, H.F. Overview of general physiologic features and functions of vitamin D. Am. J. 
Clin. Nutr. 2004, 80, 1689S–1696S. 

6. Pludowski, P.; Grant, W.B.; Bhattoa, H.P.; Bayer, M.; Povoroznyuk, V.; Rudenka, E.;  
Ramanau, H.; Varbiro, S.; Rudenka, A.; Karczmarewicz, E.; et al. Vitamin D status in Central 
Europe. Int. J. Endocrinol. 2014, 2014, 589587, doi:10.1155/2014/589587. 

7. Giovannucci, E.; Liu, Y.; Hollis, B.W.; Rimm, E.B. 25-Hydroxyvitamin D and risk of 
myocardial infarction in men: A prospective study. Arch. Intern. Med. 2008, 168, 1174–1180. 

8. Anderson, J.L.; May, H.T.; Horne, B.D.; Bair, T.L.; Hall, N.L.; Carlquist, J.F.; Lappe, D.L.; 
Muhlestein, J.B. Relation of vitamin D deficiency to cardiovascular risk factors, disease status, 
and incident events in a general healthcare population. Am. J. Cardiol. 2010, 106, 963–968. 

9. Zagura, M.; Serg, M.; Kampus, P.; Zilmer, M.; Eha, J.; Unt, E.; Lieberg, J.; Cockcroft, J.R.; 
Kals, J. Aortic stiffness and vitamin D are independent markers of aortic calcification in 
patients with peripheral arterial disease and in healthy subjects. Eur. J. Vasc. Endovasc. Surg. 
2011, 42, 689–695. 

10. Gaddipati, V.C.; Bailey, B.A.; Kuriacose, R.; Copeland, R.J.; Manning, T.; Peiris, A.N.  
The relationship of vitamin D status to cardiovascular risk factors and amputation risk in 
veterans with peripheral arterial disease. J. Am. Med. Dir. Assoc. 2011, 12, 58–61. 



197 
 

 

11. Van de Luijtgaarden, K.M.; Voute, M.T.; Hoeks, S.E.; Bakker, E.J.; Chonchol, M.; Stolker, R.J.; 
Rouwet, E.V.; Verhagen, H.J. Vitamin D deficiency may be an independent risk factor for 
arterial disease. Eur. J. Vasc. Endovasc. Surg. 2012, 44, 301–306. 

12. Webb, D.R.; Khunti, K.; Lacy, P.; Gray, L.J.; Mostafa, S.; Talbot, D.; Williams, B.; Davies, M.J. 
Conduit vessel stiffness in British South Asians of Indian descent relates to 25-hydroxyvitamin 
D status. J. Hypertens. 2012, 30, 1588–1596. 

13. Pletcher, M.J.; Tice, J.A.; Pignone, M.; Browner, W.S. Using the coronary artery calcium score 
to predict coronary heart disease events: A systematic review and meta-analysis. Arch. Intern. 
Med. 2004, 164, 1285–1292. 

14. Rezai, M.R.; Balakrishnan Nair, S.; Cowan, B.; Young, A.; Sattar, N.; Finn, J.D.; Wu, F.C.; 
Cruickshank, J.K. Low vitamin D levels are related to left ventricular concentric remodelling 
in men of different ethnic groups with varying cardiovascular risk. Int. J. Cardiol. 2012, 158,  
444–447. 

15. De Boer, I.H.; Kestenbaum, B.; Shoben, A.B.; Michos, E.D.; Sarnak, M.J.; Siscovick, D.S.  
25-Hydroxyvitamin D levels inversely associate with risk for developing coronary artery 
calcification. J. Am. Soc. Nephrol. 2009, 20, 1805–1812. 

16. Taylor, A.J.; Fiorilli, P.N.; Wu, H.; Bauer, K.; Bindeman, J.; Byrd, C.; Feuerstein, I.M.; 
O’Malley, P.G. Relation between the Framingham risk score, coronary calcium, and incident 
coronary heart disease among low-risk men. Am. J. Cardiol. 2010, 106, 47–50. 

17. Oh, J.; Weng, S.; Felton, S.K.; Bhandare, S.; Riek, A.; Butler, B.; Proctor, B.M.; Petty, M.;  
Chen, Z.; Schechtman, K.B.; et al. 1,25(OH)2 vitamin D inhibits foam cell formation and 
suppresses macrophage cholesterol uptake in patients with type 2 diabetes mellitus. Circulation 
2009, 120, 687–698. 

18. Grant, W.B.; Mascitelli, L.; Goldstein, M.R. Comment on Ryan; et al. An investigation of 
association between chronic musculoskeletal pain and cardiovascular disease in the Health 
Survey for England (2008). Eur. J. Pain 2014, 18, 893–894. 

19. Afzal, S.; Bojesen, S.E.; Nordestgaard, B.G. Low plasma 25-hydroxyvitamin D and risk of 
tobacco-related cancer. Clin. Chem. 2013, 59, 771–780. 

20. Krause, R.; Buhring, M.; Hopfenmuller, W.; Holick, M.F.; Sharma, A.M. Ultraviolet B and 
blood pressure. Lancet 1998, 352, 709–710. 

21. Forman, J.P.; Giovannucci, E.; Holmes, M.D.; Bischoff-Ferrari, H.A.; Tworoger, S.S.;  
Willett, W.C.; Curhan, G.C. Plasma 25-hydroxyvitamin D levels and risk of incident 
hypertension. Hypertension 2007, 49, 1063–1069. 

22. Zhao, G.; Ford, E.S.; Li, C.; Kris-Etherton, P.M.; Etherton, T.D.; Balluz, L.S. Independent 
associations of serum concentrations of 25-hydroxyvitamin D and parathyroid hormone with 
blood pressure among US adults. J. Hypertens. 2010, 28, 1821–1828. 

23. Goel, R.K.; Lal, H. Role of vitamin D supplementation in hypertension. Indian J. Clin. 
Biochem. 2011, 26, 88–90. 

24. Gupta, A.K.; Brashear, M.M.; Johnson, W.D. Prediabetes and prehypertension in healthy adults 
are associated with low vitamin D levels. Diabetes Care 2011, 34, 658–660. 



198 
 

 

25. Larsen, T.; Mose, F.H.; Bech, J.N.; Hansen, A.B.; Pedersen, E.B. Effect of cholecalciferol 
supplementation during winter months in patients with hypertension: A randomized,  
placebo-controlled trial. Am. J. Hypertens. 2012, 25, 1215–1222. 

26. Schwartz, J.B. Effects of vitamin D supplementation in atorvastatin-treated patients: A new 
drug interaction with an unexpected consequence. Clin. Pharmacol. Ther. 2009, 85, 198–203. 

27. De la Llera-Moya, M.; Drazul-Schrader, D.; Asztalos, B.F.; Cuchel, M.; Rader, D.J.;  
Rothblat, G.H. The ability to promote efflux via ABCA1 determines the capacity of serum 
specimens with similar high-density lipoprotein cholesterol to remove cholesterol from 
macrophages. Arterioscler. Thromb. Vasc. Biol. 2010, 30, 796–801. 

28. Jorde, R.; Figenschau, Y.; Hutchinson, M.; Emaus, N.; Grimnes, G. High serum  
25-hydroxyvitamin D concentrations are associated with a favorable serum lipid profile. Eur. 
J. Clin. Nutr. 2010, 64, 1457–1464. 

29. Guasch, A.; Bullo, M.; Rabassa, A.; Bonada, A.; del Castillo, D.; Sabench, F.; Salas-Salvado, J. 
Plasma vitamin D and parathormone are associated with obesity and atherogenic dyslipidemia:  
A cross-sectional study. Cardiovasc. Diabetol. 2012, 11, 149. 

30. Van Ballegooijen, A.J.; Snijder, M.B.; Visser, M.; van den Hurk, K.; Kamp, O.; Dekker, J.M.; 
Nijpels, G.; Stehouwer, C.D.; Henry, R.M.; Paulus, W.J.; et al. Vitamin D in relation to 
myocardial structure and function after eight years of follow-up: The Hoorn Study. Ann. Nutr. 
Metab. 2012, 60, 69–77. 

31. Minino, A. Mortality among teenagers aged 12–19 years: United States, 1999–2006. NCHS 
Data Brief 2010, 37, 1–8. 

32. Takeda, M.; Yamashita, T.; Sasaki, N.; Nakajima, K.; Kita, T.; Shinohara, M.; Ishida, T.;  
Hirata, K. Oral administration of an active form of vitamin D3 (calcitriol) decreases 
atherosclerosis in mice by inducing regulatory T cells and immature dendritic cells with 
tolerogenic functions. Arterioscler. Thromb. Vasc. Biol. 2010, 30, 2495–2503. 

33. Bouillon, R.; van Schoor, N.M.; Gielen, E.; Boonen, S.; Mathieu, C.; Vanderschueren, D.;  
Lips, P. Optimal vitamin D status: A critical analysis on the basis of evidence-based medicine.  
J. Clin. Endocrinol. Metab. 2013, 98, E1283–E1304. 

34. Grant, W.B. Using findings from observational studies to guide vitamin D randomized 
controlled trials. J. Intern. Med. 2014, 59, 1–4. 

35. 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. 

36. 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. Guidelines for preventing and treating vitamin D deficiency and 
insufficiency revisited. J. Clin. Endocrinol. Metab. 2012, 97, 1153–1158. 

37. Grant, W.B.; Boucher, B.J. Are Hill’s criteria for causality satisfied for vitamin D and 
periodontal disease? Derm. Endocrinol. 2010, 2, 30–36. 

38. Looker, A.C.; Johnson, C.L.; Lacher, D.A.; Pfeiffer, C.M.; Schleicher, R.L.; Sempos, C.T. 
Vitamin D status: United States, 2001–2006. NCHS Data Brief 2011, 59, 1–8. 

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



199 
 

 

40. Vieth, R. What is the optimal vitamin D status for health? Prog. Biophys. Mol. Biol. 2006, 92, 
26–32. 

41. Heaney, R.P.; Recker, R.R.; Grote, J.; Horst, R.L.; Armas, L.A. Vitamin D3 is more potent than 
vitamin D2 in humans. J. Clin. Endocrinol. Metab. 2011, 96, E447–E452. 

42. Garland, C.F.; French, C.B.; Baggerly, L.L.; Heaney, R.P. Vitamin D supplement doses and 
serum 25-hydroxyvitamin D in the range associated with cancer prevention. Anticancer Res. 
2011, 31, 607–611. 

43. Grant, W.B. In defense of the sun: An estimate of changes in mortality rates in the United States 
if mean serum 25-hydroxyvitamin D levels were raised to 45 ng/mL by solar ultraviolet-B 
irradiance. Derm. Endocrinol. 2009, 1, 207–214. 

44. Grant, W.B. An estimate of the global reduction in mortality rates through doubling vitamin D 
levels. Eur. J. Clin. Nutr. 2011, 65, 1016–1026. 

45. Hill, A.B. The environment and disease: Association or causation? Proc. R. Soc. Med. 1965, 
58, 295–300. 

46. 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. Derm. Endocrinol. 2009, 1, 14–21. 

47. Hanwell, H.E.; Banwell, B. Assessment of evidence for a protective role of vitamin D in 
multiple sclerosis. Biochim. Biophys. Acta 2011, 1812, 202–212. 

48. Mohr, S.B.; Gorham, E.D.; Alcaraz, J.E.; Kane, C.I.; Macera, C.A.; Parsons, J.K.; Wingard, D.L.; 
Garland, C.F. Does the evidence for an inverse relationship between serum vitamin D status 
and breast cancer risk satisfy the Hill criteria? Derm. Endocrinol. 2012, 4, 152–157. 

49. 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. 

50. Jang, H.B.; Lee, H.J.; Park, J.Y.; Kang, J.H.; Song, J. Association between serum vitamin D  
and metabolic risk factors in Korean schoolgirls. Osong Public Health Res. Perspect. 2013, 4, 
179–186. 

51. Correia, L.C.; Sodre, F.; Garcia, G.; Sabino, M.; Brito, M.; Kalil, F.; Barreto, B.; Lima, J.C.; 
Noya-Rabelo, M.M. Relation of severe deficiency of vitamin D to cardiovascular mortality 
during acute coronary syndromes. Am. J. Cardiol. 2013, 111, 324–327. 

52. Deleskog, A.; Piksasova, O.; Silveira, A.; Samnegard, A.; Tornvall, P.; Eriksson, P.; Gustafsson, 
S.; Ostenson, C.G.; Ohrvik, J.; Hamsten, A. Serum 25-hydroxyvitamin D concentration, 
established and emerging cardiovascular risk factors and risk of myocardial infarction before 
the age of 60 years. Atherosclerosis 2012, 223, 223–229. 

53. Deleskog, A.; Piksasova, O.; Silveira, A.; Gertow, K.; Baldassarre, D.; Veglia, F.; Sennblad, B.; 
Strawbridge, R.J.; Larsson, M.; Leander, K.; et al. Serum 25-hydroxyvitamin D concentration 
in subclinical carotid atherosclerosis. Arterioscler. Thromb. Vasc. Biol. 2013, 33, 2633–2638. 

54. Parker, J.; Hashmi, O.; Dutton, D.; Mavrodaris, A.; Stranges, S.; Kandala, N.B.; Clarke, A.; 
Franco, O.H. Levels of vitamin D and cardiometabolic disorders: Systematic review and  
meta-analysis. Maturitas 2010, 65, 225–236. 

  



200 
 

 

55. 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. 

56. Kendrick, J.; Targher, G.; Smits, G.; Chonchol, M. 25-Hydroxyvitamin D deficiency is 
independently associated with cardiovascular disease in the Third National Health and 
Nutrition Examination Survey. Atherosclerosis 2009, 205, 255–260. 

57. 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. 

58. Tsur, A.; Feldman, B.S.; Feldhammer, I.; Hoshen, M.B.; Leibowitz, G.; Balicer, R.D. 
Decreased serum concentrations of 25-hydroxycholecalciferol are associated with increased 
risk of progression to impaired fasting glucose and diabetes. Diabetes Care 2013, 36, 1361–1367. 

59. Vacek, J.L.; Vanga, S.R.; Good, M.; Lai, S.M.; Lakkireddy, D.; Howard, P.A. Vitamin D 
deficiency and supplementation and relation to cardiovascular health. Am. J. Cardiol. 2012, 
109, 359–363. 

60. Wang, T.J.; Pencina, M.J.; Booth, S.L.; Jacques, P.F.; Ingelsson, E.; Lanier, K.; Benjamin, E.J.; 
D’Agostino, R.B.; Wolf, M.; Vasan, R.S. Vitamin D deficiency and risk of cardiovascular 
disease. Circulation 2008, 117, 503–511. 

61. Carrara, D.; Bernini, M.; Bacca, A.; Rugani, I.; Duranti, E.; Virdis, A.; Ghiadoni, L.; Taddei, S.; 
Bernini, G. Cholecalciferol administration blunts the systemic renin-angiotensin system in 
essential hypertensives with hypovitaminosis D. J. Renin Angiotensin Aldosterone Syst. 2014, 
15, 82–87. 

62. Forman, J.P.; Curhan, G.C.; Taylor, E.N. Plasma 25-hydroxyvitamin D levels and risk of 
incident hypertension among young women. Hypertension 2008, 52, 828–832. 

63. Giallauria, F.; Milaneschi, Y.; Tanaka, T.; Maggio, M.; Canepa, M.; Elango, P.; Vigorito, C.; 
Lakatta, E.G.; Ferrucci, L.; Strait, J. Arterial stiffness and vitamin D levels: The Baltimore 
Longitudinal Study of Aging. J. Clin. Endocrinol. Metab. 2012, 97, 3717–3723. 

64. Mayer, O., Jr.; Filipovsky, J.; Seidlerova, J.; Vanek, J.; Dolejsova, M.; Vrzalova, J.; Cifkova, R. 
The association between low 25-hydroxyvitamin D and increased aortic stiffness. J. Hum. 
Hypertens. 2012, 26, 650–655. 

65. Pirro, M.; Manfredelli, M.R.; Helou, R.S.; Scarponi, A.M.; Schillaci, G.; Bagaglia, F.; Melis, F.; 
Mannarino, E. Association of parathyroid hormone and 25-OH-vitamin D levels with arterial 
stiffness in postmenopausal women with vitamin D insufficiency. J. Atheroscler. Thromb. 
2012, 19, 924–931. 

66. Robinson-Cohen, C.; Hoofnagle, A.N.; Ix, J.H.; Sachs, M.C.; Tracy, R.P.; Siscovick, D.S.; 
Kestenbaum, B.R.; de Boer, I.H. Racial differences in the association of serum  
25-hydroxyvitamin D concentration with coronary heart disease events. JAMA 2013, 310,  
179–188. 



201 
 

 

67. Forouhi, N.G.; Luan, J.; Cooper, A.; Boucher, B.J.; Wareham, N.J. Baseline serum  
25-hydroxyvitamin D is predictive of future glycemic status and insulin resistance: The 
Medical Research Council Ely Prospective Study 1990–2000. Diabetes 2008, 57, 2619–2625. 

68. Breslavsky, A.; Frand, J.; Matas, Z.; Boaz, M.; Barnea, Z.; Shargorodsky, M. Effect of high 
doses of vitamin D on arterial properties, adiponectin, leptin and glucose homeostasis in  
type 2 diabetic patients. Clin. Nutr. 2013, 32, 970–975. 

69. Grant, W.B.; Garland, C.F. Vitamin D has a greater impact on cancer mortality rates than on 
cancer incidence rates. Br. Med. J. 2014, 348, g2862, doi:http://dx.doi.org/10.1136/bmj.g2862. 

70. Grant, W.B. Primary malignancy in patients with nonmelanoma skin cancer-letter. Cancer 
Epidemiol. Biomark. Prev. 2014, 23, 1438, doi:10.1158/1055-9965. 

71. Savic, L.; Mrdovic, I.; Perunicic, J.; Asanin, M.; Lasica, R.; Marinkovic, J.; Vasiljevic, Z.; 
Ostojic, M. Impact of the combined left ventricular systolic and renal dysfunction on one-year 
outcomes after primary percutaneous coronary intervention. J. Interv. Cardiol. 2012, 25, 132–139. 

72. Brenner, D.R.; Arora, P.; Garcia-Bailo, B.; Wolever, T.M.; Morrison, H.; El-Sohemy, A.; 
Karmali, M.; Badawi, A. Plasma vitamin D levels and risk of metabolic syndrome in 
Canadians. Clin. Investig. Med. 2011, 34, E377. 

73. Boucher, B.J. Is vitamin D status relevant to metabolic syndrome? Derm. Endocrinol. 2012, 4, 
212–224. 

74. Gagnon, C.; Lu, Z.X.; Magliano, D.J.; Dunstan, D.W.; Shaw, J.E.; Zimmet, P.Z.; Sikaris, K.; 
Ebeling, P.R.; Daly, R.M. Low serum 25-hydroxyvitamin D is associated with increased risk  
of the development of the metabolic syndrome at five years: Results from a national,  
population-based prospective study (The Australian Diabetes, Obesity and Lifestyle Study: 
Ausdiab). J. Clin. Endocrinol. Metab. 2012, 97, 1953–1961. 

75. Makariou, S.; Liberopoulos, E.; Florentin, M.; Lagos, K.; Gazi, I.; Challa, A.; Elisaf, M.  
The relationship of vitamin D with non-traditional risk factors for cardiovascular disease in 
subjects with metabolic syndrome. Arch. Med. Sci. 2012, 8, 437–443. 

76. De Boer, I.H.; Katz, R.; Chonchol, M.; Ix, J.H.; Sarnak, M.J.; Shlipak, M.G.; Siscovick, D.S.; 
Kestenbaum, B. Serum 25-hydroxyvitamin D and change in estimated glomerular filtration 
rate. Clin. J. Am. Soc. Nephrol. 2011, 6, 2141–2149. 

77. Schnatz, P.F.; Jiang, X.; Vila-Wright, S.; Aragaki, A.K.; Nudy, M.; O’Sullivan, D.M.; Jackson, R.; 
Leblanc, E.; Robinson, J.G.; Shikany, J.M.; et al. Calcium/vitamin D supplementation, serum  
25-hydroxyvitamin D concentrations, and cholesterol profiles in the Women’s Health Initiative 
calcium/vitamin D randomized trial. Menopause 2014, 8, 823–833. 

78. Bolland, M.J.; Grey, A.; Gamble, G.D.; Reid, I.R. The effect of vitamin D supplementation on 
skeletal, vascular, or cancer outcomes: A trial sequential meta-analysis. Lancet Diabetes 
Endocrinol. 2014, 2, 307–320. 

79. Forman, J.P.; Scott, J.B.; Ng, K.; Drake, B.F.; Suarez, E.G.; Hayden, D.L.; Bennett, G.G.; 
Chandler, P.D.; Hollis, B.W.; Emmons, K.M.; et al. Effect of vitamin D supplementation on 
blood pressure in blacks. Hypertension 2013, 61, 779–785. 



202 
 

 

80. George, P.S.; Pearson, E.R.; Witham, M.D. Effect of vitamin D supplementation on glycaemic 
control and insulin resistance: A systematic review and meta-analysis. Diabet. Med. 2012, 29, 
e142–e150. 

81. Talaei, A.; Mohamadi, M.; Adgi, Z. The effect of vitamin D on insulin resistance in patients 
with type 2 diabetes. Diabetol. Metab. Syndr. 2013, 5, 8, doi:10.1186/1758-5996-5-8. 

82. Michos, E.D.; Reis, J.P.; Post, W.S.; Lutsey, P.L.; Gottesman, R.F.; Mosley, T.H.; Sharrett, A.R.; 
Melamed, M.L. 25-Hydroxyvitamin D deficiency is associated with fatal stroke among whites 
but not blacks: The NHANES-III linked mortality files. Nutrition 2012, 28, 367–371. 

83. Wood, A.D.; Secombes, K.R.; Thies, F.; Aucott, L.; Black, A.J.; Mavroeidi, A.; Simpson, W.G.; 
Fraser, W.D.; Reid, D.M.; Macdonald, H.M. Vitamin D3 supplementation has no effect on 
conventional cardiovascular risk factors: A parallel-group, double-blind, placebo-controlled 
RCT. J. Clin. Endocrinol. Metab. 2012, 97, 3557–3568. 

84. Jorde, R.; Strand Hutchinson, M.; Kjaergaard, M.; Sneve, M.; Grimnes, G. Supplementation 
with high doses of vitamin D to subjects without vitamin D deficiency may have negative 
effects: Pooled data from four intervention trials in Tromsø. ISRN Endocrinol. 2013, 2013, 
348705, doi:10.1155/2013/348705. 

85. Liu, S.; Song, Y.; Ford, E.S.; Manson, J.E.; Buring, J.E.; Ridker, P.M. Dietary calcium,  
vitamin D, and the prevalence of metabolic syndrome in middle-aged and older U.S. women. 
Diabetes Care 2005, 28, 2926–2932. 

86. Fung, G.J.; Steffen, L.M.; Zhou, X.; Harnack, L.; Tang, W.; Lutsey, P.L.; Loria, C.M.; Reis, J.P.; 
van Horn, L.V. Vitamin D intake is inversely related to risk of developing metabolic syndrome 
in African American and white men and women over 20 y: The Coronary Artery Risk 
Development in Young Adults study. Am. J. Clin. Nutr. 2012, 96, 24–29. 

87. Moukayed, M.; Grant, W.B. Molecular link between vitamin D and cancer prevention.  
Nutrients 2013, 5, 3993–4021. 

88. Oplander, C.; Volkmar, C.M.; Paunel-Gorgulu, A.; van Faassen, E.E.; Heiss, C.; Kelm, M.; 
Halmer, D.; Murtz, M.; Pallua, N.; Suschek, C.V. Whole body UVA irradiation lowers 
systemic blood pressure by release of nitric oxide from intracutaneous photolabile nitric oxide 
derivates. Circ. Res. 2009, 105, 1031–1040. 

89. Andrukhova, O.; Slavic, S.; Zeitz, U.; Riesen, S.C.; Heppelmann, M.S.; Ambrisko, T.D.; 
Markovic, M.; Kuebler, W.M.; Erben, R.G. Vitamin D is a regulator of endothelial nitric oxide 
synthase and arterial stiffness in mice. Mol. Endocrinol. 2014, 28, 53–64. 

90. Jamaluddin, S.; Liang, Z.; Lu, J.M.; Yao, Q.; Chen, C. Roles of cardiovascular risk factors in 
endothelial nitric oxide synthase regulation: An update. Curr. Pharm. Des. 2013, 22, 3563–3578. 

91. Beveridge, L.A.; Witham, M.D. Vitamin D and the cardiovascular system. Osteoporos. Int. 
2013, 24, 2167–2180. 

92. Zittermann, A.; Iodice, S.; Pilz, S.; Grant, W.B.; Bagnardi, V.; Gandini, S. Vitamin D 
deficiency and mortality risk in the general population: A meta-analysis of prospective cohort 
studies. Am. J. Clin. Nutr. 2012, 95, 91–100. 



203 
 

 

93. Liberopoulos, E.N.; Makariou, S.E.; Moutzouri, E.; Kostapanos, M.S.; Challa, A.; Elisaf, M. 
Effect of simvastatin/ezetimibe 10/10 mg versus simvastatin 40 mg on serum vitamin D levels.  
J. Cardiovasc. Pharmacol. Ther. 2013, 18, 229–233. 

94. Woodhouse, P.R.; Khaw, K.T.; Plummer, M. Seasonal variation of blood pressure and its 
relationship to ambient temperature in an elderly population. J. Hypertens. 1993, 11, 1267–1274. 

95. Burkart, K.; Schneider, A.; Breitner, S.; Khan, M.H.; Kramer, A.; Endlicher, W. The effect of 
atmospheric thermal conditions and urban thermal pollution on all-cause and cardiovascular 
mortality in Bangladesh. Environ. Pollut. 2011, 159, 2035–2043. 

96. Brandenburg, V.M.; Vervloet, M.G.; Marx, N. The role of vitamin D in cardiovascular disease: 
From present evidence to future perspectives. Atherosclerosis 2012, 225, 253–263. 

97. Hathcock, J.N.; Shao, A.; Vieth, R.; Heaney, R. Risk assessment for vitamin D. Am. J. Clin. 
Nutr. 2007, 85, 6–18. 

98. Gradinaru, D.; Borsa, C.; Ionescu, C.; Margina, D.; Prada, G.I.; Jansen, E. Vitamin D status 
and oxidative stress markers in the elderly with impaired fasting glucose and type 2 diabetes 
mellitus. Aging Clin. Exp. Res. 2012, 24, 595–602. 

99. Alkharfy, K.M.; Al-Daghri, N.M.; Sabico, S.B.; Al-Othman, A.; Moharram, O.; Alokail, M.S.; 
Al-Saleh, Y.; Kumar, S.; Chrousos, G.P. Vitamin D supplementation in patients with diabetes 
mellitus type 2 on different therapeutic regimens: A one-year prospective study. Cardiovasc. 
Diabetol. 2013, 12, 113, doi:10.1186/1475-2840-12-113. 

100. Wilmot, E.G.; Edwardson, C.L.; Biddle, S.J.; Gorely, T.; Henson, J.; Khunti, K.; Nimmo, M.A.; 
Yates, T.; Davies, M.J. Prevalence of diabetes and impaired glucose metabolism in younger  
“at risk” UK adults: Insights from the STAND programme of research. Diabet. Med. 2013, 30,  
671–675. 

101. Yiu, Y.F.; Yiu, K.H.; Siu, C.W.; Chan, Y.H.; Li, S.W.; Wong, L.Y.; Lee, S.W.; Tam, S.;  
Wong, E.W.; Lau, C.P.; et al. Randomized controlled trial of vitamin D supplement on 
endothelial function in patients with type 2 diabetes. Atherosclerosis 2013, 227, 140–146. 

102. DeKeyser, F.G.; Pugh, L.C. Assessment of the reliability and validity of biochemical measures. 
Nurs. Res. 1990, 39, 314–317. 

103. Lappe, J.M.; Heaney, R.P. Why randomized controlled trials of calcium and vitamin D 
sometimes fail. Derm. Endocrinol. 2012, 4, 95–100. 

104. Gupta, A.K.; Brashear, M.M.; Johnson, W.D. Predisease conditions and serum vitamin D levels 
in healthy Mexican American adults. Postgrad. Med. 2012, 124, 136–142. 

105. Harris, S.S. Vitamin D and African Americans. J. Nutr. 2006, 136, 1126–1129. 
106. Riek, A.E.; Oh, J.; Darwech, I.; Moynihan, C.E.; Bruchas, R.R.; Bernal-Mizrachi, C. 25(OH) 

vitamin D suppresses macrophage adhesion and migration by downregulation of ER stress and 
scavenger receptor A1 in type 2 diabetes. J. Steroid Biochem. Mol. Biol. 2013, 144, 172–179, 
doi:10.1016/j.jsbmb.2013.10.016. 

107. Wu-Wong, J.R.; Nakane, M.; Ma, J.; Ruan, X.; Kroeger, P.E. VDR-mediated gene expression 
patterns in resting human coronary artery smooth muscle cells. J. Cell. Biochem. 2007, 100, 
1395–1405. 



204 
 

 

108. Yusuf, S.; Hawken, S.; Ounpuu, S.; Dans, T.; Avezum, A.; Lanas, F.; McQueen, M.; Budaj, A.; 
Pais, P.; Varigos, J.; et al. Effect of potentially modifiable risk factors associated with myocardial 
infarction in 52 countries (the INTERHEART study): Case-control study. Lancet 2004, 364, 
937–952. 

109. Karhapaa, P.; Pihlajamaki, J.; Porsti, I.; Kastarinen, M.; Mustonen, J.; Niemela, O.; Kuusisto, J. 
Diverse associations of 25-hydroxyvitamin D and 1,25-dihydroxy-vitamin D with dyslipidaemias. 
J. Intern. Med. 2010, 268, 604–610. 

110. Chow, E.C.; Magomedova, L.; Quach, H.P.; Patel, R.; Durk, M.R.; Fan, J.; Maeng, H.J.;  
Irondi, K.; Anakk, S.; Moore, D.D.; et al. Vitamin D receptor activation down-regulates the 
small heterodimer partner and increases CYP7A1 to lower cholesterol. Gastroenterology 2014, 
146, 1048–1059. 

111. Moser, U. Vitamins—Wrong approaches. Int. J. Vitam. Nutr. Res. 2012, 82, 327–332. 
112. Heaney, R.P. Guidelines for optimizing design and analysis of clinical studies of nutrient 

effects. Nutr. Rev. 2014, 72, 48–54. 
113. Rahimi-Ardabili, H.; Pourghassem Gargari, B.; Farzadi, L. Effects of vitamin D on cardiovascular 

disease risk factors in polycystic ovary syndrome women with vitamin D deficiency.  
J. Endocrinol. Investig. 2013, 36, 28–32. 

114. Grimnes, G.; Figenschau, Y.; Almas, B.; Jorde, R. Vitamin D, insulin secretion, sensitivity, and 
lipids: Results from a case-control study and a randomized controlled trial using hyperglycemic 
clamp technique. Diabetes 2011, 60, 2748–2757. 

115. Von Hurst, P.R.; Stonehouse, W.; Coad, J. Vitamin D supplementation reduces insulin 
resistance in South Asian women living in New Zealand who are insulin resistant and vitamin D 
deficient—A randomised, placebo-controlled trial. Br. J. Nutr. 2010, 103, 549–555. 

116. Belenchia, A.M.; Tosh, A.K.; Hillman, L.S.; Peterson, C.A. Correcting vitamin D insufficiency 
improves insulin sensitivity in obese adolescents: A randomized controlled trial. Am. J. Clin. 
Nutr. 2013, 97, 774–781. 

117. Beilfuss, J.; Berg, V.; Sneve, M.; Jorde, R.; Kamycheva, E. Effects of a 1-year supplementation 
with cholecalciferol on interleukin-6, tumor necrosis factor-alpha and insulin resistance in 
overweight and obese subjects. Cytokine 2012, 60, 870–874. 

118. Gepner, A.D.; Ramamurthy, R.; Krueger, D.C.; Korcarz, C.E.; Binkley, N.; Stein, J.H.  
A prospective randomized controlled trial of the effects of vitamin D supplementation on 
cardiovascular disease risk. PLoS One 2012, 7, e36617, doi:10.1371/journal.pone.0036617. 

119. Potischman, N.; Weed, D.L. Causal criteria in nutritional epidemiology. Am. J. Clin. Nutr. 
1999, 69, 1309S–1314S. 

120. Biesalski, H.K.; Aggett, P.J.; Anton, R.; Bernstein, P.S.; Blumberg, J.; Heaney, R.P.; Henry, 
J.; Nolan, J.M.; Richardson, D.P.; van Ommen, B.; et al. 26th Hohenheim Consensus 
Conference, September 11, 2010 Scientific substantiation of health claims: Evidence-based 
nutrition. Nutrition 2011, 27, S1–S20. 

 



205 
 

 

Vitamin D Levels Are Associated with Cardiac Autonomic 
Activity in Healthy Humans 

Michelle C. Mann, Derek V. Exner, Brenda R. Hemmelgarn, Darlene Y. Sola, Tanvir C. Turin, 
Linda Ellis and Sofia B. Ahmed 

Abstract: Vitamin D deficiency ( 50nmol/L 25-hydroxy vitamin D) is a cardiovascular (CV) risk 
factor that affects approximately one billion people worldwide, particularly those affected by chronic 
kidney disease (CKD). Individuals with CKD demonstrate abnormal cardiac autonomic nervous 
system activity, which has been linked to the significant rates of CV-related mortality in this 
population. Whether vitamin D deficiency has a direct association with regulation of cardiac autonomic 
activity has never been explored in humans. Methods: Thirty-four (34) healthy, normotensive subjects 
were studied and categorized based on 25-hydroxy vitamin D deficiency (deficient vs. non-deficient, 
n = 7 vs. 27), as well as 1,25-dihydroxy vitamin D levels (above vs. below 25th percentile, n = 8 vs. 26). 
Power spectral analysis of electrocardiogram recordings provided measures of cardiac autonomic 
activity across low frequency (LF) and high frequency (HF, representative of vagal contribution) 
bands, representative of the sympathetic and vagal limbs of the autonomic nervous system when 
transformed to normalized units (nu), respectively, as well as overall cardiosympathovagal balance 
(LF:HF) during graded angiotensin II (AngII) challenge (3 ng/kg/min × 30 min, 6 ng/kg/min × 30 min). 
Results: At baseline, significant suppression of sympathovagal balance was observed in the  
25-hydroxy vitamin D-deficient participants (LF:HF, p = 0.02 vs. non-deficient), although no other 
differences were observed throughout AngII challenge. Participants in the lowest 1,25-dihydroxy 
VD quartile experienced significant withdrawal of inhibitory vagal control, as well as altered overall 
sympathovagal balance throughout AngII challenge (HF, mean difference = 6.98 ± 3 nu, p = 0.05; 
LF:HF, mean difference = 0.34 ± 0.1, p = 0.043 vs. above 25th percentile). Conclusions: Vitamin D 
deficiency is associated with suppression of resting cardiac autonomic activity, while low  
1,25-dihydroxy vitamin D levels are associated with unfavourable cardiac autonomic activity during 
an acute AngII stressor, offering a potential pathophysiological mechanism that may be acting to 
elevate CV risk in in populations with low vitamin D status. 

Reprinted from Nutrients. Cite as: Mann, M.C.; Exner, D.V.; Hemmelgarn, B.R.; Sola, D.Y.;  
Turin, T.C.; Ellis, L.; Ahmed, S.B. Vitamin D Levels Are Associated with Cardiac Autonomic 
Activity in Healthy Humans. Nutrients 2013, 5, 2114-2127. 

1. Introduction 

Vitamin D deficiency is influenced by dietary habits, body composition, ethnicity, as well as sun 
exposure relative to geographical location and altitude, and has been shown to be associated with 
poor cardiovascular (CV) outcomes and risk [1–3]. Vitamin D deficiency has been shown to alter 
activity of the cardiovascular system and related pressor responses [4] and dysfunction of the cardiac 
autonomic nervous system (ANS) is predictive of CV risk [5–11], specifically risk of sudden cardiac 
death (SCD) [8,10], in humans. These observations suggest a potential link between low vitamin D 
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and unfavourable alterations in cardiac autonomic tone. The cardiac sympathetic and parasympathetic 
(vagal) limbs of the ANS act in concert with one another to stimulate and inhibit heart rate and 
contractility, respectively. Though the association between vitamin D and cardiac autonomic tone 
has not specifically previously been studied in humans, patients with impaired vitamin D synthesis 
such as those with chronic kidney disease (CKD) demonstrate unfavourable cardiosympathovagal 
activity characterized by a significant withdrawal of inhibitory vagal activity [5]. Together, these 
observations suggest a potential link between vitamin D and cardiac autonomic nervous system 
(ANS) control and therefore CV risk; though whether vitamin D deficiency has a direct influence on 
cardiac autonomic activity remains unknown in humans. As such, we sought to evaluate the impact 
of low serum levels of vitamin D metabolites: (a) vitamin D deficiency, defined as <50 nmol/L (or 
20 ng/mL: 1 nmol/L = 0.4 ng/mL) 25-hydroxy vitamin D [12]; and (b) low 1,25-dihydroxy vitamin D, 
defined as within the lowest quartile of 1,25-dihydroxy vitamin D [2] on cardiac autonomic activity 
in healthy humans. 

2. Methods 

Thirty-four (34) healthy, normotensive volunteer subjects underwent graded angiotensin II 
(AngII) challenge (3 ng/kg/min × 30 min, 6 ng/kg/min × 30 min). This challenge involved infusion 
of exogenous AngII, the effector hormone of the renin-angiotensin system (RAS) within the kidney 
which induces a slight increase in blood pressure (BP) and thus acts as an acute physiological stressor 
in healthy subjects [13,14]. This study was approved by the Conjoint Health Research Ethics Board 
(CHREB) at the University of Calgary (project ID #22859) and was conducted in accordance with 
the principles outlined in the Declaration of Helsinki. 

Subjects were recruited year-round via posters on the University of Calgary Health Sciences and 
Main campuses. Exclusion criteria were hypertension (BP > 140/90 or the use of antihypertensive 
medications), diabetes (fasting glucose 7 mmol/L or the use of hypoglycemic medications), 
smoking and use of any regular prescription medications. Following collection of verbal and written 
informed consent, subjects consumed >150 mmol Na+/day for three days prior to the study to ensure 
maximal RAS suppression [15]. All women were studied mid-menstrual cycle, confirmed by counting 
days from the last menstrual period and measurement of sex hormone levels. All studies were 
conducted at the University of Calgary Human Physiology Laboratory and commenced at 08:00 with 
fasting subjects lying supine in a quiet, temperature-controlled room. An 18-gauge peripheral venous 
cannula was then inserted into each antecubital vein for blood sampling and infusions. BP was 
monitored throughout the study by an automated sphygmomanometer cuff (GE Healthcare, Dinamap) 
at 15 min intervals. Following a 90-min equilibration period, subjects underwent graded AngII infusion. 

2.1. Cardiac Autonomic Activity 

Electrocardiogram (ECG) data were collected during spontaneous, natural breathing with a 3-lead 
ambulatory Holter monitor (GE Healthcare; Milwaukee, WI, USA) at a sampling frequency of 125 Hz. 
ECG data was collected continuously throughout the duration of the 180 min study period  
(baseline × 90 min, 3 ng/kg/min AngII × 30 min, 6 ng/kg/min AngII × 30 min). ECG tracings were 
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screened by a qualified technician for artefacts and irregular QRS complexes in order to exclude any 
abnormal rhythms. Power spectral density analysis was then calculated to include rhythms with 
activity within the bandwidth frequency of 0.003–1.7 Hz (MARS v. 7; GE Healthcare; Milwaukee, 
WI, USA). Absolute values of cardiac autonomic activity (in milliseconds) in the total power (TP), 
very-low frequency (VLF, 0.003–0.04 Hz), low-frequency (LF, 0.04–0.15 Hz) and high-frequency 
(HF, 0.15–0.4 Hz) bands were recorded. Both absolute LF and HF parameters were then squared and  
log-transformed (ln ms2), as well as converted to normalized units (nu) to account for changes in 
total autonomic power [16]. Overall cardiosympathovagal balance (LF:HF) was derived 
automatically within the MARS software by comparing the LF/LF + HF and HF/HF + LF ratios. 

While some methodological variation exists within the literature [17], it is widely accepted that 
power spectral density analysis measurements within the HF frequency bandwidth represents 
independent contribution from the vagal limb of the cardiac autonomic nervous system [5,16].  
While some controversy exists with regards to the remaining frequency domain measures, it has been 
speculated that activity within the VLF frequency bandwidth may represent contribution influenced 
by both the RAS [18], and more recently, the vagal limb of the cardiac ANS [19]. Previously, the LF 
bandwidth has been attributed to the sympathetic limb of the cardiac ANS [16], however this view 
has been challenged and interpreted as being largely influenced by vagal outflow generated by the 
baroreceptor reflex [20]. The LF:HF measure is thought to be an overall estimate of the relative 
balance of autonomic activity within the entire cardiac ANS [16]. 

2.2. Biochemical Analysis 

Serum 25-hydroxy vitamin D and parathyroid hormone (PTH) were quantified using 
chemiluminescence immunoassay techniques (Liaison 25-hydroxyVitamin D Total Assay, Liaison  
N-TACT PTH, DiaSorin Clinical Assays; Stillwater, MN, USA). Serum 1,25-dihydroxy vitamin D 
level was determined by a two-step assay involving extraction of vitamin D metabolites followed by 
competitive radioimmunoassay (1,25-dihydroxy vitamin D 125I RIA kit, DiaSorin Clinical Assays; 
Stillwater, MN, USA). Plasma renin activity (PRA) was determined by quantification of plasma 
angiotensin I, the primary product of renin activation, using radioimmunoassay (Plasma Renin 
Activity 125I, DiaSorin Clinical Assays; Stillwater, MN, USA). AngII plasma levels were measured 
by standard immunoassay techniques (Quest Diagnostics; San Juan Capistrano, CA, USA). Serum 
aldosterone levels were determined by radioimmunoassay (Aldosterone Coat a Count Kit, 
Intermedico; Markham, Ontario, Canada). Serum creatinine and cholesterol were quantified by 
enzymatic colorimetric assay (Roche/Hitachi Creatinine Plus, CHOD-PAP, HDL-C Plus, and 
Triglycerides GPO-PAP Kits, Roche Diagnostics; Indianapolis, IN, USA). 

2.3. Statistical Analysis 

Data are expressed as mean ± SE. The primary outcome was the association between 25-hydroxy 
vitamin D status (deficient vs. non-deficient) and cardiac autonomic activity differences at baseline 
and in response to AngII challenge. The secondary outcome was the association between active  
1,25-dihydroxy vitamin D status (below 25th percentile vs. above 25th percentile) [2] and changes 
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in cardiac autonomic activity at baseline and in response to AngII challenge. Spearman’s correlational 
analyses were employed to evaluate the various relationships between relevant variables and 
outcomes. Differences between the vitamin D groups at specific time points were tested using  
non-parametric Mann–Whitney U. Linear trends for responses over time were calculated using the 
non-parametric one-way analysis of variance (Kruskal–Wallis). Within-subject and between-group 
responses were also analyzed with two-way repeated measures analysis of variance (ANOVA) to 
account for both the dose of AngII infusion and vitamin D group allocation, with race and gender [21] 
included as covariates within the model and multiple comparison corrections used as appropriate. 
All test assumptions were tested and verified before conducting analyses utilizing SPSS (IBM; v. 19) 
with a significance level of   0.05. 

3. Results 

3.1. Subject Characteristics 

Subject characteristics are described in Table 1. All subjects were normotensive irrespective of  
25-hydroxy or 1,25-dihydroxy vitamin D serum concentration, though vitamin D deficient subjects 
demonstrated greater parathyroid hormone levels (p = 0.046) and lower epinephrine levels (p = 0.019). 
There was a trend towards lower self-reported Caucasian race and lower 1,25-dihydroxy vitamin D 
levels in the Vitamin D deficient group but this did not achieve statistical significance. When subjects 
were stratified by 1,25-dihydroxy vitamin D status, similar findings were observed.. No association 
between 25-hydroxy vitamin D and 1,25-dihydroxy vitamin D was observed (r = 0.061, p = 0.73). 

Table 1. Baseline characteristics. 

 
Stratification by  

25-hydroxy  
vitamin D status 

Stratification by  
1,25-dihydroxy  

vitamin D status 

 
All Subjects 

(n = 34) 

Deficient 
<50 nmol/L 

(n = 7) 

Non-Deficient 
>50 nmol/L 

(n = 27) 
p-value 

Below 25th 
percentile  

<76 pmol/L  
(n = 8) 

Above 25th 
percentile 

>76 pmol/L 
(n = 26) 

p-value 

Age (years) 38 ± 2 37 ± 5 38 ± 3 0.96 37 ± 4 38 ± 3 0.92 
Caucasian (%) 25 (74%) 4 (57%) 21 (77%) 0.08 7 (88%) 18 (69%) 0.56 

Female (%) 22 (65%) 5 (71%) 17 (63%) 0.69 6 (75%) 16 (62%) 0.22 
BMI (kg/m2) 26 ± 1 27 ± 1 25 ± 1 0.43 27 ± 2 25 ± 1 0.21 
SBP (mmHg) 115 ± 2 112 ± 4 115 ± 3 0.63 115 ± 2 115 ± 3 0.37 
DBP (mmHg) 68 ± 1 64 ± 5 69 ± 2 0.28 70 ± 3 68 ± 2 0.44 
MAP (mmHg) 84 ± 2 80 ± 4 84 ± 2 0.37 85 ± 2 83 ± 2 0.41 

25-hydroxy  
vitamin D (nmol/L) 

71 ± 4 38 ± 2 81 ± 4 <0.001 61 ± 7 74 ± 5 0.16 

1,25-dihydroxy 
vitamin D (pmol/L) 

105 ± 6 86 ± 9 107 ± 7 0.15 64 ± 3 117 ± 6 <0.001 

PTH (ng/L) 37 ± 2 45 ± 9 34 ± 2 0.046 33 ± 6 38 ± 3 0.29 
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Table 1. Cont. 

  
Stratification by  

25-hydroxy  
vitamin D status 

Stratification by  
1,25-dihydroxy  

vitamin D status 

 
All Subjects 

(n = 34) 

Deficient 
<50 nmol/L 

(n = 7) 

Non-Deficient 
>50 nmol/L 

(n = 27) 
p-value 

Below 25th 
percentile  

<76 pmol/L  
(n = 8) 

Above 25th 
percentile 

>76 pmol/L 
(n = 26) 

p-value 

Serum calcium 
(mmol/L) 

2.2 ± 0.01 2.3 ± 0.04 2.2 ± 0.01 0.47 2.2 ± 0.03 2.2 ± 0.02 0.49 

Serum phosphate 
(mmol/L) 

1.0 ± 0.03 0.9 ± 0.08 1.01 ± 0.03 0.35 1.03 ± 0.04 0.97 ± 0.04 0.29 

HDL (mmol/L) 1.4 ± 0.05 1.3 ± 0.1 1.5 ± 0.05 0.21 1.45 ± 0.07 1.4 ± 0.06 0.62 
LDL (mmol/L) 2.2 ± 0.1 1.8 ± 0.2 2.3 ± 0.2 0.17 2.1 ± 0.4 2.2 ± 0.2 0.65 
NE (nmol/L) 1.3 ± 0.2 1.2 ± 0.06 1.3 ± 0.2 0.79 1.5 ± 0.3 1.3 ± 0.2 0.37 
Epi (pmol/L) 97 ± 13 69 ± 11 117 ± 17 0.019 76 ± 13 103 ± 15 0.64 

Urinary sodium 
(mmol/day) 

373 ± 20 355 ± 48 379 ± 25 0.65 348 ± 25 380 ± 27 0.40 

Serum creatinine 
(umol/L) 

69 ± 4 69 ± 7 70 ± 3 0.92 70 ± 5 67 ± 4 0.98 

PRA (ng/L/s) 0.21 ± 0.03 0.23 ± 0.04 0.20 ± 0.03 0.48 0.15 ± 0.03 0.23 ± 0.03 0.19 
Ang II (ng/L) 18 ± 1 18 ± 3 16 ± 1 0.38 18 ± 2 18 ± 1 0.81 
Aldo (pmol/L) 106 ± 10 90 ± 8 110 ± 12 0.61 99 ± 14 109 ± 12 0.91 

BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; MAP, mean arterial pressure;  

PTH, parathyroid hormone; HDL, high-density lipoprotein (cholesterol); LDL, low-density lipoprotein (cholesterol);  

NE, norepinephrine; Epi, epinephrine; PRA, plasma renin activity Ang II, angiotensin II; Aldo, aldosterone. All data 

are expressed as mean ± SE unless otherwise indicated. 

3.2. Cardiac Autonomic Responses in 25-Hydroxy Vitamin D Deficient vs. Non-Vitamin D  
Deficient Subjects 

At baseline, significant suppression of overall resting sympathovagal balance was observed in the 
25-hydroxy vitamin D deficient participants (LF:HF, p = 0.02) (Figure 1). During AngII infusion, 
no significant differences between groups at a specific time point were noted. Further, no significant 
trends in responses over time were observed within either group (Table 2). Two-way repeated 
measures ANOVA revealed no significant within-subject or between-group contrasts despite 
controlling for potential confounders, suggesting that differences in 25-hydroxy vitamin D did not 
alter cardiac autonomic responses to AngII. 
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Figure 1. Cardiosympathovagal modulation during angiotensin II challenge, by vitamin D 
status LF:HF, low- to high-frequency ratio representative of cardiosympathovagal balance. 

 

Table 2. Cardiac autonomic response to angiotensin II challenge by 25-hydroxy  
vitamin D status. 

 Baseline 3 ng/kg/min AngII 6 ng/kg/min AngII 
Heart rate (bpm)     

Vitamin D deficient  
Non-vitamin D deficient  

62 ± 3  
57 ± 2 

56 ± 3  
56 ± 3 

65 ± 4  
58 ± 2 

TP (ms)    
Vitamin D deficient 56 ± 7 66 ± 7 63 ± 8 

Non-vitamin D deficient 69 ± 6 74 ± 7 73 ± 7 
VLF (ms)    

Vitamin D deficient 39 ± 6 48 ± 6 47 ± 6 
Non-vitamin D deficient 51 ± 5 55 ± 7 56 ± 5 

LF (ms)    
Vitamin D deficient 31 ± 4 34 ± 4 33 ± 5 

Non-vitamin D deficient 37 ± 4 37 ± 3 37 ± 3 
LF (ln ms2)    

Vitamin D deficient 6.76 ± 0.3 6.93 ± 0.3 6.84 ± 0.3 
Non-vitamin D deficient 6.99 ± 0.2 6.97 ± 0.2 7.00 ± 0.2 

LF (nu)    
Vitamin D deficient 61 ± 5 58 ± 3 62 ± 4 

Non-vitamin D deficient 67 ± 3 66 ± 3 68 ± 2 
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Table 2. Cont. 

HF (ms)    
Vitamin D deficient 25 ± 3 26 ± 3 24 ± 4 

Non-vitamin D deficient 25 ± 3 24 ± 3 23 ± 2 
HF (ln ms2)    

Vitamin D deficient 6.36 ± 0.3 6.40 ± 0.3 6.06 ± 0.6 
Non-vitamin D deficient 6.12 ± 0.2 6.02 ± 0.2 5.98 ± 0.2 

HF (nu)    
Vitamin D deficient 41 ± 7 37 ± 4 32 ± 5 

Non-vitamin D deficient 33 ± 3 28 ± 3 26 ± 2 
LF:HF     

Vitamin D deficient 1.25 ± 0.1 1.34 ± 0.2 1.55 ± 0.2 
Non-vitamin D deficient 1.66 ± 0.1 † 1.72 ± 0.1 1.74 ± 0.1 

TP, total power; VLF, very-low frequency; LF, low-frequency; HF, high-frequency. All data are expressed 
as mean ± SE unless otherwise indicated. Vitamin D deficient (n = 7), non-vitamin D deficient (n = 27).  
* p < 0.05 vs. response from baseline; † p < 0.05 vs. vitamin D deficient value at this time point. 

3.3. Cardiac Autonomic Responses below vs. above 25th Percentile 1,25-Dihydroxy  
Vitamin D Subjects 

At baseline, there were no significant differences in cardiac autonomic activity between groups. 
In response to 30 min of AngII challenge, subjects with 1,25-dihydroxy vitamin D levels below the 
25th percentile demonstrated loss of vagal tone as demonstrated by a decrease in HF (nu) compared 
to subjects with 1,25-dihydroxy vitamin D levels above the 25th percentile (p = 0.05). As a 
consequence of the loss of vagal tone in response to the stressor, subjects with 1,25-dihydroxy vitamin 
D levels below the 25th percentile were unable to maintain overall sympathovagal balance compared 
to those with 1,25-dihydroxy vitamin D levels above the 25th percentile (p = 0.043) (Table 3). 
Comparison of the higher and lower 1,25-dihydroxy vitamin D groups revealed that 1,25-hydroxy 
vitamin D status was associated with differences in the LF, HF, and LF:HF responses across AngII 
doses, specifically at the 3 ng/kg/min dose (LF nu, mean difference = 8.84 ± 4 nu, p = 0.034; HF nu, 
mean difference = 6.98 ± 3 nu, p = 0.049 (Figure 2); LF:HF, mean difference = 0.34 ± 0.1,  
p = 0.080). 
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Table 3. Cardiac autonomic response to angiotensin II challenge by 1,25-dihydroxy 
vitamin D status. 

 Baseline 3 ng/kg/min AngII 6 ng/kg/min AngII 
Heart rate (bpm) 

59 ± 3  
58 ± 2 

60 ± 2  
56 ± 2 

62 ± 3  
58 ± 2 

Below 25th percentile 
Above 25th percentile  

TP (ms) 
70 ± 15  
66 ± 5 

83 ± 16  
69 ± 6 

85 ± 18  
67 ± 5 

Below 25th percentile 
Above 25th percentile 

VLF (ms) 
50 ± 12  
48 ± 4 

66 ± 13  
50 ± 5 

58 ± 11  
53 ± 4 

Below 25th percentile 
Above 25th percentile 

LF (ms) 
40 ± 8  
35 ± 3 

43 ± 8  
34 ± 3 

40 ± 10  
35 ± 2 

Below 25th percentile 
Above 25th percentile 

LF (ln ms2) 
7.04 ± 0.4  
6.91 ± 0.2 

7.28 ± 0.4  
6.87 ± 0.2 

6.89 ± 0.5  
6.99 ± 0.2 

Below 25th percentile 
Above 25th percentile 

LF (nu) 
67 ± 4  
65 ± 3 

72 ± 4  
62 ± 3 

69 ± 4  
66 ± 2 

Below 25th percentile 
Above 25th percentile 

HF (ms) 
25 ± 5  
25 ± 3 

23 ± 4  
25 ± 2 

21 ± 5  
24 ± 2 

Below 25th percentile 
Above 25th percentile 

HF (ln ms2) 
6.15 ± 0.4  
6.17 ± 0.2 

6.04 ± 0.3  
6.12 ± 0.2 

5.79 ± 0.4  
6.06 ± 0.2 

Below 25th percentile 
Above 25th percentile 

HF (nu) 
37 ± 7  
34 ± 3 

23 ± 3  
32 ± 3 † 

25 ± 3  
28 ± 3 

Below 25th percentile 
Above 25th percentile 

LF:HF  
1.6 ± 0.1  
1.6 ± 0.1 

1.9 ± 0.2  
1.6 ± 0.1 † 

1.8 ± 0.2  
0.7 ± 0.1 

Below 25th percentile 
Above 25th percentile 

TP, total power; VLF, very-low frequency; LF, low-frequency; HF, high-frequency. All data are expressed 
as mean ± SE unless otherwise indicated. Below 25th percentile (n = 8), above 25th percentile (n = 26).  
* p < 0.05 vs. response from baseline; † p < 0.05 vs. below 25th percentile at this time point. 
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Figure 2. Comparison of cardiac vagal autonomic activity between 1,25-dihydroxy 
vitamin D groups during angiotensin II challenge HF, high-frequency representative of 
cardiac parasympathetic activity; nu, normalized units. 

 

3.4. Systemic Responses to Angiotensin II Challenge  

Throughout the AngII challenge, BP parameters increased similarly in all subjects regardless of 
vitamin D stratification. Further, PRA decreased from baseline while aldosterone levels increased 
from baseline (Table 1) as expected throughout the AngII challenge, with no significant differences 
in PRA or aldosterone activity between either vitamin D stratification groups. No significant trends 
or repeated measures comparisons were observed in any BP or RAS parameter. 

4. Discussion 

This is the first study to examine the relationship between 25-hydroxy vitamin D, the barometer 
of vitamin D status, as well as 1,25-dihydroxy vitamin D, the activated form of vitamin D, with 
cardiac autonomic activity at baseline and in response to a vascular stressor in humans. Our key 
findings were: (1) vitamin D deficiency as determined by 25-hydroxy vitamin D levels in healthy 
humans were associated only with a suppression of resting overall cardiosympathovagal balance; 
and (2) lower levels of 1,25-dihydroxy vitamin D, the activated form of vitamin D, were associated 
with unfavourable shifts in cardiosympathovagal balance, driven by exaggerated withdrawal of 
cardioprotective vagal tone, in response to AngII challenge. 
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4.1. Vitamin D and Cardiovascular Risk 

Vitamin D deficiency (<50 nmol/L 25-hydroxy vitamin D) has been highlighted in numerous 
studies involving high-risk CV disease populations [22,23], suggesting that low vitamin D status 
may be a potentially significant and treatable risk factor. In an observational study by Wang and  
colleagues [24], normotensive subjects with 25-hydroxy vitamin D serum concentrations of  
<37.5 nmol/L demonstrated a 62% increase in CV disease risk over a 5.4-year follow-up compared 
to those with higher levels. Similarly, Dobnig et al. reported that in 3258 patients referred for 
coronary angiography, those within the lowest quartiles of 25-hydroxy (<35 nmol/L) or 1,25-dihydroxy 
vitamin D (<51 pmol/L) were at highest risk of sudden cardiac death [2], hence the rationale to also 
stratify subjects by the lowest 1,25-dihydroxy vitamin D quartile in the present study. Moreover, recent 
studies of healthy adults have shown that lower 25-hydroxy vitamin D were independently associated 
with an increased risk of SCD [3,24], suggesting that vitamin D status is important even in 
populations without established pathologies.  

4.2. Vitamin D and Cardiac Autonomic Activity 

Our results suggest that low serum levels of vitamin D may be associated with a decline in 
cardioprotective vagal tone in response to an acute vascular stressor, largely through the action of 
the active 1,25-dihydroxy vitamin D metabolite. Active 1,25-dihydroxy vitamin D has been identified 
in some mammalian studies as having the potential to influence cardiac autonomic activity [25–27]. 
These studies demonstrate that cardiac myocytes isolated from vitamin D receptor knockout mice 
display accelerated rates of contraction as compared with wild type. Further, exposure to  
1,25-dihydroxy vitamin D directly attenuated this rapid contractility in the wild-type but not the 
knockout cardiac myocyte [27], suggesting a relationship between 1,25-dihydroxy vitamin D and 
vagal inhibitory outflow. Moreover, activated vitamin D is thought to have the ability to diffuse 
across the blood–brain barrier, implicating a role for 1,25-dihydroxy vitamin D in augmenting 
autonomic vagal control by binding directly to nuclear vitamin D receptors in the adrenergic neurons 
located centrally in the spinal cord and brain tissue [26].  

In support of our novel observations in healthy humans, patients with chronic kidney disease 
(CKD) demonstrate chronic RAS upregulation [28,29], as well as altered cardiac autonomic activity 
defined primarily by extreme vagal insufficiency [5]. This same population has a diminished capacity 
to convert 25-hydroxy vitamin D to 1,25-dihydroxy vitamin D due to decreased renal 1-  
hydroxylase capacity [1]; however, CV mortality in this population declines following treatment with 
exogenous 1,25-dihydroxy vitamin D supplementation [30]. Moreover, a recent study by Kendrick 
et al. demonstrates that both CV death and time to initiation of dialysis in individuals with advanced 
stages of CKD are independently associated with serum 1,25-dihydroxy vitamin D levels. The authors 
did not find these associations when stratifying subjects by 25-hydroxy vitamin D status [31]. As such, 
the withdrawal of vagal tone observed in low 1,25-dihydroxy vitamin D subjects during AngII 
challenge may mimic the loss of vagal tone that has been noted in the end-stage renal disease 
population [5]. These patients are characterized by severe vitamin D deficiency [1]—particularly low 
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serum concentrations of 1,25-dihydroxy vitamin D due to compromised 1-alpha hydroxylase activity 
housed within the functional renal tissue—as well as chronically upregulated RAS activity. 

Further, dysfunction of cardiac autonomic tone, specifically vagal tone, has been shown to be 
predictive of sudden cardiac death [5,8–10]. Wolf and colleagues have demonstrated a survival 
advantage and specifically a decrease in cardiovascular death in hemodialysis patients taking  
1,25-dihydroxy vitamin D supplementation irrespective of 25-hydroxy vitamin D level [30].  
These observations support our findings which suggest that the activated 1,25-dihydroxy vitamin D 
metabolite may be capable of altering cardiac autonomic tone in individuals experiencing 
upregulation of the RAS and that low 1,25-dihydroxy vitamin D levels contribute to the loss of vagal 
outflow, and therefore high CV risk, observed in these populations. 

4.3. Challenges and Limitations 

In humans, vitamin D is part of a complex mineral metabolism involving additional measures that 
have been shown to influence CV risk, including PTH, phosphate, and calcium [32]. While PTH 
levels were significantly elevated in the 25-hydroxy vitamin D deficient group, PTH and other 
mineral metabolism variables were within narrow, healthy ranges. Further, our study was performed 
over different seasons, though the season of study was not found to be correlated to vitamin D levels. 
Salt intake has been shown to influence cardiac ANS activity [33]. However, all subjects were in 
high-salt balance to ensure a maximal suppression of basal RAS levels, allowing for meaningful 
comparisons between subjects and direct observation of the impact of exogenous AngII infusion on 
cardiac autonomic activity. The study sample size was limited and only included non-smoking 
healthy subjects who were non-obese, normotensive, non-diabetic with normal kidney function, 
limiting the generalizability of our study results to the general population. However, by studying a 
healthier population, we aimed to examine the impact of various vitamin D metabolites on cardiac 
autonomic tone at baseline and in response to AngII while minimizing confounding factors. 
Furthermore, this group reflects the population referenced by the Endocrine Society which defines 
vitamin D deficiency as <50 nmol/L 25-hydroxy vitamin D [12]. We found that allocation to the  
25-hydroxy vitamin D deficiency group was not correlated with allocation to the low 1,25-dihydroxy 
vitamin D group, a finding that is consistent with previous reports, thereby suggesting that the 
potential influences of individual dietary calcium consumption, PTH levels, or individual 1-  
hydroxylase capacity may play a role in determining an individual’s 25-hydroxy and 1,25-dihydroxy 
vitamin D levels [1,32]. Next, our results appeared most significant in response to the first graded 
dose of AngII, perhaps representing a threshold effect that persisted through the second dose. Lastly, 
while we cannot comment on the role of vitamin D supplementation in improving cardiac responses to 
AngII challenge or other stressors, our study adds to the growing body of literature supporting a link 
between vitamin D metabolite levels and overall CV outcomes. 

4.4. Implications 

To our knowledge, there have been no previous studies investigating the potential link between 
vitamin D metabolites and modulation of the cardiac ANS, a risk factor for poor CV outcomes in 
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healthy and diseased populations [2–4,7–11,16]. Our study illustrates a unique relationship between 
low 25-hydroxy vitamin D levels and depressed baseline cardiac autonomic activity, as well as low 
1,25-dihydroxy vitamin D and unfavourable cardiosympathovagal shifts during acute AngII 
challenge, which allows for unique insight into a pathophysiological mechanism that may be acting 
to elevate CV risk, particularly in renal populations with chronic upregulation of the RAS, in addition 
to impaired 1-  hydroxylase activity [22–31]. While larger studies involving supplementation are 
required, dysregulation of vitamin D metabolism remains a potentially treatable condition that 
warrants further investigation in high-risk populations. 
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Effects of Vitamin D3 and Paricalcitol on Immature 
Cardiomyocytes: A Novel Role for Vitamin D Analogs in the 
Prevention of Cardiovascular Diseases 

Stefania Pacini, Gabriele Morucci, Jacopo J. V. Branca, Stefano Aterini, Marcello Amato, 
Massimo Gulisano and Marco Ruggiero 

Abstract: Cardiovascular diseases are more prevalent in patients with chronic kidney disease than 
in the general population and they are considered the leading cause of death in patients with  
end-stage renal disease. The discovery that vitamin D3 plays a considerable role in cardiovascular 
protection has led, in recent years, to an increase in the administration of therapies based on the use 
of this molecule; nevertheless, several studies warned that an excess of vitamin D3 may increase the 
risk of hypercalcemia and vascular calcifications. In this study we evaluated the effects of vitamin 
D3, and of its selective analog paricalcitol, on immature cardiomyocytes. Results show that vitamin 
D3 induces cAMP-mediated cell proliferation and significant intracellular calcification. Paricalcitol, 
however, induces cell differentiation, morphological modifications in cell shape and size, and no 
intracellular calcification. Furthermore, vitamin D3 and paricalcitol differently affect cardiomyoblasts 
responses to acetylcholine treatment. In conclusion, our results demonstrate that the effects of 
vitamin D3 and paricalcitol on cardiomyoblasts are different and, if these in vitro observations could 
be extrapolated in vivo, they suggest that paricalcitol has the potential for cardiovascular protection 
without the risk of inducing intracellular calcification. 

Reprinted from Nutrients. Cite as: Pacini, S.; Morucci, G.; Branca, J.J.V.; Aterini, S.; Amato, M.; 
Gulisano, M.; Ruggiero, M. Effects of Vitamin D3 and Paricalcitol on Immature Cardiomyocytes:  
A Novel Role for Vitamin D Analogs in the Prevention of Cardiovascular Diseases. Nutrients 2013, 
5, 2076-2092. 

1. Introduction 

The National Kidney Foundation Task Force on Cardiovascular Disease recommends that chronic 
kidney disease (CKD) patients be considered among the highest risk group for developing cardiovascular 
(CV) disease [1]. In fact, CV disease is more prevalent in patients with CKD than in the general 
population [2] and it is the leading cause of death in patients with end-stage renal disease [1]. It has 
been reported that nearly 30% of deaths among patients with CKD are to be attributed to 
cardiovascular causes [3]. 

CKD associated hyperparathyroidism and mineral metabolism disorders, such as hyperphosphatemia, 
have been significantly correlated with vascular and visceral calcifications, and consequently with 
increased risk of CV disease [4]. 

In addition to vascular problems, left ventricular hypertrophy, subclinical systolic dysfunction, 
and diastolic dysfunction have been consistently observed in subjects with CKD [5]. It is conjectured 
that abnormal diastolic function is an independent predictor of decreased aerobic capacity during the 
early stages of CKD [6]. 
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Nevertheless, even though numerous factors have been implicated in the aetiology of the cardiac 
abnormalities observed in patients with CKD, the exact aetiology of the observed cardiac changes 
still remains unclear. A number of cardiac pathologies, including heart failure, are associated with 
alterations in myocardial energy metabolism [7] as well as with the activation of different 
intracellular signal transduction pathways. 

Vitamin D3 (in its active form, i.e., calcitriol or 1,25-dihydroxyvitamin D3), as many other  
direct-acting positive inotropic agents, stimulates cyclic AMP (cAMP) formation [8], a major 
mediator of the amplitude and time course of cardiac contraction [8]. This cAMP-mediated inotropic 
effect occurs through activation of a variety of cAMP-dependent protein kinases that are capable of 
phosphorylating a series of proteins that affect the energetic status of the cells and alter the flux of 
calcium in the sarcoplasm [8]. 

In fact, calcium release and energetic systems are strictly and subtly modulated by different 
molecules, and an imbalance of sympathetic and parasympathetic drive to the heart represents an 
important risk factor for cardiac death in patients with renal insufficiency [9]. 

Since vitamin D3, together with dietary restrictions and phosphate binders, represents the primary 
medication to treat secondary hyperparathyroidism and the associated calcium and phosphate 
metabolic alterations in CKD, interest in the role of vitamin D3 axis in the cardiovascular system 
recently increased. Thus, the vitamin D axis, which plays a critical role in the development of CKD, 
includes vitamin D, the polymorphic vitamin D receptor (VDR), and the vitamin D-binding protein 
(Gc-globulin) [10]. That is the precursor of a potent macrophage activating factor (GcMAF), which 
has potent effects on the immune system and angiogenesis [11]. 

In parallel, with this interest for beneficial effects [12], however, other studies warned that  
an excess of vitamin D3 increases the risk of hypercalcemia and vascular calcifications thus 
increasing the risk for CV and reducing survival in patients with CKD [13,14]. 

In this study we investigated the effect of vitamin D3 as well as of one of its non-hypercalcemic 
analogs, paricalcitol, on cultured cardiomyocytes. Paricalcitol (19-nor-1,25-dihydroxyvitamin D2) is  
a vitamin D3 analog, acting as a selective VDR activator; for this reason it might provide  
a vitamin D3-like protective efficacy without the hypercalcemic and hypophosphatemic side effects 
of vitamin D3, thus representing a potentially useful tool against the cardio-renal syndrome [12,15].  
In particular, to better evaluate the modifications of the intracellular energy status as well as the 
modifications in signal transduction, in this study we compared the effects of vitamin D3, to those of 
paricalcitol in a myoblastic cell line H9c2, not completely differentiated showing electrophysiological 
and biochemical properties of cardiac muscle tissue [16]. Proliferation, mitochondrial activity, 
morphological alterations, calcification, cAMP pathway activation, and response to acetylcholine 
were thus investigated. 

2. Experimental Section 

2.1. Pharmacological Agents 

Vitamin D3 and Paricalcitol were respectively obtained from Sigma Aldrich, Milano, Italy and 
from Abbott, Roma, Italy. Due to differences in test compounds, two different treatment vehicles 
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were used during the study: 100% ethanol (for vitamin D3) and 30% polyethylene glycol/20% ethanol 
in water (for paricalcitol). Preliminary experiments did not show significant differences among 
different concentrations of vehicles in cell responses (not shown). Therefore, the different vehicle 
concentrations data were pooled for the analysis in this report. Vitamin D binding protein-derived 
macrophage activating factor (GcMAF) was obtained from Immuno Biotech Ltd. (Guernsey, 
Channel Islands). -Glycerol-phosphate ( -GP), ethanol, polyethylene glycol, and acetylcholine 
were obtained from Sigma Aldrich, Milano, Italy. 

2.2. Cell Cultures 

H9c2 cells, immortalized ventricular myocytes derived from rat (Rattus norvegicus) embryos, 
were obtained from the “Istituto Zooprofilattico della Lombardia e dell’Emilia Romagna”, Brescia, 
Italy. H9c2 is a myoblast cell line not yet completely differentiated into non-proliferating myocytes/ 
myotubes and with electrophysiological and biochemical properties of both skeletal and cardiac 
muscle tissue. Cell were grown in a monolayer culture at 37 °C in a 5% CO2 humidified atmosphere 
in Dulbecco’s modified eagle’s medium (DMEM) supplemented with 10% foetal bovine serum 
(FBS). The medium was renewed every two to three days, when the cells reached sub-confluence 
(70%–80%). Vitamin D3 and paricalcitol were added to the cells at the following concentrations:  
[1 nM], [10 nM], [100 nM], and [300 nM]. Treatment with acetylcholine was performed with and 
without vitamin D3 and paricalcitol [300 nM] at the concentration of [10 M] for 1 h. 

2.3. Cell Viability and Proliferation  

The effects of vitamin D3 and paricalcitol on H9c2 cell lines, were evaluated by the cell viability 
assay using the 2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulf-ophenyl)-2H tetrazolium 
monosodium salt (WST-8) reagent (Sigma Aldrich, Milano, Italy), according to the manufacturer’s 
protocol. This test is based on a colorimetric conversion of a tetrazolium salt (WST-8) to water-soluble 
formazan products as previously described [17]. H9c2 cells were plated at density of 2 × 104 per well 
in a 96-well plate with fresh growth medium for one day. Then, vitamin D3 and paricalcitol were 
diluted to appropriate concentration and added to the culture medium for 48 h. After the exposure-time, 
WST-8 solution was added to each well and the micro-plate incubated for 4 h at 37 °C. Cell viability 
was measured by a micro-plate reader (Multiscan FC/FL6111900 model, Thermo Fisher Scientific, 
M-Medical, Milano, Italy) at 450 nm after incubation-time. To directly evaluate cell proliferation, a 
cell count by a haemocytometer (Housser Scientific, Horsham, PA, USA) was also performed.  
Also the evaluation of cardiomyocytes response to acetylcholine in the presence of vitamin D3 and 
paricalcitol was evaluated by cell viability assay. In each experiment, at least seven wells were used 
for each experimental point. 

2.4. Cell Morphology 

To evaluate changes in H9c2 cell morphology before and after vitamin D3 and paricalcitol 
exposure, contrast phase microscopy and Haematoxylin-Eosin staining were performed. 

Briefly, H9c2 cells were seeded on a cover slip at the density of 10 × 104 cells/cover slip. 
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Cells were grown in culture medium with different concentrations of vitamin D3 and paricalcitol 
for 48 h. For the Haematoxylin-Eosin staining, H9c2 cells were fixed with paraformaldehyde 0.5%  
in [0.1 M] PBS (phosphate buffer saline) and dried for 2 h. Then, cells were stained with 
Haematoxylin-Eosin dye following a standard protocol. 

Cell morphology was evaluated by optical microscope (XDS-2 + M-795 model, Optika Microscope, 
Milano, Italy) and digital images were captured. 

After the treatment at different concentration of vitamin D3 and paricalcitol for 48 h, cell size of 
H9c2 was measured by Adobe Pohotoshop CS2 software (9.0 version, Adobe System Incorporated 
1990–2005; Adobe Systems Inc., San Jose, CA, USA) and Scion Image software (Beta 3b freeware 
version; based on NIH Image for Macintosh by Wayne Rasband, National Institute of Health, USA 
and modified for Windows by Scion Corporation; July, the 23rd 1998; Scion Co., Frederick, MD, 
USA). Images of H9c2 in Haematoxylin-Eosin staining were captured using a digital camera  
(DIGI-full HD video/photo camera, Optika Microscopes, Milano, Italy). Digital images were 
adjusted by Adobe Photoshop CS2 to remove from the picture everything (background) except the 
cells and then H9c2 cells size was measured by Scion Image. 

2.5. cAMP Assay 

H9c2 cells were cultured at density of 1 × 104 cells per well in a 6-well plate with DMEM 
supplemented with 10% FBS and exposed at [1 nM], [10 nM], [100 nM], and [300 nM] vitamin D3 
and paricalcitol for 48 h. The cAMP intracellular level was evaluated by a direct competitive 
immunoassay for sensitive and quantitative determination using a cAMP assay kit (Abnova, Heidelberg, 
Germany) according to the Manufacturer’s instructions. After the treatments, the experiment was 
blocked adding [0.1 M] HCl. Then, after scraping cells from the substrate, the suspension was 
centrifuged for 10 min at 2340 rpm. The supernatant was assayed for cAMP concentration by a 
micro-plate reader (Multiscan FC/FL6111900 model, Thermo Fisher Scientific, M-Medical, Milano, 
Italy) at 450 nm after incubation-time. cAMP values were normalized to the assayed proteins. 

2.6. Analysis of H9c2 Calcification 

To evaluate the deposits of calcium in H9c2 after vitamin D3 and Paricalcitol exposure, cells were 
seeded on cover slip at density 10 × 104 per cover slip and cultured in their culture medium (DMEM 
+ 10% FBS). The medium was substituted with fresh culture medium every two days. After five days 
from confluence, fresh medium containing different concentration of vitamin D3 and paricalcitol was 
used for a further seven days. To amplify the calcification effects of vitamin D3 and paricalcitol, the 
medium was enriched with [4 mM] -GP (calcification media). Quantification of calcium deposits was 
performed by von Kossa staining (von Kossa Kit, Bio Optica, Milano, Italy); cells were soaked in a 
lithium carbonate solution (for 10 min) to prevent false results caused by the presence of uric acid and 
urates in the samples; then, cells were treated with a silver nitrate solution, left in dark for 1 h, and then 
a reduction solution was applied for 5 min; then, samples were treated with a sodium sulphite solution 
for 5 min and with a Mayer’s Carmalum solution to contrast the calcium deposits. The intracellular 
calcification was evaluated by optical microscope (XDS-2 + M-795 model, Optika Microscope, 
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Milano, Italy) and images of H9c2 cell line in von Kossa staining were captured using a digital 
camera (DIGI-full HD video/photo camera, Optika Microscopes, Milano, Italy) and then analyzed. 

2.7. Statistics 

All values are means ± standard error (SE) for at least three determinations. Differences between 
experimental points were evaluated by Student’s t-test. p was considered statistically significant 
when p < 0.05. 

3. Results 

3.1. Cell Viability and Proliferation 

Data obtained from cell viability assay show that treatment for 48 h with vitamin D3 or paricalcitol 
induces a similar dose-dependent response. In particular, [1 nM], [10 nM], and [100 nM] vitamin D3 
and paricalcitol induce a statistically significant increase in cell viability in comparison to untreated 
control cells, as well as in comparison to cells treated with appropriate vehicles alone (Figure 1). 

Figure 1. Cell viability assay in H9c2 cells shows that [1 nM], [10 nM], and [100 nM] 
Vitamin D3 and Paricalcitol induce no significant differences in cell viability in 
comparison to control cells (both untreated and treated with appropriate vehicles).  
On the contrary, a significant difference (p < 0.05) is observed when H9c2 are treated 
with [300 nM] vitamin D3. Data are expressed as means ± S.E.M. (standard error of the 
mean) vs. control. * Statistically significant difference (p < 0.05) of vitamin D3 (or 
paricalcitol) vs. controls (untreated cells and vehicles). Black dot indicates a statistically 
significant difference between vitamin D3 and paricalcitol. 

 

However, when cells are treated with [300 nM] vitamin D3 or [300 nM] paricalcitol a significant 
difference (p < 0.05) in cell viability occurs (Figure 1); vitamin D3 induces an increase in cell viability 
while paricalcitol induces a significant decrease. 

Since cell viability is correlated, but not completely superimposable to cell proliferation, we tested 
the effects of vitamin D3 and paricalcitol on cell proliferation by direct cell count. Results show that 
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only when cells are treated with [300 nM] vitamin D3 a significant increase in cell number and density 
occurs (Figure 2). No significant increases in cell number and density are observed comparing controls 
(untreated or treated with appropriate vehicles) to exposed cells with all the other experimental 
concentrations and stimuli (Figure 2). 

Figure 2. A significant increase in cell density is observed when cells are treated with  
[300 nM] Vitamin D3 in comparison to controls. Data are expressed as means ± S.E.M. 
vs. control. * Statistically significant difference (p < 0.05) of vitamin D3 vs. controls 
(untreated cells and vehicles). 

 

3.2. cAMP Levels 

Data obtained after treatment of H9c2 cells for 48 h, with vitamin D3 and paricalcitol at different 
concentrations, show different trends for the two molecules: vitamin D3 induces a dose-dependent 
increase in cAMP level (even though not statistically significant), while paricalcitol induces  
a dose-dependent decreases in comparison to controls (Figure 3). For [10 nM], [100 nM], and  
[300 nM] paricalcitol, differences in cAMP level are statistically significant in comparison to 
controls. At the same concentrations the differences in cAMP levels induced by treatment with 
vitamin D3 and paricalcitol are also statistically significant. 
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Figure 3. A different pattern in cAMP levels can be observed when cells are treated with 
vitamin D3 or Paricalcitol. Data are expressed as means ± S.E.M. vs. control.  
* Statistically significant difference (p < 0.05) of vitamin D3 (or paricalcitol) vs. controls 
(untreated cells and vehicles). Black dots indicate statistically significant differences 
between vitamin D3 and paricalcitol. 

 

3.3. Cell Morphology 

Significant changes in cell morphology are observed when cell are treated with [300 nM] 
paricalcitol. No significant changes are observed when cells are treated both with lower 
concentrations of paricalcitol, and with vitamin D3. Direct observation by contrast light microscopy, 
as well as after Haematoxilyn-Eosin staining, reveals relevant modifications in cell shape between 
treated and control cells (Figure 4). Control cells show a spindle-like shape with an oval nucleus, 
localized in the central part of the cell, and several elongations arising from the cell body. Cells tend 
to establish contact with each other so that cytoplasmic elongations appear sometimes very long and 
thin (Figure 4A). 
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Figure 4. H9c2 cell morphology analysis by contrast phase microscopy and after 
Haematoxylin-Eosin staining. Panels A: untreated and vehicles treated cells observed by 
contrast phase microscopy (upper panel) and after Haematoxylin-Eosin staining (lower 
panel). Cells are spindle-like and with evidently thin and numerous cytoplasmic 
elongations (arrows). Panels B: cells treated with [300 nM] vitamin D3. Cells do not show 
significant morphological changes in comparison to controls both when observed by 
contrast phase microscopy (upper panel) and after staining (lower panel). Panels C: cells 
treated with [300 nM] paricalcitol in some cases appear roundish and with a reduced 
number of cytoplasmic elongations (arrows). Upper panels: total magnification 150×. 
Lower panels: total magnification 100×. Bars: 100 m. 

 

Treatment of H9c2 cells with [300 nM] vitamin D3 does not induce significant changes in cell 
morphology (Figure 4B), whereas the same concentration of paricalcitol induce significant modification 
(Figure 4C): a great number of cells appear roundish instead of spindle-like and the number of 
cytoplasmic elongations appears greatly reduced. The changes in cell morphology are associated 
with an increase in cell size. In fact, when cells are treated with [300 nM] paricalcitol but not with 
the same concentration of vitamin D3 a significant difference in cell size can be observed (Figure 5). 
After treatment with [300 nM] paricalcitol, cell diameter increases from 15 ± 1.2 m (mean ± S.E.M.) 
to 20 ± 1.0 m (mean ± S.E.M.). Cell size, expressed as cell area and calculated by appropriate 
software as described in the Section 2 Materials and Methods, appears about 40% wider: after the 
treatment with [300 nM] paricalcitol cell surface increases from 106.96 ± 7.36 m2 (mean area ± SEM) 
to 211.16 ± 6.12 m2 (mean area ± S.E.M.). 
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Figure 5. A significant difference in cell size is observed when cells are treated with  
[300 nM] paricalcitol. Data are expressed as means ± S.E.M. vs. control. * Statistically 
significant difference (p < 0.05) of paricalcitol vs. controls (untreated cells and vehicles). 
Black dot indicates a statistically significant difference between vitamin D3 and paricalcitol. 

 

3.4. Acetylcholine and Cell Viability 

Treatment with [10 M] acetylcholine induces, as expected, a significant decrease in the 
mitochondrial activity of H9c2 whereas stimulation with [300 nM] vitamin D3 (or [300 nM] 
paricalcitol) induces a significant increase in mitochondrial activity in comparison to control, 
untreated cells (Figure 6). 
  



228 
 

 

Figure 6. [10 M] acetylcholine, acting on H9c2 by interaction with muscarinic M2 
receptors, induces a significant decrease in mitochondrial activation in comparison to 
untreated cells. When [300 nM] vitamin D3 and [10 M] acetylcholine are at  
the same time present in the medium, no changes are observed; on the contrary, when  
[300 nM] paricalcitol and [10 M] acetylcholine are present in the medium, the effect of 
acetylcholine is abolished. Data are expressed as means ± S.E.M. vs. control.  
* Statistically significant difference (p < 0.05) of paricalcitol vs. controls (untreated cells 
and vehicles). ** Statistically significant difference (p < 0.05) of paricalcitol + 
acetylcholine vs. acetylcholine. Black dot indicates a statistically significant difference 
between vitamin D3 and vitamin D3 + acetylcholine. 

 

When [10 M] acetylcholine and [300 nM] vitamin D3 are simultaneously present in the culture 
medium, no significant changes are observed in comparison to treatment with acetylcholine alone, 
but when [10 M] acetylcholine and [300 nM] paricalcitol are used (instead of vitamin D3) the effect 
of the neurotransmitter is completely counteracted. 

3.5. Cell Calcification 

Figure 7 shows the effect of Vitamin D3 and Paricalcitol on intracellular calcification occurring 
in H9c2 cardiomyocytes. [300 nM] Vitamin D3 induces a significant increase in calcium 
incorporation in the cells in comparison to control cells (Figure 7A,B). [300 nM] Paricalcitol does 
not have a statistically significant effect on calcium content in H9c2 cardiomyocytes in comparison 
to control, untreated cells (Figure 7C). 
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Figure 7. Effect of vitamin D3 and paricalcitol on intracellular H9c2 calcification. Panels A: 
control and vehicles treated cells. A background weak intracellular calcification is 
present: colored dots (dark pink) are evident into the cell cytoplasm. Panels B: [300 nM] 
vitamin D3 treatment induces a strong intracellular calcification in H9c2. Panels C: [300 
nM] paricalcitol induces an intracellular calcification at the same extent of that observed 
in controls. Upper panels: total magnification 100×. Lower panels: total magnification 
200×. Bars: 100 m. Panel D: percentage of calcification area. * Statistically significant 
difference (p < 0.01) in calcification induced by vitamin D3 vs. controls (untreated cells). 
Black dot indicates a statistically significant difference (p < 0.01) in calcification induced 
by vitamin D3 vs. paricalcitol. 

 

 

4. Discussion 

Recent observational studies provided support for a possible protective role for vitamin D3 in the 
CKD population [1,2]. Recent scientific evidence suggests that vitamin D3 may negatively regulate 
the renin-angiotensin system, inhibit cardiomyocyte hypertrophy and proliferation, as well as 
modulate and suppress the inflammatory response to blood vessel injury [18]. Cardiovascular 
diseases, especially atherosclerosis, have been reported to be the main causes of dialysis-related 
morbidity and mortality [2]. In the development of these vasculopathies, not only are traditional risk 
factors involved, but also CKD-related biochemical changes such as hypocalcemia, vitamin D 
deficiency and hyperparathyroidism, which are considered promoting factors. Previous in vitro 
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studies [19] have demonstrated that endothelial cells stimulated with low Ca2+, high advanced 
glycation end products (AGEs), and parathyroid hormone (PTH), responded by increasing the 
expression and production of pro-inflammatory and atherosclerotic parameters such as interleukin 6 
(IL6), nuclear factor kappa B (NF B), and endothelial nitric oxide synthase (eNOS). These CKD-related 
biochemical changes are significantly counteracted by vitamin D3 treatment, which induces a 
decrease in the elevated IL-6 mRNA expression, positively affects the activity of NF B, and normalizes 
the parameters associated with the eNOS system. 

On the other hand, other studies highlighted that an excess of vitamin D3 increases the risk of 
hypercalcemia and vascular calcification, thus worsening CV risk and reducing survival in patients 
with CKD [4,20]. In fact, vitamin D3 belongs to the category of general VDR activators, having a 
wide range of affinity for the components of the vitamin D3 system, both for the vitamin D3-binding 
protein and for the nuclear VDR. Among the VDR activators, selective activators such as Paricalcitol 
play a major role in controlling mineral metabolism. These selective molecules act more efficiently 
on parathyroid glands rather than on intestine and bone; this leads both to a lower serum calcium and 
phosphorus increases and to an improvement of hyperplasia of the parathyroid gland and secondary 
hyperparathyroidism [15]. For these reasons, selective VDR activators could provide a vitamin  
D-like protective efficacy without the hypercalcemic and hypophosphatemic collateral effects, thus 
representing a potential therapeutic tool against the cardio-renal syndrome. 

From data presented in this study, it emerges that selective activators of the VDR such as 
Paricalcitol are not only associated with less side effects in comparison to vitamin D3 but they also 
can also act directly on cardiomyocytes inducing morphological changes, differentiation, and variations 
in cell ability to respond to acetylcholine. The most notable differences in vitro were observed at 
high doses; this phenomenon could be interpreted considering the peculiar mode interaction between 
VDR and the genes that it regulates. A differential occupancy of the receptor might in fact be 
responsible for the difference in the array of genes that are being regulated by VDR [21]. 

In fact, one of the most potentially dangerous side effects associated with long term therapy with 
vitamin D3, i.e., intracellular calcification, appears to be much less relevant when the selective 
activator of vitamin D3 axis paricalcitol is used instead. From our results it appears that vitamin D3 
and its analog paricalcitol activate different signal transduction pathways in H9c2 cells: vitamin D3 
induces cell proliferation associated with an increase of cAMP, whereas paricalcitol induces, at the 
same concentration, cell differentiation, associated with cAMP decreases. In fact, low levels of 
intracellular cAMP are necessary to induce muscle cell differentiation of different myogenic cell 
lines [16] such as H9c2. It is worth remembering that these cells derive from embryonic rat ventricle; 
thus, they are not yet completely differentiated into non-proliferating myocytes/myotubes and they 
maintain the electrophysiological and biochemical properties of both skeletal and cardiac muscle 
tissue [16]. Data in literature demonstrate that H9c2 cell differentiation is associated with an increase 
of myogenin expression, a typical skeletal muscle protein [16], and with an increase of myotrophin, 
a protein associated with normal cardiomyocyte development [22]. 

Treatment with high concentration of paricalcitol also induces a significant increase in cell size. 
Cardiomyocyte hypertrophy occurs in response to numerous agonists [23] and growth factor 
signaling pathways that induce hypertrophy are intimately interconnected with intracellular pathways 
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that link changes in calcium homeostasis with the reprogramming of cardiac gene expression [24]. 
The calcium, calmodulin-dependent protein, phosphatase calcineurin, serves as a point of convergence 
of these different intracellular pathways [25] and has been shown to be necessary and sufficient for 
hypertrophy in response to a wide range of signals in vivo and in vitro [26]. Therefore, cardiomyocyte 
hypertrophy in response to paricalcitol has to be interpreted as an adaptive response that parallels 
and accompanies cell differentiation. Future studies will assess whether this adaptive responses will 
occur also in fully differentiated cardiomyocytes. 

Given the recent interest in the role of vitamin D3 deficiency in CV system and heart functionality 
and integrity, we investigated the effects on heart diastolic function of the components of the  
vitamin D3 axis that are known to be associated with VDR, that are vitamin D3, paricalcitol, and 
GcMAF, and preliminary data demonstrated that the components of the vitamin D3 axis differently 
affect the diastolic function. Diastolic function has been evaluated by a rapid and non-invasive 
method, based on ultrasounds and measuring the interval in milliseconds between aortic closure and 
mitral opening; this interval of time is known as iso-volumetric relaxation time (IVRT) [27]. 
Physiologically, it is the time that it takes to pump free calcium out of the myocardium, to produce 
relaxation of the myofibrils and to allow ventricular filling, and takes all the available free energy in 
the heart to do so. IVRT is inversely related to the cellular free energy so the higher the IVRT is, the 
lower the cellular free energy is. From our data emerged that, while vitamin D3 increased IVRT, 
paricalcitol significantly decreased it, thus demonstrating a positive inotropic effects on the levels of 
cellular free energy. In fact, these results can be interpreted as that paricalcitol increased the cellular 
free energy, a novel positive feature of this analog that had not been described before. The effects of 
GcMAF were comparable to those obtained with paricalcitol. These results can be interpreted 
considering that paricalcitol and GcMAF showed similar, although not superimposable, effects at the 
cellular and organism level in other model systems. In fact, both compounds stimulated cAMP 
formation in human mononuclear cells with the highest effect on the “bb” genotype of the VDR. 
Both paricalcitol and GcMAF inhibited the angiogenesis induced by prostaglandin E1 in the chick 
embryo chorionallantoic membrane [28]. This unexpected effect of paricalcitol suggests that its 
advantage over vitamin D3 might be far more ranging than simply being non-hypercalcemic. In fact, 
the decrease of cellular free energy in a chronic condition is at the basis of a number of signs and 
symptoms that are negatively associated with the prognosis. Our observation that paricalcitol and 
GcMAF show an inotropic effect at variance with vitamin D3 opens the perspective of administering 
this molecule in a variety of chronic conditions where the use of vitamin D3, although potentially 
beneficial, has been discouraged by the concomitant and potentially harmful side effects of vitamin 
D3. Since the majority of the results presented in this study have been conducted in vitro in a rat 
myoblast cell line, not yet completely differentiated, the results cannot be directly extrapolated to 
clinical recommendations. Nevertheless, such a model system could provide novel indications that 
can be applied to the clinic. Thus, paricalcitol is a molecule that has been safely used for years and 
this study demonstrates that it shows some novel effects that could be exploited in order to maximize 
therapeutic effects while, at the same time, minimizing side effects. The stimulation of cardiomyocyte 
viability and differentiation without inducing intracellular calcification, and the positive inotropic effect 
in the absence of hypercalcemia, might therefore represent novel fields of application of this molecule. 
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5. Conclusions 

Biochemical modifications, promoting factors and pro-inflammatory interleukins play a crucial 
role in the development of cardiovascular diseases in CKD patients as well as in the increase of 
mortality in most of the chronic diseases. Vitamin D3 treatment counteracts most of the CKD related 
modifications in cellular homeostasis and signaling decreasing the elevated IL-6 mRNA expression, 
positively affecting the activity of NF B and normalizing the eNOS system. However it has been 
demonstrated that vitamin D3 long-term treatment is strongly related to vascular calcification with 
consequent reduction of patients’ survival. For this reason selective activators of VDR (such as 
paricalcitol) and factors involved in the vitamin D3 axis (as GcMAF) might represent new therapeutic 
tools both for treatment of CKD and for treatment of chronic conditions where the use of vitamin D3, 
although potentially beneficial, has been discouraged for the harmful side effects. 
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The Role of Vitamin D in Blood Pressure, Endothelial and Renal 
Function in Postmenopausal Women 

Zhao-Min Liu, Jean Woo, Sheng-Hui Wu and Suzanne C. Ho 

Abstract: Background: Vitamin D is a pro-hormone that plays an essential role in the vasculature and 
in kidney function. Aims: To review the extra-skeletal effects of vitamin D on blood pressure, endothelial 
and renal function with emphasis on recent findings in postmenopausal women. Methods: Included in 
this review was a PubMed database search for English language articles through March 2013.  
This review discussed the physiology and definition of vitamin D deficiency, the recent evidence for the 
role vitamin D in blood pressure, vascular and renal function. Results: Experimental and epidemiological 
data suggest that vitamin D plays an important role in the vasculature and in kidney function.  
Low vitamin D concentrations appear to significantly associate with hypertension, endothelial and renal 
dysfunction. However, the results of clinical trials have generally been mixed. Studies specifically 
conducted among postmenopausal women are limited and findings are still inconsistent. Conclusions: 
Definitive studies are warranted to elucidate the effects of vitamin D supplementation on vascular and 
renal function and a more detailed work is needed to outline the route, duration and optimal dose of 
supplementation. It is premature to recommend vitamin D as a therapeutic option in the improvement of 
vascular and renal function at the current stage. 

Reprinted from Nutrients. Cite as: Liu, Z.-M.; Woo, J.; Wu, S.-H.; Ho, S.C. The Role of Vitamin D in 
Blood Pressure, Endothelial and Renal Function in Postmenopausal Women. Nutrients 2013, 5, 2590-2610. 

1. Introduction 

Vitamin D is a pro-hormone and plays an essential role in a vast number of physiologic processes and 
clinical consequences [1]. In addition to its traditional effects on calcium homeostasis and bone health, 
vitamin D receptors (VDR) exist on a very wide range of tissues, including the endothelium, vascular 
smooth muscle, and cardiomyocytes, suggesting a much wider range of biological functions [1]. 
However, the association between vitamin D deficiency and non-musculoskeletal conditions, as well as 
the efficacy of vitamin D supplementation on vascular and renal function, is not adequately characterized. 
The evidence of causality is inconsistent and inconclusive. 

Vitamin D inadequacy is a primary concern for post-menopausal women as they are already 
predisposed to the osteoporosis and cardiovascular diseases due to decreased oestrogen levels. 
Menopause represents an important transition in vitamin D requirements due to the dependence of the 
VDR on oestrogen [2]. In this review, we summarize recent clinical evidence addressing potential 
mechanisms, epidemiologic associations between vitamin D status and vascular health and renal 
function, and the effects of supplementation, especially among postmenopausal women. 

Studies were identified by searching PubMed for English-language articles through March 2013 by 
using keywords such as “vitamin D, hypertension, blood pressure, endothelial function, vascular health, 
chronic kidney disease, renal or kidney function”, alone or in combination. The reference lists of 
published reports were also searched. 
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1.1. Epidemiology of Vitamin D Status 

Vitamin D deficiency is an increasingly recognized public health problem. The direct comparison of 
data on vitamin D status from various studies are limited by the varying population characteristics, assay 
methods and the differing thresholds of vitamin D inadequacy. However, all the data suggest that there 
is a high rate of vitamin D insufficiency. A 2009 study of global vitamin D status reported that serum 
levels below 30 ng/mL (75 nmol/L) prevailed in every region studied [3]. It has been estimated that 1 
billion individuals worldwide are vitamin D insufficient or deficient [4]. Vitamin D insufficiency (serum 
25(OH)D level < 30 ng/mL) affects almost 50% of the population worldwide and the prevalence of 
deficiency (serum 25(OH)D level < 10 ng/mL) ranging from 5% to 25% in the general population [5,6]. 

The inadequacy of vitamin D affects an even larger proportion of postmenopausal women, 
particularly those with osteoporosis and a history of fracture [7]. One large international investigation 
indicated 71% of postmenopausal women with osteoporosis in Eastern Asia had vitamin D inadequacy 
(25(OH)D < 30 ng/mL). Prevalence rates using this cut-off level were 47% in Thailand, 49% in 
Malaysia, 90% in Japan, 92% in South Korea and 62.3% in Hong Kong (in adults aged > 50 year) [8]. 
Very deficient levels (25(OH)D < 10 ng/mL) are most prevalent in South Asia and the Middle  
East [6,9], possibly due to the wearing of traditional costumes that limit sun exposure, and also extended 
periods of breastfeeding without vitamin D supplementation. A telephone survey in mid-life Hong Kong 
Chinese women also showed that 62.3% women actively avoided sunlight exposure by staying indoors 
or using sunscreen products and parasols [10]. 

1.2. Vitamin D Measurement and Classification 

No universal consensus has been reached on which level of serum 25(OH)D reflects  
optimum vitamin D status. In addition to the large inter-laboratory differences in assays for serum 
25(OH)D [11], there are differing recommendations on the serum concentration of 25(OH)D required to 
maintain the general health [12]. Current International Osteoporosis Foundation guidelines [13] 
recommended a target level of 30 ng/mL (75 nmol/L), which is associated with maximal suppression of 
parathyroid hormone (PTH), and defined vitamin D insufficiency as 25 (OH)D levels less than  
20 ng/mL (50 nmol/L) and deficiency as levels less than 10 ng/mL (25 nmol/L). However, a report from 
the Institute of Medicine recommended that a serum 25(OH)D level of 20 ng/mL (50 nmol/L) was 
sufficient to ensure bone health. The Institute of Medicine report does not support the recommendation 
that all adults should have levels of 25(OH)D greater than 30 ng/mL (75 nmol/L). The report also notes 
that higher levels of vitamin D may lead to adverse health outcomes, including kidney stones and renal 
impairment [14]. Although there is still debate on how to classify vitamin D status, it is generally 
accepted that serum 25(OH)D levels of 10 and 30 ng/mL are the cut-off values for deficiency and 
insufficiency, respectively [15]. 

Several commercial methods are available for serum 25(OH)D measurements. The international 
Vitamin D Quality Assessment Scheme [16] demonstrated that most commercial 25(OH)D measurements 
were capable of producing reliable results, but the results were operator-dependent and most methods 
had notable bias compared with HPLC methods. The variation between laboratories may be as high as 
30%. Liquid chromatography tandem mass spectroscopy (LC–MS) is considered the “gold standard” [17]. 
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Other simpler methods, such as radioimmunoassay (RIA), enzyme-linked immunoassay (ELISA), and 
chemiluminescence assay may not measure all circulating forms of vitamin D. 

1.3. Vitamin D Metabolism 

In humans, skin synthesis of vitamin D from sunlight exposure is the major source of vitamin D 
(80%–90%) in humans under natural conditions [18]. The dietary supply of vitamin D is minor  
(10%–20%) compared to skin formation but can become an important source of vitamin D with 
supplementation [4]. 

Vitamin D is a collection of fat-soluble steroids. There are two types of physiologically important 
vitamin D: cholecalciferol (vitamin D3) and ergocalciferol (vitamin D2). D2 is typically obtained from fortified 
foods and vitamin sources [19], while D3 is mainly synthesised in the skin from 7-dehydrocholesterol 
upon exposure to UVB (290–320 nm) [20]. In the circulation, vitamin D is metabolised to  
25-hydroxyvitamin D [25(OH)D] in the liver and further metabolised to its biologically active form, 
1,25-dihydroxyvitamin D [1,25(OH)2D] in the kidney by 25-hydroxyvitamin D-1 -hydroxylase 
(CYP27B1). 

The concentration of 1,25(OH)2D is regulated by a variety of factors including serum PTH, calcium, 
and phosphate [20,21]. PTH increases the activity of CYP27B1, resulting in increased production of 
1,25(OH)2D. The higher 1,25(OH)2D3 level can also inhibit PTH secretion, completing the feedback 
loop. 25(OH)D is the major circulating form of vitamin D. The majority of circulating 25(OH)D and 
1,25(OH)2D is bound to vitamin D binding protein (DBP) (80%–90%) and albumin (10%–20%), while a 
small fraction of both 25(OH)D (0.02%–0.05%) and 1,25(OH)2D (0.2%–0.6%) is free [17]. 

The serum 25(OH)D level is the best indicator of overall vitamin D status since its long half-life  
(10–27 days following oral or intravenous administration and 1–3 months based on pharmacodynamic 
response, a more clinically-oriented half-life [22,23]) and its metabolism reflects total vitamin D from 
dietary intake and sunlight exposure, as well as the conversion of vitamin D from adipose stores in the 
liver [24,25]. 1,25(OH)2D circulates in much lower concentrations than 25(OH)D but has much greater 
affinity for the vitamin D receptor (VDR) and is biologically more potent. Although 25(OH)D requires 
additional hydroxylation in the kidney to become its active form, serum concentrations of 1,25(OH)2D 
should never be used to determine vitamin D status. This is because of the short half-life of 1,25(OH)2D 
in the circulation (<4 h), its concentrations are ~1000-fold less than those of 25(OH)D and most 
importantly, the 1,25(OH)2D level would be normal or even elevated as a result of vitamin D deficiency 
or secondary hyperparathyroidism [4]. 

The active form of 1,25(OH)2D binds to VDR. VDR is nearly ubiquitously expressed. In addition to 
its traditional effects on bone health, there is accumulating evidence to suggest that the VDR has a broad 
spectrum of effects on various cell types including the endothelium [26], vascular smooth muscle 
[27,28], and cardiomyocytes [29]. Approximately 3% of the human genome is directly or indirectly 
regulated by the vitamin D endocrine system, which supports the idea that vitamin D insufficiency has 
widespread adverse consequences for human health [30]. 
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1.4. Risk Factors with Vitamin D Deficiency 

The principal causes of low vitamin D levels are limited cutaneous synthesis due to inadequate sun 
exposure (sunscreen use, institutionalized or homebound status) or combined with low dietary intake of 
vitamin D rich foods [7] including fortified milk [4]. Other risk factors include aging, pigmented skin, 
smoking, obesity, air pollution, abnormal intestinal function, malabsorption, or reduced synthesis or 
increased degradation of vitamin D due to chronic liver or renal disease [4,7]. 

Older people have lower dermal synthesis of vitamin D. Even similar exposure to sunlight, a person 
aged 70 y produces 75% less vitamin D than a person aged 20 [31]. Persons with a high body mass index 
are also susceptible to low vitamin D levels because of the decreased bioavailability of vitamin D that is 
stored in excess adipose tissue. Gender disparities exist with women having lower 25(OH)D levels than 
men [32]. Vitamin D inadequacy could also be affected by the ethnic and culture factors. Asian women 
often have a lactase deficiency and lower fortified milk consumption, and often avoid the sun exposure 
and skin pigmentation by using sunscreening cosmetics and parasols [10], which increase their risk of 
vitamin D insufficiency. Urbanization is also an important risk factor for an inadequate vitamin D status, 
which often leads to insufficient outdoor activities [33] and is associated with highly polluted air in some 
cities [34]. 

1.5. Vitamin D Supplementation Guidelines 

Foods naturally containing rich vitamin D are limited. Oily fish (salmon, mackerel, and sardines) and 
cod liver oil are good sources of vitamin D3. Other food source includes egg yolk, fortified milk and 
orange juice, some cereals, mushrooms and cheese [20,35]. It has been estimated that for  
every 100 IU of vitamin D ingested, the blood level of 25(OH) D increases by around 1 ng/mL  
(2.5 nmol/L) [36]. The estimate could be varied with starting level of vitamin D, body composition, dose 
quantity and frequency, or the supplemental form of vitamin D [37] Data from NHANES-III indicate a 
“J-shaped” association between 25(OH)D levels and mortality, with slightly increasing mortality in 
those with supraphysiological 25(OH)D levels. However, other data indicate that particularly high levels 
of vitamin D are optimal for cancer prevention [38,39]. 

The US Institute of Medicine concluded that serum 25(OH)D of 20 ng/mL or more will cover the 
requirements of 97.5% of the population and recommended Dietary Allowance at 600 IU per day for 
people aged 1–70 year and 800 IU per day for older adults [40]. The US Endocrine Society’s Clinical 
Practice Guideline suggested that 600–1000 IU per day for children aged one year or more, and  
1500–2000 IU per day for adults aged 19 years or more to maintain 25(OH)D above the optimal level 
of 30 ng/mL [41]. The guideline also recommended screening for vitamin D deficiency in individuals at 
risk for deficiency and concluded that there was not sufficient evidence to recommend screening 
individuals who are not at risk for deficiency or to prescribe vitamin D to attain the non-calcaemic benefit 
for cardiovascular protection [41]. Difference in the recommendations reflects different goals and views 
on current evidence. 
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2. Vitamin D and Blood Pressure 

The effect of vitamin D on blood pressure could be one of the potential mechanisms underlying the 
link between vitamin D and cardiovascular diseases. The 1 -hydroxylase enzyme that converts 25(OH)D 
to 1,25(OH)2D is expressed in human endothelial and vascular smooth muscle cells which have special 
relevance in the genesis of hypertension. In vitro and animal studies demonstrated that vitamin D appears 
to have antihypertensive and vasculoprotective effects via multiple pathways [42]. The antihypertensive 
properties of vitamin D include renoprotective effects, suppression of the rennin-angiotensin-aldosterone 
system (RAS), direct effects on vascular cells, and effects on calcium metabolism, including prevention 
of secondary hyperparathyroidism and hypocalcemia [43]. Vitamin D might also act as a negative 
regulator of the renin gene, and low vitamin D may increase the expression of the RAS [44]. 

2.1. Cross Sectional Data 

The association between 25(OH)D levels and arterial hypertension has been assessed in a number of 
cross-sectional studies [45–53]. Most, though not all, of the observational data support the links between 
low 25-(OH)-D levels and a higher risk of hypertension [54,55]. 

Several large scale cross-sectional investigations revealed an inverse association of vitamin D levels 
with prevalence of hypertension. The Third National Health and Nutrition Examination Survey 
(NHANES-III) [45] among 12,644 non-institutionalized US civilians showed that systolic BP was 
inversely and significantly correlated with 25(OH)D levels. The mean systolic and diastolic BP reduced 
3.0 and 1.6 mm Hg (p < 0.05) for participants in the highest quintile compared with the lowest after 
adjusting for potential cofounders. Subgroup analyses also confirmed that age adjusted systolic BP was 
significantly lower in individuals with vitamin D sufficiency and the impact of vitamin D deficiency was 
highly significant in the elderly (age > 50 years) relative to younger individuals [46,47]. The German 
National Health Interview and Examination Survey [48], 1958 British Birth Cohort [49] and US 
adolescent population (NHANES 2001 and 2006) [56] all demonstrated that 25(OH) D was inversely 
associated with the prevalence of hypertension. 

A large cohort study [57] in Shanghai, China also reported an association between a lower risk of 
hypertension and the highest quintile of 25(OH)D (OR = 0.16 for vitamin D  50.6 nmol/L compared 
with <23.5 nmol/L; p for trend 0.02). However, among women, no significant associations were found 
for BP parameters and hypertension with 25(OH)D level. Another two observational studies among older 
populations, the Longitudinal Aging Study Amsterdam [58] and the Ranch Bernardo Study [51] reported 
the lack of a significant association between vitamin D status and BP. The lack of association might be 
attributable to the relatively high baseline levels of 25(OH)D among the study participants. Despite the 
inconsistent findings from some cross-sectional investigations, the majority of studies with large sample 
sizes have demonstrated an inverse relationship between 25(OH)D levels and BP [43]. 

2.2. Cohort Studies 

A few prospective studies [51,59–62] have addressed the association of 25(OH) D and change in 
blood pressure or new-onset hypertension. The findings are still inconsistent. 
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A 5-year prospective study among 1471 older women (mean age 74 year) fail to show a significant 
association between initial levels of 25(OH)D and change of BP. However, when the analyses were 
adjusted for vitamin D supplement use, greater initial levels of 25(OH)D ( 20 ng/mL compared to  
<20 ng/mL) were paradoxically associated with larger increases in BP [59]. In a cohort [60] of  
4863 postmenopausal women who were recruited into the Women’s Health Initiative between 1993 and 
1998, serum levels of 25(OH)D were also not related to changes in BP, and evidence for an association 
with lower risk of incident hypertension was weak. 

Wang et al. [61] studied more than 1700 Framingham Offspring Study participants (mean age  
59 years; 55% women; all white) and suggested that low serum vitamin D levels appear to interact with 
pre-existing hypertension to dramatically raise the risk of future cardiovascular events. In another large 
cohort [62] including 77,531 women who were followed for 18 years, the multivariable relative risks 
comparing the lowest to highest deciles were 1.57 (95% CI: 1.44 to 1.72) in women. However, this study 
was limited since the 25(OH)D levels of study populations were predicted using sun exposure or 
nutritional vitamin D intake as a surrogate. 

2.3. Clinical Trials on Vitamin D Supplementation and BP 

A number of randomized controlled trials (RCT) evaluated the impact of vitamin D supplementation 
on BP, however the results are inconclusive. Several large scale trials specifically conducted among 
postmenopausal women also reported inconsistent findings. 

In the largest trial [63] in this field—the Women’s Health initiative (WHI)—36,282 postmenopausal 
women were randomly assigned to receive either 400 IU vitamin D plus 1000 mg calcium daily or 
placebo. After seven years’ follow-up, changes in systolic and diastolic BP, as well as the frequency of 
incident hypertension, were not significantly different between the intervention and placebo groups. 
However, the findings may not rule out an effect of vitamin D on blood pressure since 80% of patients 
enrolled in this trial were normotensive at baseline, the dose (400 IU/day) of vitamin D3 used was 
relatively low to sufficiently increase the 25(OH)D concentrations, and adherence to treatment was also 
low with only 60%–63% in the first three years and 59% at the end of the trial. 

Similarly, a one year RCT in UK among 305 healthy postmenopausal women aged 60–70 years also 
reported that daily doses of vitamin D3 at 400 or 1000 IU/day for one year did not affect conventional 
markers of cardiovascular disease (CVD) risk including lipids, blood pressure and endothelial markers 
etc. [64]. However, another RCT among 148 elderly women (aged 70 year or above) with vitamin D 
deficiency (25[OH]D levels < 25 ng/mL) demonstrated a significant antihypertensive effect of vitamin 
D [65]. In this study, subjects were assigned to receive either 1200 mg of calcium or 1200 mg of calcium 
plus 800 IU of vitamin D daily. After eight weeks of treatment, a significant reduction in SBP (7.4 
mmHg, p = 0.02) was observed in the vitamin D plus calcium group, but no significant difference in 
diastolic BP [65]. Another trial included 34 vitamin-D deficient patients with type 2 diabetes also 
reported positive findings. Subjects were randomly assigned to receive a single dose of 100,000 IU 
vitamin D or placebo [66]. After eight weeks of follow-up, the mean office systolic BP was 14 mmHg 
lower in the vitamin D group (p = 0.001). 

A meta-analysis including 11 RCT provided little support for a positive effect of vitamin D 
supplementation on blood pressure [67]. Most of these studies were small of variable methodological 
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quality and indicated a significant heterogeneity. Only a small effect of vitamin D on diastolic BP  
(3.1 mmHg, 95% CI: 5.5 to 0.6) was found with no significant fall in systolic BP in studies of 
hypertensive patients [67]. The inconclusive findings could be because the majority of trials included 
were not primarily or adequately designed to evaluate the antihypertensive effects of vitamin D and 
participants had 25(OH)D levels within the normal range and were largely free from arterial 
hypertension at baseline. In addition, BP was generally measured in the office, and more sophisticated 
BP measurements such as ambulatory blood pressure, were not used. 

In summary, although experimental and observational studies favor the hypothesis that vitamin D 
sufficiency promotes the lowering of arterial BP, findings from clinical trials are still inconclusive, 
especially among postmenopausal women. In general, the antihypertensive effects of vitamin D seem to 
be particularly prominent in vitamin-D-deficient patients with elevated blood pressure. Further large and 
well designed randomized, placebo-controlled trials are needed to clarify the effect of vitamin D on 
blood pressure. 

3. Vitamin D and Endothelial Function 

Endothelial dysfunction is an early vascular pathology and characterized by a change in the properties 
of the endothelium toward decreased vasodilatation and the creation of a proinflammatory and 
prothrombotic state [68]. Endothelial function is a valuable surrogate marker of cardiovascular  
risk [68]. It plays an important role in the pathogenesis of atherosclerosis contributing to plaque initiation 
and progression [69], as well as increasing arterial stiffness [70]. 

There are many potential mechanisms mediating a vitamin D effect on endothelial function. Vitamin 
D may improve endothelial function indirectly by reducing BP, which may in turn be due to its 
suppressing renin-angiotensin system [42] and/or to its decreasing vascular resistance [71]. Vascular 
smooth muscle and endothelial cells express VDR as well as 1 -hydoxylase [28], allowing for autocrine 
production of 1,25(OH)2D, which may act at the local level to modulate the effects of inflammatory 
cytokines on the vasculature [72], such as decreasing endothelial adhesion molecules, increasing nitric 
oxide production [73] and reducing platelet aggregation [74,75]. Other potential mechanisms linking 
vitamin D to vascular health include the decrease in oxidative stress [76], attenuation of NF- B 
activation [77] and reduction of PTH [78]. Vitamin D deficiency is also associated with higher 
circulating concentrations of matrix metalloproteinase-9 which controls vascular wall remodeling [79]. 

3.1. Observational Studies 

Most observational studies have shown associations between low circulating levels of vitamin D and 
endothelial dysfunction. In a large study of 554 healthy individuals, serum vitamin D levels were 
independently associated with brachial artery flow mediated vasodilatation (FMD) and arterial stiffness 
after adjusting for age, sex, race, BMI, serum lipid levels, plasma C-reactive protein and medications [80]. 
A small study involving 23 asymptomatic subjects demonstrated that subjects with significant vitamin D 
deficiency have impaired brachial artery FMD, which improved after vitamin D replacement therapy [76]. 
Recently, a step-wise change in FMD according to vitamin D status was demonstrated and an inverse 
association between serum 25(OH)D levels and vascular inflammatory markers observed [77]. 
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In addition to healthy individuals, vitamin D levels can influence endothelial function in disease 
states. Impaired brachial artery FMD was documented in 280 type 2 diabetic individuals who had low 
serum vitamin D concentrations [80]. Another study [81] among 66 obese Caucasian children aged  
7–14 years indicated that Vitamin D status is linked to biomarkers of oxidative stress, inflammation, and 
endothelial activation, among which the obese children with vitamin D insufficiency had substantially 
elevated malondialdehyde, myeloperoxidase, 3-nitrotyrosine, interleukin-6, and sVCAM-1 levels. 

3.2. Clinical Trials on Vitamin D and Endothelial Function 

Clinical trials using vitamin D as supplement produced inconsistent findings (Table 1) [66,76,82–90]. 
Several RCTs [76,86–89] have shown vitamin D supplementation improves endothelial function while 
others not [82–84,90]. The discrepancies may be due to various vitamin D dosages or dosing interval, 
study duration, outcome measures, sample size and participant features etc. 
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A study by Harris et al. [86] reported that supplementation with 60,000 IU per month of oral D3 
for 16 weeks is effective in improving vascular endothelial function in African-American adults with 
significant improvements in FMD (1.8 ± 1.3%). Another study in 42 subjects with vitamin D 
insufficiency, normalization of serum 25(OH)D was associated with increases in reactive hyperemia 
index (0.38 ± 0.14, p = 0.009) and a decrease in mean arterial pressure (4.6 ± 2.3 mmHg, p = 0.02) 
after 6 months of supplementation [91]. A 16 week RCT [87] indicated that vitamin D 
supplementation (2000 IU/day) decreased arterial stiffness by the mean pulse wave velocity reduced 
from 5.41 m/s at baseline to 5.33 m/s (p = 0.031). In another RCT [66], which was conducted among 
diabetic patients with baseline 25(OH)D insufficiency, a single dose of 100,000 IU vitamin D2 
significantly improved FMD of the brachial artery by 2.3% at 8 weeks. A 9-month RCT [89] among 
123 patients with congestive heart failure also indicated that 50 g vitamin D3 plus 500 mg Ca per 
day notably improves cytokine profiles and decreases PTH level compared with calcium alone. 

In contrast, a 16-week RCT [90] of vitamin D replacement among 61 diabetic subjects, both  
low- and high-dose vitamin D3 supplementation (100,000 and 200,000 IU) failed to modulate FMD, 
although an effect on BP was noted. A one month pilot study [82] among 62 patients with peripheral 
arterial disease, a single large dosage of 100,000 IU oral vitamin D2 indicated nil effect on endothelial 
function and arterial stiffness. The non-significant finding of the pilot trial might be due to the  
short duration or underpowered study participants. Clinical trials specifically conducted among 
postmenopausal women are limited. One RCT among 114 post-menopausal women with serum low 
vitamin D status (25(OH)D >10 and <60 ng/mL), reported that 2500 IU Vitamin D3, daily for  
4 months did not improve endothelial function, arterial stiffness, or inflammation [84]. Multivariable 
models showed no significant interactions between treatment group and Vitamin D status  
(<30 ng/mL). Further studies applying different dosages of vitamin D, with adequate sample size and 
study duration, among postmenopausal women with confirmed vitamin D deficiency are necessary 
to elaborate the effectiveness of vitamin D on vascular function in women after menopause. 

4. Vitamin D and Renal Function 

The kidney plays an essential role in vitamin D metabolism in circulation [92]. Chronic kidney 
disease (CKD) is a condition characterized by a gradual loss of kidney function over time. The 
abnormalities in vitamin D metabolism could contribute to the development of mineral and skeletal 
disorders, elevations in PTH, hypertension, systemic inflammation, and finally result in renal and 
cardiovascular damage [93]. The 2009 KDIGO (Kidney Diseases: Improving Global Outcomes) 
clinical practice guidelines recommended correcting 25(OH)D deficiency and insufficiencies for the 
general population [94]. 

The reasons for this marked vitamin D deficiency in CKD are multi-factorial. CKD can induce a 
progressive loss of the capacity of the kidney not only to convert 25(OH)D to circulating calcitriol 
(the vitamin D hormone), but also to maintain serum 25(OH)D levels for non-renal calcitriol 
synthesis. The resulting calcitriol and 25(OH)D deficiency associates directly with accelerated 
disease progression and death [93,95]. Another interesting hypothesis is that urinary loss of 
25(OH)D-VDBP (the main plasma carrier of vitamin D in circulation) associated with proteinuria 
and reduced megalin-mediated uptake might result in vitamin D deficiency. Alternatively, reduced 
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levels of 25(OH)D might be a result of compromised endogenous pre-vitamin D production in the 
skin due to severe renal dysfunction [96] or simply lack of outdoor sunlight exposure due to morbidity. 

Most [97–99], though not all [75], the observational studies have demonstrated 25(OH)D deficiency 
is independently associated with impaired renal function. A cross-sectional analysis of the NHANES 
III data [100] revealed an association between vitamin D deficiency and increased risk of albuminuria 
in the US adult population. The possible explanation could be that vitamin D may have an intrinsic 
antiproteinuric activity, or the fraction of vitamin D which is bound to albumin is lost during 
albuminuria. Cohort studies among patients with end stage renal disease (ESRD) also indicated 
higher 25(OH)D or 1,25(OH)2D levels were associated with decreased overall mortality [101–103]. 
Most of the current observational findings are from patients with CKD or severe kidney dysfunction; 
studies among individuals with mildly or moderately declined renal function especially among 
postmenopausal women are few. 

Results from animal experiments demonstrated reno-protective effects of both active vitamin D 
and its analogues [104]. The favourable effects are mediated by the vitamin D receptor (VDR) and 
appear to act by regulating multiple pathways including the renin–angiotensin system (RAS),  
NF- B, Wnt/ -catenin and some key structural proteins [105]. Therefore, addition of vitamin D to 
conventional therapy may present a promising treatment modality that extends its classical role in 
the maintenance of mineral homeostasis [106,107]. 

Randomized, controlled trials addressing renoprotective potential of vitamin D are not adequately 
studied. Indirect evidence suggests that treatment with vitamin D receptor activators confers a 
considerable survival advantage in hemodialysis patients [108–110]. A large scale cohort study [110] 
among chronic hemodialysis patients demonstrated that patients who received injectable vitamin D 
had a significant survival advantage (20%) than the non-vitamin D group. The incidence of  
cardiovascular-related mortality was significantly reduced with vitamin D injection from 14.6/100 
to 7.6/100 person-years (p < 0.001). Another 16-month trial [108] among Latin America countries 
also showed that the 7203 patients who received oral active vitamin D had significant reductions in 
overall, cardiovascular, infectious and neoplastic mortality compared to the 8801 patients that had 
not received vitamin D. Several trials using vitamin D analog paricalcitol in patients with CKD have 
noted significant reduction in albuminuria and the effects were independent of hemodynamics or 
parathyroid hormone suppression [111–113]. In a multinational, 24-week RCT [111] among patients 
with type 2 diabetes and albuminuria, intake of 2 mug paricalcitol showed a safe and sustained 
reduction in urinary albumin-to-creatinine ratio (UACR) ranging from 18% to 28% (p = 0.014 vs. 
placebo). Another pilot trial [113] also showed that ingestion of paricalcitol for 1 month significantly 
reduces albuminuria and inflammation levels in 24 patients with CKD and the effect was independent 
of hemodynamics or parathyroid hormone suppression. Large, randomized, controlled clinical trials 
to assess the renoprotective potential of vitamin D are expected in the near future. 

Although no consensus exists on the optimal levels of 25(OH)D measured in the serum, the US 
Institute of Medicine recommended that mean 25(OH)D levels should be >20 ng/mL in the general 
population. It might be reasonable to suggest slightly higher levels (up to 30 ng/mL) in patients with 
CKD [114] for extra renal production of 1,25(OH)2D3 and regulation of PTH secretion. In CKD, 
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supplementation with vitamin D is recommended at the inception of the disease, with the addition of 
25(OH)D beginning in Stage 3 [115]. 

5. Vitamin D Intoxication (VDI) 

In clinical trials, vitamin D toxicity was not observed with doses of up to 10,000 IU per day [116]. 
Serum 25(OH)D levels above 150 ng/mL are considered as VDI [117]. There is a wide margin 
between the level of 25(OH)D required for vitamin D adequacy (>30 ng/mL) and the level of toxicity 
(>150 ng/mL). The adverse effects with VDI are mainly related to serum hypercalcemia and its 
duration, which can cause reversible hypertension [4]. When the calcium concentration exceeds  
14 mg/dL, emergency intervention is necessary since hypercalcemia will cause organ dysfunction. 
Since vitamin D is stored in fat tissues, effects of toxicity may last for months despite the removal of 
the exogenous source of vitamin D. 

6. Conclusions 

The observational data presented in this review suggest an association between low vitamin D 
status and increased blood pressure, endothelial and renal dysfunction; however, clinical trials have 
reported inconsistent findings. The discordant findings of RCTs could be due to the differences in 
features of participants, their adherence to the supplements, study duration, various dosage regimes 
or dosing interval of vitamin D, the concomitant calcium intake, or the primary outcome that was 
measured [118]. Moreover, a number of RCTs have paid little attention to the baseline vitamin D 
status and dose adequacy and studies tested the dose-response relationship were few [119]. 

Although a single hormone like vitamin D seems unlikely to play a substantial role in preventing 
or ameliorating the diverse range of diseases [120], future studies from appropriately powered and 
controlled clinical trials to examine the dose-response effect, selecting patients at risk for vascular 
and renal dysfunction in the context of initial vitamin D deficiency, and defining the appropriate 
product regimes and dosing interval, are much needed before vitamin D can be recommended as an 
auxiliary or therapeutic option for the improvement of vascular and renal function. 

Acknowledgments 

The present research received no specific grant from any funding agency in the public, 
commercial or not-for-profit sectors. 

Conflicts of Interest 

The author declares no conflict of interest. 

References 

1. Perez-Lopez, F.R.; Chedraui, P.; Fernandez-Alonso, A.M. Vitamin d and aging: Beyond 
calcium and bone metabolism. Maturitas 2011, 69, 27–36. 



248 
 

 

2. Duque, G.; El Abdaimi, K.; Macoritto, M.; Miller, M.M.; Kremer, R. Estrogens (e2) regulate 
expression and response of 1,25-dihydroxyvitamin D3 receptors in bone cells: Changes with 
aging and hormone deprivation. Biochem. Biophys. Res. Commun. 2002, 299, 446–454. 

3. Mithal, A.; Wahl, D.A.; Bonjour, J.P.; Burckhardt, P.; Dawson-Hughes, B.; Eisman, J.A.;  
El-Hajj Fuleihan, G.; Josse, R.G.; Lips, P.; Morales-Torres, J. Global vitamin D status and 
determinants of hypovitaminosis d. Osteoporos. Int. 2009, 20, 1807–1820. 

4. Holick, M.F. Vitamin D deficiency. N. Engl. J. Med. 2007, 357, 266–281. 
5. Sai, A.J.; Walters, R.W.; Fang, X.; Gallagher, J.C. Relationship between vitamin D, 

parathyroid hormone, and bone health. J. Clin. Endocrinol. Metab. 2011, 96, E436–E446. 
6. Howe, W.R.; Dellavalle, R. Vitamin D deficiency. N. Engl. J. Med. 2007, 357,266–281. 
7. Gaugris, S.; Heaney, R.P.; Boonen, S.; Kurth, H.; Bentkover, J.D.; Sen, S.S. Vitamin D 

inadequacy among post-menopausal women: A systematic review. Q. J. Med. 2005, 98, 667–676. 
8. Wat, W.Z.; Leung, J.Y.; Tam, S.; Kung, A.W. Prevalence and impact of vitamin D 

insufficiency in southern chinese adults. Ann. Nutr. Metab. 2007, 51, 59–64. 
9. Lim, S.K.; Kung, A.W.; Sompongse, S.; Soontrapa, S.; Tsai, K.S. Vitamin D inadequacy in 

postmenopausal women in Eastern Asia. Curr. Med. Res. Opin. 2008, 24, 99–106. 
10. Kung, A.W.; Lee, K.K. Knowledge of vitamin d and perceptions and attitudes toward sunlight 

among chinese middle-aged and elderly women: A population survey in hong kong. BMC 
Public Health 2006, 6, 226. 

11. Lips, P.; Duong, T.; Oleksik, A.; Black, D.; Cummings, S.; Cox, D.; Nickelsen, T. A global 
study of vitamin D status and parathyroid function in postmenopausal women with osteoporosis: 
Baseline data from the multiple outcomes of raloxifene evaluation clinical trial. J. Clin. 
Endocrinol. Metab. 2001, 86, 1212–1221. 

12. Baz-Hecht, M.; Goldfine, A.B. The impact of vitamin D deficiency on diabetes and 
cardiovascular risk. Curr. Opin. Endocrinol. Diabetes Obes. 2010, 17, 113–119. 

13. Dawson-Hughes, B.; Mithal, A.; Bonjour, J.P.; Boonen, S.; Burckhardt, P.; Fuleihan, G.E.;  
Josse, R.G.; Lips, P.; Morales-Torres, J.; Yoshimura, N. Iof position statement: Vitamin D 
recommendations for older adults. Osteoporos. Int. 2010, 21, 1151–1154. 

14. Ross, A.C.; Manson, J.E.; Abrams, S.A.; Aloia, J.F.; Brannon, P.M.; Clinton, S.K.;  
Durazo-Arvizu, R.A.; Gallagher, J.C.; Gallo, R.L.; Jones, G.; et al. The 2011 report on dietary 
reference intakes for calcium and vitamin D from the institute of medicine: What clinicians 
need to know. J. Clin. Endocrinol. Metab. 2011, 96, 53–58. 

15. Dawson-Hughes, B.; Heaney, R.P.; Holick, M.F.; Lips, P.; Meunier, P.J.; Vieth, R. Estimates 
of optimal vitamin D status. Osteoporos. Int. 2005, 16, 713–716. 

16. Carter, G.D.; Carter, R.; Jones, J.; Berry, J. How accurate are assays for 25-hydroxyvitamin D? 
Data from the international vitamin D external quality assessment scheme. Clin. Chem. 2004, 
50, 2195–2197. 

17. Zerwekh, J.E. Blood biomarkers of vitamin d status. Am. J. Clin. Nutr. 2008, 87, 1087S–1091S. 
18. Calvo, M.S.; Whiting, S.J.; Barton, C.N. Vitamin D fortification in the united states and canada: 

Current status and data needs. Am. J. Clin. Nutr. 2004, 80, 1710S–1716S. 



249 
 

 

19. Dusso, A.S.; Brown, A.J.; Slatopolsky, E. Vitamin D. Am. J. Physiol. Ren. Physiol. 2005, 289,  
F8–F28. 

20. Holick, M.F. Sunlight and vitamin D for bone health and prevention of autoimmune diseases, 
cancers, and cardiovascular disease. Am. J. Clin. Nutr. 2004, 80, 1678S–1688S. 

21. Wolpowitz, D.; Gilchrest, B.A. The vitamin D questions: How much do you need and how 
should you get it? J. Am. Acad. Dermatol. 2006, 54, 301–317. 

22. Chel, V.; Wijnhoven, H.A.; Smit, J.H.; Ooms, M.; Lips, P. Efficacy of different doses and time 
intervals of oral vitamin D supplementation with or without calcium in elderly nursing home 
residents. Osteoporos. Int. 2008, 19, 663–671. 

23. Wu, F.; Staykova, T.; Horne, A.; Clearwater, J.; Ames, R.; Mason, B.; Orr-Walker, B.;  
Gamble, G.; Scott, M.; Reid, I. Efficacy of an oral, 10-day course of high-dose calciferol in 
correcting vitamin D deficiency. N. Z. Med. J. 2003, 116, U536. 

24. DeLuca, H.F. Overview of general physiologic features and functions of vitamin D. Am. J. 
Clin. Nutr. 2004, 80, 1689S–1696S. 

25. Heaney, R.P. The vitamin D requirement in health and disease. J. Steroid Biochem. Mol. Biol. 
2005, 97, 13–19. 

26. Merke, J.; Milde, P.; Lewicka, S.; Hugel, U.; Klaus, G.; Mangelsdorf, D.J.; Haussler, M.R.; 
Rauterberg, E.W.; Ritz, E. Identification and regulation of 1,25-dihydroxyvitamin D3 receptor 
activity and biosynthesis of 1,25-dihydroxyvitamin D3. Studies in cultured bovine aortic 
endothelial cells and human dermal capillaries. J. Clin. Investig. 1989, 83, 1903–1915. 

27. Merke, J.; Hofmann, W.; Goldschmidt, D.; Ritz, E. Demonstration of 1,25(OH)2 vitamin D3 
receptors and actions in vascular smooth muscle cells in vitro. Calcif. Tissue Int. 1987, 41,  
112–114. 

28. Somjen, D.; Weisman, Y.; Kohen, F.; Gayer, B.; Limor, R.; Sharon, O.; Jaccard, N.; Knoll, E.; 
Stern, N. 25-Hydroxyvitamin D3-1alpha-hydroxylase is expressed in human vascular smooth 
muscle cells and is upregulated by parathyroid hormone and estrogenic compounds. Circulation 
2005, 111, 1666–1671. 

29. Wu-Wong, J.R. Potential for vitamin D receptor agonists in the treatment of cardiovascular 
disease. Br. J. Pharmacol. 2009, 158, 395–412. 

30. Zittermann, A. Vitamin D and disease prevention with special reference to cardiovascular 
disease. Prog. Biophys. Mol. Biol. 2006, 92, 39–48. 

31. Hagenau, T.; Vest, R.; Gissel, T.N.; Poulsen, C.S.; Erlandsen, M.; Mosekilde, L.; Vestergaard, 
P. Global vitamin D levels in relation to age, gender, skin pigmentation and latitude:  
An ecologic meta-regression analysis. Osteoporos. Int. 2009, 20, 133–140. 

32. Ginde, A.A.; Liu, M.C.; Camargo, C.A., Jr. Demographic differences and trends of vitamin D 
insufficiency in the US population, 1988–2004. Arch. Intern. Med. 2009, 169, 626–632. 

33. Godar, D.E.; Landry, R.J.; Lucas, A.D. Increased uva exposures and decreased cutaneous 
vitamin D3 levels may be responsible for the increasing incidence of melanoma. Med. Hypotheses 
2009, 72, 434–443. 

34. Zittermann, A.; Schleithoff, S.S.; Koerfer, R. Putting cardiovascular disease and vitamin D 
insufficiency into perspective. Br. J. Nutr. 2005, 94, 483–492. 



250 
 

 

35. Tangpricha, V.; Koutkia, P.; Rieke, S.M.; Chen, T.C.; Perez, A.A.; Holick, M.F. Fortification 
of orange juice with vitamin D: A novel approach for enhancing vitamin D nutritional health. 
Am. J. Clin. Nutr. 2003, 77, 1478–1483. 

36. Holick, M.F.; Biancuzzo, R.M.; Chen, T.C.; Klein, E.K.; Young, A.; Bibuld, D.; Reitz, R.; 
Salameh, W.; Ameri, A.; Tannenbaum, A.D. Vitamin D2 is as effective as vitamin D3 in 
maintaining circulating concentrations of 25-hydroxyvitamin D. J. Clin. Endocrinol. Metab. 
2008, 93, 677–681. 

37. Bacon, C.J. High-Dose Vitamin D Supplementation in the Elderly. In Handbook of Vitamin D  
in Human Health; Watson, R.R., Ed.; Wageningen Academic Publishers: Wageningen,  
the Netherlands, 2013. 

38. 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. 

39. Cannell, J.J.; Hollis, B.W. Use of vitamin D in clinical practice. Altern. Med. Rev. 2008, 13, 6–20. 
40. Bischoff-Ferrari, H.A.; Giovannucci, E.; Willett, W.C.; Dietrich, T.; Dawson-Hughes, B. 

Estimation of optimal serum concentrations of 25-hydroxyvitamin D for multiple health 
outcomes. Am. J. Clin. Nutr. 2006, 84, 18–28. 

41. 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. 

42. Li, Y.C.; Kong, J.; Wei, M.; Chen, Z.F.; Liu, S.Q.; Cao, L.P. 1,25-Dihydroxyvitamin D3 is a 
negative endocrine regulator of the renin-angiotensin system. J. Clin. Investig. 2002, 110, 229–238. 

43. Pilz, S.; Tomaschitz, A.; Ritz, E.; Pieber, T.R. Vitamin D status and arterial hypertension:  
A systematic review. Nat. Rev. Cardiol. 2009, 6, 621–630.  

44. Rammos, G.; Tseke, P.; Ziakka, S. Vitamin D, the renin-angiotensin system, and insulin 
resistance. Int. Urol. Nephrol. 2008, 40, 419–426. 

45. Scragg, R.; Sowers, M.; Bell, C. Serum 25-hydroxyvitamin D, ethnicity, and blood pressure in 
the third national health and nutrition examination survey. Am. J. Hypertens. 2007, 20, 713–719. 

46. Judd, S.E.; Nanes, M.S.; Ziegler, T.R.; Wilson, P.W.; Tangpricha, V. Optimal vitamin D status 
attenuates the age-associated increase in systolic blood pressure in white americans: Results 
from the third national health and nutrition examination survey. Am. J. Clin. Nutr. 2008, 87, 
136–141. 

47. Martins, D.; Wolf, M.; Pan, D.; Zadshir, A.; Tareen, N.; Thadhani, R.; Felsenfeld, A.; Levine, 
B.; Mehrotra, R.; Norris, K. Prevalence of cardiovascular risk factors and the serum levels of  
25-hydroxyvitamin D in the united states: Data from the third national health and nutrition 
examination survey. Arch. Intern. Med. 2007, 167, 1159–1165. 

48. Hintzpeter, B.; Mensink, G.B.; Thierfelder, W.; Muller, M.J.; Scheidt-Nave, C. Vitamin D 
status and health correlates among german adults. Eur. J. Clin. Nutr. 2008, 62, 1079–1089. 

49. Hypponen, E.; Boucher, B.J.; Berry, D.J.; Power, C. 25-hydroxyvitamin d, igf-1, and metabolic 
syndrome at 45 years of age: A cross-sectional study in the 1958 british birth cohort. Diabetes 
2008, 57, 298–305. 



251 
 

 

50. Forouhi, N.G.; Luan, J.; Cooper, A.; Boucher, B.J.; Wareham, N.J. Baseline serum 25-hydroxy 
vitamin D is predictive of future glycemic status and insulin resistance: The medical research 
council ely prospective study 1990–2000. Diabetes 2008, 57, 2619–2625. 

51. Reis, J.P.; von Muhlen, D.; Kritz-Silverstein, D.; Wingard, D.L.; Barrett-Connor, E. Vitamin D, 
parathyroid hormone levels, and the prevalence of metabolic syndrome in community-dwelling 
older adults. Diabetes Care 2007, 30, 1549–1555. 

52. Gannage-Yared, M.H.; Chedid, R.; Khalife, S.; Azzi, E.; Zoghbi, F.; Halaby, G. Vitamin D in 
relation to metabolic risk factors, insulin sensitivity and adiponectin in a young Middle-Eastern 
population. Eur. J. Endocrinol. 2009, 160, 965–971. 

53. Pasco, J.A.; Henry, M.J.; Nicholson, G.C.; Brennan, S.L.; Kotowicz, M.A. Behavioural and 
physical characteristics associated with vitamin D status in women. Bone 2009, 44, 1085–1091. 

54. Rueda, S.; Fernandez-Fernandez, C.; Romero, F.; Martinez de Osaba, J.; Vidal, J. Vitamin D, 
PTH, and the metabolic syndrome in severely obese subjects. Obes. Surg. 2008, 18, 151–154. 

55. Chan, R.; Chan, D.; Woo, J.; Ohlsson, C.; Mellstrom, D.; Kwok, T.; Leung, P. Serum  
25-hydroxyvitamin D and parathyroid hormone levels in relation to blood pressure in a  
cross-sectional study in older chinese men. J. Hum. Hypertens. 2012, 26, 20–27. 

56. Williams, D.M.; Fraser, A.; Lawlor, D.A. Associations of vitamin D, parathyroid hormone and 
calcium with cardiovascular risk factors in US adolescents. Heart 2011, 97, 315–320. 

57. Dorjgochoo, T.; Shu, X.O.; Xiang, Y.B.; Yang, G.; Cai, Q.; Li, H.; Ji, B.T.; Cai, H.; Gao, Y.T.; 
Zheng, W. Circulating 25-hydroxyvitamin D levels in relation to blood pressure parameters 
and hypertension in the shanghai women’s and men’s health studies. Br. J. Nutr. 2012, 108, 
449–458. 

58. Snijder, M.B.; Lips, P.; Seidell, J.C.; Visser, M.; Deeg, D.J.; Dekker, J.M.; van Dam, R.M. 
Vitamin D status and parathyroid hormone levels in relation to blood pressure: A population-based 
study in older men and women. J. Intern. Med. 2007, 261, 558–565. 

59. Bolland, M.J.; Bacon, C.J.; Horne, A.M.; Mason, B.H.; Ames, R.W.; Wang, T.K.; Grey, A.B.; 
Gamble, G.D.; Reid, I.R. Vitamin D insufficiency and health outcomes over 5 year in older 
women. Am. J. Clin. Nutr. 2010, 91, 82–89. 

60. Margolis, K.L.; Martin, L.W.; Ray, R.M.; Kerby, T.J.; Allison, M.A.; Curb, J.D.; Kotchen, 
T.A.; Liu, S.; Wassertheil-Smoller, S.; Manson, J.E. A prospective study of serum  
25-hydroxyvitamin D levels, blood pressure, and incident hypertension in postmenopausal 
women. Am. J. Epidemiol. 2012, 175, 22–32. 

61. Wang, T.J.; Pencina, M.J.; Booth, S.L.; Jacques, P.F.; Ingelsson, E.; Lanier, K.; Benjamin, E.J.; 
D’Agostino, R.B.; Wolf, M.; Vasan, R.S. Vitamin D deficiency and risk of cardiovascular 
disease. Circulation 2008, 117, 503–511. 

62. Forman, J.P.; Giovannucci, E.; Holmes, M.D.; Bischoff-Ferrari, H.A.; Tworoger, S.S.;  
Willett, W.C.; Curhan, G.C. Plasma 25-hydroxyvitamin D levels and risk of incident 
hypertension. Hypertension 2007, 49, 1063–1069. 

  



252 
 

 

63. Margolis, K.L.; Ray, R.M.; van Horn, L.; Manson, J.E.; Allison, M.A.; Black, H.R.;  
Beresford, S.A.; Connelly, S.A.; Curb, J.D.; Grimm, R.H., Jr.; et al. Effect of calcium and 
vitamin D supplementation on blood pressure: The women’s health initiative randomized trial. 
Hypertension 2008, 52, 847–855. 

64. Wood, A.D.; Secombes, K.R.; Thies, F.; Aucott, L.; Black, A.J.; Mavroeidi, A.; Simpson, 
W.G.; Fraser, W.D.; Reid, D.M.; Macdonald, H.M. Vitamin D3 supplementation has no effect 
on conventional cardiovascular risk factors: A parallel-group, double-blind, placebo-controlled 
RCT. J. Clin. Endocrinol. Metab. 2012, 97, 3557–3568. 

65. Pfeifer, M.; Begerow, B.; Minne, H.W.; Nachtigall, D.; Hansen, C. Effects of a short-term 
vitamin D3 and calcium supplementation on blood pressure and parathyroid hormone levels in 
elderly women. J. Clin. Endocrinol. Metab. 2001, 86, 1633–1637. 

66. Sugden, J.A.; Davies, J.I.; Witham, M.D.; Morris, A.D.; Struthers, A.D. Vitamin D improves 
endothelial function in patients with type 2 diabetes mellitus and low vitamin D levels.  
Diabet. Med. 2008, 25, 320–325. 

67. Witham, M.D.; Nadir, M.A.; Struthers, A.D. Effect of vitamin d on blood pressure: A systematic 
review and meta-analysis. J. Hypertens. 2009, 27, 1948–1954. 

68. Widlansky, M.E.; Gokce, N.; Keaney, J.F., Jr.; Vita, J.A. The clinical implications of 
endothelial dysfunction. J. Am. Coll. Cardiol. 2003, 42, 1149–1160. 

69. Nadar, S.; Blann, A.D.; Lip, G.Y. Endothelial dysfunction: Methods of assessment and application 
to hypertension. Curr. Pharm. Des. 2004, 10, 3591–3605. 

70. Endemann, D.H.; Schiffrin, E.L. Endothelial dysfunction. J. Am. Soc. Nephrol. 2004, 15,  
1983–1992. 

71. Norman, P.E.; Powell, J.T. Vitamin D, shedding light on the development of disease in 
peripheral arteries. Arterioscler. Thromb. Vasc. Biol. 2005, 25, 39–46. 

72. Zehnder, D.; Bland, R.; Chana, R.S.; Wheeler, D.C.; Howie, A.J.; Williams, M.C.; Stewart, P.M.; 
Hewison, M. Synthesis of 1,25-dihydroxyvitamin D3 by human endothelial cells is regulated 
by inflammatory cytokines: A novel autocrine determinant of vascular cell adhesion. J. Am. 
Soc. Nephrol. 2002, 13, 621–629. 

73. Molinari, C.; Uberti, F.; Grossini, E.; Vacca, G.; Carda, S.; Invernizzi, M.; Cisari, C.  
1 ,25-dihydroxycholecalciferol induces nitric oxide production in cultured endothelial cells. 
Cell. Physiol. Biochem. 2011, 27, 661–668. 

74. Aihara, K.; Azuma, H.; Akaike, M.; Ikeda, Y.; Yamashita, M.; Sudo, T.; Hayashi, H.;  
Yamada, Y.; Endoh, F.; Fujimura, M.; et al. Disruption of nuclear vitamin D receptor gene 
causes enhanced thrombogenicity in mice. J. Biol. Chem. 2004, 279, 35798–35802. 

75. Urena-Torres, P.; Metzger, M.; Haymann, J.P.; Karras, A.; Boffa, J.J.; Flamant, M.; Vrtovsnik, 
F.; Gauci, C.; Froissart, M.; Houillier, P.; et al. Association of kidney function, vitamin D 
deficiency, and circulating markers of mineral and bone disorders in CKD. Am. J. Kidney Dis. 
2011, 58, 544–553. 

76. Tarcin, O.; Yavuz, D.G.; Ozben, B.; Telli, A.; Ogunc, A.V.; Yuksel, M.; Toprak, A.; Yazici, D.; 
Sancak, S.; Deyneli, O.; et al. Effect of vitamin D deficiency and replacement on endothelial 
function in asymptomatic subjects. J. Clin. Endocrinol. Metab. 2009, 94, 4023–4030. 



253 
 

 

77. Jablonski, K.L.; Chonchol, M.; Pierce, G.L.; Walker, A.E.; Seals, D.R. 25-hydroxyvitamin D 
deficiency is associated with inflammation-linked vascular endothelial dysfunction in middle-aged 
and older adults. Hypertension 2011, 57, 63–69. 

78. Pilz, S.; Tomaschitz, A.; Drechsler, C.; Ritz, E.; Boehm, B.O.; Grammer, T.B.; Marz, W. 
Parathyroid hormone level is associated with mortality and cardiovascular events in patients 
undergoing coronary angiography. Eur. Heart J. 2010, 31, 1591–1598. 

79. Momiyama, Y.; Ohmori, R.; Tanaka, N.; Kato, R.; Taniguchi, H.; Adachi, T.; Nakamura, H.; 
Ohsuzu, F. High plasma levels of matrix metalloproteinase-8 in patients with unstable angina. 
Atherosclerosis 2010, 209, 206–210. 

80. Yiu, Y.F.; Chan, Y.H.; Yiu, K.H.; Siu, C.W.; Li, S.W.; Wong, L.Y.; Lee, S.W.L.; Tam, S.;  
Wong, E.W.K.; Cheung, B.M.Y.; et al. Vitamin D deficiency is associated with depletion of 
circulating endothelial progenitor cells and endothelial dysfunction in patients with type 2 
diabetes. J. Clin. Endocrinol. Metab. 2011, 96, E830–E835. 

81. Codoner-Franch, P.; Tavarez-Alonso, S.; Simo-Jorda, R.; Laporta-Martin, P.; Carratala-Calvo, A.; 
Alonso-Iglesias, E. Vitamin D status is linked to biomarkers of oxidative stress, inflammation, 
and endothelial activation in obese children. J. Pediatr. 2012, 161, 848–854. 

82. Stricker, H.; Tosi Bianda, F.; Guidicelli-Nicolosi, S.; Limoni, C.; Colucci, G. Effect of a single, 
oral, high-dose vitamin D supplementation on endothelial function in patients with peripheral 
arterial disease: A randomised controlled pilot study. Eur. J. Vasc. Endovasc. Surg. 2012, 44, 
307–312. 

83. Longenecker, C.T.; Hileman, C.O.; Carman, T.L.; Ross, A.C.; Seydafkan, S.; Brown, T.T.; 
Labbato, D.E.; Storer, N.; Tangpricha, V.; McComsey, G.A. Vitamin D supplementation and 
endothelial function in vitamin D deficient hiv-infected patients: A randomized placebo-controlled 
trial. Antivir. Ther. 2012, 17, 613–621. 

84. Gepner, A.D.; Ramamurthy, R.; Krueger, D.C.; Korcarz, C.E.; Binkley, N.; Stein, J.H.  
A prospective randomized controlled trial of the effects of vitamin D supplementation on 
cardiovascular disease risk. PLoS One 2012, 7, e36617. 

85. Shab-Bidar, S.; Neyestani, T.R.; Djazayery, A.; Eshraghian, M.R.; Houshiarrad, A.; Gharavi, 
A.; Kalayi, A.; Shariatzadeh, N.; Zahedirad, M.; Khalaji, N.; et al. Regular consumption of  
vitamin D-fortified yogurt drink (doogh) improved endothelial biomarkers in subjects with type 
2 diabetes: A randomized double-blind clinical trial. BMC Med. 2011, 9, 125. 

86. Harris, R.A.; Pedersen-White, J.; Guo, D.H.; Stallmann-Jorgensen, I.S.; Keeton, D.; Huang, Y.; 
Shah, Y.; Zhu, H.; Dong, Y. Vitamin D3 supplementation for 16 weeks improves flow-mediated 
dilation in overweight african-american adults. Am. J. Hypertens. 2011, 24, 557–562. 

87. Dong, Y.; Stallmann-Jorgensen, I.S.; Pollock, N.K.; Harris, R.A.; Keeton, D.; Huang, Y.; Li, K.; 
Bassali, R.; Guo, D.H.; Thomas, J.; et al. A 16-week randomized clinical trial of 2000 
international units daily vitamin D3 supplementation in black youth: 25-Hydroxyvitamin D, 
adiposity, and arterial stiffness. J. Clin. Endocrinol. Metab. 2010, 95, 4584–4591. 

88. Witham, M.D.; Dove, F.J.; Sugden, J.A.; Doney, A.S.; Struthers, A.D. The effect of vitamin D 
replacement on markers of vascular health in stroke patients—A randomised controlled trial. 
Nutr. Metab. Cardiovasc. Dis. 2012, 22, 864–870. 



254 
 

 

89. Schleithoff, S.S.; Zittermann, A.; Tenderich, G.; Berthold, H.K.; Stehle, P.; Koerfer, R.  
Vitamin D supplementation improves cytokine profiles in patients with congestive heart failure: 
A double-blind, randomized, placebo-controlled trial. Am. J. Clin. Nutr. 2006, 83, 754–759. 

90. Witham, M.D.; Dove, F.J.; Dryburgh, M.; Sugden, J.A.; Morris, A.D.; Struthers, A.D. The effect 
of different doses of vitamin D3 on markers of vascular health in patients with type 2 diabetes: 
A randomised controlled trial. Diabetologia 2010, 53, 2112–2119. 

91. Al Mheid, I.; Patel, R.; Murrow, J.; Morris, A.; Rahman, A.; Fike, L.; Kavtaradze, N.; Uphoff, I.; 
Hooper, C.; Tangpricha, V.; et al. Vitamin D status is associated with arterial stiffness and 
vascular dysfunction in healthy humans. J. Am. Coll. Cardiol. 2011, 58, 186–192. 

92. Levin, A.; Bakris, G.L.; Molitch, M.; Smulders, M.; Tian, J.; Williams, L.A.; Andress, D.L. 
Prevalence of abnormal serum vitamin D, PTH, calcium, and phosphorus in patients with 
chronic kidney disease: Results of the study to evaluate early kidney disease. Kidney Int. 2007, 
71, 31–38. 

93. Dusso, A.; Gonzalez, E.A.; Martin, K.J. Vitamin d in chronic kidney disease. Best Pract. Res. 
Clin. Endocrinol. Metab. 2011, 25, 647–655. 

94. Moe, S.; Drueke, T.; Cunningham, J.; Goodman, W.; Martin, K.; Olgaard, K.; Ott, S.;  
Sprague, S.; Lameire, N.; Eknoyan, G. Definition, evaluation, and classification of renal 
osteodystrophy: A position statement from kidney disease: Improving global outcomes (kdigo). 
Kidney Int. 2006, 69, 1945–1953. 

95. Andress, D.L. Vitamin D in chronic kidney disease: A systemic role for selective vitamin d 
receptor activation. Kidney Int. 2006, 69, 33–43. 

96. Jacob, A.I.; Sallman, A.; Santiz, Z.; Hollis, B.W. Defective photoproduction of cholecalciferol 
in normal and uremic humans. J. Nutr. 1984, 114, 1313–1319. 

97. Barreto, D.V.; Barreto, F.C.; Liabeuf, S.; Temmar, M.; Boitte, F.; Choukroun, G.; Fournier, A.; 
Massy, Z.A. Vitamin D affects survival independently of vascular calcification in chronic 
kidney disease. Clin. J. Am. Soc. Nephrol. 2009, 4, 1128–1135. 

98. Inaguma, D.; Nagaya, H.; Hara, K.; Tatematsu, M.; Shinjo, H.; Suzuki, S.; Mishima, T.;  
Kurata, K. Relationship between serum 1,25-dihydroxyvitamin D and mortality in patients with 
pre-dialysis chronic kidney disease. Clin. Exp. Nephrol. 2008, 12, 126–131. 

99. Ravani, P.; Malberti, F.; Tripepi, G.; Pecchini, P.; Cutrupi, S.; Pizzini, P.; Mallamaci, F.; 
Zoccali, C. Vitamin D levels and patient outcome in chronic kidney disease. Kidney Int. 2009, 
75, 88–95. 

100. De Boer, I.H.; Ioannou, G.N.; Kestenbaum, B.; Brunzell, J.D.; Weiss, N.S. 25-hydroxyvitamin 
D levels and albuminuria in the third national health and nutrition examination survey 
(NHANES iii). Am. J. Kidney Dis. 2007, 50, 69–77. 

101. Tentori, F.; Hunt, W.C.; Stidley, C.A.; Rohrscheib, M.R.; Bedrick, E.J.; Meyer, K.B.;  
Johnson, H.K.; Zager, P.G. Mortality risk among hemodialysis patients receiving different 
vitamin D analogs. Kidney Int. 2006, 70, 1858–1865. 

102. Shoben, A.B.; Rudser, K.D.; de Boer, I.H.; Young, B.; Kestenbaum, B. Association of oral 
calcitriol with improved survival in nondialyzed ckd. J. Am. Soc. Nephrol. 2008, 19, 1613–1619. 



255 
 

 

103. Wolf, M.; Shah, A.; Gutierrez, O.; Ankers, E.; Monroy, M.; Tamez, H.; Steele, D.; Chang, Y.; 
Camargo, C.A., Jr.; Tonelli, M.; et al. Vitamin D levels and early mortality among incident 
hemodialysis patients. Kidney Int. 2007, 72, 1004–1013. 

104. Mirkovic, K.; van den Born, J.; Navis, G.; de Borst, M.H. Vitamin D in chronic kidney disease: 
New potential for intervention. Curr. Drug Targets 2011, 12, 42–53. 

105. Li, Y.C. Vitamin D: Roles in renal and cardiovascular protection. Curr. Opin. Nephrol. 
Hypertens. 2012, 21, 72–79. 

106. Dusso, A.S.; Tokumoto, M. Defective renal maintenance of the vitamin D endocrine system 
impairs vitamin d renoprotection: A downward spiral in kidney disease. Kidney Int. 2011, 79, 
715–729. 

107. Gal-Moscovici, A.; Sprague, S.M. Use of vitamin D in chronic kidney disease patients.  
Kidney Int. 2010, 78, 146–151. 

108. Naves-Diaz, M.; Alvarez-Hernandez, D.; Passlick-Deetjen, J.; Guinsburg, A.; Marelli, C.; 
Rodriguez-Puyol, D.; Cannata-Andia, J.B. Oral active vitamin D is associated with improved 
survival in hemodialysis patients. Kidney Int. 2008, 74, 1070–1078. 

109. Teng, M.; Wolf, M.; Lowrie, E.; Ofsthun, N.; Lazarus, J.M.; Thadhani, R. Survival of  
patients undergoing hemodialysis with paricalcitol or calcitriol therapy. N. Engl. J. Med. 2003, 
349, 446–456. 

110. Teng, M.; Wolf, M.; Ofsthun, M.N.; Lazarus, J.M.; Hernan, M.A.; Camargo, C.A., Jr.;  
Thadhani, R. Activated injectable vitamin D and hemodialysis survival: A historical cohort 
study. J. Am. Soc. Nephrol. 2005, 16, 1115–1125. 

111. De Zeeuw, D.; Agarwal, R.; Amdahl, M.; Audhya, P.; Coyne, D.; Garimella, T.; Parving, H.H.; 
Pritchett, Y.; Remuzzi, G.; Ritz, E.; et al. Selective vitamin D receptor activation with 
paricalcitol for reduction of albuminuria in patients with type 2 diabetes (vital study):  
A randomised controlled trial. Lancet 2010, 376, 1543–1551. 

112. Agarwal, R.; Acharya, M.; Tian, J.; Hippensteel, R.L.; Melnick, J.Z.; Qiu, P.; Williams, L.; 
Batlle, D. Antiproteinuric effect of oral paricalcitol in chronic kidney disease. Kidney Int. 2005, 
68, 2823–2828. 

113. Alborzi, P.; Patel, N.A.; Peterson, C.; Bills, J.E.; Bekele, D.M.; Bunaye, Z.; Light, R.P.;  
Agarwal, R. Paricalcitol reduces albuminuria and inflammation in chronic kidney disease:  
A randomized double-blind pilot trial. Hypertension 2008, 52, 249–255. 

114. Verstuyf, A.; Carmeliet, G.; Bouillon, R.; Mathieu, C. Vitamin D: A pleiotropic hormone.  
Kidney Int. 2010, 78, 140–145. 

115. Jones, G. Expanding role for vitamin D in chronic kidney disease: Importance of blood  
25-(OH)-D levels and extra-renal 1alpha-hydroxylase in the classical and nonclassical actions 
of 1alpha,25-dihydroxyvitamin D3. Semin. Dial. 2007, 20, 316–324. 

116. Hathcock, J.N.; Shao, A.; Vieth, R.; Heaney, R. Risk assessment for vitamin D. Am. J. Clin. 
Nutr. 2007, 85, 6–18. 

117. Ozkan, B.; Hatun, S.; Bereket, A. Vitamin D intoxication. Turk. J. Pediatr. 2012, 54, 93–98. 



256 
 

 

118. Sanders, K.M.; Stuart, A.L.; Williamson, E.J.; Simpson, J.A.; Kotowicz, M.A.; Young, D.; 
Nicholson, G.C. Annual high-dose oral vitamin D and falls and fractures in older women:  
A randomized controlled trial. JAMA 2010, 303, 1815–1822. 

119. Heaney, R.P. Vitamin D—Baseline status and effective dose. N. Engl. J. Med. 2012, 367, 77–78. 
120. Grey, A.; Bolland, M. Vitamin D: A place in the sun? Arch. Intern. Med. 2010, 170, 1099–1100. 
 



 
 

 

Chapter 6 

Metabolic Disorders





259 
 

 

Vitamin D Intake and Risk of Type 1 Diabetes: A Meta-Analysis 
of Observational Studies 

Jia-Yi Dong, Weiguo Zhang, Jiong Jack Chen, Zeng-Li Zhang, Shu-Fen Han and Li-Qiang Qin 

Abstract: Vitamin D is suggested to have protective effects against type 1 diabetes. However, the results 
from observational studies have been inconsistent. We aimed to examine their association by conducting 
a meta-analysis of observational studies. Multiple databases were searched in June 2013 to identify 
relevant studies including both case-control and cohort studies. Either a fixed- or random-effects model 
was used to calculate the pooled risk estimate. We identified eight studies (two cohort studies and six 
case-control studies) on vitamin D intake during early life and three studies (two cohort studies and one 
case-control study) on maternal vitamin D intake during pregnancy. The pooled odds ratio for type 1 
diabetes comparing vitamin D supplementation with non-supplementation during early life was 0.71 
(95% confidence interval [CI], 0.51–0.98). Similar results were observed in the case-control subgroup 
analysis but not in the cohort subgroup analysis. The pooled odds ratio with maternal intake of vitamin 
D during pregnancy was 0.95 (95% CI, 0.66–1.36). In conclusion, vitamin D intake during early life may 
be associated with a reduced risk of type 1 diabetes. However, there was not enough evidence for an 
association between maternal intake of vitamin D and risk of type 1 diabetes in the offspring. 

Reprinted from Nutrients. Cite as: Dong, J.-Y.; Zhang, W.; Chen, J.J.; Zhang, Z.-L.; Han, S.-F.; Qin, L.-Q. 
Vitamin D Intake and Risk of Type 1 Diabetes: A Meta-Analysis of Observational Studies. Nutrients 
2013, 5, 3551-3562. 

1. Introduction 

Type 1 diabetes is an immune-mediated disease characterized by the loss of the insulin-producing  
-cells, which eventually results in high levels of glucose in the blood. The incidence of type 1 disease 

is increasing all over the world [1,2]. Ecological study has shown an association between ultraviolet B 
irradiance, the primary source of circulating vitamin D in humans, and high incidence of type 1 diabetes 
in children, leading to the hypothesis that vitamin D may have a role in the disease [3]. The prevalent vitamin D 
deficiency/insufficiency, for example in the Chinese population, represents an important public health issue [4]. 

Indeed, recent cross-sectional studies consistently suggested a high vitamin D deficiency in patients 
with type 1 diabetes [5–7]. EURODIAB, the first case-control study on this topic, showed a reduced risk 
of developing type 1 diabetes by vitamin D supplementation during the first year of life [8]. However, 
subsequent observational studies (case-control and cohort studies) yielded inconsistent results [9–15]. 
The protective effect of vitamin D against type 1 diabetes was observed in some studies [8,10,11,13,14] 
but not all [9,12,15]. The small sample size may have led to the null associations in some studies.  
On the other hand, there is evidence that the destruction of -cells could be initiated in utero [16]. 
Growing attention therefore has been paid to the role of maternal vitamin D status in type 1 diabetes in 
the offspring. Yet the results from observational studies [9,11,17] were also inconclusive. 
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Thus, the aim of this study was to examine the association between vitamin D intake and risk of type 1 
diabetes by conducting a meta-analysis of relevant studies. In addition, we examined the association 
between maternal intake of vitamin D during pregnancy and risk of type 1 diabetes in the offspring. 

2. Methods 

2.1. Literature Search 

We generally followed the Meta-Analysis of Observational Studies in Epidemiology (MOOSE) 
guidelines [18] in the design, analysis, and reporting of this study. We searched PubMed, Web of Science, 
and Cochrane Library databases in June 2013 to identify relevant studies that assessed the association 
between intake of vitamin D and risk of type 1 diabetes. The literature search was supplemented through 
the manual review of reference lists of retrieved articles and recent reviews. Search terms included 
“vitamin D”, “25-hydroxyvitamin D”, “type 1 diabetes”. No restriction was imposed. 

2.2. Study Selection 

Studies were eligible for analysis if they met the following criteria: the study design was a case-
control study or cohort study; the outcome was type 1 diabetes; and risk estimates of diabetes related to 
vitamin D intake during early life or maternal intake of vitamin D and associated 95% CIs (or data to 
calculate them) were reported. Initially, we reviewed titles and abstracts to ascertain the potential fit to 
the inclusion criteria. In the presence of uncertainty regarding the relevancy, a subsequent full-text 
assessment was conducted. 

2.3. Data Extraction 

We extracted the following information: the first author’s name, publication year, study population, 
location, characteristics of the study population (age, sex, and sample size), assessment of exposure and 
outcome, length of follow-up (for cohort studies), most fully adjusted risk estimates (with corresponding 
95% CI) from a multivariable model, and statistical adjustment for the potential confounding factors. 
For two studies [15,17] that examined different sources of vitamin D (i.e., total vitamin D, vitamin D 
from food only, and vitamin D from supplementation only), the risk estimates for total vitamin D intake 
were used. Two authors (Dong, J.Y. and Qin, L.Q.) independently performed data extraction, with 
disagreements resolved by discussion. 

2.4. Statistical Analysis 

Odds ratio (OR) was used as a measure of the association between vitamin D intake and risk of type 1 
diabetes. For cohort studies, incidence rate, rate ratio, and relative risk were considered as a surrogate 
measure of OR. Because the absolute risk of type 1 diabetes is low, the relative risks approximate OR 
values. We calculated the Q and I2 statistics [19] to examine statistical heterogeneity across studies. I2 
is the proportion of total variation contributed by between-study variation. Either a fixed-effects model 
or, in the presence of heterogeneity, random-effects model was used to combine the study-specific ORs 
and compute the summary one. Subgroup analysis by study design (i.e., case-control vs. cohort studies) 
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was performed. We also conducted sensitivity analysis to investigate the influence of a single study on 
the overall risk estimates by omitting one study in each turn. Potential publication bias was assessed by 
Egger test [20]. All analyses were performed using STATA version 11.0 [21]. A P value <0.05 was 
considered statistically significant. 

3. Results 

3.1. Literature Search 

Figure 1 presents a flow chart showing the study selection process. We initially identified 1588 
potential articles from three electronic databases; most were excluded because they were not case-control 
or cohort studies or because the exposure or endpoint was not relevant to our analysis, leaving 11 
potentially eligible papers for full-text review. One study [22] was excluded because the outcome was 
immune-mediated diseases but not type 1 diabetes. Another study [23] was excluded because the risk 
estimate for the association of interest was not available. Finally, nine articles [8–15,17] with 12 risk 
estimates on vitamin D and type 1 diabetes were included in the final analysis. The EURODIAB [8] that 
combined the results of seven case-control studies across European countries was considered as one 
multi-center, case-control study. Among the nine articles, eight studies [8–15] reported results on vitamin D 
intake during early life (e.g., the first year of life or childhood period) and three studies [9,11,17] reported 
results on maternal vitamin D intake during pregnancy. 
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Figure 1. Flow chart of literature search and study selection. 

 

3.2. Study Characteristics 

Characteristics of the selected studies are presented in Table 1. These studies were published between 
1999 and 2011. Among them, seven studies were conducted in Europe, and one each in the United States 
and Iran. Six studies had a case-control design, comprising 1860 cases and 6243 controls; the other three 
had a cohort design, comprising 171 cases and 14,264 participants. The length of follow-up for cohort 
studies ranged from 5 to 31 years. Most selected/incident cases aged  18 years old, whereas two studies 
had cases with a wider age range between 0 and 30 years old. All studies included both male and female 
participants. Two studies used food-frequency questionnaires for assessment of vitamin D intake and 
the remaining used other questionnaires or interview. Type 1 diabetes cases were mainly ascertained on 
the basis of WHO criteria or EURODIAB criteria. The adjusted covariates in individual studies differed 
from each other. 

2 studies were excluded 
Not relevant outcome (n = 1) 
No risk estimate (n = 1)

Potential citations (n = 1588) 
 From PubMed (n = 464) 
 From Web of Science (n = 1071)

1577 citations were excluded 
Duplicated citations 
Reviews 

Cross-sectional studies 
Not relevant exposure or outcome 

Full-text reviewed for more detailed evaluation (n = 11)

Accepted for analysis (n = 9) 
 Vitamin D intake during early life (n = 8) 
 Maternal vitamin D intake (n = 3) 
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3.3. Vitamin D Intake and Risk of Type 1 Diabetes 

There were eight epidemiologic studies (six case-control studies and two cohort studies) reporting 
the association between vitamin D intake and risk of type 1 diabetes. All of them focused on vitamin 
D intake during early life. The ORs from individual studies varied from 0.22 to 1.30. Of the eight 
included studies, five reported a significant inverse association between vitamin D intake and risk of 
type 1 diabetes, while the other three found null associations. The pooled OR was 0.71 (95% CI, 
0.51–0.98; Figure 2), with evidence of heterogeneity across studies (P < 0.001, I2 = 74.9%). We further 
conducted subgroup analysis by study design (case-control studies vs. cohort studies). The pooled risk 
estimate for six case-control studies was similar to the overall one (OR = 0.68; 95% CI, 0.49–0.94), while 
the pooled risk estimate for two cohort studies was non-significant with a wide CI (relative risk = 0.62; 
95% CI, 0.11–3.45). The sensitivity analysis in which one study at a time was omitted generally showed 
statistically significant or marginally significant results; the pooled ORs ranged from 0.64 (95% CI,  
0.46–0.89) to 0.78 (95% CI, 0.57–1.07). The Egger test suggested no evidence of publication bias  
(P = 0.28). 

Three studies (two case-control studies and one cohort study) examined the association between 
maternal intake of vitamin D and risk of type 1 diabetes in the offspring. All of them reported non-
significant associations. The pooled OR was 0.95 (95% CI, 0.66–1.36; Figure 2), with little evidence 
of heterogeneity (P = 0.27, I2 = 23.7%). Because of the small number of studies, subgroup analysis, 
sensitivity analysis, and Egger test were not performed. 

Figure 2. Meta-analysis of observational studies on vitamin D intake and risk of type 1 diabetes. 
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4. Discussion 

The present meta-analysis aimed to assess the association between vitamin D intake and risk of 
type 1 diabetes. By combining the results from published case-control and cohort studies to date, our 
findings suggested vitamin D intake during early life was associated with a reduced risk of type 1 
diabetes. However, current evidence does not support an association between maternal intake of 
vitamin D and risk of type 1 diabetes in the offspring. 

Complex mechanisms (which are beyond our scope) may be involved in the potentially protective 
effects of vitamin D against type 1 diabetes. The beneficial effects of vitamin D are proposed to be 
related to the regulation of the immune system, including its actions in monocytes, macrophages, 
dendritic cells, T and B lymphocytes. In fact, experimental studies and clinical trials have shown 
beneficial effects of vitamin D supplementation on immune function [24]. Another possible 
mechanism is that vitamin D may have direct effects on -cells, including improving insulin 
secretion, enhancing expression of vitamin D receptor, and improving islet morphology [24,25].  
In addition, vitamin D may have effects on regulation of inflammatory responses [24]. 

To date, no randomized controlled trials directly look at the effects of vitamin D supplementation 
on incidence of type 1 diabetes. Several trials tested the effects of vitamin D supplementation on 
residual -cell function in recent-onset type 1 diabetes [26–29]. However, the results were somewhat 
mixed. Three trials [26–28] reported that calcitriol (the active form of vitamin D) had no protective 
effects or only modest effects on -cell function, while one trial [29] suggested cholecalciferol 
(vitamin D3) used as adjunctive therapy with insulin slowed decline of residual -cell function. 
Interestingly, in one trial conducted in healthy subjects, vitamin D3 supplementation did not improve 

-cell function but significantly increased the frequency of regulatory T cells [30]. Such protective 
immunologic effect, which was also observed in an above mentioned trial conducted in type 1 
diabetes [29], indicated a possible mechanistic link between vitamin D and the disease. 

Measurement of vitamin D intake using questionnaires is inaccurate due to recall bias and other 
measurement errors; moreover, sun exposure was not taken into account. Therefore, some studies 
assessed blood 25-hydroxyvitamin D [25(OH)D] level as a reliable measure of total vitamin D status. 
One case-cohort study found plasma 25(OH)D level was not associated with type 1 diabetes risk in 
islet autoimmunity-positive children (adjusted hazard ratio = 0.91, 95% CI 0.68–1.22) [15]. The small 
number of identified cases (n = 35) may be responsible for the null association. More recently, one nested 
case-control study among US military personnel with more cases (n = 310) reported that higher blood 
25(OH)D levels was associated with a significantly lower risk of type 1 diabetes among non-Hispanic 
whites, although such association was not observed in non-Hispanic blacks or Hispanics [31]. 

Whether vitamin D deficiency in the fetal period contributes to increased risk of type 1 diabetes 
is of additional interest. Previous study indicated maternal intake of vitamin D had a protective effect 
on preventing diabetes-associated autoimmunity in the children [32]. Yet, our meta-analysis of three 
studies [9,11,17] provided no evidence for the association between maternal intake of vitamin D and 
diabetes risk in the offspring. In line with our finding, one Finnish study also found no difference in 
serum 25(OH)D levels during early pregnancy between case and control mothers [33]. By contrast, 
another study in Norway suggested lower maternal level of 25(OH)D during pregnancy was associated 
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with a significantly higher risk of type 1 diabetes in the offspring (OR = 2.38, 95% CI 1.12–5.07) [34]. 
Given the limited and inconsistent evidence at present, more studies are needed to determine the role 
of vitamin D in the fetal period in the development of type 1 diabetes. 

Compared with a previous meta-analysis of only five studies [35], we added more evidence 
linking vitamin D and type 1 diabetes up to date. We were also able to examine the association 
between maternal vitamin D intake during pregnancy and diabetes risk in the offspring, which was 
not measured in that meta-analysis. However, limitations of the present study should be considered. 
First, because the findings were mainly based on case-control studies, recall bias and selection bias 
were inevitable. Also, the adjusted covariates in individual studies differed and the lack of control 
for important confounding factors increased the risk of confounding bias. Second, there was 
considerable heterogeneity among studies. Study design did not seem to explain much between-study 
variation as heterogeneity remained in both case-control and cohort subgroups (data not shown). 
Third, measurement errors could influence our findings as assessments of vitamin D intake largely 
depended upon questionnaires. Moreover, whether the questionnaires were validated was not 
reported in several studies. Fourth, we included two studies [9,11] using cod liver oil as vitamin D 
supplementation, we therefore could not rule out the possibility that n-3 fatty acids in cod liver oil 
may, at least in part, account for the observed benefits on type 1 diabetes risk. Finally, although there 
was no evidence of publication bias, we could not completely rule out such bias because of the 
limited number of studies. 

5. Conclusions 

Our findings suggest that vitamin D intake during early life is associated with a reduced risk of 
type 1 diabetes. There was not enough evidence supporting an association between maternal intake 
of vitamin D and type 1 diabetes risk in the offspring. Because these findings were largely based 
upon case-control studies, well-designed cohort studies are still needed to determine the role of 
vitamin D in the prevention of type 1 diabetes. 
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Vitamin D and Obesity 

Simon Vanlint 

Abstract: Obesity is a significant health problem world-wide, particularly in developed nations. 
Vitamin D deficiency is pandemic, and has been implicated in a wide variety of disease states.  
This paper seeks to examine the consistently reported relationship between obesity and low  
vitamin D concentrations, with reference to the possible underlying mechanisms. The possibility that 
vitamin D may assist in preventing or treating obesity is also examined, and recommendations for 
future research are made. There is a clear need for adequately-powered, prospective interventions 
which include baseline measurement of 25D concentrations and involve adequate doses of 
supplemental vitamin D. Until such studies have been reported, the role of vitamin D supplementation 
in obesity prevention remains uncertain. 

Reprinted from Nutrients. Cite as: Hessel, V. Special Issue: Design and Engineering of Microreactor and 
Smart-Scaled Flow Processes. Nutrients 2013, 5, 949-956. 

1. Introduction 

Obesity, defined by the World Health Organisation as a body mass index (BMI) of 30 kg/m2 or 
more, is pandemic, affecting at least five million Australians and substantial numbers in most 
developed nations [1]. If overweight (BMI 25–29.9) is included, then approximately 14 million 
Australians, and 70% of Americans aged over 60, are obese or overweight [2]. Older people who 
have excess body fat accumulation face increased risk for coronary heart disease, hypertension, metabolic 
syndrome, osteoarthritis, diabetes mellitus, and other co-morbidities [3–6]. It is imperative that 
modifiable risk factors for obesity be identified, particularly those which might be readily addressed. 

There is a consistent association in the published literature between increasing BMI and lower 
serum 25-hydroxyvitamin D (25D) concentrations. Early, smaller studies [7,8] reported an association 
between obesity and low serum 25D concentrations, as well as high concentrations of parathyroid 
hormone (PTH) and 1,25-dihydroxyvitamin D (1,25D). However, further, larger studies [9,10] found 
obesity to be associated with lower 25D concentrations, high PTH concentrations and low 1,25D 
concentrations. It has also been reported that body fat content is inversely related to serum 25D 
concentration, and that this associations is stronger than those between 25D and BMI and body  
weight [11]. A bi-directional genetic study, which limits confounding, has suggested that higher BMI 
leads to lower 25D, with the effects of lower 25D on BMI likely to be small [12]. The association 
between reduced 25D concentrations and obesity is therefore well-established, although the mechanisms 
for the lower 25D concentrations are not fully described, and there is uncertainty as to what the health 
consequences of these lower concentrations might be. This paper attempts to summarise the current 
state of knowledge regarding the causes of these reduced 25D concentrations, as well as the possible 
effects of vitamin D supplementation on obesity. 
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2. Possible Mechanisms for Lower 25D Concentrations in Obese Individuals 

2.1. Lower Dietary Intake 

Vitamin D intake has been reported as being lower in obese men, but not women, when compared 
to their non-obese counterparts [13]. Low calcium and D intake have also been associated with 
obesity in both men and women [14], but this association does not necessarily imply a causal relationship. 

2.2. Reduced Cutaneous Synthesis 

2.2.1. Altered Behaviour 

It is possible that obese individuals expose less skin to the sun less often than non-obese 
individuals, resulting in reduced synthesis of vitamin D. BMI, % body fat and sunbathing have been 
shown to be related in a population-based sample [15], although another study [16] found no 
relationship in a study of individuals aged over 65 years. This latter finding may be explained by the 
known decline in cutaneous vitamin D synthetic capacity associated with age [17]. It has also been 
noted that obesity results in larger body surface area [18], and thus could be expected to increase 
cutaneous vitamin D synthesis. 

2.2.2. Reduced Synthetic Capacity 

Concentrations of cutaneous 7-dehydrocholesterol (the substrate converted by ultraviolet light 
into previtamin D) appear not to vary between obese and non-obese individuals [19]. The existence 
of sufficient synthetic capacity is implied by the reduced risk of low serum 25D concentrations 
associated with outdoor exercise in obese individuals [20]. 

2.3. Reduced Intestinal Absorption 

Hypovitaminosis D is well-documented in those who have had bariatric or gastric bypass 
procedures, in which a malabsorptive state is deliberately induced [21,22], but there is no evidence 
that obesity itself results in reduced absorption of dietary vitamin D. Given that vitamin D is  
fat-soluble, and that calcium absorption has been shown to be increased in diets high in fats [23],  
it is unlikely that obesity affects vitamin D-calcium homeostasis through altered gut absorption. 

2.4. Altered Metabolism 

2.4.1. Reduced Activation and/or Increased Catabolism 

1,25D acts to limit production of its precursor, 25D [24]. Because early studies suggested that 
1,25D concentrations were elevated in obese individuals, it was thought that this may lower 25D 
levels. Given that further, larger studies have suggested that 1,25D concentrations tend to be lower 
in obese individuals, this feedback mechanism is unlikely to be relevant. Adipose tissue (AT) in 
obese women expresses the enzymes for both the formation of 25D and its active metabolite, 1,25D 
and for degradation of vitamin D [25]. Subcutaneous AT has also been found to have lower 
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expression of one of the enzymes responsible for 25-hydroxylation of vitamin D (CYP2J2), as well 
as a tendency toward a decreased expression of the 1-  hydroxylase. These data suggest that both  
25-hydroxylation and 1-  hydroxylation are impaired in obesity. In vitro studies have demonstrated 
that 1,25D inhibits adipogenesis and induces adipocyte apoptosis [26,27]. Under normal physiological 
conditions the serum 1,25D concentration is tightly regulated, yet there can be significant differences 
between 1,25D concentrations within different tissues owing to in situ production. These factors 
make interpretation of the clinical significance of in vitro studies very difficult. 

2.4.2. Sequestration of 25D in Adipose Tissue 

Radio-labelling shows that 80% of vitamin D administered to rats is deposited rapidly in AT, from 
which it is then released very slowly [28]. Liquid chromatography/mass spectroscopy has shown  
a positive relationship between vitamin D in AT and serum 25D, consistent with AT being a storage 
site for 25D but not specifically implying sequestration [29]. These laboratory findings are consistent 
with clinical studies in which equal ultraviolet irradiation and also equal oral doses of vitamin D 
resulted in a 57% lower increase in serum 25D concentrations in obese individuals compared  
non-obese [19]. 

2.5. A Much Simpler Explanation 

Despite the hypotheses and findings outlined above, an elegant study of 686 community-dwelling 
individuals showed that a volumetric dilutional model accounted for essentially all the variability in 
serum 25D concentrations attributable to obesity. Even though the factors described above may be 
operative, they are effectively “captured” by body weight. Once serum 25D concentrations in obese 
individuals are adjusted for body size, there is no longer a difference between obese and non-obese 
individuals [30]. The authors concluded that in obese individuals, vitamin D dosing for the treatment 
of deficiency should be based upon body weight, and calculated that an input of 70–80 IU/kg/day 
would be expected to produce serum 25D concentrations in the 75–100 nmol/L range. 

3. Does Vitamin D Status Affect Obesity? 

3.1. Background 

Nuclear and membrane vitamin D receptors (VDRs) have been demonstrated in adipocytes, 
suggesting that AT is responsive to vitamin D [31]. A variety of mechanisms by which vitamin D 
and/or calcium may influence adiposity and energy balance have been proposed [32], but 
interventional studies have thus far been inconclusive, at least in part due to methodological issues. 

1,25D has been shown to have an in vitro anti-inflammatory effect on adipocytes, but the same 
study failed to demonstrate any reduction in systemic inflammatory markers in vivo in participants 
receiving 7000 IU oral vitamin D daily over an unspecified period [33]. Without knowing the  
pre-treatment 25D concentrations of the participants or the duration of oral supplementation it is 
difficult to interpret these findings. Baseline 25D concentrations were examined in relation to prevalent 
and cumulative incident obesity in a study of 2460 adults. In addition to prevalent obesity, serum 
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25D concentrations below 50 nmol/L were significantly associated with new-onset obesity [34]. 
Although this does not prove a causative effect, it is highly suggestive and warrants further clinical trials. 

3.2. Co-Administered Vitamin D and Calcium 

Vitamin D is critical for calcium metabolism, and it is difficult to separate the effects of vitamin D 
from those of calcium, and of the two given in combination. Changes in weight, visceral fat mass 
and visceral fat area were compared in obese college students assigned to either a calorie-restricted 
diet with or without calcium 600 mg plus vitamin D 125 IU daily for 12 weeks in an open-label 
study. There was no difference in weight change between the groups, although the supplementation 
group did exhibit significantly greater decreases in visceral fat mass and fat area [35]. This study was 
limited by the very modest vitamin D dose used and the lack of baseline 25D measurement.  
Another randomised, double-blind 16-week study of 171 overweight and obese adults found that the 
addition of 1050 mg calcium with 300 IU of vitamin D daily was associated with a significant reduction 
in visceral adiposity compared with placebo [36]. 25D concentrations were not measured.  
Secondary analysis of data from a population-based, double-blind, placebo-controlled, randomised 
trial of 1179 postmenopausal women designed to determine the effects of calcium and vitamin D on 
osteoporotic fractures concluded that calcium supplementation over a four year period had a 
beneficial effect on body composition, but with no additional effect of vitamin D in the presence of 
a high calcium intake [37]. 

3.3. Vitamin D Alone 

Turning to vitamin D administered without calcium, one study randomised 77 overweight and 
obese women to receive either 1000 IU of vitamin D daily or a placebo. In both groups the mean 
baseline 25D concentration was below 50 nmol/L, indicating deficiency. Vitamin D supplementation 
caused a significant reduction in body fat mass compared with placebo, as well as a significant rise 
in 25D concentrations. However, neither body weight nor waist circumference changed significantly 
in either group [38]. Changes in 25D concentration and changes in fat mass were significantly 
inversely correlated. A randomised study of 445 overweight and obese adults to receive either 20,000 IU 
of vitamin D twice weekly (DD), 20,000 IU once weekly plus placebo once weekly (DP), or placebo 
twice weekly (PP) for 12 months. 25D concentrations rose significantly in both the DD and DP 
groups, but not the PP group. There was no difference in weight change between the three groups. 
However, mean 25D concentrations in all three groups were above 50 nmol/L at baseline [39], which 
substantially reduces the impact of these findings. The overall impression is that vitamin D with or 
without calcium appears not to have a definite effect on weight, but that it may affect fat mass and 
distribution. However, the evidence is not yet complete enough to be compelling, and further research 
is needed. 

3.4. Effects of Weight Loss on Vitamin D Concentration 

There is also evidence that weight loss leads to increased 25D concentrations, which may in turn 
provide additional protection against chronic disease. Data from 383 overweight or obese women 
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who participated in a 2-year clinical trial of a weight-loss program showed that those who did not 
lose weight at 24 months had an increase in serum 25D of 1.9 ng/mL (4.8 nmol/L). However, 25D 
increased by 2.7 ng/mL (6.8 nmol/L) for those who lost 5%–10% of baseline weight, and by 5.0 
ng/mL (12.5 nmol/L) for those who lost >10% of baseline weight (P = 0.014) [40]. These findings 
suggest that weight loss is associated with increased serum 25D concentration in overweight or obese 
women. 49% of participants were deficient (25D below 20 ng/mL (50 nmol/L)) at baseline. By study 
end 36% of all participants were deficient, with 17% of those who achieved a normal BMI  
being deficient. 

4. Conclusions 

The association between reduced 25D concentrations and obesity is well established, and can be 
adequately accounted for by a volumetric, dilutional model. Correction of low 25D concentrations 
in obese individuals requires higher doses than those often advocated for the general population. 

There are plausible mechanisms and some in vitro evidence supporting a role for vitamin D in 
weight reduction, with the proviso that it may be difficult to determine which effects are due to 
vitamin D itself and which are mediated via calcium. Clinical trials have not been conclusive, at least 
in part due to variable quality of study design. Some studies showing no effect of vitamin D 
supplementation on weight included participants who were vitamin D replete, and may thus have 
shown that giving supplemental vitamin D to those who are replete has no additional effect. There is 
a clear need for adequately-powered, prospective interventions which include baseline measurement 
of 25D concentrations and involve adequate doses of supplemental vitamin D. Until such studies 
have been reported, the role of vitamin D supplementation in obesity prevention remains uncertain. 
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Association between Subcutaneous White Adipose Tissue and 
Serum 25-Hydroxyvitamin D in Overweight and Obese Adults 

Brian D. Piccolo, Gregory Dolnikowski, Elias Seyoum, Anthony P. Thomas, Erik R. Gertz, 
Elaine C. Souza, Leslie R. Woodhouse, John W. Newman, Nancy L. Keim, Sean H. Adams 
and Marta D. Van Loan 

Abstract: Cholecalciferol is known to be deposited in human adipose tissue, but it is not known 
whether 25-hydroxyvitamin D (25(OH)D) is found in detectable concentrations. Therefore, our 
objective was to determine whether 25(OH)D is detectable in subcutaneous white adipose tissue 
(SWAT) in overweight and obese persons enrolled in a twelve week energy restricted diet. Baseline 
and post-intervention gluteal SWAT biopsies were collected from 20 subjects participating in a larger 
clinical weight loss intervention. LC-MS/MS was utilized to determine SWAT 25(OH)D 
concentrations. Serum 25(OH)D and 1,25(OH)2D were measured by RIA. Body composition was 
assessed by dual energy X-ray absorptiometry. SWAT 25(OH)D concentrations were 5.8 ± 2.6 nmol/kg 
tissue and 6.2 ± 2.7 nmol/kg tissue pre- and post-intervention SWAT, respectively. There was a 
significant positive association between SWAT 25(OH)D concentration and serum 25(OH)D 
concentration (r = 0.52, P < 0.01). Both SWAT and serum 25(OH)D concentrations did not significantly 
change after a twelve-week period of energy restriction with approximately 5 kg of fat loss.  
In conclusion, we have demonstrated our LC-MS/MS method can detect 25(OH)D3 in human 
subcutaneous fat tissue from overweight and obese individuals and is consistent with previously 
reported concentrations in swine. Additionally, our findings of no significant changes in SWAT 
25(OH)D3 or serum 25(OH)D after a 6% loss of total body weight and 13% reduction in total fat 
provides the first human evidence that adipose 25(OH)D does not likely contribute to serum 
25(OH)D with moderate weight loss; whether this is also the case with larger amounts of weight loss 
is unknown. Weight loss alone is not sufficient to increase serum 25(OH)D and increases in dietary 
or dermal biosynthesis of vitamin D appear to be the most critical contributors to in vitamin D status. 

Reprinted from Nutrients. Cite as: Piccolo, B.D.; Dolnikowski, G.; Seyoum, E.; Thomas, A.P.;  
Gertz, E.R.; Souza, E.C.; Woodhouse, L.R.; Newman, J.W.; Keim, N.L.; Adams, S.H.; Van Loan, M.D. 
Association between Subcutaneous White Adipose Tissue and Serum 25-Hydroxyvitamin D in 
Overweight and Obese Adults. Nutrients 2013, 5, 3352-3366. 

1. Introduction 

The analysis of vitamin D metabolites in adipose tissue is rare and likely due to difficulties in 
extracting and separating the metabolites from tissue matrices [1]. Nonetheless, there is a disparity 
in the literature between analyses of the parent compound, cholecalciferol, and the other vitamin D 
metabolites in adipose tissue. This would be expected since it has been well-established that 
cholecalciferol is the dominant metabolite distributed in adipose tissue [2]. In fact, there are only two 
reports of measurable concentrations of 25(OH)D in adipose tissue from human cadavers [2] and in 
swine [3]; suggesting a small yet quantifiable site of 25(OH)D deposition in adipose tissue. 
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In a previous article, Heaney et al. [4] estimated adipose 25(OH)D content in a 70 kg woman with 
24.5 kg fat mass and suggested a total of 114.5 nmol 25(OH)D was distributed within this tissue 
compartment. However, the data used for this estimation were from swine adipose tissue [3]. To our 
knowledge, there have been no reports of adipose 25(OH)D analyses in healthy human subjects. 
Although the Heaney estimation was derived from a non-human source, the authors make the 
argument that the total content of 25(OH)D is widely distributed within other tissue compartments. 
It is widely known that the highest tissue concentration of 25(OH)D is found in serum, however, 
adipose tissue content of 25(OH)D could exceed serum content due to its large overall mass. 
Therefore, the content of adipose 25(OH)D may need to be considered when determining total body 
vitamin D status. 

Thus, we analyzed samples of subcutaneous white adipose tissue (SWAT) obtained from 
overweight and obese individuals participating in controlled feeding weight loss intervention to 
determine whether 25(OH)D can be measured in human adipose tissue. Our objectives were to 
determine ranges of 25(OH)D3 in human SWAT, to test if SWAT concentrations of 25(OH)D3 are 
altered as a result of weight loss, and to assess whether or not SWAT 25(OH)D correlates with blood 
levels of this metabolite in humans. 

2. Materials and Methods 

2.1. Study Design 

The current study was exploratory and part of a larger human clinical trial investigating the 
inclusion of 3–4 servings of dairy foods in an energy restricted diet; details of the parent project have 
been previously published [5]. The clinical intervention trial was registered at clinicaltrials.gov (NCT 
00858312). Healthy women, aged 20–45 years, and healthy men, aged 20–50 years (lower age for 
women was used to avoid hormonal changes associated with the transition to menopause that might 
affect endocrine parameters and related study outcomes), were enrolled in a 15-week controlled 
feeding study in which all foods were provided or prepared by the Metabolic Food Laboratory (MFL) 
at the USDA, ARS, Western Human Nutrition Research Center (WHNRC). The 15-week study was 
divided into a 3-week “Run-In” period during which subjects were weighed daily and caloric intake 
adjusted to maintain body weight; thereby establishing energy requirements. The “Run-In” period 
was followed by a 12-week “Weight Loss Intervention” during which energy intake was reduced by  
500 kcal/day from the “Run-In” period. Therefore, pre-intervention measurements at the end of the 
“Run-In” period were considered baseline measures. Post-intervention measurements were made at 
the end of the 12-week “Weight Loss Intervention” period. Specific details regarding the dietary 
portion of the parent study can be found in the previously published manuscript [5]. The study and 
all procedures were approved by the Committee for Human Subjects Protection, Institutional Review 
Board of the University of California, Davis. Written informed consent was obtained from all 
research volunteers. 
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2.2. Subject Screening and Selection 

Overweight and obese adult females and males were recruited from the faculty, staff, and student 
population at University of California, Davis as well as the greater Davis and Sacramento, CA 
communities. Body mass index was between 28 and 37 kg/m2. All participants were habitually low 
dairy consumers (defined as 1 serving/day), and weight stable (no more than 3 kg weight loss during 
three months preceding the intervention). Exclusion was based on not meeting the age, not meeting 
the dairy and calcium criteria ( 1 serving of dairy/day and a total calcium intake  600 mg/day from 
all sources), diagnosis of type 2 diabetes, fasting glucose  110 mg/dL, adverse response to study 
foods (lactose intolerance, dairy intolerance, dairy allergy determined by self-report), history or 
presence of significant metabolic disease (i.e., endocrine, hepatic, or renal), use of blood pressure or 
lipid-altering medications, resting blood pressure  160/100 mg/Hg, triglyceride value  400 mg/dL 
or LDL  160 mg/dL, history of eating disorder, presence of active gastrointestinal disorders, 
pregnancy or lactation, use of obesity pharmacotherapeutic agents within the last 12 weeks, use of  
over-the-counter anti-obesity agents (e.g., those containing phenylpropanolamine, ephedrine and/or 
caffeine) within the last 12 weeks, use of calcium supplements in the past 12 weeks, recent (past four 
weeks) initiation of an exercise program, recent (past 12 weeks) initiation of hormonal birth control or 
change in hormonal birth control regimen, use of tobacco products, and exercise more than 30 min/day. 

Body composition was assessed during the “Run-In” period and subjects were pair-matched based 
on percent body fat (%BF) and randomly assigned to one of two treatment groups: low dairy (LD,  

1 serving/day) or adequate dairy (AD, 3–4 servings/day). Enrollment was continuous with a new 
cohort starting approximately every 8 weeks. Consequently, volunteers were enrolled year-round. 
The Consort Diagram providing information on the number of eligible participants vs. enrolled 
participants has been previously published [5]. Forty percent of the participants were non-white and 
25% of those were of Hispanic origin. 

2.3. Dietary Intake of Vitamin D 

Vitamin D content of the diet was determined by the Nutrition Data System for Research software 
(NDSR software version 2011, University of Minnesota, Minneapolis, MN) and expressed as daily 
IU intake. Daily dietary vitamin D intake varied based on diet group (AD, LD) and the menu day for 
the 7 day rotating diet. Average daily vitamin D intake is shown in Table 1. 

Table 1. Subject characteristics at Baseline and Post-Intervention 1. 

Variable Baseline Post-Intervention 
N 20 20 
Sex (F/M) 15/5  
Age (y) 34.3 (9.0)  
Height (cm) 170 (1.0)  
Weight (kg) 93.1 (10.9) 87.3 (10.3) * 
BMI (kg/m2) 32.7 (2.5) 30.6 (2.5) * 
Total Fat Mass (kg) 38.5 (8.0) 33.5 (8.7) * 
Body Fat (%) 43.5 (6.0) 40.9 (6.7) 
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Table 1. Cont. 

Variable Baseline Post-Intervention 
Lean Mass (kg) 49.3 (10.0) 48.3 (9.6) 
Waist Circumference (cm) 2 94.2 (8.3) 89.2 (7.2) * 
Intra-abdominal Adipose Tissue, cc 41.7 (20.0) 31.5 (15.9) * 
Android Fat (kg) 3.8 (0.7) 3.3 (0.7) * 
Gynoid Fat (kg) 7.3 (1.5) 6.6 (1.5) * 
Dietary Vitamin D intake (IU/day) 190.2 (18.2) 216.5 (83.8) 

1 Values expressed as mean (SD) (except n and Sex); * denotes significant difference (P  0.05) between 
baseline and post-intervention based on paired t-test; 2 n = 19 post-intervention. 

2.4. Body Composition Measurements 

Body weight was measured on an electronic scale (Scale-tronic model 6002; Wheaton, IL, USA) 
to the nearest 0.1 kg with subjects in light clothing, all jewelry removed, pockets emptied, and shoes 
removed. Height was measured using a wall mounted stadiometer (Ayrton Stadiometer model S100; 
Prior Lake MN) and recorded to the nearest 0.1 cm. Body mass index was calculated as kg/m2. Waist 
circumference was measured with a metal non stretchable tape measure (Model Gluick, Lafayette 
Instrument, Lafayette, IN, USA) to the nearest 0.1 cm in the standing position against bare skin with 
the abdomen relaxed and arms at the sides. The average of two readings was reported for weight, 
height and waist circumference. Fat mass were assessed using dual energy x-ray absorptiometry 
(DXA, GE Lunar, Prodigy Model) during the “Run-In” period and at the end of the 12-week 
intervention. Daily calibration procedures were carried out per manufacturer instructions. To reduce 
the variance in the measurement data, all DXA scans were analyzed by a single technician.  
Intra-abdominal adipose tissue was measured using computed tomography (CT) trans-abdominal 
slices (Siemens Somaton 16 CT Scanner). Details of CT-scans have been previously published [5]. 

2.5. Serum Vitamin D 

Fasting blood was drawn using sterile phlebotomony techniques at the end of the “Run-In” period 
and at the end of the 12 week intervention. Serum and plasma were stored at 80 °C until analyzed. 
Serum vitamin D metabolites [25(OH)D and 1,25(OH)2D] were analyzed using standard 
radioimmunoassay (RIA) procedures (DiaSorin, StillWater, MN and Immunodiagnostics Systems 
[IDS], Fountain Hills, AZ, respectively). Participants’ baseline and post-intervention samples were 
run simultaneously in duplicate and processed in accordance with manufacturer’s instructions. 
Interassay CVs were 6.0% and 6.3% for 25(OH)D and 1,25(OH)2D, respectively. In regard to the 
DiaSorin RIA, both 25(OH)D2 and 25(OH)D3 have 100% cross-reactivity with the internal antibody. 
Therefore, reported serum 25(OH)D values herein represent cumulative 25(OH)D2 and 25(OH)D3 
concentrations. The WHNRC participates in the Vitamin D External Quality Assessment Scheme 
(DEQAS) and calibration standards of 25(OH)D and 1,25(OH)2D from this program were analyzed 
in conjunction with participant samples. 
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2.6. Subcutaneous White Adipose Tissue (SWAT) Biopsies 

SWAT biopsies were obtained at the UC Davis Medical Center Clinical and Translation Science 
Center at “Run-In” and at the end of the 12-week intervention following a 12-h overnight fast. Biopsy 
samples from “Run-In” and at the end of the 12-week intervention were collected from opposite sides 
of the buttocks. Each sample was immediately rinsed in ice cold phosphate buffered saline (PBS) to 
minimize blood contamination. Samples were additionally rinsed in fresh ice cold PBS and aliquots 
were frozen in liquid nitrogen. Frozen samples were than stored at 80 °C until analyzed. 

SWAT biopsies from participants enrolled in cohorts beginning in November through January 
were chosen for analysis to minimize potential influences by endogenous vitamin D synthesis. 
Fourteen subjects from winter cohorts had complete SWAT biopsy sets (both baseline and  
post-intervention) available, therefore, six subjects were randomly chosen from spring cohorts 
(enrollment between February and April) to bring the total number of SWAT samples analyzed to 
twenty pairs. Biopsies used for this study were shipped overnight on dry ice to the Jean Mayer USDA 
Human Nutrition Research Center on Aging at Tufts University for analysis. 

2.7. Preparation and Analysis of SWAT 25(OH)D3 by LC-MS/MS 

Subsamples of SWAT tissue (0.1–0.5 g) were added to a glass mortar filled with 2 g of 40 m 
Bondesil-C18. Tissue was blended with a glass pestle and spiked with 0.2 mL mixture of 25-OH 
deuterated vitamin D3-d6 standards (Medical Isotopes, Inc., Pelham, NH, USA; purity 99.6%), each 
at 111 ng/mL. The mixture was further homogenized with a spatula and transferred to a 15 mL 
reservoir tube. A 20 m frit was placed on top of the reservoir. The reservoir was tightly compressed 
with a 10 cc syringe plunger and 8 mL of water was added. The contents were collected and reduced 
to dryness using a Vac-Elute set to “Collect” mode. Residues were solubilized in acetone (4 mL), 
with supernatants being isolated, centrifuged at 3000 g for 11 min and filtered through a 0.2 m 
PTFE filter. The extract volume was reduced under N2 at 45 °C for 60 min and 200 L of the 
remaining extract was transferred to an autosampler vial insert. A 50 L aliquot was injected on a 
LC-MS/MS (Agilent 1100 HPLC-ABSciex 5500 QTRAP tandem mass spectrometer). The HPLC 
was equipped with a 4.6 × 250 mm, 5- m ProntoSIL 200-5-C30 (MAC-MOD Analytical, Inc., 
Chadds Ford, PA, USA, manufactured by Bischoff Chromatography, Leonberg, Germany) C-30 
column. The column was maintained at room temperature during the analyses. The mobile phase 
flow rate was 0.9 mL/min. Solvent A was methanol and solvent B was methylene chloride.  
The gradient was: 0–15 min, 100% solvent A, followed by 50% solvent A from 10.0 to 25.0 min and 
a 10 min re-equilibrated at 100% A. Post-column solvent flow was diverted to waste during the final 
13 min. The mass spectrometer employed an atmospheric pressure chemical ionization source 
operated in positive ion mode. The ion source temperature was 400 °C. The triple quadrupole MS/MS 
was operated in multiple reaction monitoring (MRM) mode to detect the mass transitions of the 
parent molecules after in source loss of water (i.e., [M  H2O + H]+) for 25-hydroxy vitamin D3 m/z 
383.4 > 211.3 and 25-hydroxy vitamin D3-d6 m/z 389.4 > 211.3, respectively. The collision gas was 
nitrogen and the pressure was set to medium. The collision energy for all MRM transitions was  
40 V and the dwell time for each MRM transition was 1000 ms. As described above, we utilized 
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isotope dilution procedures to internalize standards within samples [6,7]. By adding a known 
quantities of isotopically labeled metabolites vitamin D3-d6 to each sample, the isotope ratio of the 
resulting solution can be deconvoluted using the known isotope ratio of the labeled compounds and 
the natural deuterium abundance in the sample (<0.1%), to calculated the D3 metabolite concentrations 
in the samples. The average recovery was 72%. 

Based on the average variance of low abundance calibration standards (2.5 nmol/kg), method limit 
of detection and limit of quantification were estimated at 1.0 and 2.9 nmol/kg, respectively.  
All reported data were greater than 2x the limit of detection estimate. 

2.8. Statistical Methods 

All statistical analyses were performed using R version 2.15.1 (R Development Core Team 2012). 
Univariate analysis, including mean, range and standard deviation, was used for baseline and  
post-intervention physical and clinical characteristics. Associations among variables were 
determined using Pearson’s correlation coefficients. Paired t-tests were used to determine differences 
between baseline and post-intervention measurements. All P-values  0.05 were considered 
statistically significant. Graphical plots were constructed using the R package, ggplot2 [8]. 

To minimize any potential effects of sun exposure, biopsy samples were specifically chosen from 
winter and spring cohorts. Consequently, the treatment assignment became unbalanced with  
7 samples assigned to the AD group and 13 samples to the LD group. Additionally, by chance,  
2 samples within the AD group had undetectable 25(OH)D, which reduced the number of paired 
baseline and post-intervention for the AD group to 5. Thus, treatment effect was not analyzed due to 
unequal and small sample sizes in each treatment group. 

3. Results 

3.1. Physical Characteristics 

Physical characteristics of the subjects at pre- and post-intervention are shown in Table 1.  
The majority of subjects were female and 90% of the subjects were categorized as obese at baseline. 
Except for percent body fat, all adiposity markers significantly decreased by the end of the 
intervention. Participants lost an average of 6.1% total body weight and 12.8% total fat mass over 
the study period. Dietary vitamin D intakes were below current recommendations of 600 IU/day; 
however, the study was conducted during the previous recommendations of 200 IU/day. There was 
no statistical difference between baseline and intervention vitamin D intake. The large post-intervention 
standard deviation seen in vitamin D intake compared to baseline intakes was due to the inclusion of 
dairy foods for half of the subjects as part of the parent project intervention. 

3.2. Serum and SWAT Analyses 

Serum and SWAT concentrations of 25(OH)D and 1,25(OH)2D are shown in Table 2. Based on 
the guidelines suggested by the 2011 DRI for vitamin D, only two subjects had adequate serum 
25(OH)D concentrations ( 50 nmol/L) at baseline. Of the remaining participants with sub-adequate 
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serum 25(OH)D, eight had deficient serum 25(OH)D concentrations (<30 nmol/L). By the end of the 
intervention, the number of participants with adequate serum 25(OH)D concentrations improved in three 
participants, while the number of participants with deficient concentrations decreased by six participants. 
However, significant changes in serum vitamin D metabolites were not detected for the overall group. 

Table 2. Serum and Subcutaneous White Adipose Tissue concentrations of 25(OH)D 
and 1,25(OH)2D at Baseline and Post-Weight Loss Intervention in adults 1. 

Variable Baseline Post-Intervention 
Serum 25(OH)D, (nmol/L) 33.5 (12.0) 38.6 (10.3) 
Serum 1,25(OH)2D (pmol/L) 108.4 (21.5) 105.8 (30.6) 
SWAT 25(OH)D3 (nmol/kg tissue) 2 5.8 (2.6) 6.2 (2.7) 

1 Values expressed as mean (SD); 2 n = 18 baseline, 2 SWAT samples below detection; n = 19  
post-intervention, 1 SWAT sample below detection. 

SWAT 25(OH)D3 concentrations were detected in 18 baseline samples and 19 post-intervention 
samples. Concentrations ranged from 2.3 to 12.8 nmol/kg SWAT (0.9–4.9 ng/g) at baseline and  
2.8–13.1 nmol/kg SWAT (1.1–5.03 ng/g) post-intervention. There was no statistical difference 
between baseline and post-intervention SWAT 25(OH)D3 concentrations (Table 2). 

Individual changes in SWAT 25(OH)D3 concentrations varied (Figure 1) and ranged from  
3.4 nmol/kg to 6.0 nmol/kg. Baseline and post-intervention SWAT 25(OH)D3 concentrations were 

significantly correlated (Figure 2; r = 0.55, P = 0.02) and SWAT and serum 25(OH)D concentrations 
were significantly correlated at baseline (r = 0.55, P = 0.02) and post-intervention (r = 0.48, P = 0.04) 
respectively (Figure 3). The absolute change of serum and SWAT concentrations were not correlated 
(r = 0.13, P = 0.60). Additionally, serum 1,25(OH)2D concentrations and SWAT 25(OH)D3 
concentrations were not significantly correlated (r = 0.12, P = 0.49). 

Figure 1. Individual changes in Subcutaneous White Adipose Tissue 25(OH)D3 
concentrations from Baseline to Post-Intervention in adults who participated in a 15 week 
weight loss trial. n = 18 (Baseline) and 19 (Post-Intervention). 
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Figure 2. Association between Subcutaneous White Adipose Tissue 25(OH)D3 at 
Baseline and Post-Intervention in adults who participated in a 15 week weight loss trial. 
Shaded line = 95% Confidence Interval. 

 

Figure 3. Association between Subcutaneous White Adipose Tissue and Serum 
25(OH)D at (a) Baseline and (b) Post-Intervention following a 15 week weight loss 
regimen in adults. Shaded area = 95% Confidence Interval. 

 

4. Discussion 

Little is known about the content of 25(OH)D in human adipose tissue and whether weight loss  
or other conditions that impact adiposity influence fat tissue vitamin D metabolites. In swine,  
Jakobsen et al. found mean subcutaneous fat concentrations of 25(OH)D between 4.8 nmol/kg and  
6.3 nmol/kg depending on the inclusion of vitamin D or 25(OH)D in their feed [3]. Our SWAT 25(OH)D3 
concentrations of 5.8 nmol/kg at baseline and 6.2 nmol/kg post-intervention are in agreement with 
Jakobsen et al. and add to the few papers that have found measureable SWAT 25(OH)D 
concentrations [2]. However, it is acknowledged that other researchers have failed to detect 25(OH)D in 
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adipose tissue [9]. This could be partly due to methodological differences. We quantified SWAT 
25(OH)D3 using LC-MS/MS and acknowledge that at the time of our study there was no reference 
method to which our data could be compared. Considering the controversy regarding accurately assessing 
serum 25(OH)D concentrations [10–13], it would be presumptuous to relate our results to the general 
population. More analyses are needed to determine typical concentrations in wider populations of 
overweight and obese individuals and in different racial groups, and the current experiment provides a 
useful foundation for these efforts. 

The majority of the subjects in our study had insufficient serum 25(OH)D concentrations 
according to the current IOM guidelines. This finding is consistent with other studies reporting an 
inverse relationship between measures of adiposity and serum 25(OH)D [14–18]. Deposition and 
sequestration of cholecalciferol in adipose tissue stores is an often cited mechanism behind this 
relationship, however there is very little experimental evidence to support this hypothesis. In this 
study, overweight and obese participants lost an average of 6% total body weight and 13% total fat. 
The fact that SWAT 25(OH)D3 concentrations remained unchanged after a significant decrease in 
adipose mass would suggest a release of 25(OH)D from adipose tissue. However, there were no changes 
in serum 25(OH)D, suggesting little contribution of released SWAT 25(OH)D to serum 25(OH)D 
concentrations. Drincic et al., [19] recently proposed that the inverse relationship between obesity and 
serum 25(OH)D is due to volumetric dilution of cholecalciferol in serum and adipose tissue. Perhaps, 
a similar mechanism exists between serum and adipose compartments of 25(OH)D. The extra 
hydroxyl group on 25(OH)D would make it slightly less hydrophilic and less dilutable in adipose 
tissue than cholecalciferol resulting in a smaller diffusional equilibrium. Therefore, the release of 
25(OH)D due to the volumetric decrease in adipose tissue would result in an attenuated effect on 
serum 25(OH)D as seen in our study. 

The subjects in our study were overweight and obese, but did not have metabolic disorders 
associated with excess adiposity such as type 2 diabetes, metabolic syndrome and other metabolic 
diseases (i.e., renal disease). Therefore, we would not expect any perturbations in serum 1,25(OH)2D 
concentrations. Regulation of serum 1,25(OH)2D is tightly controlled and is generally not a good 
marker of vitamin D status [20]. Most of the serum 1,25(OH)2D is thought to be produced by renal  
1-alpha-hydroxylase enzymes, but many non-renal tissues also contain 1-alpha-hydroxylase that 
convert 25(OH)D to 1,25(OH)2D for local gene regulation [21]. The supply of 25(OH)D is generally 
thought to be provided by the serum pool, but a small reservoir of 25(OH)D in the lipid droplets of 
adipocytes could supply the cell its functional need. In vitro evidence suggests that 1,25(OH)2D may 
regulate adipogenesis and lipid metabolism [22], however results from these studies have not been 
confirmed in human studies. It is an intriguing possibility to link 25(OH)D stored in lipid droplets to 
adipocyte gene regulation, but much more work still is needed. 

We found positive and statistically significant relationships between serum 25(OH)D and SWAT 
25(OH)D concentrations at baseline and post-intervention, suggesting that the deposition of 
25(OH)D in SWAT could be dependent on serum 25(OH)D concentrations. Serum and adipose 
cholecalciferol concentrations have been previously reported to be positively correlated [23], but to 
our knowledge we are the first to report the relationship between serum 25(OH)D3 and SWAT 
25(OH)D concentrations. The correlation between serum and SWAT 25(OH)D was similar at 
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baseline and at post-intervention, suggesting an equilibrium between the two compartments. 
However, our results are based on alternative analytical methods for adipose tissue and serum 
25(OH)D measurements which likely would affect the statistical interpretation. LC-MS/MS methods 
and the DiaSorin RIA generally produce consistent results in serum [24,25], but the DiaSorin RIA 
cannot distinguish between serum 25(OH)D2 and 25(OH)D3, while the LC-MS/MS adipose method 
was specific for only 25(OH)D3. Thus, we run the risk of under-reporting our SWAT 25(OH)D in 
comparison to serum concentrations. Serum concentrations of 25(OH)D2 are substantially lower than 
25(OH)D3 [26–28] unless supplementing with vitamin D2 or consuming plant sources of vitamin D2. 
Based on the low 25(OH)D concentrations seen in our subjects, we would expect very little vitamin 
D2 consumption from supplements and, subsequently, very little 25(OH)D2 in adipose depots. Still, 
future studies should utilize analytical methods that can distinguish between both isoforms to 
accurately identify the relationship between the serum and adipose compartments. 

It is important to recognize that the statistical significance of these correlations should be 
interpreted carefully due to the limited number of samples in this exploratory study. The statistical 
significance of each correlation appear to be leveraged by the participant with the greatest SWAT 
25(OH)D3 measurement and removal of this datum results in non-significant correlations. It is 
unclear whether this participant is truly an outlier or would have been in the range of observed data 
from a larger sample. It should be noted that that our sample size is consistent with other studies that 
have measured cholecalciferol in humans [23,29,30], however, conclusions based on our results 
should be considered hypothesis generating data. 

The changes in SWAT concentrations of vitamin D metabolites during energy restriction have not 
been reported. Our subjects lost an average of 5 kg of total fat mass after twelve weeks of reducing 
their energy requirements by 500 kcal, but had no significant change in SWAT, or serum, 25(OH)D 
concentrations. In contrast, serum cholecalciferol concentrations were shown to increase in fasted 
rats after the termination of a 14-day large daily vitamin D supplementation, [31], suggesting 
mobilization from adipose tissue stores. A recent study reported that women who lost more than 15% 
total body weight significantly increased serum 25(OH)D concentrations compared to women who 
were weight stable or lost 15% total body weight [32]. It is not definitively known in that particular 
study whether the increase in serum 25(OH)D concentration was the result of liberated cholecalciferol or 
25(OH)D from adipose stores because no adipose biopsies were collected. Our subjects lost an average 
of only 6% total body weight after the intervention and we also failed to see any significant changes  
in serum 25(OH)D. The data from these studies suggest that a substantial increase in adipocyte lipolysis 
is required to free stored cholecalciferol or perhaps, 25(OH)D, to significantly increase serum  
25(OH)D concentrations. 

As discussed earlier, Heaney et al. hypothesized that a total of 114.5 nmol 25(OH)D was 
distributed in 24.5 kg of total fat in a hypothetical 70 kg woman [4]. This is assuming that the 
concentration of 25(OH)D is equally distributed throughout the adipose mass. Using the same 
approach in our subjects, we estimate mean total adipose 25(OH)D content at baseline and  
post-intervention to be 212.2 ± 93.7 and 199.6 ± 95.7 nmol, respectively. Additionally, estimated 
total fat 25(OH)D content ranged from 92.0 to 451.7 nmol, suggesting significant individual 
variability. Our samples were obtained from opposite gluteal sites and were relatively uniform between 
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both time points. However, we cannot assume that the adipose 25(OH)D is distributed evenly in other 
adipose sites. Cholecalciferol deposition in adipose tissue has been shown to be quite variable among 
anatomical adipose sites [9,30] and there is not enough evidence to suggest either a uniform or variable 
distribution of fat 25(OH)D at this time. 

The strengths of our study were the longitudinal collection of SWAT, and thus measurement of 
within subject changes. To our knowledge, the current study is the first to report 25(OH)D 
concentrations in SWAT pre- and post-weight loss in humans. Additionally, we analyzed samples 
across a broad range of body weight, adiposity, and serum 25(OH)D concentrations. By leveraging 
samples from a larger controlled feeding trial, it enabled us to accurately control and assess vitamin 
D intake, caloric restriction, and other parameters. 

Due to the exploratory, proof-of-principle nature of this investigation and the cost associated with 
the analyses, we restricted our first study to a limited number of samples. Additionally, our subjects 
were derived from a larger study that did not control for factors that could introduce inter-subject 
variability in our analysis. The parent project introduced dairy products that are fortified with vitamin 
D, therefore subjects had variable intakes of vitamin D which could contribute to the variability in  
post-intervention measurements. We selected samples from winter and spring cohorts to minimize 
the possible effect of sun exposure, but inter-subject variability in serum and SWAT 25(OH)D3 
measurements are likely attributed to seasonal differences. Also, serum analysis of 25(OH)D had 
previously been conducted for the parent study. Therefore, differences in methodological analyses 
could impact the accuracy of our measurements. Our subjects were considered overweight and obese 
yet generally healthy, so our findings may not apply to other overweight and obese individuals 
diagnosed with metabolic syndrome or other metabolic disturbances. Lastly, it is acknowledged that 
despite quite thorough biopsy washing steps, our samples may have minor contamination with blood, 
which could theoretically add variability to the outcome measurements and influence serum vs. 
SWAT correlations. Regardless, the current work provides a solid reference framework for 
understanding physiological concentrations of adipose 25(OH)D concentrations in humans. 

5. Conclusions and Implications 

In summary, we have demonstrated a LC-MS/MS method that can detect 25(OH)D in human 
adipose tissue collected from overweight and obese individuals enrolled in a clinical weight loss 
intervention. We found mean SWAT 25(OH)D concentrations of 5.8 ± 2.6 nmol/kg tissue and  
6.2 ± 2.7 nmol/kg tissue pre- and post-intervention, respectively. Obese persons are thought to be at 
risk for vitamin D deficiency, which could contribute to the development or exacerbate other 
comorbidities associated with excessive adipose tissue. Although there are very little human data, 
the accumulation and release of vitamin D metabolites in excess adipose tissue is the mechanism 
often cited behind this relationship. Aside from the small 25(OH)D concentrations detected in 
SWAT, our results suggest that 25(OH)D is released from adipose tissue after a loss of 6% in body 
weight and a 13% reduction in total fat loss, but this release contributes little to serum 25(OH)D 
concentrations. Perhaps a greater loss of body weight or fat is needed to observe a significant 
contribution to serum 25(OH)D concentrations (i.e., 15% loss). Therefore, dietary intake and 



289 
 

 

dermal biosynthesis should be paramount when devising strategies to improve serum 25(OH)D in 
obese individuals. 
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Vitamin D and Depression: A Systematic Review  
and Meta-Analysis Comparing Studies with  
and without Biological Flaws 

Simon Spedding 

Abstract: Efficacy of Vitamin D supplements in depression is controversial, awaiting further literature 
analysis. Biological flaws in primary studies is a possible reason meta-analyses of Vitamin D have failed 
to demonstrate efficacy. This systematic review and meta-analysis of Vitamin D and depression compared 
studies with and without biological flaws. The systematic review followed the Preferred Reporting Items 
for Systematic Reviews and Meta-Analyses (PRISMA) guidelines. The literature search was undertaken 
through four databases for randomized controlled trials (RCTs). Studies were critically appraised for 
methodological quality and biological flaws, in relation to the hypothesis and study design. Meta-analyses 
were performed for studies according to the presence of biological flaws. The 15 RCTs identified provide 
a more comprehensive evidence-base than previous systematic reviews; methodological quality of 
studies was generally good and methodology was diverse. A meta-analysis of all studies without flaws 
demonstrated a statistically significant improvement in depression with Vitamin D supplements  
(+0.78 CI +0.24, +1.27). Studies with biological flaws were mainly inconclusive, with the meta-analysis 
demonstrating a statistically significant worsening in depression by taking Vitamin D supplements  
( 1.1 CI 0.7, 1.5). Vitamin D supplementation ( 800 I.U. daily) was somewhat favorable in the 
management of depression in studies that demonstrate a change in vitamin levels, and the effect size was 
comparable to that of anti-depressant medication. 

Reprinted from Nutrients. Cite as: Spedding, S. Vitamin D and Depression: A Systematic Review and 
Meta-Analysis Comparing Studies with and without Biological Flaws. Nutrients 2014, 6, 1501-1518. 

1. Introduction 

Depression affects 350 million people worldwide, is the leading cause of disability and the  
fourth-leading cause of the global disease burden [1]. However, the effectiveness of conventional 
treatments for depression is questioned: meta-analyses of drug treatments demonstrate minimal 
difference from placebo, comparisons of real and sham electroconvulsive therapy show little difference 
after a month, and the evidence for the use of specific cognitive interventions is weak [2]. Therefore we 
examined the evidence for other approaches to the management of depression.  

The association between depressive disorders and Vitamin D deficiency from a lack of sun exposure 
is well established and was first noted two thousand years ago [3], therefore we considered the evidence 
for the effectiveness of Vitamin D supplementation. 

Vitamin D is a unique secosteroid hormone formed mainly by photosynthesis, so an indoor lifestyle 
and sun-avoidance leads to deficiency (25OHD <50 nmol/L) [4]. Vitamin D deficiency is now a global 
public health problem affecting a billion people worldwide [5]. Even in sunny Australia, deficiency 
affects one third of the population [6], with much higher rates observed in migrant populations [7,8]. 
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There has been an increase in the prevalence of Vitamin D deficiency [9] and a ten-fold increase in 
spending on supplements in the US over the last decade [10]. 

Knowledge of Vitamin D has grown exponentially [11] and 95% of our current knowledge was 
published in the last 15 years [12]. This demonstrates new mechanisms and diseases associated with 
deficiency including cancer, cardiovascular disease, diabetes, and premature mortality [4]. Whilst 
Vitamin D was believed to follow Funk’s model of vitamins, having a single mechanism and function 
limited to calcium and bone metabolism [13], the mechanisms of action of Vitamin D are now recognized 
to be endocrine, paracrine and autocrine via Vitamin D receptors (VDRs) [14] affecting most 
physiological systems, including the brain [15]. The enzymes necessary for the hydroxylation of 
25hydroxyvitamin D (25OHD) to the active form 1,25dihydroxyvitamin D are present in the hypothalamus, 
cerebellum, and substantia nigra [16]. Vitamin D modulates the hypothalamic-pituitary-adrenal axis, 
regulating adrenalin, noradrenaline and dopamine production through VDRs in the adrenal cortex [17]; 
and protects against the depletion of dopamine and serotonin centrally [18]. Therefore, biological 
plausibility for the action of Vitamin D in depression has been established. 

Epidemiological evidence shows that Vitamin D deficiency is associated with an 8%–14% increase 
in depression [19–22] and a 50% increase in suicide [23]; however, causality and efficacy of supplementation 
remain controversial [10,24] awaiting confirmation by systematic review and meta-analysis. 

Four systematic reviews of Vitamin D efficacy in depression, but no meta-analysis, have been 
published [25–28]. These reviews provide conflicting results due to the limited number of studies found 
and the inclusion of inappropriate studies. Based on six RCTs deemed relevant, the Institute of Medicine 
(IOM) [25] concluded there was “inconclusive evidence of an effect” although four of these RCTs 
showed a beneficial effect of Vitamin D supplementation in depression. The inclusion of the other two 
studies [29,30] described by the IOM as “RCTs of Vitamin D” was inappropriate as; one used calcium 
and not Vitamin D as the intervention, and the other was not an RCT in the opinion of the study authors 
as the intervention decreased 25OHD levels. Similarly, consistent conclusions could not be drawn from 
the other systematic reviews [26–28], as these found so few of the primary studies. 

These reviews mirror the inconsistent results found across Vitamin D research as demonstrated by 
the twenty four conflicting meta-analyses for falls, fractures, and all-cause mortality [31]. The reason 
Vitamin D meta-analyses fail to produce useful results is thought to be biological flaws in primary studies. 
These flaws lead to null results [32] as the intervention does not change the Vitamin D status however 
these flaws may be overlooked when evaluating the research for Vitamin D and other nutrients [33,34]. 

The concept of “biological flaws” arises from the work of Heaney and others [33,34], and refers to 
limitations in the design of primary studies which preclude them from testing the research hypothesis. 
The hypothesis being addressed in this review is that rectifying Vitamin D deficiency decreases 
depressive symptoms. However some trials have limitations in their study design that prevent this 
evaluation. This hypothesis can only be tested if participants are Vitamin D deficient at baseline and 
then receive a large enough dose of Vitamin D supplements to achieve Vitamin D sufficiency during the 
trial. Vitamin D deficiency cannot be demonstrated if the level of 25OHD is sufficient or higher or not 
tested at baseline. An ineffective dose of Vitamin D is one that would not be expected to increase the 
level of 25OHD from deficient to sufficient. 

Trials with these biological flaws may demonstrate the limitations of the study design rather than the 
effectiveness of Vitamin D supplements for changing health outcomes. The parallel in pharmaceutical 
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research to these nutrient studies with biological flaws would be trialling a drug known to be ineffective 
or on patients already taking a full dose of the drug. Thus biological flaws are a critical element that 
differentiates nutrient research from pharmaceutical research. 

This review was designed to estimate the effect of Vitamin D supplementation in depression and 
examine the influence of biological flaws in primary studies on the meta-analyses. 

2. Methods 

This review followed the PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) 
guidelines, systematically identifying and appraising peer-reviewed RCTs reporting on the effect of Vitamin 
D supplementation for individuals with symptoms of depression with the objectives of investigating: 

• the primary evidence for Vitamin D supplementation and depression from RCTs; 
• the types of subjects, the dose of Vitamin D supplementation, the control interventions and the 

measures of outcome used; 
• methodological quality of the studies; 
• biological flaws in the study design, and 
• estimates of the size of the effect. 

2.1. Search Approach 

A systematic search for relevant RCTs was performed evaluating oral Vitamin D supplementation 
that included data on depression using four library databases of PsychINFO, MedLine, PubMed and 
Cochrane online library. Search approaches for the different databases can be obtained from the 
researchers. All databases were searched from inception to October 2012, with eligible papers limited to 
English language and human subjects. 

2.2. Independence 

Two independent researchers investigated the library databases to reduce errors/bias in accessing 
evidence. The reference lists of four systematic reviews [25–28] were hand-searched to identify other RCTs. 

2.3. Eligible Studies 

RCTs were included where the intervention was Vitamin D supplementation and excluded  
where trials were not RCTs or used surrogate interventions. Studies were not excluded on their 
methodological quality as the entire evidence base was required to address the aims of this research. 
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2.4. Decision-Making 

Relevant publications were identified from title, abstract and study descriptors by one researcher; the 
decision to include was independently validated by a second and disagreements were referred to third 
for an independent ruling. 

2.5. Critical Appraisal 

Methodological quality of articles was critically appraised with PEDro [35]. Trials were rated with a 
checklist, the PEDro scale. This considers two aspects of trial quality; internal validity of the trial and 
whether the trial contains sufficient statistical information to make it interpretable. It does not rate 
external validity or the effect size. 

2.6. Data Extraction 

Data was extracted for participants, 25OHD levels, study timeframes, interventions, outcome 
measures, measures of effect, methodological quality scores, and biological flaws. 

2.7. Biological Flaws 

Biological flaws in primary studies were identified. These studies included: 

• inappropriate interventions (interventions that did not include Vitamin D), or  
• interventions producing the opposite effect of that intended (interventions that included Vitamin D, 

but reduced the 25OHD level in the intervention group), or  
• ineffective interventions that did not improving Vitamin D status (did not significantly change the 

25OHD level), or  
• where the baseline 25OHD level was not measured in the majority of participants, or  
• where the baseline 25OHD level indicated sufficiency (not deficiency) at baseline. 

Studies were grouped according to the presence of biological flaws, and compared by date of 
publication, methodological quality, outcome measure, and study outcome. 

2.8. Meta-Analysis 

Meta-analyses were performed using MedCalc where data was available on diagnosis, dose, outcome 
measure, and biological flaws. Estimates of the size of effect using the standardised mean difference 
(SMD) were compared according to the presence of biological flaws in primary studies. 

For meta-analysis of studies with a continuous measure, MedCalc uses the “Hedges g” statistic as a 
formulation for the SMD under the fixed effects model. The SMD is the difference between the two 
means divided by the pooled standard deviation, with a correction for small sample bias. Next the 
heterogeneity statistic is incorporated to calculate the summary SMD under the random effects model. 
The total SMD with 95% CI is given both for the Fixed effects model and the Random effects model. 

The SMD has no units or dimensions, however using Cohen’s rule of thumb for interpretation of the 
SMD statistic: a value of 0.2 indicates a small effect, a value of 0.5 indicates a medium effect, and a 
value of 0.8 or larger indicates a large effect. 
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3. Results 

3.1. Systematic Review 

From all databases 465 relevant articles were identified with 390 articles remaining after removal of 
duplicates. After applying inclusion criteria, 375 were removed and 15 articles remained. These included 
15 RCTs [30,36–49], nine new RCTs and six identified by previous reviews. Seven of the 15 were 
published in 2011 and 2012 (Table 1). 

There was wide variation in study methodology. The study populations were diverse (Table 1). 
Smaller studies were performed in patients with specific disorders (depression, seasonal affective 
disorder, obesity, post-menstrual tension and hospitalized patients) [30,37–39,41–44,47–49], and studies 
in University students [45,46]. 

Table 1. Study populations, sample sizes (numbers entering intervention and control groups 
respectively) and methodological quality score (PEDro Scale). 

Author Year Reference 
Citation # Population Sample Size Quality 

Score 

Arvold et al. 2009 [36] 
Individuals with Vit D deficiency 
(10–25 ng/mL) seen for medical 
care at a primary healthcare clinic 

100 (I 50, C 50) 10 

Belcaro  
et al. 2010 [42] Menopausal women with signs of 

depression and mood disorder 65 (I 33, C 32) 8 

Bertone-Johnson 
et al. 2012 [38] Postmenopausal 

Women with depressive symptoms 36,282 (I 18176, C 18106) 11 

Dean et al. 2011 [45] Young healthy adults (University 
students) 128 (I 63, C 65) 11 

Dumville  
et al. 2006 [43] Older women with seasonal 

affective disorder 2117 (I 912,C 1205) 11 

Gloth et al. 1999 [44] Adults with Season Affective Disorder 15 (I 8,C 7) 6.5 
Harris & 

Dawson-Hughes 1993 [30] Women with seasonal affective 
disorder 250 (I 125, C 125) 5 

Jorde et al. 2008 [37] Overweight and obese adults 441 (IH 150, ILl 142, C 149) 8 
Khajehei  

et al. 2009 [46] University female students with 
premenstrual syndrome 180 (IOes 60, I 60, C 60) 9 

Khoraminya  
et al. 2013 [49] 

Adults with major depressive 
disorder based on DSM-IV criteria, 
without psychosis 

40 (I 20, C 20) 10 

Landsdowne & 
Provost 1998 [39] Adults with seasonal affective 

disorder 44 (I 22, C 22) 8 

Sanders  
et al. 2011 [47] Community dwelling older women 

with seasonal mood disorders 2012 (I 1001, C 1011) 11 

Veith et al. 2004 [40] 

Adults with serum 25(OH)D 
<61 nmol/L in summer, expected to 
develop 25(OH)D concentrations 
<40 nmol/L by winter 

64 ( I 32, C 32) 10 

Yalamanchilli & 
Gallagher 2012 [48] Older post-menopausal women with 

depression 
488 (Ioes+Calcitrol 122, Ioes 122, 
Calcitrol 123, placebo 123 ) 11 

Zhang et al. 2011 [41] Hospitalized patients 32 (I 17, C 15) 9 

C = control group and I = intervention group. Where there are two intervention groups; IH is used to indicate where a high 

dose and IL for where a low dose of Vitamin D supplements were given. Where one intervention group took a hormone, 

this was designated IOes. 
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Baseline 25OHD levels were not reported in six papers [36–41] but were performed in eight  
studies [42–49] (Table 2). For one study [30], Vitamin D data was sought from an earlier paper [50] 
showing 25OHD levels were not measured at baseline. However 25OHD levels were measured twice 
during the study. This demonstrated that the 25OHD levels decreased 5% in the intervention group 
during this part of the study due to the decreased availability of sunlight with the change in season, 
overwhelming the effect of the low dose of Vitamin D supplements provided. 

Daily doses varied from 400 I.U. to 18,400 I.U. across the 15 trials (Figure 1). Three studies [30,38,43] 
used doses lower that 800 I.U./day. In the Women’s Health Initiative [38], the Vitamin D dose would be 
inadequate to change vitamin levels; the actual dose ingested was 200 I.U., as the stipulated dose was 
400 I.U. but compliance was 46%. The doses shown in two papers were misprints; reported as 200 mg 
Vitamin D [42] and 0.25 g of calcitriol [48], equating to millions of international units. However, attempts 
to clarify this with authors and editors were unsuccessful. The intervention in another study [47] was 
high dose Vitamin D (500,000 I.U.) probably inducing side effects; a 15% increase in falls and 26% 
increase in fractures. 

Figure 1. Daily dose of Vitamin D per study. This shows the range of equivalent daily doses. 
(These were calculated after estimating the actual dose rather than using the dose shown in 
their published papers). 

 
Low doses of 400 I.U. in Harris & Dawson-Hughes [30] and Bertone-Johnson et al. [38]; High doses were 
over 15,000 I.U. per day in Belcaro et al. [42] and Khoraminya et al. [49]; Jorde et al. [37] and Landsdowne 
& Provost [39] both tested three groups; two differing dosages and one placebo. 

Validated outcome measures of depression (Table 2) included Beck Depression Index in three  
studies [37,45,49] the Profile of Mood States in two studies [30,41] and the mental component score of 
the SF12 in two studies [43,47]. Questionnaires about pre-menstrual syndrome [46], fibromyalgia [36], 
and menopause [42] included depression as a domain. One early study used an unvalidated questionnaire [39]. 
There was no significant differences at baseline measures and methodological quality of studies was 
generally high (9 out of 11) (Table 1). 
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3.2. Biological Flaws 

Biological flaws were found in eight of the 15 studies (Table 3). These flaws limit the ability of 
these studies to demonstrate a change in vitamin status in the intervention group. The most common 
flaw, occurring in five studies, was not measuring 25OHD. Two studies [30,38] utilized doses below 
the minimum effective dose of 600-800 I.U. [51] and one study [45] had such high baseline 25OHD 
levels that supplements could not improve the Vitamin D status of participants. One intervention was 
associated with a decrease in 25OHD level [30], and another caused falls and fractures minimising 
the potential to see any health benefits [47]. Biological flaws were more prevalent (70%) in recent 
studies (since 2010) than in earlier studies (50%), and in larger studies than in smaller studies (Table 3). 

Table 3. Comparison of studies by presence of biological flaws to the study findings and 
methodological quality. 

Study 
Biological 

Flaws NOT 
Present 

Biological 
Flaw(s) 
Present 

Type of Flaw 
Quality Score 

(Max 11) 
Date of 

Publication 25OHD not 
Assessed 

Dose not 
Appropriate 

Belcaro et al.  X X  8  2010 
Bertone-Johnson et al.  X X X (L) 11  2012 

Dumville et al.  X X  11 2006  
Harris & Dawson-Hughes  X X X (L) 5 1993  

Dean et al.  X X X (H) 11  2011 
Khajehei et al.  X  X (I) 9 2009  
Sanders et al.  X  X (SE) 11  2011 

Yalamanchilli & Gallagher  X  X (I) 11  2012 
Total-8 Studies with 

Biological Flaws 
0 8 5 6  3 5 

Arvold et al. X    10 2009  
Gloth et al. X    6.5 1999  
Jorde et al. X    8 2008  

Khoraminya et al. X    10  2013 
Landsdowne & Provost X    8 1998  

Veith et al. X    10 2004  
Zhang et al. X    9  2011 

Total—7 studies  
without flaws 

7 0 0 0  5 2 

 = significant improvement favouring Vitamin D; Dose incorrect (I), low (L), high (H) or produces side effects (SE). 

Of the seven studies without flaws, six [36,37,39,40,44,49] showed improvement in depression 
with supplementation, whereas six of the nine flawed studies [30,38,42,45–48] had a null result 
(Table 3). The positive results in two flawed studies maybe due to the unknown contents [46] or the 
effects of the herbs [42] used in these studies. 
  



305 
 

 

3.3. Meta-Analysis 

3.3.1. Meta-Analysis of Studies without Biological Flaws (Right Panel of Figure 2) 

Two studies (Jorde et al. [37] and Khoraminya et al. [49]) were included as they used the same 
outcome measure; the Beck Depression Inventory. 

The standardized mean difference for these studies without flaws is shown in the Right Panel of 
Figure 2. It shows a statistically significant positive effect of Vitamin D in depression of 0.78 (CI 
0.24, 1.27). The random effects model was used due to the diverse populations studied. 

Figure 2. The figures show the meta-analysis of studies from the systematic review. 

 
Left Panel—Two studies with biological flaws were combined, Dumville et al. [43] and Sanders et al. 
[47];  
Right Panel—Two studies without biological flaws were combined, Jorde et al. [37] and Khoraminya et al. 
[49], showing two intervention groups for Jorde et al. [37] (high and low dose Vitamin D) and the data 
from the Khoraminya et al. [49] at 2, 4, 6, and 8 weeks. 

The Jorde et al. [37] trial (n = 387) had three study groups; two interventions with different doses 
of Vitamin D and a control. The Khoraminya et al. [49] trial (n = 40) compared Vitamin D plus 
fluoxetine to fluoxetine alone. The studies had similar baseline level of 25OHD (Jorde et al. [37]  
55 nmol/L) (Khoraminya et al. [49] 57 nmol/L), and the doses of Vitamin D over 800 nmol/L in both 
studies. The participants in both studies were patients; Khoraminya et al. [49] depressed patients and 
Jorde et al. [37] obese patients. Depression and obesity overlap, as there is a reciprocal relationship 
between obesity and depression indicated by the 50% increase in one condition when the other is 
present [52]. 

3.3.2. Meta-Analysis of Studies with Biological Flaws (Left Panel of Figure 2) 

Options for meta-analysis were examined and performed combining the Dumville et al. [43] and 
Sanders et al. [47] studies, due to the diverse outcome variables used in other studies. There was a 
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statistically significant negative effect of Vitamin D administration evident from the forest plot in 
the standardized mean differences as shown in the Left Panel of Figure 2. The effect size was 1.1 
(CI 0.7, 1.5) (random effects). These studies were of high methodological quality, had similar 
subjects (community dwelling women aged >70 years) and baseline 25OHD, and used the same 
outcome measure. The studies differed in the dosing schedule, daily and annually. 

4. Discussion 

This is the most comprehensive systematic review of randomized controlled trials investigating 
the effectiveness of Vitamin D in the management of depression. Fifteen RCTs were found, whilst 
previous reviews captured few of the available RCTs. Although the methodological quality was 
good, biological flaws were common and more prevalent in recent studies. 

For the meta-analysis of studies without biological flaws, the size of the effect was statistically 
significant being +0.78 (CI 0.24, 1.27). As the measure of effect size was the standardized mean 
difference (SMD), this was 0.78, using Cohen’s Rule-of-Thumb, a SMD of 0.8 is considered to 
indicate a large effect. 

As less than half the study population were deficient the effect of the intervention was diluted 
such that if all subjects had been deficient the size of the effect would have been higher, perhaps 
double, 1.5 points on the BDI scale. This is similar to the size of effect seen in a large RCT of 
antidepressant medication, which was 0.8 point on the BDI scale for the blinded parts of the study 
and 1.7 points overall [53]. A review of antidepressant efficacy published in the NEJM [54] shows 
that the effect size of antidepressant medication was increased by selective publication of trials and 
altering the effect size. However the overall mean weighted effect size value for antidepressants was 
only 0.15 (CI 0.08, 0.22) for unpublished studies and 0.37 (CI 0.33, 0.41) for published studies. Thus, 
the effect size of Vitamin D demonstrated in our meta-analysis may be comparable with that of  
anti-depressant medication. For the meta-analysis of studies with biological flaws, the size of the 
effect was statistically significant and negative being 1.1 (CI 0.7, 1.5), indicating that Vitamin D 
supplementation in flawed studies may lead to deterioration in depression. 

The main finding is that all studies without flaws and the meta-analysis of studies without 
biological flaws support the efficacy of Vitamin D supplementation for depression, as compared with 
the negative results of meta-analysis for studies with biological flaws. The Womens Health  
Initiative [38] (WHI), with more participants that all the other studies combined, had the highest 
methodological quality and the most biological flaws leading to non-significant outcomes for both 
bone strength and mood. Due to its sheer size, the WHI has dominated previous meta-analysis leading 
to null results. 

The main limitation of this review was the diversity of study methodology precluding more 
extensive meta-analyses, and leaving only two studies in each meta-analysis. The variability in 
outcome measures and reporting suggest agreement should be sought within the research community 
to underpin standard conduct and reporting of future studies to support meta-analysis. 
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5. Conclusions 

Traditional evidence, biological plausibility and epidemiological studies indicate Vitamin D has 
therapeutic effects in depression. There are no previous meta-analyses of Vitamin D and depression 
as the evidence was deemed to be insubstantial [25]. This may be due to previous systematic reviews 
identifying few of the available studies and including RCTs with inappropriate methodology and 
biological flaws. 

Meta-analysis of studies without biological flaws demonstrates that improving Vitamin D levels 
improves depression, whereas the meta-analysis of flawed studies had a negative result. Heaney [34] 
identified the most common flaw “baseline status” and the most pernicious flaw “(in)effective 
dosing”. However we found other flaws: not measuring 25OHD levels throughout the study limits 
the ability to know if the 25OHD level actually changed. In this case, there would be no reason to 
believe that the intervention caused a biological difference in Vitamin D levels between intervention 
and control groups. We also found more fundamental biological flaws where the intervention was 
not Vitamin D but calcium, and caused a decreased in the 25OHD level. These two studies were 
included in previous systematic reviews but rejected by this review. 

The finding that meta-analyses for studies with biological flaws had the statistically significant 
effect of increasing depression, may lead to a conclusion that some of these trials led to levels for 
Vitamin D above the therapeutic range. This would be supported by a recent paper indicating that 
the therapeutic range for 25OHD in depression is 50 and 85 nmol/L [55]. 

It may be argued that meta-analysis including flawed RCTs reflect the trial methodology more  
than the efficacy of the intervention, leaving reviewers unable to make valid conclusions about  
efficacy [34], resulting in uncertainty amongst researchers and clinicians. This has led to calls for 
more RCTs and less “torturing of the data” by meta-analysis [56]. However, as this review 
demonstrates, it is excluding biological flaws that will lead to greater understanding of Vitamin D, 
not simply increasing the quantity of studies. 

We note that biological flaws are more frequent in recent studies; this may be due to the belief 
that vitamins exert a function beyond deficiency. Hence RCTs should test whether using 
supplementation to correct deficiency is beneficial, rather than testing whether additional 
supplementation on top of the recommended doses is beneficial in reducing disease [57]. Thus, it is 
unremarkable that Vitamin D supplementation would not benefit a population that are not deficient 
or where the dose was ineffective. To test the hypothesis that correcting Vitamin D deficiency leads 
to an improvement in depression, it is critical to exclude biological flaws from future studies. 

The effect size for Vitamin D in depression demonstrated in this meta-analysis is comparable with 
the effect of anti-depressant medication, an accepted treatment for depression. Should these results be 
verified by future research, these findings may have important clinical and public health implications. 
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Serum 25-Hydroxyvitamin D Concentrations and Depressive 
Symptoms among Young Adult Men and Women 

Maria A. Polak, Lisa A. Houghton, Anthony I. Reeder, Michelle J. Harper and Tamlin S. Conner 

Abstract: There has been an increased interest in the role of vitamin D in depression; however, there 
have been few studies conducted in younger population groups. Our aim was to investigate the 
association between vitamin D status and depressive symptoms in a non-clinical young adult sample 
living in Dunedin, New Zealand. A cross-sectional sample of 615 young adults completed  
a questionnaire including demographics and the Centre for Epidemiological Studies Depression 
Scale (CES-D). Height, weight and a blood sample for 25-hydroxyvitamin D [25(OH)D] was obtained. 
Serum 25(OH)D was used to predict depression scores, adjusting for potential confounders including 
time spent outdoors for 13 consecutive days, BMI, age, sex and ethnicity. Prevalence of low vitamin 
D was high even in this age group, and serum 25(OH)D was negatively associated with depression 
symptoms before and after adjustment. When investigating the relationship between the presence 
versus absence of depressive symptoms and quartiles of 25(OH)D, participants in the lowest quartile 
were more likely to report depressive symptoms compared with those in the highest quartile. 
Although our findings suggest that vitamin D is a predictor of depression symptomatology, even 
when controlling for time spent outdoors, a randomised controlled trial in this young adult target 
group is needed to confirm the association. 

Reprinted from Nutrients. Cite as: Polak, M.A.; Houghton, L.A.; Reeder, A.I.; Harper, M.J.;  
Conner, T.S. Serum 25-Hydroxyvitamin D Concentrations and Depressive Symptoms among Young 
Adult Men and Women. Nutrients 2014, 6, 4720-4730. 

1. Introduction 

Recently, there has been an increased interest in the potential role of vitamin D in mental health 
and wellbeing. Vitamin D receptors are present in many different types of cells, including neurons 
and glial cells [1–3]. Most importantly, vitamin D is now accepted for its neurosteroid activity and 
impact on brain serotonin [2,4,5], suggesting a possible role in mood regulation. There is some 
evidence that low circulating concentration of serum 25-hydroxyvitamin D [25(OH)D], the marker 
for vitamin D status, is associated with mood disorders, including major depressive disorder, seasonal 
affective disorder, and premenstrual dysphoric disorder [6,7]. 

Sun exposure is the major source of vitamin D for humans [8,9], and thus, in the absence of 
adequate supplementation or suitable fortification, the concentration of circulating serum 25(OH)D 
decreases significantly during winter in non-equatorial locations [10]. At the same time, modern 
lifestyles often reduce the time in sunlight, decreasing opportunities to endogenously produce vitamin D 
in sufficient quantities [11]. Primary vitamin D deficiency is highly prevalent worldwide [12–14].  
In European countries, 2% to 30% of all adults are estimated to be deficient in vitamin D, with up to 
75% when considering older adults only [15]. A similarly high prevalence of vitamin D deficiency 
is present in most other areas, including those close to the equator [13]. 
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While there is ample evidence of an association between serum 25(OH)D and mood disorders 
such as depression in older and vulnerable populations [6,16], there has been very little research on 
younger and non-clinical populations. Some studies in depressed populations did show evidence of 
less time spent outdoors in depressed individuals [17], leading to suggestion that depressive 
symptoms might keep people inside and thus limit their opportunities for the manufacture of endogenous 
vitamin D. Therefore, the aim of the present study was to investigate the association between vitamin 
D status and depression symptoms in a non-clinical sample of young men and women, taking into 
account time spent outdoors during daylight hours. We hypothesised that higher vitamin D status 
would be associated with lower depression scores from the CES-D controlling for gender, age, 
ethnicity, BMI, and the time spent outdoors during daylight hours. 

2. Experimental Section 

2.1. Participants 

Participants were healthy university student volunteers recruited through the University of Otago, 
which is located in Dunedin, New Zealand (45°52 0 S). Participants were recruited for the Daily Life 
Study, a cross-sectional study of experiences and biological markers of wellbeing carried out 
between March and May (southern hemisphere autumn) during the academic years 2011 and 2012. 
Inclusion criteria were as follows: aged between 17 and 25 years, enrolled at the University of Otago, 
and access to the Internet. Of the total 666 participants who completed the initial survey, 615 participants 
completed at least 7 of 13 daily diaries and provided a venous blood sample. The study was approved 
by the University of Otago Human Ethics Committee (#10/177). All participants provided written 
informed consent. 

2.2. Procedure 

Participants who fulfilled the inclusion criteria were invited to an onsite session where they 
completed an initial computerised survey including the demographics variables and depression scale 
and obtained instructions for completing the 13-day online diaries (day 1 of study). Starting on day 
2 of the study, participants completed an online daily diary for 13 consecutive days including a 
question about time spent outdoors that day. The diary took about 5–10 min to complete and also 
included questions about other daily experiences of participants (not part of the current study).  
The diary was available from any on- or off-campus computer through a password-protected website 
between 3 p.m. and 8 p.m. After completing the 13-day daily diary protocol, participants attended a 
session in the Human Nutrition Clinic of the University of Otago between 8.30 a.m. and 11.00 a.m. 
(day 15 of the study). During the clinic visit, their height and body composition were measured using 
standardised techniques, and they provided a non-fasting venous blood sample for 25(OH)D analysis. 

2.3. Measures 

Participants’ depressive symptoms were assessed using the Center for Epidemiologic Studies 
Depression Scale (CES-D). The CES-D has been developed specifically for research in the general 
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population (i.e., not clinical evaluation). The scale consists of 20 items that encompass four areas: 
depressed affect, positive affect, somatic vegetative signs, and interpersonal distress, with an emphasis 
on the affective component [18]. Participants rated how often they experienced symptoms associated 
with depression, including problems sleeping, poor appetite, and feeling sad over the past week. 
Response options range from 0 to 3 for each item (0 = rarely or none of the time, 1 = some or little of 
the time, 2 = moderately or much of the time, 3 = most or almost all the time). Four items (4, 8, 12 and 
16) are worded positively and were reverse coded for analyses. Six participants did not answer one 
CES-D item each, and individual means were imputed. The final score was obtained by calculating 
the total sum across all items, which could range from 0 to 60, with higher scores indicating greater 
presence of depressive symptoms. A total score of 16 or higher is equivalent to experiencing five or 
more symptoms all or most of the time and is indicative of possible clinical depression [18]. 

To measure time spent outdoors, we modified the sun habits questionnaire developed by Glanz 
and colleagues [19] to create one question suitable for close-to-real-time reporting of actual daily sun 
exposure, asking participants to report on the time they spent outdoors during daylight hours on that 
day. This question was presented in the daily diary. Participants selected one of 12 categories ranging 
from 0 to 15 min to 10 h or more, and the answers were scored from 0 to 11. 

During the clinic visit (day 15), participants’ height and weight were measured using standardised 
techniques [20]. All measurements were taken in duplicate by the same trained anthropometrist using 
calibrated equipment (Seca) with the participants wearing light clothing and no shoes. The mean of 
the two closest measurements was calculated. A third measure was taken if the first two measures 
were outside the acceptable range of variance for the given measurement. These measures were used 
to calculate body mass index [BMI (kg/m2)]. Participants also provided a venous non-fasting blood 
sample for serum total 25(OH)D analyses. 

2.4. Blood Sample Processing and 25(OH)D Analysis 

Following blood collection, the samples were centrifuged at 3000 rpm for 15 min at 4 °C, the 
serum was aliquoted then stored at 80 °C until analysis. Serum 25(OH)D was analysed using 
isotope-dilution liquid chromatography tandem mass spectrometry based on the method of Maunsell 
et al. [21], using an API 3200 instrument (Applied Biosystems) connected to a Dionex Ultimate 3000 
HPLC system. The limit of quantification for the assay was <5 nmol/L. To assess accuracy and inter-
assay variability, external quality control serum material (UTAK Laboratories) containing low and 
medium concentration of 25(OH)D3 and 25(OH)D2 were analysed with every run. 

A different batch of controls was used for each year of the study. In 2011, the 25(OH)D3 low 
control mean was 26.0 nmol/L (verified value 27.5 nmol/L); CV 3.8%, and the medium control mean 
75.7 nmol/L (verified value 77.5 nmol/L); CV 2.9%. For 25(OH)D2, the low control mean was 
22.5 nmol/L (verified value 24.2 nmol/L); CV 7.0% and the medium control mean 71.2 nmol/L 
(verified value 72.7 nmol/L); CV 4.5%. 

In 2012, the 25(OH)D3 low control mean was 29.6 nmol/L (verified value 29.9 nmol/L); CV 3.1%, 
and the medium control mean 86.1 nmol/L (verified value 79.9 nmol/L); CV 3.7%. For 25(OH)D2 
the low control mean was 24.8 nmol/L (verified value 26.6 nmol/L); CV 6.2% and the medium 
control mean 79.5 nmol/L (verified value 77.5 nmol/L); CV 4.9%. 
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Internal quality control pooled serum samples were also analysed; the inter-assay CV for 
25(OH)D3 was 5.8% at 20.3 nmol/L (2011) and 3.9% at 60.7 nmol/L (2012). The concentration of 
25(OH)D2 in the internal controls was below the limit of quantification for both years. 

2.5. Statistical Analyses 

Descriptive statistics were used to summarise the demographics and anthropometric characteristics 
of our sample including age, gender, and BMI. Descriptive variables were reported as means 
(standard deviation) by gender for all participants. We calculated a mean score for time spent 
outdoors during daylight hours for each participant by averaging each person’s scores across the 
maximum 13 daily diaries. Mean values were used instead of the total score since we did not have 
the same number of daily reports for each participant. We performed a linear regression analysis to 
examine the relationship between vitamin D status as a continuous predictor variable and depression 
as a continuous outcome variable taking into account gender, age, ethnic background, and BMI.  
We controlled for gender (coded 0 for men and 1 for women) because women showed both higher 
depressive symptoms and higher 25(OH)D concentrations than men in our sample. We controlled 
for age, even though we had a narrow age range, for two reasons: the prevalence of depression 
changes with age [22], and the efficiency of manufacturing vitamin D in response to sunlight can 
also vary with age [3]. Ethnicity categories were NZ European, M ori/Pacific Islander, Asian and 
Other in line with the top level ethnicity classification used by Statistics New Zealand.  
Dummy variables were created for the M ori/Pacific Islander, Asian, and Other categories with NZ 
European as the reference category. Finally, to test whether time outdoors explains the association 
between 25(OH)D and depression, we added average time spent outdoors score as a control variable. 
Statistical analyses were carried out using the IBM SPSS Statistics package version 19 (IBM Corp. 
Released 2010. IBM SPSS Statistics for Windows, Armonk, NY, USA.). 

3. Results 

The mean age of participants was 19.5 years (SD = 1.5; range 17 to 25 years), 75% were in their 
first or second year of university, and more than half were female (62%; 381/615). The majority of 
participants were of European origin (79.8%), 9.9% were Asian, 2.9% M ori or Pacific Islander, and 
7.4% of other ethnicities. Of our sample, 2.3% (14/615) were classified as underweight (BMI < 18.5), 
68.5% as normal weight (BMI 18.5–24.9), while 23.3% and 6.0% of our sample were classified as 
overweight (BMI 25–29.9) and obese (BMI  30), respectively. Sample characteristics did not differ 
statistically across the two years of data collection. There were also no statistically significant 
differences in total serum 25(OH)D and total CES-D scores between 2011 and 2012. 

CES-D, serum 25(OH)D concentrations and confounding variables are reported in Table 1.  
The mean total serum 25(OH)D concentration was 64.1 nmol/L (SD = 26.6 nmol/L) ranging from 
8.2 nmol/L to 177.0 nmol/L. When participants were divided into groups by gender, differences were 
found in CES-D scores, serum 25-hydroxyvitamin D, and BMI (Table 1). Total CES-D score in our 
sample ranged from 0 to 46 with 219 participants (35.4%) scoring 16 or above, representing the 
presence of depressive symptoms indicative of clinical depression. The mean score for time spent 
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outdoors was 2.0 (SD = 1.2), meaning that, on average, participants spent between half an hour to 
one hour outside per day. Average time spent outdoors during daylight hours was not a significant 
predictor of depressive symptoms or 25(OH)D. Participants with a CES-D score of 16 or higher had 
lower 25(OH)D even though they did not differ on mean time spent outdoors (Table 2). 

Table 1. Average CES-D score, serum 25(OH) vitamin D, time spent outdoors, and BMI 
for all participants, and men and women separately. 

Variable ALL (n = 615) Men (n = 234) Women (n = 381)  
Mean (SD) Mean (SD) Mean (SD) 

CES-D score 14.1  (8.4) 12.9 (8.2) 14.8 (8.5) p = 0.005 
Serum 25(OH) D (nmol/L) 64.1 (26.6) 56.5 (21.9) 68.7 (28.2) p < 0.001 
Time spent outdoors score 2.0 (1.2) 2.2 (1.4) 1.8 (1.1) p = 0.001 
BMI 23.6 (3.7) 24.1 (3.7) 23.4 (3.7) p = 0.014 

Abbreviations: CES-D, Center for Epidemiologic Studies Depression Scale; BMI, body mass index; p 
value is based on the results of a t-test comparing men and women. 

Multiple regression analyses showed that serum 25(OH)D status was significantly negatively 
associated with the total CES-D scores (controlling for gender, age, BMI, and ethnicity) (B = 0.048, 
t = 3.828, p < 0.001) Moreover, the relationship between 25(OH)D and depression scores remained 
significant even after adjusting for mean time outdoors (B = 0.053, t = 3.567, p < 0.001. (Figure 1). 
Additionally, we examined the relationship between the presence versus absence of depressive 
symptoms and quartiles of 25(OH)D adjusted for age, gender, ethnic origin, BMI and time spent 
outdoors (Table 3). Participants in quartiles I to III and compared with those in the highest quartile 
were more likely to report depressive symptoms; however, this relationship was present for men but 
not women. 

Table 2. Participant characteristics by presence of depressive symptomatology (CES-D 
score below 16 vs. 16 and over). 

Variable 
ALL (n = 615) 

CES-D score < 16 
(n = 396) 

CES-D score  16 
(n = 219)  

Mean (SD) Mean (SD) Mean (SD) 
CES-D score 14.1 (8.4) 8.9 (3.7) 23.4 (6.3) p < 0.001 
Serum 25(OH) D (nmol/L) 64.1 (26.6) 67.4 (26.3) 58.0 (26.2) p < 0.001 
Time spent outdoors score 2.0 (1.2) 2.0 (1.1) 2.0 (1.4) p = 0.783 
BMI 23.6 (3.7) 23.8 (3.9) 23.4 (3.4) p = 0.220 

Abbreviations: CES-D, Center for Epidemiologic Studies Depression Scale; BMI, body mass index;  
p value is based on the results of a t-test comparing participants with CES-D scores <16 and 16. 
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Figure 1. CES-D scores by serum 25(OH)D concentration in 615 young adults aged  
17–25 years: LOWESS plot. 

 

Table 3. Adjusted odds ratios (95% confidence intervals) for the presence of depressive 
symptoms (CES-D  16) and 25-hydroxyvitamin D quartile. 

25(OH)D Quartile 
(Range in nmol/L) n All n Men n Women 

IV ( 80.0) 155 reference 27 reference 128 reference 
III (64.0–79.9) 153 1.34 (0.81, 2.23) 62 2.51 (1.14, 5.50) 91 0.64 (0.31, 1.32)
II (44.0–63.9) 156 2.22 (1.27, 3.86) 75 3.21 (1.34, 7.63) 81 1.51 (0.72, 3.18)
I (<5.0–43.9) 151 2.24 (1.27, 3.97) 70 7.14 (1.83, 27.78) 81 1.96 (0.62, 2.59)

Adjusted for age, gender, age, ethnic origin, BMI, and time spent outdoors. 

4. Discussion 

In this population-based study of over 600 young adults, lower vitamin D status was associated 
with higher depression scores even after taking potential confounders including time spent outdoors 
into consideration. While several studies have evaluated the relationship between vitamin D and 
depression among older adults [23,24], the relationship in younger adults has not yet been 
investigated. On average, in practical terms, our analysis showed that for every one standard 
deviation increase in serum 25(OH)D (27 nmol/L), there was a 4.5 point decrease in the CES-D score 
among our participants aged 17–25 years. 

To date, few large epidemiological studies have been performed in a population-based setting; 
however, our results are in accordance with survey-based findings in the USA and Europe. 
Specifically, Ghanji and colleagues utilizing data reported in the U.S. National Health and Nutrition 
Examination Survey (NHANES) found an independent association between lower 25(OH)D 
concentration and higher depression status and depression severity among a group of participants 
aged 15–39 years (n = 7970) surveyed between 1988 and 1994 [25]. In their study, depression status 
was assessed using the Diagnostic Interview Schedule (DIS) developed by the National Institute of 
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Mental Health. In a large sample of older adults aged 65–95 years randomly selected from 11 
municipalities in the Netherlands, Hoogendijk and colleagues also demonstrated an association of 
depression status and depression severity assessed using CES-D with decreased serum 25(OH)D 
concentration [24]. Lee and colleagues also reported an association between 25(OH)D concentration 
and depression assessed using BDI-II among a large sample of middle-aged and older European men 
[26]. Another case control study found low concentration of 25(OH)D associated with depressive 
disorder in 18–65-year-old participants in the Netherlands [27]. 

In contrast to our findings, Zhao and colleagues found no significant association between serum 
25(OH)D concentrations and the presence of depression among 3916 U.S adults aged 20 years and 
over from the 2006-06 NHANES [28]. Participants’ depressive symptoms were assessed using the 
Patient Health Questionnaire (PHQ-9) which is a standard instrument for use in depression diagnosis 
in primary care [29]. Pan and colleagues also reported no significant association between vitamin D 
status and depressive symptoms in 3262 Chinese older adults aged 50–70 years [30]. 

There are a number of possible reasons for the conflicting results among studies, including 
differences in population groups (i.e., ethnic and other cultural differences), age of the participants 
surveyed, measures of depression obtained, type of assay used for the analysis of serum vitamin D, 
and statistical adjustment of known confounding factors including sun exposure. Importantly, in a 
recent study by Nanri and colleagues, the authors found an association between 25(OH)D and 
depression symptoms during winter, but not in summer or overall [31], thereby suggesting the season 
of study has a major influence on results. 

One of the strengths of our study is that vitamin D status was measured using the nominal gold 
standard method. Other strengths include the inclusion of several variables that may influence 
depression outcome in the data analysis—in particular, taking into account time spent outside as a 
proxy for recent sun exposure. This is in contrast to the recent findings that higher levels of reported 
sun exposure, rather than 25(OH)D concentration, were associated with less depressive symptoms in 
sample of multiple sclerosis patients [32]. However, the authors used a different instrument—a recall 
questionnaire rather than a close-to-real time diary of the current study and they appropriately 
highlight the need to consider reverse causality as an explanation for the findings between sun 
exposure and depression. Interestingly, we found no association between average daily time spent 
outdoors during a recent period relevant for subcutaneous vitamin D manufacture and 25(OH)D 
concentration in our study participants. Even though we obtained daily reports of time spent outdoors 
for each day on 13 consecutive days, this measure only serves as a proxy of potential opportunities 
to produce endogenous vitamin D, and vitamin D status is ultimately affected by exposure longer 
than two weeks. Overall sun exposure and thus the production of vitamin D varies in individuals not 
only as a function of time spent outdoors, but also time of day, clothing, and current weather 
conditions [33]. In addition, we did not have information about the exact time of day participants 
spent the time outside, actual weather, and sunscreen use by participants during the time they were 
outside during the two-week study period. Moreover, a plateau of vitamin D production is reached 
after about 15–30 min of sun exposure [9], suggesting that additional time outdoors may not provide 
additional benefits as far as vitamin D production is concerned. Future studies could consider using 
real-time reporting of time outdoors including current weather conditions and actual use of sun 
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protection. However, such close monitoring of sun exposure and sun protective behaviours could lead 
to behavioural changes during the study due to social expectations of sun protection use. 

Limitations of the study included the cross-sectional design, which limits the ability to evaluate 
the cause and effect relation between depression and vitamin D deficiency; however, from a public 
health perspective, the coexistence of vitamin D deficiency and depression in this sample of young 
adults is a concern. Depression and chronic low mood is a major global health problem with 
concomitant consequences on morbidity, mortality, and quality of life. Although the prevalence of 
major depression is relatively low among community-dwelling adults, the occurrence of 
subsyndromal depression or depressive symptomatology is high and estimated to affect around 12% 
of adults [34,35]. Our sample mean for the CES-D score of 14.1 was very similar to that found in a 
previous study of self-reported mood scales in the general population [22], suggesting that we have 
obtained a representative sample of young adults on the dimension of depression. Interestingly, over 
one-third of our participants had a total CES-D score of 16 or above, indicating the possibility of the 
presence of clinical depression. Most importantly, a recent study elaborated on the possible 
mechanism of vitamin D effects on the serotonin system implicated in depression [36]. The presence 
of vitamin D is likely to upregulate transcription of serotonin-synthesising gene tryptophan 
hydroxylase 2 (TPH2) in the brain and concurrently to downregulate the transcription of THP1 
outside the brain [5]. 

5. Conclusions 

The present study found evidence of an association between 25(OH)D, a marker of vitamin D 
status, and depression scores in a young adult sample. The association of vitamin D and depression 
remained significant even after adjusting for age, gender, ethnicity, BMI, and time spent outdoors. 
Our results support the previous findings, suggesting a direct effect of vitamin D on the serotonin 
system that should be followed up with an appropriately designed, randomised controlled trial of 
supplementation with vitamin D among young adults in the general population. 
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Vitamin D and the Athlete: Risks, Recommendations,  
and Benefits 

Dana Ogan and Kelly Pritchett 

Abstract: Vitamin D is well known for its role in calcium regulation and bone health, but emerging 
literature tells of vitamin D’s central role in other vital body processes, such as: signaling gene 
response, protein synthesis, hormone synthesis, immune response, plus, cell turnover and regeneration. 
The discovery of the vitamin D receptor within the muscle suggested a significant role for vitamin 
D in muscle tissue function. This discovery led researchers to question the impact that vitamin D 
deficiency could have on athletic performance and injury. With over 77% of the general population 
considered vitamin D insufficient, it’s likely that many athletes fall into the same category. Research 
has suggested vitamin D to have a significant effect on muscle weakness, pain, balance, and fractures 
in the aging population; still, the athletic population is yet to be fully examined. There are few studies 
to date that have examined the relationship between vitamin D status and performance, therefore, this 
review will focus on the bodily roles of vitamin D, recommended 25(OH)D levels, vitamin D intake 
guidelines and risk factors for vitamin D insufficiency in athletes. In addition, the preliminary 
findings regarding vitamin D’s impact on athletic performance will be examined. 

Reprinted from Nutrients. Cite as: Ogan, D.; Pritchett, K. Vitamin D and the Athlete: Risks, 
Recommendations, and Benefits. Nutrients 2013, 5, 1856-1868. 

1. Introduction 

As research has progressed, the importance and versatility of vitamin D in the body has become 
quite evident, therefore the prevalence of vitamin D insufficiency has been heavily examined in 
recent years. Research suggests vitamin D’s active role in immune function, protein synthesis, 
muscle function, inflammatory response, cellular growth and regulation of skeletal muscle [1–4].  
In addition, a common symptom of clinical vitamin D deficiency is muscle weakness. Due to the 
many essential roles of vitamin D within the body, it has been suggested that physical performance 
may be influenced by serum vitamin D status, especially in those who are clinically deficient. 

Vitamin D insufficiencies are estimated to affect over one billion people worldwide [5]. The Third 
National Health and Nutrition Examination Survey (NHANES III) data showed a significant increase 
in vitamin D insufficiency in the USA over the last 30 years, with over 77% of Americans considered 
vitamin D insufficient [6]. The alarming rates of insufficiency and the vast metabolic properties of 
vitamin D have led researchers to examine the influence of vitamin D, not only on disease prevention, 
but also on physical performance and injury. Vitamin D has been identified in most tissues within 
the body, including skeletal muscle, which has led to further examination of vitamin D’s influence 
on athletes and physical performance. 

Because athletes and sports medicine physicians are primarily concerned with performance, the 
risk of vitamin D insufficiency among athletes has received growing interest and is under current 
examination by many researchers. In the last decade, researchers have examined 25(OH)D levels 
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among various groups of athletes, ranging from gymnasts to runners to jockeys. Some findings have 
suggested that vitamin D levels in athletes are comparable to those of the general population; 
however, results depended largely on geographical location and type of sport (indoor vs. outdoor).  
It is apparent that the athlete is at an equal risk for vitamin D insufficiency, therefore the potential 
impact of vitamin D status on performance is now under examination. There are few studies to date 
that have examined the relationship between vitamin D status and performance, therefore, this review 
will focus on the bodily roles of vitamin D, recommended serum 25(OH)D level, vitamin D intake 
guidelines and risk factors for vitamin D insufficiency in athletes. In addition, the preliminary 
findings regarding vitamin D’s impact on athletic performance will be examined. 

2. Physiology & Bone Health 

Vitamin D functions in two distinct ways within the body, through endocrine and autocrine 
mechanisms. The first, and most well-known, mechanism is the endocrine function, which enhances 
intestinal calcium absorption and osteoclast activity [1]. Vitamin D is essential for bone growth, 
density and remodeling, and without adequate amounts, bone loss or injury will occur [7].  
When vitamin D is low, parathyroid hormone (PTH) increases to activate bone resorption in order to 
satisfy the body’s demand for calcium [8]. Low vitamin D increases bone turnover, which increases 
the risk for a bone injury, like a stress fracture. 

A study examining male Finnish military recruits found vitamin D status to be a significant 
determinant of maximal peak bone mass and also discovered that 25(OH)D levels below 30 ng/mL 
significantly increased the risk of stress fractures in this subject group [9]. In a large (n = 3700) 
vitamin D supplementation trial using female navy recruits, subjects receiving 800 IU/day of vitamin 
D for eight weeks, had a 20% lower incidence in stress fractures than the placebo group [8].  
These studies in active populations, such as military recruits, display the critical role that vitamin D 
plays in optimal bone health. These findings also suggest that sufficient vitamin D status may prevent 
injuries, such as stress fractures. Stress fractures are quite common among athletes; most commonly 
seen among track and field sports, in up to 10%–31% of athletes [8]. Stress fractures can significantly 
influence performance due to debilitating pain and even cause permanent disability [8]. 

Vitamin D’s other pathway is the autocrine pathway. It is less recognized, but many essential 
metabolic processes take place in this pathway. On a daily basis, over 80% of the vitamin D within 
the body is utilized through the autocrine pathway [10]. The autocrine pathway is involved in 
essential body processes like signaling gene response/expression, synthesizing proteins, hormone 
synthesis, immune/inflammatory response, plus, cell turnover and synthesis [10]. “Without vitamin D, 
the ability of the cell to respond adequately to pathologic and physiologic signals is impaired” [10]. 
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3. Vitamin D and Muscle Tissue 

The autocrine pathway appears to be of utmost importance and has recently received a great deal 
of attention in regards to vitamin D’s influence on skeletal muscle function [11]. Vitamin D receptor 
(VDR) sites have been identified in virtually every tissue within the body [12]. VDR regulates 
expression in hundreds of genes that perform essential bodily functions. The discovery of VDR 
within the muscle suggested a significant role for vitamin D in muscle tissue and has since been 
identified as a regulator of skeletal muscle [3,11,13–16]. There are two proposed mechanisms by 
which vitamin D status may influence muscular strength. One possible explanation involves the 
direct role of 1,25-dihydroxyvitamin D [1,25(OH)2D] on VDRs within the muscle cells [11,17,18]. 
A second explanation suggests that vitamin D modifies the transportation of calcium in the 
sarcoplasmic reticulum by increasing the efficiency or number of calcium binding sites involved in 
muscle contraction. This indirect mechanism however, has only been examined in rat models [11]. 
On the contrary, one study disputes the evidence for the presence of VDRs within the skeletal muscle 
cells and suggests that the immunocytochemical staining to detect VDR may be responsible for the 
false positives results in previous studies [18,19]. 

Furthermore, it has been suggested that vitamin D supplementation in individuals with low 
vitamin D status may improve muscle strength. This is believed to be due to an increase in the size 
and amount of type II (fast twitch) muscle fibers associated with vitamin D supplementation [11,20]. 
It should be noted that type II fibers are predominant in power and anaerobic activities, and are 
recruited first to prevent falls, associated with muscle strength in the aging population [11].  

Various researchers have found vitamin D to have a significant effect on muscle weakness, pain, 
balance and fractures in aging individuals [3,4]. It is difficult, however to compare the results given 
the variety of outcome measures and differences in populations used in the studies [14].  
Several observational studies have suggested that vitamin D status influences muscular strength and 
function in the elderly [11,21]. Contrary to these findings, Chan et al., (2012) found no association 
between baseline vitamin D status and changes in performance measures over a four year  
period [14,22]. Replacing vitamin D stores in the elderly population may be protective against fall 
risk and declining physical function [11,14]. 

Few studies to date have examined this relationship in the adolescent population. Foo et al. (2009) 
examined the relationship between 25(OH)D status and bone mass, bone turnover, and muscle 
strength in Chinese adolescent females (n = 301) and found that poor vitamin D status (<20 ng/mL) 
was associated with reduced forearm strength, (using a handgrip dynanmometer) when compared to 
individuals with adequate vitamin D levels (>20 ng/mL) [17]. Ward et al. (2004) suggested that 
25(OH)D levels were positively associated with muscle power, and jump height in postmenarchal 
females (n = 91), however physical activity levels were not taken into consideration [11,23]. 

These findings in regard to muscle tissue and function suggest that vitamin D status may have a 
significant effect on muscle performance and injury prevention, therefore possibly influencing 
athletic performance. However, further research is warranted to determine the magnitude of effect of 
vitamin D on muscle strength and performance. 
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4. Vitamin D Recommendations (Intake and Desirable Levels) 

Although the sun is the most plentiful source of vitamin D, there are also some dietary sources. 
Some common foods contain significant levels of vitamin D, naturally, including salmon, fatty fish, 
egg yolks, plus, fortified products also exist, such as, milk, cereal and orange juice [24]. While these 
dietary sources may appear significant, the process of absorbing dietary vitamin D is only about 50% 
efficient; therefore, much of the nutrient value is lost in digestion [25]. The lack of dietary vitamin 
D is yet another factor that increases the risk of vitamin D insufficiency. Most experts agree that a 
higher intake of vitamin D, through dietary sources, ultraviolet B (UVB) exposure, and supplementation, 
is necessary to obtain optimal serum vitamin D levels [10,26–28]. 

In November of 2010, the Institute of Medicine (IOM) released new recommendations for dietary 
intake of vitamin D, 400–600 IU/day for children & adults (0–70 years), 800 IU/day for older adults 
(>70 years) [29]. These values are only slightly higher than past recommendations [29].  
Many experts argue that while IOM intake recommendations may adequately prevent clinical 
vitamin D deficiency, they are significantly lower than the level necessary to achieve optimal vitamin 
D status [5,6,10,26]. The Recommended Dietary Allowance (RDA) for Vitamin D, according to the 
National Institute of Medicine (IOM) [29] is compared to the Endocrine Society’s [30] recommended 
intake in Table 1. Many believe that the RDA is grossly underestimated [5,6,10,26], including the 
Endocrine Society, who released vitamin intake guidelines that are significantly higher [30].  
The Endocrine Society recommends 400–1000 IU/day for infants, 600–1000 IU/day in children  
(1–18 years) and 1500–2000 IU/day in adults, in addition to sensible sun exposure [30]. 

Another area of debate among vitamin D researchers is the terminology and reference values used 
to define optimal vitamin D status, deficiency, and insufficiency. Optimal serum 25(OH)D concentrations 
have yet to be defined; however, most researchers have similar reference values [31]. Vitamin D 
deficiency is often defined as <20 ng/mL (50 nmol/L), and insufficiency defined as 20–32 ng/mL 
(50–80 nmol/L) and optimal levels are >40 ng/mL (100 nmol/L) [5,10,12,32]. The term insufficiency 
“appears to be the currently favored term for the range of marginal deficiency and is the theoretical 
serum concentration that is not high enough to protect against certain chronic diseases” [32]. 

Table 1. Recommended vitamin D intake levels of the Institute of Medicine vs. 
Endocrine Society [29,30]. 

Age Recommended Intake (IU/day) Upper Limit (IU/day) 
National Institute of Medicine 

Children (0–18 years) 400–600 2500 (1–3 years) 
3000 (4–8 years) 

4000 (13–18 years) 
Adults (19–70 years) 600 4000 

Older Adults (>70 years) 800 4000 
Pregnancy/Lactation 600 4000 

The Endocrine Society 
Children (0–18 years) 400–1000 2000–4000 
Adults (19–70 years) 1500–2000 10,000 

Older Adults (>70 years) 1500–2000 10,000 
Pregnancy/Lactation 600–1000 (14–18 years) 

1500–2000 (19–50 years) 
10,000 
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Optimal levels of serum 25(OH)D are no exception to the controversy. When serum levels reach  
>32 ng/mL, parathyroid hormone (PTH) levels become stable and reduce the risk of secondary 
hypoparathyroidism, which is commonly associated with low vitamin D status. In addition, intestinal 
calcium absorption is enhanced, reducing the risk of secondary bone disease [5,28]. These basic 
vitamin D functions are efficiently demonstrated at 25(OH)D levels >32 ng/mL; however, superior 
benefits are observed at even greater levels. For example, only at 25(OH)D levels >40 ng/mL, does 
vitamin D begin to be stored in the muscle and fat for future use [20,28]. Therefore, at levels  
<40 ng/mL, the body relies on a daily replenishment of vitamin D to directly satisfy its daily 
requirements, which is not likely to be present in the common diet. At levels <40 ng/mL, there 
appears to be just enough circulating 25(OH)D available for all of the immediate metabolic needs; 
however, stored vitamin D is not likely available for the advanced processes involved in the critical 
autocrine pathways [20]. 

It is estimated that the body requires 3000–5000 IU of vitamin D per day to meet the needs of 
“essentially every tissue and cell in the body” [12]. The IOM recommends 600 IU of vitamin D  
for most adults (18–70 years of age) to prevent clinical vitamin D deficiency, defined as  
25(OH)D  20 ng/mL [29]. In contrast, most expert’s recommendations are much higher than 600 IU 
per day, because their recommendations are designed to help reach optimal 25(OH)D levels of at 
least 40 ng/mL. Intake levels recommended by most experts not only allow support for daily 
metabolic requirements, but also allow for vitamin D storage and increased availability, which 
appears to reduce the risk of many diseases and possibly enhance performance. The recommended 
daily vitamin D intake, according to most experts, is at least 1000 IU per day to maintain optimal 
25(OH)D status; however, more is required if levels begin suboptimal [5,10,28]. With over 77% of 
Americans considered insufficient in vitamin D, it is apparent that the current recommendations are 
suboptimal [5,6,10,26]. 

Intake recommendations increase with age, pregnancy, and lactation. In addition, experts recommend 
much higher initial dosages if 25(OH)D levels begin deficient, ranging from 2000 to 200,000 IU, 
until optimal 25(OH)D levels are met, then 1000–2000 IU/day for maintenance [5,28,32].  
A commonly prescribed treatment to quickly correct vitamin D deficiency is a weekly dose of 50,000 IU 
of vitamin D for eight weeks [12]. 

The tolerable upper limit for vitamin D has been set by the IOM at 4000 IU for adults, compared 
to 10,000 IU/day by the Endocrine Society [29,30] (Table 1). Leading experts have claimed that a 
daily intake of 10,000 IU would take months, or even years to manifest symptoms of toxicity [28]. 
A recent publication found no cases of toxicity with daily intakes of 30,000 IU per day for an 
extended period of time [10]. Regardless of the current dietary intake value, the amount of vitamin 
D produced from 15 min of unprotected sun exposure is 10,000 to 20,000 IU, in a light-skinned 
individual, making most experts believe toxicity to be a rare and unlikely event [10,12]. During the 
months that UVB rays are available from the sun, five to 15 min of unprotected sun exposure between 
the hours of 10 a.m. and 3 p.m. appear to provide adequate amounts of vitamin D [12]. 

There have never been any reported cases of vitamin D toxicity from over exposure to the sun; 
however, symptoms of intoxication, such as hypercalcemia, have been observed when 25(OH)D 
levels are greater than 150 ng/mL [12]. Serum 25(OH)D levels in individuals living close to the 
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equator and working outdoors are often around 50 ng/mL, supporting the theory that vitamin D 
toxicity from the sun is extremely unlikely, and suggesting that any toxicities would result only from 
over supplementation [28]. Regardless, many experts agree than 1000 IU/day in the absence of 
proper sun exposure can maintain 25(OH)D levels of at least 32 ng/mL [12]. 

5. Vitamin D Status of Athletes 

The distance from the equator, season, and time of day dictate whether vitamin D is available 
from the sun. Production of vitamin D from the sun is also dictated by cloud cover, pollution, 
sunblock, skin pigment and age. During the summer months, UVB radiation from the sun can be 
absorbed in adequate amounts to synthesize vitamin D [5]. However, during winter months, the angle 
of the sun prevents UVB radiation from reaching latitudes greater than 35–37 degrees, therefore, 
vitamin D cannot be synthesized from in these areas [5,20]. 

Research has suggested that low levels of vitamin D are widespread in populations living south 
of the 35th parallel [26]. Even if one spends ample time in the sun, sunscreen with a sun protection 
factor (SPF) of 15 results in a 99% decrease in vitamin D absorption [5]. Individuals who spend 
ample time outdoors may still need vitamin D supplementation to maintain adequate levels during the 
winter [33,34]. Many outdoor athletes avoid peak sunlight hours, opting to practice early in the 
morning or late at night, which greatly reduces UVB exposure, putting them at considerable risk of 
vitamin D insufficiency. Various studies have found many athletes to be at high risk for vitamin D 
insufficiencies. Table 2 displays prevalence of vitamin D insufficiencies among diverse athletic groups. 

Hamilton et al. (2009) revealed that 90% of Middle Eastern sportsmen were vitamin D deficient 
between April and October [33]. Although these sportsmen were training at favorable latitudes, Qatar 
(25.4°N), they averaged less than 30 min of sun exposure per day. Another study conducted at 
favorable latitude (Israel 31.8°N), suggested that 73% of athletes were vitamin D insufficient [35]. 
The majority (83%) of female, Australian indoor athletes were also found to be vitamin D insufficient 
[36]. In contrast, a study conducted at less favorable latitude (Laramie, WY 41.3°N), revealed 
vitamin D insufficiency in 63% of indoor/outdoor athletes during winter, compared to the fall (12%) 
and spring (20%) in indoor and outdoor athletes [37]. Finally, a study conducted even further from 
the equator (Ellensburg, WA 46.9°N), using exclusively outdoor athletes, found 25%–30% with 
vitamin D insufficiency from fall to winter [38]. Storlie et al. suggested that 1000 IU/day of vitamin 
D was not enough to prevent seasonal decline of vitamin D status in this cohort [38]. Although the 
results are variable, geographical location (latitude) and gender do not appear to be the major risk 
factors for vitamin D insufficiency in athletes. Lack of sun exposure appears to be the main risk 
factor, putting indoor athletes and those who avoid peak daylight hours, regardless of latitudinal 
location, at the greatest risk for vitamin D insufficiency [2,9,33,35–38]. 
  



331 
 

 

Table 2. Prevalence of Vitamin D deficiency (<20 ng/mL) and insufficiency (<32 
ng/mL) in various athletic populations. 

Type of Athlete Indoor/Outdoor Gender Vitamin D Status Reference 
Finnish military recruits  Combination Male 39% deficient Valimaki et al. [8] 
UK professional athletes  
(jockeys, rugby, soccer) 

Combination Male 62% deficient Close et al. [39] 

UK athletes (football, rugby) Combination Male 57% deficient Close et al. [40] 

Middle Eastern sportsman Combination Male 
32% insufficient 

58% deficient 
Hamilton et al. [33] 

Australian gymnasts Indoor Female 33% insufficient Lovell [36] 
Israeli athletes & dancers Indoor Male & Female 73% insufficient Constantini et al. [35] 
USA indoor/outdoor athletes Combination Male & Female 12% insufficient Halliday et al. [37] 

USA endurance athletes (runners) Outdoor Male & Female 
42% insufficient 

11% deficient 
Willis et al. [2] 

USA outdoor athletes (rugby,  
football, track, cross country) 

Outdoor Male 25% insufficient Storlie et al. [38] 

6. Vitamin D and Athletic Performance 

Original research concerning vitamin D and athletic performance dates back to the early twentieth 
century, but current performance trials are quite limited and inconclusive. Russian and German 
researchers were the first to report the convincing effects of ultraviolet light irradiation for improving 
athletic performance and decreasing chronic sports related pain [20]. These early European 
researchers suggested significant improvements in time trials, cardiovascular fitness, and strength 
with treatment of UVB irradiation prior to performance [20]. German Olympic officials considered 
these effects significant enough for UVB radiation (vitamin D) to be considered an ergogenic aid. In 
support of this concept, many athletes claim to peak in physical fitness during the time of year that 
vitamin D (UVB) levels are at their highest, summer and fall [20]. 

Unfortunately, there are limited experimental studies available and even fewer that demonstrate a 
performance enhancement from vitamin D supplementation. However, research examining the aging 
population (>65 years of age) suggests benefits from vitamin D supplementation. Multiple 
performance studies in older adults have related low vitamin D levels to decreased reaction time, 
poor balance, and an increased risk of falling [3]. Furthermore, vitamin D supplementation (800 IU/ 
day) in older adults showed improvements in strength, and walking distance, and a decrease in 
general discomfort [3]. These favorable results in older adults support the need for further research 
on athletic performance and vitamin D. 

The current research available to support vitamin D’s influence on performance is quite limited.  
An (n = 39), unpublished thesis examined 25(OH)D and maximal oxygen uptake (VO2max) to 
determine vitamin D’s effect on aerobic fitness in physically active college males [41]. Higher 
25(OH)D levels were associated with an increased VO2max, compared to those with lower vitamin 
D levels (p < 0.01) [41]. These findings suggest that a favorable vitamin D status may improve  
aerobic performance. 
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Close et al. (2013) examined, young, United Kingdom (UK, 53°N) based athletes (n = 30), and 
examined the effects that vitamin D supplementation (20–40,000 IU/week for 12 weeks) had on 
muscle performance (1-RM bench press, leg press and vertical jump height) [39]. Subjects were 
assigned to a placebo, 20,000 IU/week or 40,000 IU/week of vitamin D for 12 weeks. Muscle 
performance and 25(OH)D was measured at six and 12 weeks, revealing that six weeks of 
supplementation was enough to correct vitamin D deficiency, however, it was not enough to obtain 
optimal vitamin D levels >40 ng/mL [39]. Contrary to the findings in the elderly population, no 
significant improvements in muscle performance were observed after 6 or 12 weeks of vitamin D 
supplementation, although serum 25(OH)D levels significantly increased over this time, from an 
average of 20.43 ng/mL to 31.65–39.26 ng/mL [39]. In this study, lower baseline concentrations 
appeared to respond greater to supplementation, therefore, future studies may find more substantial 
results by dividing subjects into groups based on their baseline levels.  

Although final 25(OH)D concentrations obtained by the athletes were no longer considered 
deficient (>20 ng/mL), researchers hypothesized that higher total serum levels may be necessary to 
document enhanced muscle performance in young athletes [8,39]. According to Close et al. (2013), 
higher 25(OH)D levels may be necessary to induce a physiological response within skeletal  
muscle [39]. To explain the lack of response, the author suggested that skeletal muscle may require 
higher serum concentrations for a response, compared to other tissues [39]. The significant response 
shown in elderly subjects, however, may be explained by sarcopenia. If the elderly were actively 
losing muscle mass, they may have a more sensitive response to vitamin D supplementation in the 
skeletal muscle [39]. The authors suggested that more convincing results may be observed by giving 
supplemental doses of vitamin D to increase serum 25(OH)D above 40 ng/mL. 

A larger (n = 61 athletes, n = 31 healthy control subjects) UK-based vitamin D supplementation 
trial resulted in higher mean 25(OH)D levels, as a result of 5000 IU/day of vitamin D3 for eight 
weeks and found promising muscle performance results [40]. This supplementation regime 
significantly increased mean 25(OH)D levels from (mean ± SD) 11.62 ± 10.02 ng/mL to  
41.27 ± 10.02 ng/mL, whereas a placebo group showed no significant changes. The supplementation 
group also displayed significant improvements (p = 0.008) in 10-meter sprint times and vertical jump 
(with no improvements in 1-RM bench and squat tests) compared to the placebo group [40].  
One athlete’s 25(OH)D levels increased from 22.40 ng/mL to 55.69 ng/mL and showed 
improvements in all performance areas, this is only one athlete however. These findings support the 
aforementioned hypothesis that higher serum 25(OH)D levels (>40 ng/mL) may generate more 
convincing performance improvements [40]. Findings also suggest that a daily dose of vitamin D 
(5000 IU/day) may be superior in raising 25(OH)D levels when compared to a weekly dose  
(40,000 IU/week) [39,40]. Based off of these two preliminary studies and guidelines from leading 
experts, 25(OH)D levels above 40 ng/mL are likely necessary to significantly improve anaerobic 
athletic performance. There are no studies available that have examined the effect of vitamin D on 
aerobic or endurance athletic performance. 

To maintain 25(OH)D levels of 40 ng/mL, vitamin D supplementation, especially during the  
winter months, is warranted [20,28,39,40]. The 25(OH)D goal of 40 ng/mL is recommended for 
athletes because at this level, vitamin D begins to be stored in the muscle and fat for future use. 
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Furthermore, at levels below 32 ng/mL, vitamin D is not likely to be readily available for the 
advanced processes involved in the autocrine pathways, which is the pathway that is most likely to 
influence performance [20,25]. This level is also supported by the two comparable Close et al. 
studies, where the study achieving 25(OH)D levels greater than 40 ng/mL showed significant effects 
on performance [39,40]. 

Besides the two UK based performance trials [39,40], recent research on vitamin D and athletes 
has focused on the prevalence of vitamin D insufficiency among athletes, not the effects on 
performance. Although performance trials are limited, various other studies have resulted in 
alternative findings to support vitamin D’s positive impact on performance. Willis et al. (2012) 
revealed that decreased vitamin D was associated with an increased marker for inflammation in 
endurance athletes [2]. These results call for future investigation to determine whether decreased 
vitamin D may increase the risk for inflammatory-related injuries [2]. Razavi et al. (2011) found that 
vitamin D and aerobic exercise improved exercise tolerance in asthmatic patients (compared to a 
control, only aerobic exercise or only vitamin D supplementation groups), suggesting that vitamin D 
and aerobic exercise together, may provide anti-inflammatory effects within the lungs [42]. 

As previously mentioned, the body requires an estimated 3000–5000 IU/day of vitamin D and the 
high levels of physical activity in athletes may result in increased physiological demands for  
vitamin D [12]. Since vitamin D is actively used in many metabolic pathways, it is possible that the 
athlete may require increased intake of vitamin D to assure adequate availability and storage for 
optimal performance [32]. This hypothesis may explain the lack of response observed from Close et 
al., when 25(OH)D levels above 40 ng/mL were not achieved and may also support increased vitamin 
D intake recommendations for athletes [40]. At this point, the appropriate vitamin D supplementation 
regime for athletes appears to depend on current 25(OH)D levels, season and sun exposure, with the 
goal of >40 ng/mL in mind. Considering these factors, many athletes, especially indoor athletes and 
those who are insufficient, will require up to 5000 IU of vitamin D/day for eight weeks, to reach  
40 ng/mL, then 1000–2000 IU/day for maintenance. 

Although the results of performance trials are not yet convincing enough to support vitamin D as 
a direct performance enhancer, obtaining optimal 25(OH)D levels can reduce the risk of debilitating 
stress fracture among athletes, which may indirectly influence performance through prevention of 
injury [8,9]. In addition, because of its active role in muscle, resolution of vitamin D insufficiency 
has the potential to impact performance [11,14].  

7. Conclusions 

Vitamin D is established as a major factor in preventing stress factors and optimizing bone health, 
both of which are of great importance to the athlete [8,9]. Rates of vitamin D insufficiency in athletes 
vary among studies, but most researchers agree that athletes should be evaluated regarding vitamin 
D status and given intake recommendations to maintain optimal 25(OH)D levels >40 ng/mL.  
Not only does vitamin D assist in growth and maintenance of the bone, but it also aids in regulation 
of electrolyte metabolism, protein synthesis, gene expression, and immune function [10,28].  
These vital functions are essential for all individuals, especially the elite and recreational athlete. 
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Therefore, regardless of the limited literature available in support of a positive effect from vitamin 
D on performance, obtaining optimal 25(OH)D levels should be a goal for all athletes. 

The data are not conclusive to support vitamin D supplementation as a direct performance 
enhancer, however, research supports the role of vitamin D in the prevention of chronic and acute 
diseases, such as: cancer, cardiovascular disease, type 2 diabetes, autoimmune diseases and infectious 
diseases [18]. Athlete or not, optimal vitamin D status is essential to countless fundamental body 
functions, making it important for all individuals to obtain appropriate levels. Further research is 
warranted to appropriately define supplementation regimes for specific populations (elderly, athletes, 
those who are deficient, altering levels for the seasons), establish definite serum 25(OH)D goals, and 
investigate the effect of vitamin D on physical performance, especially endurance training. 

While there is still limited evidence to support vitamin D as a performance enhancer, sports 
physicians should consider the importance of optimal vitamin D status to prevent stress fractures and 
muscle injury. Further research is warranted to determine the magnitude of effect from vitamin D on 
muscle strength and performance. Based off of the prevalence data, high-risk athletes, such as indoor 
athletes and those who avoid peak daylight hours, should have 25(OH)D levels assessed annually. 
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Higher Serum 25-Hydroxyvitamin D Concentrations 
Associate with a Faster Recovery of Skeletal Muscle Strength 
after Muscular Injury 

Tyler Barker, Vanessa T. Henriksen, Thomas B. Martins, Harry R. Hill, Carl R. Kjeldsberg, 
Erik D. Schneider, Brian M. Dixon and Lindell K. Weaver 

Abstract: The primary purpose of this study was to identify if serum 25-hydroxyvitamin D 
(25(OH)D) concentrations predict muscular weakness after intense exercise. We hypothesized that 
pre-exercise serum 25(OH)D concentrations inversely predict exercise-induced muscular weakness. 
Fourteen recreationally active adults participated in this study. Each subject had one leg randomly 
assigned as a control. The other leg performed an intense exercise protocol. Single-leg peak isometric 
force and blood 25(OH)D, aspartate and alanine aminotransferases, albumin, interferon (IFN)- , and 
interleukin-4 were measured prior to and following intense exercise. Following exercise, serum 
25(OH)D concentrations increased (p < 0.05) immediately, but within minutes, subsequently 
decreased (p < 0.05). Circulating albumin increases predicted (p < 0.005) serum 25(OH)D increases, 
while IFN-  increases predicted (p < 0.001) serum 25(OH)D decreases. Muscular weakness persisted 
within the exercise leg (p < 0.05) and compared to the control leg (p < 0.05) after the exercise 
protocol. Serum 25(OH)D concentrations inversely predicted (p < 0.05) muscular weakness  
(i.e., control leg vs. exercise leg peak isometric force) immediately and days (i.e., 48-h and 72-h) 
after exercise, suggesting the attenuation of exercise-induced muscular weakness with increasing 
serum 25(OH)D prior to exercise. Based on these data, we conclude that pre-exercise serum 
25(OH)D concentrations could influence the recovery of skeletal muscle strength after an acute bout 
of intense exercise. 

Reprinted from Nutrients. Cite as: Barker, T.; Henriksen, V.T.; Martins, T.B.; Hill, H.R.;  
Kjeldsberg, C.R.; Schneider, E.D.; Dixon, B.M.; Weaver, L.K. Higher Serum 25-Hydroxyvitamin D 
Concentrations Associate with a Faster Recovery of Skeletal Muscle Strength after Muscular Injury. 
Nutrients 2013, 5, 1253-1275. 

1. Introduction 

Vitamin D is a pleiotropic micronutrient that influences health across a range of physiological and 
pathophysiological conditions in humans. In the body, 25-hydroxyvitamin D (25(OH)D) is the most 
abundant circulating metabolite and most reliable indicator of vitamin D intake and storage [1]. 
Maintaining an adequate circulating concentration of 25(OH)D is, therefore, important to the 
physiological events moderated by vitamin D. 

In addition to its well-known regulation of calcium and mineral homeostasis, vitamin D also 
regulates genomic and non-genomic events that govern skeletal muscle function, for review see, for 
review [2–6]. These functions include the regulation of calcium handling and transport, the 
expression of cytoskeletal proteins, phosphate metabolism, cell proliferation and differentiation, and 
the activation of mitogen activated protein kinase signaling pathways in skeletal muscle [7–22]. 
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These functions are established in experimental animal and cell culture studies, but less clear is the 
regulatory influence of vitamin D on skeletal muscle function in humans.  

In physiological and pathophysiological conditions, muscular strength associates with serum 
25(OH)D concentrations [23–35]. This association is prominent at deficient (<20 ng/mL) and 
insufficient (20 to 32 ng/mL) serum 25(OH)D concentrations [25,36,37]. Despite the efficacy of 
supplemental vitamin D to increase serum 25(OH)D concentrations, however, ambiguity persists 
regarding the influence of supplemental vitamin D on skeletal muscle strength [30,38–43]. 
Nevertheless, it is inferred that increasing serum 25(OH)D from deficient to insufficient or sufficient 
(>32 ng/mL) concentrations attenuates muscular weakness.  

Immediate (i.e., minutes to hours) and persistent (i.e., days) muscular weakness can follow intense 
exercise or a muscle-damaging event [44,45]. Muscular weakness after intense exercise or a  
muscle-damaging event could cause a predisposition to additional trauma. For example, muscular 
weakness due to injury could contribute to the development of stress fractures in military recruits, 
which interestingly, could be prevented by increasing serum 25(OH)D concentrations [46,47]. 
Likewise, low serum 25(OH)D concentrations contribute to muscular weakness and the increase in 
falls and bone fractures in elderly [36,48–54]. Increasing or maintaining an adequate serum 25(OH)D 
concentration, therefore, could preserve muscular strength after injury and protect against further injury. 

Following intense exercise, serum 25(OH)D concentrations were not associated with muscular 
strength [55]. In that previous study, however, the serum 25(OH)D concentration and muscular strength 
relationship was examined 2-days after eccentric contractions [55]. In experimental rats, vitamin D 
(activated 7-dehyrocholesterol at 332,000 IU/kg of body mass) promoted muscle regeneration and 
accelerated the recovery of skeletal muscle strength after crush injury [19], which could possibly 
relate to the ability of vitamin D to regulate satellite cells in the repair of skeletal muscle [21]. 

Eccentric (i.e., active-lengthening) contractions of skeletal muscle induce muscle injury and  
a systemic inflammatory response [56], which in theory, could contribute to serum 25(OH)D 
concentration decreases [57–59]. Although the causative mechanism responsible for the serum 
25(OH)D decrease during inflammation awaits future elucidation in humans, persuasive results 
reveal the regulatory influence of inflammatory cytokines on vitamin D metabolism in immune cells. 

Interferon (IFN)-  is an inflammatory cytokine that influences vitamin D metabolism in immune 
cells [60,61]. In isolated peripheral immune cells, IFN-  increases 1 -hydroxylase activity and mediates 
the conversion of 25(OH)D to 1,25-dihydroxyvitamin D (1,25(OH)D) [60–65]. In contrast to IFN- , 
interleukin (IL)-4 is a cytokine that initiates the catabolism of 25(OH)D to 24,25-dihydroxyvitamin D [65]. 
Following intense exercise, IFN-  decreases or remains unchanged [66–68] while IL-4 remains 
unchanged or below detection limits in the circulation [69,70]. Thus, given its regulation of vitamin 
D metabolism in immune cells, IFN-  changes could be inversely related to serum 25(OH)D 
concentration alterations after exercise. 

Data suggest that serum 25(OH)D concentrations and muscular strength are not associated after 
exercise [55]. However, in that earlier study [55], it is possible that the imposed exercise protocol 
induced a systemic inflammatory response [56]. This is an important consideration because inflammation 
could modulate serum 25(OH)D concentrations, and consequentially, confound the interpretation 
between vitamin D and muscle strength [71]. To address this conundrum, the primary aim of this 
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study was to identify if pre-exercise serum 25(OH)D concentrations predict immediate and persistent  
(i.e., several days) muscular weakness after intense exercise. We hypothesized that pre-exercise 
serum 25(OH)D concentrations inversely predict immediate and persistent muscular weakness after 
intense exercise. As the secondary aim of this study, we sought to identify if circulating cytokines 
predict serum 25(OH)D concentrations after intense exercise. We hypothesized that IFN-  changes 
inversely predict serum 25(OH)D concentration alterations. 

2. Experimental Section 

The Institutional Review Board at Intermountain Healthcare (Murray, UT, USA) approved this 
study. Recreationally active (i.e., at least 30 min of continuous exercise 3 times per week for 1 year 
prior to enrollment) subjects were informed of the experimental protocol and procedures and 
provided both written and verbal consent prior to participation. Subjects were excluded if: they were 
taking any dietary supplements or anti-inflammatory medications, suffered a lower leg injury during 
the previous year that required the use of crutches, were taking digoxin and antiarrhythmic medication(s), 
diagnosed with diabetes mellitus, impaired liver or kidney function, pregnant, morbidly obese (body 
mass index (BMI) > 40 kg/m2), using corticosteroid medication, planning on increasing or decreasing 
the amount of time spent in the sun or tanning bed, or traveling south of 37°N in latitude during study 
participation. Subjects were also excluded if they had a history of: metabolic bone disease, skeletal 
muscle pathology, cardiac or peripheral cardiovascular system abnormalities, clotting disorders, 
coronary artery disease, peripheral vascular disease, stroke, cancer, hypercalcemia or parathyroid 
dysfunction, iron deficiency within the past year or a potential concern of iron deficiency, high 
cholesterol or triglycerides, high blood pressure, or the presence of strength or power output 
asymmetry (i.e., >5% difference in peak isometric between legs). Potential subjects were excluded 
from study participation if they reported or showed any medical condition, under physician 
treatment, or taking any prescribed medication. During study participation, subjects were asked to 
keep their diet consistent with their regular eating habits during the previous year. 

Data was collected during the winter (December to March) in Salt Lake City, UT, USA  
(40°N latitude). Subjects were asked to refrain from physical activity, and using steroids, aspirin, 
ibuprofen, naproxen sodium, acetaminophen, or other anti-inflammatory agents 72-h prior to the 
blood draw and strength testing procedures to remove the potential confounding influences of 
activity and anti-inflammatory agents on blood and strength testing results. 

2.1. Exercise Protocol 

In an attempt to minimize the bias of leg dominance, subjects that displayed greater than  
a 5% difference in peak isometric force between legs were excluded from study participation. 
Following study inclusion, each subject had one leg randomly assigned as the control (CON) leg. 
The other leg performed an intense-stretch shortening contraction (SSC) protocol (Figure 1).  
The rationale for performing this protocol unilaterally was to assess isometric force within and 
between legs across time, and to allow each subject to serve as their own control. 
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Figure 1. Examples of the single-leg strength testing and the intense-stretch shortening 
contraction (SSC) protocol on the horizontal Plyo-press. (A) The weight stack resistance 
was overloaded to prevent sled movement in order to achieve isometric testing.  
(A–C) Subjects performed repetitive single-leg jumps during the SSC protocol. 
Illustrated below is an example of a subject in the push-off position (A), at peak height 
of the jump (B), and the subsequent landing (C) during the SSC protocol. Subjects 
performed 10 sets of 10 jumps with a 20-s rest between each set at 75% of body mass on 
one leg only (i.e., SSC leg). Note: This figure is adapted with permission from [68]. 
Copyright © Barker et al.; licensee BioMed Central Ltd. 

A B C 

 

The purpose of the SSC protocol was to induce peak isometric force deficits that would persist 
for several days [68]. The SSC protocol consisted of 10 sets of 10 repetitive jumps at 75% of body 
mass with a 20 s rest between each set. Subjects were instructed and verbally encouraged to perform 
each set with maximal effort and to jump as high as possible through a full range of motion (90° of 
knee flexion-to-full extension). Subjects performed presses through a full range of motion if they 
were unable to complete the jumps. If they were unable to complete presses, the exercise protocol 
was terminated. The mean number of jumps and presses completed during the SSC protocol were 62 
± 9 and 23 ± 5, respectively, while 7 (3 males and 4 females; age, 32 ± 3 years; height, 167 ± 5 cm;  
body mass, 76.8 ± 8.7 kg; body mass index, 27.1 ± 1.7 kg/m2) of the 14 subjects were unable to 
complete the SSC protocol due to fatigue or exhaustion. Of the subjects who completed the exercise 
protocol, 3 subjects (all males; age, 29 ± 2 years; height, 182 ± 4 cm; body mass, 85.3 ± 5.4 kg;  
body mass index, 25.7 ± 1.6 kg/m2) completed all the jumps and four subjects (3 males and 1 female; 
age, 33 ± 2 years; height, 176 ± 7 cm; body mass, 78.0 ± 7.5 kg; body mass index, 24.8 ± 0.8 kg/m2) 
completed the exercise protocol by performing a combination of jumps and presses. Circulating 
chemistries and leg strength were not significantly different between subjects who completed the 
exercise protocol compared to those who were unable to complete the exercise protocol (data not 
shown). Although 7 subjects were unable to complete the acute exercise protocol, all subjects (n = 
14), completed the remainder of study protocol following the exercise protocol. 

Subjects were allowed to consume water ad libitum during and following exercise protocol. The 
study protocol is illustrated in Figure 2. 
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Figure 2. Study protocol. Each subject provided eight fasting blood draws. The first 
blood draw was performed at baseline (Bsl) and 28-day before the SSC protocol. The 
rationale for collecting this sample 28-day before the SSC protocol was to allow for the 
seasonal decrease in serum 25(OH)D concentrations. The second blood draw was 
obtained immediately before (Pre) the SSC protocol. The six remaining blood draws 
were performed immediately (i.e., Post), 1-h, 24-h, 48-h, 72-h and 168-h (i.e., 7 days) 
after the SSC protocol. Subjects were familiarized with the single-leg peak isometric 
force testing procedure at Bsl. Thereafter, single-leg peak isometric force measurements 
were performed on six different occasions: (1) immediately before (Pre) the SSC 
protocol; and (2) immediately (Post); (3) 24-h; (4) 48-h; (5) 72-h and (6) 168-h after the 
SSC protocol. 

 

2.2. Analytical Procedures 

Blood draws were performed from the antecubital vein and collected in one 6.0 mL red-top serum 
Becton Dickinson (BD; Franklin Lake, NJ, USA) vacutainer tube, one 4.0 mL purple-top BD 
Vacutainer tube (K2 EDTA 7.2 mg plasma), and one 4.5 mL light green-top BD Vacutainer tube  
(PST Gel and Lithium Heparin, 83 units). After coagulation, serum was separated by centrifugation 
(VWR International, Clinical 50 Centrifuge, Radnor, PA, USA) at 1100× g for 20 min at room 
temperature. Serum samples were immediately aliquoted to several 500 L microcentrifuge tubes 
and stored at 80 °C (Revco Freezer, GC Laboratory Equipment, Asheville, NC, USA) until the day 
of 25(OH)D and cytokine concentration analyses (see below). Plasma was separated by 
centrifugation (Heraeus Labofuge 400 series, Buckinghamshire, England) at 2400× g for 6 min at 
room temperature within 20 min of sample collection. Following separation, plasma samples were 
sent to ARUP Laboratories (Salt Lake City, UT, USA) for parathyroid hormone (PTH), calcium, 
albumin, aspartate aminotransferase (AST), and alanine aminotransferase (ALT) chemistries (see below). 

2.2.1. Serum 25(OH)D Concentration 

Serum 25(OH)D concentrations (ng/mL) were measured in duplicate (coefficient of variation = 
3.19%) at USANA Health Sciences, Inc. (Salt Lake City, UT, USA) [39]. Specifically, 100 L of 
serum was added to 400 L of a 2:1 methanol:chloroform solution containing deuterated 25(OH)D3 
as an internal standard (10 ng/mL in the stock solution; 40 ng/mL final concentration) in a 2 mL 
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centrifuge tube. Samples were immediately vortexed and allowed to sit on ice for 10 min. Samples 
were then spun at 15,000× g for 5 min and the supernatant was transferred to a new 2 mL centrifuge 
tube containing 500 L of chloroform. Samples were vortexed and allowed to stand for 5 min.  
To achieve phase separation, 750 L of ddH2O was added, vortexed, and centrifuged for 2 min at 
15,000× g. The aqueous phase (top), and any debris between the two phases, was removed and 
discarded. The remaining organic phase was dried down to completeness in a centrifugal vacuum 
concentrator for 18 min at 45 °C under negative pressure. The pellet was then resuspended in 100 L 
of methanol and added to high performance-liquid chromatography (HPLC) vials. 

Analytes were separated by injecting 10 L into an Agilent HPLC (series 6410, Model G6410B, 
Santa Clara, CA, USA) and a Phenomenex Inertsil 3 micron, 150 × 4.60 mm column. Method 
conditions were: 0–8 min, 90% MeOH/10% (0.03% formic acid in water); 8–15 min, 100%  
2-propanol; 15–20 min, 90% MeOH/10% (0.03% formic acid in water). 25(OH)D2 and 25(OH)D3 
were detected on an Agilent tandem mass spectrometer (Series 6410, Model G6410B, Santa Clara, 
CA, USA) using atmospheric pressure chemical ionization (APCI) detection (350 °C gas temperature, 
400 °C vaporizer). The 25(OH)D3, deuterated 25(OH)D3, and 25(OH)D2 precursor ions were 383.3, 
386.3, and 395.4, respectively. The 25(OH)D3, deuterated 25(OH)D3, and 25(OH)D2 product ions 
were 365.3, 368.3, and 208.9, respectively. Serum 25(OH)D2 and 25(OH)D3 concentrations were 
determined relative to authentic standards and corrected for recovery of the 25(OH)D3 internal 
standard. The detection limit was <1 ng/mL for all analytes. The sum of 25(OH)D2 and 25(OH)D3 
concentrations was used as the 25(OH)D total concentration. Serum 25(OH)D2 was not detected in 
any of the subjects, and therefore, serum 25(OH)D total concentrations are referred to as serum 
25(OH)D concentrations hereafter. 

2.2.2. Serum Cytokine Concentrations 

Serum IFN-  and IL-4 were quantitated using a multiplexed sandwich capture assay developed in 
the ARUP Institute for Clinical and Experimental Pathology (University of Utah, Salt Lake City, 
UT, USA) using the Luminex Multi-Analyte Profiling system (Luminex, Austin, TX, USA) [72,73]. 
Monoclonal capture antibodies for IFN-  and IL-4 were coupled to microspheres (Luminex).  
The monoclonal antibody for IL-4 was purchased from Pharmingen/BD Biosciences (San Diego, 
CA, USA) and the monoclonal antibody for IFN-  was purchased from Biosciences (San Diego,  
CA, USA). 

Standard curves for each cytokine were made using known concentrations of recombinant human 
cytokine of interest and performed during the same run as the subjects’ serum analyses.  
All incubations were conducted at room temperature on an orbital plate shaker while protected from 
light for 10 min. Following incubation, beads (25 L) were added to each well after 2 repeated bouts 
of vortexing (10 s) and sonication (20 s). The plate was then incubated for 1 h, washed 3× by vacuum 
filtration with phosphate-buffered saline containing Tween 20 (PBST). Then, 100 L of a mixture of  
2 different biotinylated secondary antibodies were added and incubated for 30 min. Following 
washes (3×) with PBST, 100 L 5 g streptavidin-conjugated R-phycoerythrin/mL (Moss Substrates, 
Pasadena, MD, USA) were added to each well. Plates were incubated for 20 min, washed 3× with 
PBST, then beads were re-suspended in 150 L PBST and mixed for 5 min. 
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Microtiter plates were then placed in a Luminex 100 instrument for analysis. Microspheres pass 
through a flow cell where dual lasers identify the microsphere and quantitate the amount of analyte 
bound to the microsphere by measuring the median fluorescent intensity of the reporter molecule 
(phycyoerythrin). The median fluorescence intensity is then converted in pg/mL based on the known 
concentrations of the standard curve. 

2.2.3. Clinical Chemistries 

Plasma AST (U/L), ALT (U/L), PTH (pg/mL), and calcium (mg/dL) concentrations were 
measured using a quantitative electrochemiluminescent immunoassay, and plasma albumin (g/dL) 
concentrations were determined using spectrophotometry (ARUP Laboratories, Salt Lake City,  
UT, USA). 

2.2.4. Single-Leg Strength Testing 

Single-leg strength testing was performed on a horizontal Plyo-Press (Athletic Republic,  
Park City, UT, USA). The reliability (intraclass reliability coefficients = 0.98) for the peak isometric 
force measurement on the Plyo-Press has been reported previously [68] along with the testing  
procedures [39,74]. In brief, the Plyo-Press sled was adjusted for each subject to align the knee and 
hip joint flexion angles to 90° with the abdominal, low back region secured and stabilized to the  
Plyo-Press sled with a harness. Hip and knee extension-isometric contractions were accomplished 
by overloading the weight stack resistance (>2260 N). Leg selection (i.e., CON or SSC leg) at the 
start of each testing session was randomized and followed by an alternating sequence of leg 
contractions. Peak isometric contractions on each leg were performed in triplicate (CON coefficient 
of variation = 3.62%; SSC leg coefficient of variation = 4.70%), and each isometric contraction was 
3 s in duration and separated by 1 min of rest. Subjects were verbally instructed and strongly 
encouraged to exert maximal force against the mounted force platform during each isometric 
contraction. Force output was measured from signals obtained from a mounted force plate (Advanced 
Mechanical Technology, Watertown, MA, USA) on the Plyo-press. Data were sampled at 200 Hz 
with a low-pass filter at 10 Hz using DartPower software (Athletic Republic, Park City, UT, USA, 
version 2.0). Peak isometric force was defined as the highest resultant force produced from the three 
isometric tests and was expressed relative to body mass (N/kg). 

2.3. Statistical Analyses 

Data were checked for normality prior to all statistical analyses with a Kolmogorov-Smirnov test. 
Statistical significance of serum 25(OH)D, cytokine, PTH, AST, and ALT concentration data were 
assessed with a Friedman repeated measures analysis of variance (ANOVA) on ranks followed by a 
Tukey’s Honestly Significant Difference (HSD) to test multiple pairwise comparisons. Statistical 
significance of calcium and albumin concentration data were assessed with a one-way ANOVA with 
repeated measures followed by a Tukey’s HSD to test multiple pairwise comparisons. Statistical 
significance of the muscle strength data was assessed with a two-way (time, leg) ANOVA with 
repeated measures and followed by a Holm-Sidak method to test for multiple pairwise comparisons.  
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Separate multiple linear regression analyses were performed to determine if Pre serum 25(OH)D 
concentrations or the change in serum 25(OH)D concentrations from Bsl to Pre predict the immediate 
(i.e., Post) and persistent (i.e., 24-h, 48-h, and 72-h) deficits in muscle strength after a muscle-damaging 
event. Along with Pre serum 25(OH)D concentrations and the change in serum 25(OH)D 
concentrations from Bsl to Pre, body mass index and age were included as independent variables in 
the multiple linear regression model. Another multiple linear regression was performed to determine 
if circulating deviations in IFN- , calcium, PTH, or albumin predict serum 25(OH)D alterations. 
Prior to all multiple linear regressions, serum 25(OH)D, IFN- , and PTH concentrations were rank 
transformed in order to achieve normality. Selection of independent variables for the multiple linear 
regression models were based on their biological significance on the dependent variable. 

Secondary analyses consisted of a one (gender)-way ANOVA with repeated measures were 
performed to determine if a statistical difference existed between gender data (i.e., serum 25(OH)D, 
peak isometric force, peak isometric force difference between the CON and SSC legs at Post, 24-h,  
48-h, and 72-h, AST, ALT, albumin, calcium, iPTH, IFN-  and IL-4). Statistical analyses were 
performed with SysStat software (SigmaPlot 10.0, SigmaStat 3.5, Chicago, IL, USA) and 
significance was set at a p < 0.05. Data presented as mean ± SEM, unless otherwise noted. 

3. Results 

3.1. Subject Characteristics 

Fourteen non-smoking subjects (male, n = 9; female, n = 5; age, 32 ± 1 year; height, 173 ± 5 cm; 
body mass, 79.0 ± 4.8 kg; body mass index, 26.1 ± 0.9 kg/m2) participated in this study. No subjects 
reported being highly trained, actively competing at a professional or amateur level, or performing 
recreational activities on a daily basis or for extended durations (i.e., >60 min per session) 
consistently one year prior to study enrollment. 

3.2. Serum 25(OH)D Concentrations 

The average serum 25(OH)D concentration was 28.0 ± 2.5 ng/mL upon study enrollment  
(Figure 3). Upon enrollment, five subjects (36%) had a serum 25(OH)D concentration greater than  
32 ng/mL. Of the nine participants (64%) with serum 25(OH)D concentrations less than 32 ng/mL,  
three (21%) subjects had a concentration less than 20 ng/mL, and one (7%) of which had  
a concentration less than 10 ng/mL. 
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Figure 3. Serum 25(OH)D concentrations (ng/mL). Serum 25(OH)D concentrations 
were significantly increased at Bsl (1 p < 0.05 vs. Pre, 48-h, and 72-h) and Post (2 p < 0.05 
vs. Pre, 24-h, 48-h, 72-h, and 168-h). Data presented as mean ± SEM. 

 

Consistent with the seasonal regulation [75], serum 25(OH)D concentrations significantly  
(p < 0.05) decreased by approximately 10% from Bsl to Pre (Figure 2). Surprisingly, serum 25(OH)D 
concentrations significantly (p < 0.05) increased immediately after the intense exercise protocol. 
Within minutes, however, serum 25(OH)D concentrations subsequently decreased (p < 0.05) and 
leveled during the following days. 

3.3. Peak Isometric Force 

Peak isometric force significantly (p < 0.05) decreased immediately and remained significantly  
(p < 0.05) impaired several days after the exercise protocol (Figure 4). The immediate and persistent 
deficits in peak isometric force were apparent within the SSC leg across time (p < 0.05) and compared 
the corresponding CON leg (p < 0.05). At 168-h, peak isometric force returned to Pre and  
CON leg values. 
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Figure 4. Peak isometric force (N/kg). Single leg peak isometric forces were 
significantly (leg, time interaction, p < 0.05) different following the SSC protocol. 
Single-leg peak isometric forces were not significantly different within the control 
(CON) leg across time, but within the SSC leg, decreased immediately (1 p < 0.05 vs. Bsl, 
Pre, 24-h, 72-h, and 168-h) and remained impaired several days (2 p < 0.05 vs. Bsl, Pre, 
and 168-h) after the intense exercise protocol. Peak isometric forces were also 
significantly (* p < 0.05) decreased in the SSC leg compared to those in the CON leg at 
Post, 24-h, 48-h, and 72-h. Data presented as mean ± SEM. 

 

3.4. Serum 25(OH)D Predicts Immediate and Persistent Muscular Weakness after a  
Muscle-Damaging Event 

Pre serum 25(OH)D concentrations significantly (p < 0.05) predicted muscular weakness (CON 
vs. SSC Leg) immediately (i.e., Post) but not 24-h after the intense exercise protocol (Table 1). Serum 
25(OH)D concentrations at Pre significantly (p < 0.05) predicted muscular weakness (CON vs. SSC 
Leg) at 48-h and 72-h after the intense exercise protocol (Table 1). 

In a sensitivity analysis, we repeated the multiple linear regression analyses (Table 1) regarding 
the prediction of muscular weakness following the intense exercise protocol. Excluding the  in 
Serum 25(OH)D from the multiple linear regression analyses did not change the significance of the 
models reported in Table 1. However, excluding the  in serum 25(OH)D increased the p-value from 
0.04 to 0.08 for Pre serum 25(OH)D and decreased the model-statistical power from 86% to 59%. It 
is likely that the shift in significance and decrease in statistical power at 72-h after excluding the  
in serum 25(OH)D from the multiple linear regression model is due to the size of our sample. 
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Table 1. Higher serum 25(OH)D concentrations predict a lower deficit 1 in muscle 
strength immediately (i.e., Post) and days (i.e., 48-h and 72-h) after intense exercise. 

 Coefficient  
 Unstandardized (±SE) Standardized p 

Post 
Constant 6.23 (±4.12)   

Pre serum 25(OH)D 0.28 (±0.11) 0.68 0.03 
 serum 25(OH)D 0.11 (±0.10) 0.27 0.29 

Age 0.06 (±0.08) 0.17 0.50 
BMI 0.28 (±0.13) 0.57 0.06 

r2 = 0.51, adjusted r2 = 0.30 
24-h 

Constant 2.41 (±4.00)   
Pre serum 25(OH)D 0.17 (±0.10) 0.52 0.14 

 Serum 25(OH)D 0.04 (±0.10) 0.12 0.70 
Age 0.03 (±0.07) 0.13 0.67 
BMI 0.04 (±0.13) 0.10 0.77 

r2 = 0.24, adjusted r2 = 0.00 
48-h 

Constant 7.24 (±4.43)   
Pre serum 25(OH)D 0.28 (±0.12) 0.68 0.04 

 Serum 25(OH)D 0.14 (±0.11) 0.33 0.23 
Age 0.07 (±0.08) 0.23 0.40 
BMI 0.10 (±0.11) 0.29 0.33 

r2 = 0.45, adjusted r2 = 0.21 
72-h 

Constant 6.40 (±3.34)   
Pre serum 25(OH)D 0.21 (±0.09) 0.63 0.04 

 Serum 25(OH)D 0.15 (±0.08) 0.45 0.09 
Age 0.08 (±0.06) 0.29 0.26 
BMI 0.10 (±0.11) 0.26 0.36 

r2 = 0.52, adjusted r2 = 0.31 
1 Peak isometric force difference between the CON and SSC legs at Post, 24-h, 48-h, and 72-h; , Change 
in serum 25(OH)D from Bsl to Pre; BMI, Body mass index. 

3.5. Plasma AST and ALT 

Increases in circulating AST and ALT are indices of skeletal muscle damage [76,77]. Days after 
the exercise protocol, plasma AST (Figure 5A) and ALT (Figure 5B) concentrations were 
significantly (both p < 0.05) increased, thereby imply the presence of skeletal muscle damage. 
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Figure 5. Plasma aspartate aminotransferase (AST) (U/L) and ALT (U/L) 
concentrations. (A) Plasma AST was significantly increased at 72-h (1 p < 0.05 vs. Bsl). 
(B) Plasma ALT was significantly (2 p < 0.05 vs. Post) increased at 24-h, 72-h, and 168-
h. Data presented as mean ± SEM. 

 

 

3.6. Serum Cytokine Concentrations 

Serum IFN-  concentrations (Figure 6A) were significantly (p < 0.05) increased immediately after 
the exercise protocol. Although serum IL-4 concentrations were also elevated (Figure 6B), 
concentrations were not significantly different. Thus, IFN-  was elevated while IL-4 was not 
significantly changed immediately after intense exercise. 

Figure 6. Serum IFN-  and IL-4 concentrations (pg/mL). Serum IFN-  concentrations  
(A) were significantly (1 p < 0.05 vs. 1-h, 48-h, and 72-h) increased at Post. Serum IL-4 
concentrations (B) were not significantly different. Data presented as mean ± SEM. 
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3.7. Plasma Calcium, PTH, and Albumin Concentrations 

Immediately following the exercise protocol (i.e., Post), plasma calcium (Figure 7A) and PTH 
(Figure 7B) concentrations were significantly (both p < 0.05) increased. At 1-h, calcium 
concentrations remained significantly (p < 0.05) increased and plasma PTH concentrations 
significantly (p < 0.05) decreased. Immediately following intense exercise, albumin concentrations 
significantly (p < 0.05) increased (Figure 7C). 

Figure 7. Plasma calcium (mg/dL), parathyroid hormone (PTH; pg/mL), and  
albumin (g/dL) concentrations. (A) Total plasma calcium concentrations were significantly 
increased at Post (1 p < 0.05 vs. Bsl, Pre, 24-h, 48-h, 72-h, and 168-h) and 1-h (2 p < 0.05 
vs. 24-h, 48-h, 72-h, and 168-h). (B) Plasma PTH concentrations were significantly 
increased at Post (3 p < 0.05 vs. Bsl, Pre, 1-h, and 72-h) and significantly decreased at  
1-h (4 p < 0.05 vs. 24-h, 48-h, and 168-h). (C) Plasma albumin concentrations were 
significantly increased at Post (5 p < 0.05 vs. Bsl, Pre, 1-h, 24-h, 48-h, 72-h, and 168-h). 
Data presented as mean ± SEM. 
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3.8. IFN-  and Albumin Predict Serum 25(OH)D Changes 

Circulating IFN-  increases predicted (p < 0.001) serum 25(OH)D decreases, while albumin 
increases predicted (p < 0.005) serum 25(OH)D increases (Table 2). 

Table 2. Circulating albumin increases predict serum 25(OH)D increases, while IFN-  
increases predict serum 25(OH)D decreases. 

 Coefficient  
 Unstandardized (± SE) Standardized p 

Constant 75.99 (±6.32)   
 IFN-  0.60 (±0.09) 0.60 <0.001 
 iPTH 0.06 (±0.09) 0.06 0.48 

 Calcium 19.7 (±10.6) 0.19 0.07 
 Albumin 28.1 (±9.3) 0.32 <0.005 

r2 = 0.36, adjusted r2 = 0.33 
, change from Bsl. 

3.9. Gender Differences 

In the secondary analysis investigating the difference between genders, serum 25(OH)D, IFN- ,  
IL-4, PTH, AST, ALT, peak isometric force, and the difference in peak isometric force between the 
CON and SSC legs were not significantly different between males and females (data not shown). 
However, circulating calcium (males, 9.33 ± 0.06 vs. females, 9.09 ± 0.08 mg/dL) and albumin  
(males, 4.48 ± 0.05 vs. females, 4.16 ± 0.07 g/dL) concentrations were significantly (both p < 0.05) 
different between genders. 

4. Discussion 

In the present investigation, we provide new data identifying that muscular weakness immediately 
(i.e., Post) and several days (i.e., 48-h and 72-h) after intense exercise were inversely predicted by  
pre-exercise serum 25(OH)D concentrations. Additionally, IFN-  increases predicted serum 
25(OH)D decreases, while albumin increases predicted serum 25(OH)D increases. These unique 
findings establish the importance of IFN-  and albumin on the regulation of serum 25(OH)D, and 
that the serum 25(OH)D concentration prior to exercise could be a determinant of muscular strength 
after intense exercise. 

The novel finding of the present investigation was the inverse association between pre-exercise 
serum 25(OH)D and both immediate and persistent muscular weakness after intense exercise.  
Pre-exercise serum 25(OH)D concentrations, however, did not predict muscular weakness 24-h after 
the intense exercise protocol, collectively suggesting a temporal sensitivity of skeletal muscle 
strength to vitamin D levels following muscular insult.  

Muscular weakness is a unique measure of muscle recovery because it spans the degenerative and 
regenerative events occurring at the molecular and cellular levels [44]. Furthermore, muscular 
weakness persists until repair is complete, suggesting that a faster recovery in skeletal muscle 
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strength reflects a faster progression through the degenerative and regenerative events following 
muscular insult. In experimental rats, vitamin D treatment accelerated the recovery in muscular 
strength after injury [19]. Vitamin D treatment also increased serum 25(OH)D concentrations [19], 
which presumably, maintained substrate availability for the conversion of vitamin D to 1,25(OH)D 
and increased the expression (message and protein) of the vitamin D-receptor (VDR) [21]. Despite 
cell and experimental animal data supporting the therapeutic influence of vitamin D on the muscle 
recovery after muscular insult, results in human suggest otherwise. 

Contrasting with the results here, Ring et al. [55] reported that vitamin D status was not influential 
on muscular weakness after exercise. The reason for the conflicting reports could relate to different 
experimental protocols, including the muscle(s) or muscle group(s) exercised, damaged and/or 
tested, disparate contraction modalities (i.e., eccentric vs. eccentric-concentric contraction cycles), 
or the volume, duration and intensity of the exercise protocol. Additionally, the non-significant linear 
regression reported previously consisted of 2-d post isometric force and serum 25(OH)D 
concentration data [55]. Although we did not observe a significant difference 48-h after the intense 
exercise protocol, it is probable that serum 25(OH)D concentrations were modulated by intense-eccentric 
contractions [55], and consequentially, confounded the interpretation between vitamin D and 
muscular strength. To avoid the potential confounding influence of exercise in the present study,  
pre-exercise serum 25(OH)D concentrations were related to post-exercise muscle weakness.  

Consistent with the postulate that exercise modulates circulating vitamin D, we identify a transient 
25(OH)D increase in the circulation immediately after intense exercise. The serum 25(OH)D 
concentration increases immediately after the intense exercise protocol was preceded by an initial  
(i.e., Bsl to Pre) and followed by a second (i.e., Post to 1-h) decrease. The initial decrease is consistent 
with data demonstrating the serum 25(OH)D concentration response during the winter [75].  
The second decrease, however, suggests that serum 25(OH)D is temporally sensitive to intense 
exercise. Interestingly, cytokine and protein shifts in the circulation could contribute, in part, to the 
observed 25(OH)D fluctuations (see Table 2). 

Interferon-  is an inflammatory cytokine that regulates vitamin D metabolism [60,61,78,79].  
In immune and endothelial cells, IFN-  impairs CYP27A1 message and protein expression [80],  
and thereby implying its potential role of impeding 25(OH)D production. Furthermore, IFN-  
accelerates the conversion of 25(OH)D to 1,25(OH)D [60,61,78,79] by increasing 1 OHase  
expression [62,64,65,81,82]. Supporting the influence of IFN-  on vitamin D metabolism in vivo,  
we illustrated previously that IFN-  tends to inversely correlate with 25(OH)D and significantly 
correlates (positive) with 1,25(OH)D [59], suggesting 25(OH)D decreases and 1,25(OH)D increases 
with increasing IFN-  in the circulation. Based on the results here and those reported elsewhere, we 
propose that IFN-  contributes to the circulating 25(OH)D decrease by impairing the production and 
accelerating the catabolism of 25(OH)D. However, confirmation of the proposed hypothesis requires 
further investigation. 

Interleukin-4 is another inflammatory cytokine that has been implicated in the regulation of 
vitamin D metabolism. In human monocytes, IL-4 upregulated the message expression of CYP27B1 
and the VDR [65]. Although message expression increased, IL-4 did not increase the activity of 
CYP27B1 [65]. Strikingly, IL-4 increased the activity of CYP24A1 and the conversion of 25(OH)D 
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to 24,25(OH)D in monocytes [65]. These unique findings suggest that IL-4 could decrease 25(OH)D 
concentrations by accelerating catabolism. However, we were unable to detect a significant 
difference in IL-4 concentrations prior to or following the intense exercise protocol. Thus, based on 
our findings, it is unclear if IL-4 contributes to the fluctuating serum 25(OH)D concentrations 
observed during the winter and following intense exercise. 

Another unique finding of the present investigation was the prediction of serum 25(OH)D 
concentrations by albumin. Albumin is a plasma protein synthesized in the liver that maintains 
colloid osmotic pressure [83]. Following short-term, high intensity exercise, albumin increases in the 
circulation and expands blood volume [84–86]. In the circulation, albumin binds to vitamin D 
metabolites [87]. The predication of increasing 25(OH)D by albumin is plausibly the product of 
increased hepatic secretion of albumin and its binding to vitamin D in the blood. However, additional 
research investigating the influence of albumin on vitamin D concentration in the circulation is required. 

Calcium and PTH regulate circulating 25(OH)D concentrations. Low calcium concentrations in 
the blood stimulate the parathyroid gland to secrete PTH. The increase in PTH stimulates the 
conversion of 25(OH)D to 1,25(OH)D [88–90] and increases the circulating calcium. Increases in 
dietary and serum calcium increase the catabolism of 25(OH)D to 24,25(OH)D [91]. In this 
investigation, we found an increase in plasma calcium concentrations immediately following the 
intense exercise protocol that was resolved by the following day (Figure 7A). PTH concentrations 
displayed a transient fluctuation after (i.e., Post and 1-h) the intense exercise protocol (Figure 7B). 
Although vitamin D metabolism is regulated by calcium and PTH, neither the calcium or PTH 
predicted the deviation in serum 25(OH)D concentrations after intense exercise (Table 2). 

In addition to those discussed above, there are limitations to this study that should be considered 
with future investigations. First, we did not obtain skeletal muscle biopsies to assess local damage, 
vitamin D metabolites, or the enzymes involved with vitamin D metabolism. Second, we did not 
control fluid or dietary intake prior to, during, or following intense exercise. Third, it is unknown if 
the results here can be extrapolated to other inflammatory modalities. Fourth, calcium and albumin 
concentrations were significantly different between genders. Calcium and albumin concentrations, 
however, were within the recommended clinical reference ranges (calcium, 8.4–10.4 mg/dL; 
albumin, 3.3–4.8 g/dL) for both genders, and therefore, it is unclear if this statistical difference is of 
physiological impact. Along these lines, serum 25(OH)D concentrations and peak isometric forces 
were not significantly different between male and female subjects as well. Next, this study consisted 
of 14 subject’s total. Future investigations are encouraged to include larger sample sizes when 
investigating the potential influence of vitamin D on skeletal muscle strength after injury. Finally, it 
is unknown skeletal muscle damage or fatigue-related factors, or both, were contributing to muscular 
weakness after the imposed exercise protocol. However, it is noteworthy that circulating biomarkers 
of skeletal muscle damage, and specifically AST and ALT, were elevated concurrently with deficits 
in skeletal muscle strength during the days following the intense exercise protocol. Thus, these results 
tend to support the possibility of the presence of skeletal muscle damage. 
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5. Conclusions and Implications 

Muscle weakness hinders millions of people worldwide every year and is mediated by a variety 
of conditions, including aging, disease, inactivity, limb immobilization, repetitive use, and intense 
or unaccustomed exercise. In the present investigation, we reveal that muscular weakness after an 
intense exercise bout is abrogated with increasing serum 25(OH)D concentration prior to exercise. 
However, this was apparent immediately and several days (2-day and 3-day), but not 1-day, after 
intense exercise. Additionally, IFN-  and albumin predicted serum 25(OH)D concentration 
fluctuations, and due on these fluctuations, we recommend caution when interpreting serum 25(OH)D 
concentrations immediately after intense exercise and/or during an acute inflammatory response.  
We conclude that maintaining an adequate serum 25(OH)D concentration could attenuate muscular 
weakness after intense exercise. Given the feasibility of increasing 25(OH)D concentrations in the 
blood, future research investigating the influence of diverse vitamin D interventions on the 
alleviation of muscular weakness after muscular insult are encouraged in humans. 
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Vitamin D Insufficiency and Bone Mineral Status  
in a Population of Newcomer Children in Canada 

Hassanali Vatanparast, Christine Nisbet and Brian Gushulak 

Abstract: Background: Low levels of circulating vitamin D are more likely to be found in those with 
darker skin pigmentation, who live in areas of high latitude, and who wear more clothing.  
We examined the prevalence of vitamin D deficiency and inadequacy in newcomer immigrant and 
refugee children. Methods: We evaluated circulating vitamin D status of immigrant children at the 
national level. Subsequently, we investigated vitamin D intake, circulating vitamin D status, and total 
body bone mineral content (TBBMC) in newcomer children living in Saskatchewan. Results: In the 
sample of newcomer children in Saskatchewan, the prevalence of inadequacy in calcium and vitamin 
D intakes was 76% and 89.4%, respectively. Vitamin D intake from food/supplement was significantly 
higher in immigrants compared to refugees, which accords with the significant difference in serum 
status. Circulating vitamin D status indicated that 29% of participants were deficient and another 
44% had inadequate levels of serum 25(OH)D for bone health. Dietary vitamin D intake, sex, region 
of origin, and length of stay in Canada were significant predictors of serum vitamin D status. Results 
for TBBMC revealed that 38.6% were found to have low TBBMC compared to estimated values for 
age, sex, and ethnicity. In the regression model, after controlling for possible confounders, children 
who were taller and had greater circulating vitamin D also had greater TBBMC. Nationally, immigrant 
children, particularly girls, have significantly lower plasma 25(OH)D than non-immigrant 
children. Interpretation: Newcomer immigrant and refugee children are at a high risk of vitamin D 
deficiency and inadequacy, which may have serious negative consequences for their health. 

Reprinted from Nutrients. Cite as: Vatanparast, H.; Nisbet, C.; Gushulak, B. Vitamin D Insufficiency 
and Bone Mineral Status in a Population of Newcomer Children in Canada. Nutrients 2013, 5,  
1561-1572. 

1. Introduction 

Recent studies report various health benefits for vitamin D along with its important role in bone 
health [1]. Limited food sources of vitamin D and long winters resulting in reduced sun exposure in 
Canada have raised concerns, particularly in growing children where vitamin D is needed for bone 
mineral accrual. National data report a low prevalence of vitamin D deficiency in children aged  
6–11 years compared to other age groups [2]. However, the growing proportion of immigrants in 
Canada, particularly children, may represent communities at greater risk for vitamin D deficiency. 
Some new arrivals have high skin pigmentation, and social and cultural factors that can result in 
insufficient vitamin D intake from food [3–6]. From 2002 to 2004, 150 cases of rickets were reported  
in Canadian children [7]. Darker-skinned individuals represented 89% of cases, while 24% were 
immigrants [7]. In a cross-sectional study in Edmonton, vitamin D concentrations decreased in 
children as age increased [8]. The authors speculated that this is possibly due to less consumption of 
milk fortified with vitamin D and less exposure to the sun [8]. In response to the paucity of 
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information in this area, we evaluated circulating vitamin D status of immigrant and refugee children 
new to Canada. Additionally, we examined the association between circulating vitamin D with bone 
mineral status. 

2. Methods 

Two studies were conducted to address the following research objectives: (i) to obtain a national 
perspective on vitamin D status of immigrant children in comparison to non-immigrant children; (ii) 
to evaluate determinants of vitamin D and its association with bone mineral status in children new  
to Canada. 

2.1. Study 1. Vitamin D Status of Canadian Immigrant and Non-Immigrant Children 

We used data from the Canadian Health Measures Survey (CHMS), cycle 1, 2007–2009, 
conducted by Statistics Canada [9]. The CHMS is a nationally representative survey among 
approximately 5500 Canadians aged 6–79 years, representative of 96.3% of Canadians. Circulating 
25-hydroxyvitamin D [25(OH)D] levels were obtained for Canadian non-immigrant and first-generation 
immigrant children aged 6–11 years. In CHMS data, immigrants are not differentiated from refugees. 
The information on vitamin D measurement in the CHMS is found elsewhere [2]. Descriptive data 
are presented as mean ± SEM. A statistically significant difference in vitamin D status among 
immigrant versus non-immigrant children is indicated by no overlap in 95% Confidence Intervals [10]. 
As per Statistics Canada’s recommendation, analyses were weighted and bootstrapped to obtain 
estimates representative of the Canadian population. Degree of freedom was considered 11 due to 
sampling structure, and alpha was set at 0.05. Data manipulation, cleaning, and creating new 
variables were done using SPSS 19. All analyses were conducted by STATA SE 11. 

2.2. Study 2. Healthy Immigrant Children (HIC) 

2.2.1. Study Design and Participants 

In the absence of official data sources that identifies immigration status in Saskatchewan,  
a convenience sample of study participants (n = 72) were recruited with the assistance of several 
organizations that have regular contact with immigrant and refugees. These organizations include 
Saskatoon Open Door Society, Saskatchewan Intercultural Association, and ethno-cultural 
associations. Participant recruitment posters were also placed in accessible public locations including 
the universities, public libraries, health care facilities and commercial locations. Interpreters were 
used for 50 (69%) participants while 22 (31%) were able to speak English and, therefore, did not 
require an interpreter. 

In a cross-sectional design (2010–2011), health and nutrition measures were collected from  
immigrant (n = 33) and refugee (n = 39) children aged 7–11 years who had been living in Saskatoon, 
Saskatchewan, Canada for no more than five years. An immigrant is someone who “comes as a 
permanent resident to a country other than one’s native land” [11]. A refugee is someone who “owing 
to well-founded fear of being persecuted for reasons of race, religion, nationality, membership of a 
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particular social group or political opinion”, is unable or unwilling to return to his/her country of 
birth due to fear for their safety [12]. This age range is an important time for bone acquisition and 
for establishing healthy dietary habits. Ethics approval was obtained from the University of 
Saskatchewan Biomedical Research Ethics Board (Bio # 09-197). 

2.2.2. Data Collection 

Data collection for the study included multiple variables. Demographics and socioeconomic status 
were evaluated using questionnaires from the Canadian Community Health Survey [13].  
Food security status was evaluated using the version of the United States Department of Agriculture 
questionnaire that was modified by Canada [14]. 

Anthropometric measurements included height, weight and waist circumference. Values were 
recorded in centimeters to the nearest millimeter. All measurements were taken twice for consistency 
to help eliminate human error. Percentile Body Mass Index (BMI) was categorized as normal, 
overweight, or obese according to World Health Organization (WHO) child classifications [15]. 

To assess physical activity, we used the CHMS children’s physical activity questionnaire (CPA). 
Another variable was derived to examine sedentary activity in hours per day. Based on the CHMS, 
two questions on sun exposure were also included [9]. 

Three 24-h dietary recalls were administered to each child to obtain a usual intake. All 24-h recalls 
were administered at least three weeks apart and conducted in person. The child’s caregiver assisted 
in the dietary assessments. Diet analyses were performed in “The Food Processor Nutrition and 
Fitness Software version SQL 10.5”, Esha Research, Salem, USA. Foods were categorized into food 
groups consistent with Eating Well with Canada’s Food Guide [16]. To examine the overall nutrition 
status, we used the Canadian version of the Healthy Eating Index (HEIC) [17]. The HEIC has been 
validated and incorporates recommendations from Eating Well with Canada’s Food Guide [17].  
This index categorizes diets into one of three categories, “poor”, “needs improvement”, and “good” [17]. 

2.2.3. Outcome Measures 

Blood samples were taken from 1 May to 30 September 2010 using a finger prick on eight 6-mm 
spots on a filter card. Circulating 25(OH)D was analyzed from dried blood spots, using a standard  
LC-MS/MS assay by ZRT Laboratory which is widely used for measuring 25-Hydroxy Vitamin 
D2/D3 [18,19]. The ZRT Laboratory participates in DEQAS, the Vitamin D Quality Assessment 
Scheme, which provides control samples to ensure assay accuracy [18,19]. Plasma and blood spot 
determinations were deemed to be equivalent because of the high stability of 25(OH)D in serum or 
plasma [20]. The blood spot card measurements of vitamin D levels are in agreement with serum and 
whole blood specimen [21]. Recent recommendations by the Institute of Medicine’s dietary reference 
intake (DRI) panel on vitamin D were used to define vitamin D status including less than 30 nmol/L 
as deficient, 30–50 nmol/L as inadequate, and more than 50 nmol/L as sufficient [22]. 

Bone mineral status was assessed using Dual-energy X-ray Absorptiometry (DXA), Hologic Inc., 
Discovery-Wi, Bedford, USA, Serial #80964. This study focused on Total Body Bone Mineral 
Content (TBBMC) as the most accurate measure in children [23]. The coefficient of variation for 
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TBBMC in our laboratory is 0.5%. Values obtained for TBBMC were compared to estimated normal 
values for each child’s age, sex, and ethnicity based on data from four longitudinal studies [24]. 

2.2.4. Statistical Analyses 

Descriptive statistics were analyzed by calculating means and standard deviations of variables  
of interest as well as the distribution of participants in various categories. We used a two-sided 
independent Student’s t-test or non-parametric equivalent (Mann Whitney U-test) to investigate 
differences between refugees and immigrants and between males and females. Pearson’s Chi square 
was used to analyze categorical variables. Finally, multivariate analyses (linear and logistic 
regression) were conducted to examine the association between variables of interest and health 
outcomes (vitamin D status, TBBMC), controlling for possible confounders. Analyses were 
conducted using PASW Statistics 18 by Polar Engineering and Consulting, Chicago, USA. In all 
analyses, alpha was set at 0.05. All data, when possible, was compared to Canadian published data. 

3. Results 

Descriptive data from CHMS revealed that mean plasma 25(OH)D concentrations in  
non-immigrant children was significantly higher than in immigrant children. This difference is over 
20 nmol/L in immigrant girls (Table 1). 

Table 1. Plasma 25-hydroxyvitamin D [25(OH)D] (nmol/L) concentrations in immigrant 
and non-immigrant children aged 6–11 years in Canada 1. 

Children aged 6–11 years 
Plasma 25-hydroxyvitamin D [25(OH)D] 

(Mean ± SEM) 
All children (n = 1,817,260) 75.1 ± 2.4 

Boys 79.9 ± 2.0 
Girls 73.1 ± 3.0 

Immigrant children (n = 134,833) 61.1 ± 5.9 * 
Immigrant boys 69.0 ± 7.9 
Immigrant girls 54.1 ± 4.5 ** 

Non-immigrant children (n = 1,682,427) 76.2 ± 2.2 
Non-immigrant boys 77.5 ± 1.9 
Non-immigrant girls 74.7 ± 2.8 

1 Data from the Canadian Health Measures Survey Cycle 1, 2007–2009. * Significantly lower than  
non-immigrant children. ** Significantly lower than non-immigrant boys and girls. 

In the HIC study, the mean ± SD age of participants was 8.9 ± 1.4 years, with no significant 
difference between immigrants (n = 33) and refugees (n = 39). There was also no significant 
difference in distribution of males (n = 48) and females (n = 24) according to immigration status. 
Most immigrant children in the study were from the Middle East (73%), while refugee children were 
from various regions including South East Asia, Africa, the Middle East and Latin America in 
descending order. In 2009, approximately 78% of newcomers in Saskatchewan were from Asia and 
the Pacific (59.9%), Africa and the Middle East (15.4%) and South and Central America (2.5%) [25]. 
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These regions contribute to around 80% of immigrants in Canada [26]. The mean length of stay in 
Canada was 2.6 ± 1.5 years. Over 55% of families were from the lowest income bracket according to 
Statistics Canada classification. 

Table 2 presents general characteristics of participants. Percentile height (mean ± SD) was lower 
than the 50th percentile with no significant difference between immigrants and refugees.  
The majority of children were found to have a normal BMI while 22.2% were overweight and 6.9% 
were obese. Results showed 87.5% of immigrant and refugee newcomer children were obtaining the 
recommended number of hours per day of physical activity ( 60 min) according to the Canadian 
Society for Exercise Physiology [27]. However, many participants were spending too much time  
(>2 h/day) in sedentary activities such as time spent watching television or movies, playing video 
games, or using the computer. 

Table 2. General characteristics of healthy immigrant children study participants. 

Characteristics 
Immigrants  

n = 33 (45.8%) 
Refugees  

n = 39 (54.2%) 
All participants 
n = 72 (100%) 

Age (Mean ± SD) 8.9 ± 1.6 8.9 ± 1.3 8.9 ± 1.4 
Sex    

Male 22 (66.7%) 26 (66.7%) 48 (66.7%) 
Female 11 (33.3%) 13 (33.3%) 24 (33.3%) 

Length of stay in Canada in years (Mean ± SD) 2.6 ± 1.5 2.5 ± 1.1 2.5 ± 1.3 
Height in cm (Mean ± SD) 132.6 ± 13.2 130.3 ± 10.9 131.4 ± 12.0 

Percentile Height (Mean ± SD) 49.7 ± 31.1 42.6 ± 30.8 45.8 ± 31.0 
Weight in kg (Mean ± SD) 32.1 ± 10.6 29.9 ± 7.8 30.9 ± 9.2 

Percentile Weight (Mean ± SD) 68.8 ± 27.4 64.9 ± 28.8 66.7 ± 28.0 
Physical activity in h/week (Mean ± SD) 13.1 ± 5.4 12.0 ± 3.7 12.5 ± 4.6 

Recommended level ( 60 min/day) 29 (87.9%) 34 (87.2%) 63 (87.5%) 
Less than recommended level (<60 min/day) 4 (12.1%) 5 (12.8%) 9 (12.5%) 

Dietary vitamin D and calcium intakes and HEIC are presented in Table 3. Only 24.2% of 
participants met recommendations for servings per day of milk and alternatives. The prevalence of 
calcium intake inadequacy was 76%. Vitamin D intake from food and supplement was 213 ± 195 IU 
(mean ± SD) for all participants with a prevalence of inadequacy of 89.4%. Only two children  
reported taking a vitamin D supplement regularly. Vitamin D intake from food and supplement was 
significantly higher in immigrants compared to refugees, which accords with the significant 
difference in serum status (Table 3). There was a significant difference in mean ± SD HEIC scores 
between immigrants and refugees at 65.4 ± 7.7 vs. 60.4 ± 8.8, respectively (p = 0.021). The majority 
of participants (90.9%) needed to improve their diet. Only one immigrant was classified in “good” 
quality diet category based on HEIC, while no refugees did. There were also five refugees who had 
poor diets, while no immigrants did. 
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Table 3. Nutrient intake related to bone health. 

Characteristics 
Immigrants  

n = 33 (45.8%) 
Refugees  

n = 39 (54.2%) 
All participants 
n = 72 (100%) 

Vitamin D intake in IU/day (Mean ± SD) 249 ± 247 181 ± 130 213 ± 195 
Prevalence of vitamin D intake inadequacy [n (%)] 25 (81%) *  34 (97%) 59 (89%) 

Calcium intake in mg  764 ± 393 676 ± 380 718 ± 386 
Prevalence of calcium intake inadequacy [n (%)] 23 (74%) 27 (77%) 50 (76%) 

Milk and alternatives    
Mean intake (servings/day) 1.9 ± 1.2 1.6 ± 1.1 1.7 ± 1.2 

Meeting Canada’s Food Guide recommendations 10 (32.3%) 6 (17.1%) 16 (24.2%) 
Healthy Eating Index Canada    

Mean Score 65.4 ± 7.7 * 60.4 ± 8.8 62.7 ± 8.6 
Good Diet 1 (3.2%) 0 (0.0%) 1 (1.5%) 

Diet Needs Improvement 30 (96.8%) 30 (85.7%) 60 (90.9%) 
Poor Diet 0 (0.0%) 5 (14.3%) 5 (7.6%) 

* Significantly different from refugee children, t-test (P < 0.05). 

Total serum 25(OH)D (nmol/L) was significantly higher in immigrant compared to refugee  
children (p = 0.021) (Table 4). Overall, 29% of participants were vitamin D deficient and another 
44% had inadequate levels of serum 25(OH)D for bone health [22]. Children spent 3.6 ± 1.6 h/day  
(mean ± SD) in the sun in the summer months during peak times (11:00 am–4:00 pm), which was 
consistent across immigration status. Very few children regularly applied sunscreen, whereas more 
than half of children never did (Table 4). In linear regression analyses, after controlling for possible 
confounders including total caloric intake, age, sunscreen use, total hours spent in the sun in the 
summer months during peak times, and calcium intake; dietary vitamin D intake (Standardized 
Regression Coefficient: 0.46 ± 0.11, p < 0.001), sex (Standardized Regression coefficient: 0.39 ± 0.11, 
p < 0.001), region of origin (Standardized Regression coefficient: 0.24 ± 0.11, p = 0.027), and length 
of stay in Canada (Standardized Regression Coefficient: 0.23 ± 0.11, p = 0.04) were found to be 
significant predictors of serum vitamin D status. Females—those who had been living in Canada longer, 
those from regions with darker skin pigmentation, and those with lower vitamin D intake—were at 
greater risk of low circulating vitamin D. 
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Table 4. Vitamin D status of newcomer children. 

Characteristics 
Immigrants  

n = 33 (45.8%) 
Refugees  

n = 39 (54.2%) 
All participants  
n = 72 (100%) 

H/day spent in the sun during peak times (Mean ± SD) 3.6 ± 1.7 3.5 ± 1.5 3.6 ± 1.6 
Sunscreen use    

always 0 (0.00%) 2 (5.1%) 2 (2.8%) 
often 4 (12.1%) 0 (0.00%) 4 (5.6%) 

sometimes 5 (15.2%) 10 (25.6%) 15 (20.8%) 
rarely 3 (9.1%) 5 (12.8%) 8 (11.1%) 
never 21 (63.6%) 22 (56.4%) 43 (59.7%) 

Total serum vitamin D in nmol/L (Mean ± SD) 45.7 ± 13.9 * 37.8 ± 15.5 41.2 ± 15.2 
Deficient and inadequate <50 nmol/L 19 (63.3%) 31 (79.5%) 50 (72.5%) 

Sufficient 50 nmol/L 11 (36.7%) 8 (20.5%) 19 (27.5%) 
Total body bone mineral content (TBBMC)  

in grams (Mean ± SD) 
984.9 ± 245.0 947.8 ± 208.8 964.6 ± 224.9 

Low TBBMC 13 (41.9%) 14 (35.9%) 27 (38.6%) 
* Significant difference from refugees; for means a t-test was used and for categorical variables chi square was used. 

TBBMC was low in 38.6% of participants compared to estimated values for age, sex, and  
ethnicity [24]. In the regression model, after controlling for possible confounders, including 
immigration status; food security; age; sex; region of origin; physical activity level; total caloric 
intake; and intakes of calcium, magnesium, phosphorus, sodium, and caffeine, height and serum 
vitamin D status were found to be determinants of TBBMC (Table 5). Children who were taller and 
had greater serum vitamin D also had greater TBBMC. 

Table 5. Factors associated with total body bone mineral content (TBBMC) in regression 
analysis (using the stepwise procedure) among all subjects (n = 56). 

Outcome 
variable 

Constant 
Regression coefficient Total R2 

Height (cm) Serum vitamin D (nmol/L)   
TBBMC 1257.33 0.95 ± 0.06 0.13 ± 0.06  0.82 
Partial R2  0.90 0.27   
p-value  <0.001 0.047   

Outcome 
variable 

Excluded variables 

Sex 
Region of 

origin 
Age Calcium (mg) 

Calories 
(kcal) 

Immigration 
Status 

TBBMC 0.01 0.09 0.12 0.07 0.07 0.05 
Partial R2 0.03 0.20 0.17 0.13 0.14 0.12 
p-value 0.832 0.147 0.227 0.353 0.323 0.408 

Outcome 
variable 

Excluded variables 
H/week in  

physical activities 
Food 

security 
Magnesium 

(mg) 
Phosphorous 

(mg) 
Sodium  

(mg) 
Caffeine  

(mg) 
TBBMC 0.02 0.11 0.06 0.06 0.04 0.03 
Partial R2 0.03 0.23 0.11 0.11 0.08 0.06 
p-value 0.805 0.095 0.419 0.434 0.574 0.660 
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4. Interpretation 

The HIC study is the first to evaluate vitamin D status of newcomer immigrant and refugee 
children aged 7–11 years in Canada. Data from a nationally representative sample showed alarmingly 
low 25(OH)D levels in immigrant children, particularly girls. HIC also showed a rate of 25(OH)D 
deficiency among newcomer immigrant and refugee children. Among these growing children, after 
controlling for biological and environmental co-factors, serum vitamin D was a significant predictor  
of TBBMC. 

Using CHMS data, we previously reported Canadian children 6–11 years had higher 25(OH)D 
concentrations than adolescents and adults [2]. However, non-White Canadians were less likely to 
achieve recommended levels. This same study showed first generation immigrant children aged  
6–11 years, particularly girls, had significantly lower 25(OH)D compared to their non-immigrant 
counterparts. Many newcomers have darker skin pigmentation and are, therefore, at greater risk for 
deficiency as melanin in the skin prevents the body from synthesizing vitamin D [28]. It is likely that 
females were at greater risk of deficiency than males due to cultural practices associated with greater 
covering of females causing insufficient skin exposure to the sun even though they may have been 
outdoors [28]. 

In the absence of comprehensive data on dietary intakes and other health measures in CHMS, 
specifically in newcomer children, data from HIC provides more insight into health concerns faced 
by this population. Many newcomer children, particularly refugees, did not have a good quality diet 
including dietary sources of vitamin D. However, vitamin D intake was still the main predictor of 
serum vitamin D. Circulating vitamin D of 75 nmol/L is considered beneficial for multiple health 
outcome [29]. None of the HIC participants met the 25(OH)D level of 75 nmol/L and over 29% were 
vitamin D deficient. This occurred even though non-Caucasian immigrant and refugee children spent 
almost four hours a day outside during peak times in summer months and the majority of participants 
rarely or never used sunscreen. It is more difficult to get the necessary vitamin D in areas of high 
latitude, especially during winter months [3–6]. This may explain why those who had been in Canada 
longer were at greater risk of deficiency; vitamin D stores are depleted each winter and not 
replenished enough in the summer. Girls, children with low vitamin D intake, those from regions 
with darker skin, and those with longer duration of stay in Canada were at higher risk of having 
inadequate/deficient levels of serum vitamin D. 

Since bone mineral mass decreases with age, research has emphasized the importance of achieving 
optimal bone mineral accrual during childhood and adolescence, which will decrease skeletal-related 
health issues later in life [30–33]. Therefore, meeting requirements for vitamin D and calcium in 
these critical ages is crucial [34,35]. Most newcomer children in this study were not getting the 
recommended amounts of vitamin D and dietary calcium for bone health. Low intakes of calcium 
and vitamin D accord with low intakes of milk and alternatives, the main dietary sources of these 
two important nutrients [35]. Inadequate levels impede proper bone growth, which can result in 
stunting and increase the risk of developing osteoporosis in the future [4,5,22]. Serum vitamin D was 
a significant predictor of TBBMC in this study. TBBMC was lower than predicted values for age, 
sex and ethnicity in over 38% of participants. A recent Canadian study found significantly higher 
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TBBMC values in Caucasian compared to Asian children [36]. There was no significant difference 
in TBBMC according to immigration status in HIC. Further research with a larger sample size is 
needed to examine TBBMC in children according to ethnicity.  

The relatively small sample size in the HIC study may limit the conclusions. However, the 
accordance of HIC findings on serum vitamin D status of immigrant children with those from the 
CHMS confirms the importance of HIC results. In the absence of a large-scale comprehensive study 
on the nutrition and health status of newcomer children, our data could provide valuable insight into 
this area. HIC also distinguishes refugees from immigrants. Self-reported data on dietary intake using 
a 24-h recall is subject to under-reporting/over-reporting and omission of frequently forgotten items. 
To maximize accuracy of the data, we used three 24-h recalls where our expert research personnel 
used proper probing and assessment aids such as food model booklets, measuring cups and spoons, 
and color pictures for various food items to help recall names of food items. The premise of the study 
is to investigate and document disparities in and between host and mobile populations that reflect 
biological, social and behavioral differences between these populations. Defining these differences 
can lead to greater awareness of their existence in health providers who may appreciate them and 
assist those developing programs and policies to identify and mitigate preventable outcomes. Once 
a framework of existing disparities is defined, further investigation to explore and delineate specific  
co-founding factors can be undertaken. 

5. Conclusions 

In addition to the beneficial effects of vitamin D on bone, recent data on the association between 
vitamin D and chronic diseases including certain types of cancers, diabetes, and multiple sclerosis, 
demonstrate the importance of this nutrient in growing children [34,35]. Although more research is 
warranted, a considerably high rate of vitamin D intake inadequacy and serum deficiency/inadequacy 
in newcomer children is already associated with bone mineral mass during pre-adolescence. This, 
therefore, requires preventive interventions to minimize the risk of serious vitamin D related diseases. 
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The ABC of Vitamin D: A Qualitative Study of the Knowledge 
and Attitudes Regarding Vitamin D Deficiency amongst 
Selected Population Groups 

Billie Bonevski, Jamie Bryant, Sylvie Lambert, Irena Brozek and Vanessa Rock 

Abstract: Objective: In Australia, vitamin D supply in food is limited, and sun exposure is the main 
source of vitamin D. However skin cancer risk is high, and the need to gain some sun exposure for 
adequate vitamin D is challenging public health messages to use protection in the sun. The complex 
vitamin D public health message may be confusing the public and, in particular, those at highest risk 
for vitamin D deficiency. This study explored vitamin D and sun exposure attitudes, knowledge and 
practices of some groups considered at risk of vitamin D deficiency and those delivering healthy sun 
exposure messages to children. Method: 52 adults participated in six focus groups. Results: Results 
corroborated with previous research showing low levels of vitamin D knowledge. Individual and 
environmental barriers to receiving adequate sun exposure were also identified. Conclusions and 
Implications: The message advocating balanced sun exposure to produce adequate vitamin D needs to 
be made clearer and be more effectively communicated. Findings provide insights to aid 
development of appropriate public health messages for safe sun exposure and vitamin D, especially 
for vulnerable groups. 

Reprinted from Nutrients. Cite as: Bonevski, B.; Bryant, J.; Lambert, S.; Brozek, I.; Rock, V.  
The ABC of Vitamin D: A Qualitative Study of the Knowledge and Attitudes Regarding Vitamin D 
Deficiency amongst Selected Population Groups. Nutrients 2013, 5, 915-927. 

1. Introduction 

While there continues to be uncertainty about recent claims of vitamin D’s preventive role with 
some types of cancers [1,2], autoimmune disorders (such as multiple sclerosis) and possibly 
cardiovascular diseases [2] and diabetes [3], its essential benefits in the normal development and 
maintenance of bone health [2,4] have been long known. 

In Australia, vitamin D content in food is almost non-existent, and it is predominantly gained from 
exposure to ultraviolet (UV) sun exposure. Because of its relationship to UV exposure, vitamin D 
status is associated with geography. There is greater insufficiency of vitamin D at high latitudes, like 
northern European countries [5–7], but it is also found at low latitudes, like Australia, where UV  
levels are generally high and rates of skin cancer are amongst the highest in the world [8,9].  
This co-occurrence of vitamin D insufficiency and skin cancer is puzzling and has led to the 
development of guidelines for a balanced approach to sun exposure for both the public [10,11] and 
health professionals [12]. The balance message suggests some sunlight exposure each day for 
adequate vitamin D production, but not so much that would lead to increased skin cancer risk. 

Population groups at higher risk of vitamin D deficiency include the elderly living in residential 
care (22%–86% [13,14]), dark skinned and veiled pregnant women (80% [15]), individuals with hip 
fracture (63% deficiency [16]) and those who cover their skin for religious reasons [17]. 
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Findings from Australian surveys suggest that there is a limited awareness and understanding 
about vitamin D in the general community [18]. For example, 80% of participants in a community 
survey were unable to name a health benefit of adequate vitamin D and 15% were unable to give an 
estimate of the amount of sun exposure needed for vitamin D maintenance [18]. 

Successful communication of a health message has been associated with changes in people’s 
beliefs about and attitudes toward a risky behaviour and, in turn, changes in that behaviour [19] and 
the need for messages to be consistent has been highlighted [20,21]. The current vitamin D and sun 
“balance” message, however, is complex requiring an up-to-date understanding of factors, such as 
personal skin type, amount of sun exposure, time of day and UV rating, season, latitude and clothing 
worn [10–12]. While broad community surveys provide valuable prevalence data on the attitudes, 
knowledge and actions of populations, they often fail to capture more subtle influential factors.  
For example, is uncertainty regarding amount of sun exposure required for adequate vitamin D [18], 
due to the sometimes contradictory vitamin D and sun “balance” messages or other factors? 
Qualitative methods can address these types of issues in the development of public health messages 
providing a deeper understanding behind reasons for low knowledge or misperceptions. Specifically, 
focus groups provide an understanding of a target group’s motivations, environments, belief systems 
and health practices [22–24]. To date, no qualitative research exploring these constructs with people 
with increased risk of vitamin D deficiency or individuals responsible for delivering healthy sun 
exposure messages to children (teachers) has been published. This study aimed to explore vitamin D 
and sun exposure attitudes, knowledge and practices of the selected populations using focus groups. 

2. Methods 

2.1. Study Design 

Qualitative focus groups (n = 6) were conducted in November 2010, in Sydney, Australia.  
The Consolidated Criteria for Reporting Qualitative Research framework was used to guide the 
reporting of the findings [25]. 

Two health behaviour theories—Social Cognitive Theory [26] and The Health Belief  
Model [27]—informed sampling, development of the interview guide and analysis. Social Cognitive 
Theory suggests that behaviour is influenced by social and physical environments, along with the 
features of the behaviour [26]. The Health Belief Model specifies that individuals adopt a health 
protective behaviour (e.g., sun protection for skin cancer or sun exposure for vitamin D), to the extent 
that they perceive themselves to be susceptible to a health threat (i.e., skin cancer or deficiency), 
perceive the threat to be severe, perceive the benefits of the proposed health action for mitigating the 
threat and can overcome perceived barriers to the health behaviour. 

2.2. Sample & Recruitment 

Participants were English-speaking adults aged over 18 years, living in Sydney, Australia. 
Purposive sampling ensured participants were recruited from the three groups of interest: (1) teachers 
(two groups—primary and secondary); (2) office workers (two groups); and (3) elderly (two  
groups—community dwelling and those in residential aged care facilities). 
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Recruitment of participants was conducted by an accredited recruitment agency—Stable 
Research. Participants were recruited from pre-existing registers and supplemented by additional 
methods (e.g., contacting local aged care facilities). Equal numbers of males and females were 
targeted across groups. Four focus groups were held in a location with a high migrant population to 
increase the cultural mix of the sample. “Office workers” were defined as those working in an indoor 
office at least four days a week. “Community living elderly” were persons aged 65 years living 
independently and “Elderly living in aged care” were persons aged 65 years and over living in an 
aged care facility or assisted retirement village. 

2.3. Procedure 

An independent social market research organisation (IPSOS-Eureka) with experience in qualitative 
research was engaged to conduct the focus groups. Groups were conducted in four locations across 
Sydney. Following initial telephone contact by the recruitment agency to determine interest in 
participating, each participant was mailed an information statement and consent form prior to attending 
the group discussions. All focus groups were recorded. One of the authors was an observer in the 
focus groups (IB). All participants were offered $80 reimbursement for time and travel expenses. 
Ethics approval was granted by the University of Newcastle Human Ethics Research Committee. 

2.4. Discussion Guide Content 

Each focus group was led by an experienced moderator who used a discussion guide to focus the 
discussion. Informed by theoretical models outlined above, the discussion guide included items 
within the broad domains of: knowledge of vitamin D; awareness of vitamin D message; barriers to 
receiving adequate sun exposure; and communicating the vitamin D message. 

2.5. Data Coding and Analysis 

Audio recordings were transcribed verbatim. Transcripts were coded by two independent coders  
(JB & SL) using NVivo version 8 [28]. Each transcript was reviewed line-by-line, and through 
inductive reasoning, words, statements and paragraphs related to the broad domains of the interview 
guide were extracted. Through this in-depth analysis, similar excerpts were identified using the same 
label or code [29]. Codes were either single words (e.g., “food”, “sun”) or short phrases (e.g., 
“balance between sun exposure and protection”) that captured the essence of the excerpts. Codes 
were grouped under broad domains of the discussion guide and theoretical constructs (e.g., personal 
susceptibility to health effects of vitamin D deficiency). Where appropriate, sub-categories were 
developed to further describe the categories. Three of the six focus groups were analysed by two 
coders (JB and SL), with discrepancies in coding discussed until a kappa of >0.6 was achieved across 
75% of central nodes. The remaining transcripts (n = 3) were coded independently by one coder (JB 
or SL). 
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3. Results 

Fifty-two participants (23 males, 29 females) took part in six focus groups. Groups contained 
seven to nine participants and ranged from 1 to 1.5 h in duration. Whilst we aimed to include 
approximately equal numbers of males and females in each group, the group with primary school 
teachers included only one male participant (see Table 1). 

Table 1. Focus group schedule. 

 Participants Male N Female N 
Group 1 Office workers 4 5 
Group 2 Independent living adults (65 years+) 5 4 
Group 3 Office workers 4 5 
Group 4 Community aged home residents (65 years+) 4 5 
Group 5 Primary School teachers 1 6 
Group 6 Secondary School teachers 5 4 

3.1. Knowledge 

3.1.1. General Vitamin D Knowledge 

Most participants felt they knew less about the benefits or role of Vitamin D in comparison to 
other vitamins. This was mainly attributed to comparatively limited media attention given to vitamin 
D compared to other vitamins, such as vitamin C or B. Many participants presumed vitamin D had 
to be essential and offer some health benefits, but few could name what these were.  
3.1.2. Sources of Information about Vitamin D 

Several participants could not recall a specific source of information for their knowledge of vitamin D. 
Sources of information on vitamin D mentioned by participants included (in descending order): 

• Media: articles in newspapers, magazines and current affairs programs;  
• Doctors: some participants (primarily with a deficiency in vitamin D) had learnt about 

vitamin D from their doctor, although often information they had received was limited; 
• Family members/friends: few participants mentioned that they had heard about vitamin D 

through family members, friends or significant others;  
• School and further education: a small number of participants said they had learnt what they 

know from school or further education.  

3.1.3. Vitamin D Testing and Education 

Most participants did not know whether their vitamin D level had ever been tested or assumed it 
had been tested as part of a blood test for a range of things. 

“… I have a cholesterol test usually at least once a year, but I have got no idea whether 
there is a vitamin D component in that.” (Independent aged) 
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Most participants tested and found to be low in vitamin D did not recall being told by their doctor 
why it was important, the consequences of inadequate vitamin D or how much sun was needed each 
day to ensure adequate vitamin D. Rather, it was common for participants to report that they had 
simply been told they “need to get out in the sun more” or advised to take a supplement. 

“No, he [doctor] didn’t [explain why Vitamin D was important], he just recommended 
[...] I take Caltrac with vitamin D. That was it.” (Office worker) 

3.2. Awareness 

3.2.1. Knowledge of Times and Seasons for Sun Protection 

Many participants identified mid-day or the hottest time of the day as the critical period when sun 
protection is needed.  

Early morning (e.g., before 10:00) or late afternoon (e.g., after 15:00) was perceived as the ideal 
time to spend time in the sun, because “you still get the sunshine, but you are not getting it as intense.” 
(Primary school teacher). 

3.2.2. Knowledge about Amount of Sun Exposure Required for Adequate Vitamin D 

Many participants admitted they were unsure of how long was needed to be in the sun for adequate 
vitamin D. There was a tendency however to overestimate the time required in summer, with  
15–20 min being the most common response. Participants identified that time needed in the sun to 
get enough vitamin D might vary according to age, skin colour/type and nutrition. Discussion about 
the amount of sun exposure raised many questions regarding the impact of clothing and sunscreen. 

“How much exposure, too, I mean, I was out in the sun yesterday with arms exposed. I 
mean, is that the same as, do I need 20 min of that, whereas I can stay outside in the nude 
for three minutes?” (Primary school teacher) 

3.2.3. Knowledge about Groups at Higher Risk of Vitamin D Deficiency 

Participants identified groups that may be at increased risk of vitamin D deficiency in Australia, 
including; the elderly or individuals who might have difficulty getting outside (e.g., immobile due to 
disability), workers confined to an office during the day, shift workers and those who cover their 
skin for religious reasons. 

3.3. Personal Behaviours and Perceived Risk 

Personal UV Exposure for Adequate Vitamin D 

Current guidelines for vitamin D were communicated to participants (see Table 2), and most felt 
they were getting adequate sunlight in the summer months on most days of the week. Most school 
teachers and office workers thought they would easily meet the recommendations on most days in 
summer, spring and autumn, largely through incidental exposure. While most adults over 65 also 
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thought they would meet recommendations on most days, this was often dependent on the weather. 
Several participants were surprised at the length of exposure needed in winter, and most reported 
that they would not meet recommendations in winter.  

“No. I don’t think in winter I would in a day. Especially when you have a week, like days 
of rain and ... I don’t think in winter.” (Primary school teacher) 

Table 2. Summary of key Australian guidelines for sun exposure for vitamin D 
sufficiency for the general population (moderate fair skin) and people at high risk of vitamin 
D deficiency. 

 General Population 

a 

Fair skinned people can achieve adequate vitamin D levels (>50 nmol/L) in summer by exposing the 
face, arms and hands or the equivalent area of skin to a few minutes of sunlight on either side of peak 
UV periods on most days of the week. 
In winter, in the southern regions of Australia, where UV radiation levels are less intense, maintenance 
of vitamin D levels may require 2–3 h of sunlight exposure to the face, arms and hands or equivalent 
area of skin over a week. 

b 
In Sydney, in December to January (Australian summer), 6 to 8 min at 10 am or 2 pm. 
In Sydney, in July to August (Australian winter), 26 to 28 min at 10 am or 2 pm or 16 min at 12 noon.

 People at high risk of vitamin D deficiency 

a 

Naturally dark skinned people (Fitzpatrick skin type 5 and 6) are relatively protected from skin cancer 
by the pigment in their skin; they could safely increase their sun exposure. Other people at high risk of 
vitamin D deficiency should discuss their vitamin D status with their medical practitioner, as some 
might benefit from dietary supplementation with vitamin D. 

b Vitamin D supplementation is likely to be required for this population group. 
a The Risks and Benefits of Sun Exposure Position Statement. Approved by the Australian and New 
Zealand Bone and Mineral Society, Osteoporosis Australia, The Australasian College of Dermatologists 
and the Cancer Council Australia; updated 2007; b Calcium, Vitamin D and Osteoporosis [12]. 

Communication of the guidelines prompted questions from participants seeking more detail about 
the type of exposure needed. Participants were unsure how sunscreen and protective clothing affected 
the absorption of vitamin D and whether it is possible to “store” vitamin D by having longer period 
of sun exposure, but on fewer days per week. Several participants also wondered whether it would 
be equally acceptable to spend a shorter period of time in the more ‘intense’ sunlight during the 
middle of the day to get a “boost [...] of vitamin D” (Independent aged). 

3.4. Barriers 

3.4.1. Barriers to Receiving Sun Exposure for Adequate Vitamin D 

A number of barriers to receiving adequate sun exposure were identified: lack of information and 
knowledge about the effects of vitamin D deficiency, concern about skin cancer and sun burn, ability 
to go outside, the weather and work. Overall, participants were much more aware of the “SunSmart” 
message than the “vitamin D” message and almost unanimously more concerned about preventing 
skin cancer than about ensuring they get enough vitamin D. Two reasons seemed to underpin these 
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findings. Promotion of the “SunSmart” message, as well as an awareness of the dangers of skin 
cancer has led to participants purposefully limiting their sun exposure. In comparison, vitamin D 
deficiency seemed inconsequential and not serious enough to warrant any specific action.  

“The consequences I think are greater. It’s [skin cancer] deadly, and you die a lot quicker 
from cancer than you can from vitamin D deficiency...” (Secondary school teacher) 

Several participants highlighted that the “SunSmart” and “vitamin D” messages seem 
contradictory—on the one hand, the recommendation is to cover up and on the other hand, the 
recommendation is to expose skin. A few participants also mentioned that in addition to skin cancer, 
they were concerned about sunburn and, consequently, limited their exposure. Extremes of weather, 
including the summer heat and wet weather, being unable to go outside due to medical conditions 
and physical ability were identified as barriers to sun exposure.  

3.4.2. Ways to Address the Barriers to Increase Sun Exposure 

The majority of participants’ suggestions to help them meet recommendations for sun exposure 
centred around increasing incidental exposure, such as by parking the car further away from their 
destination, a brief walk at lunchtime and eating meals outdoors. Only one office worker and a 
secondary school teacher identified fortifying food with vitamin D or taking a supplement as a way 
of receiving adequate vitamin D.  

3.4.3. Communicating the Vitamin D Message 

Overall, participants felt the vitamin D message had not been effectively communicated. 
Participants made recommendations as to how to communicate the vitamin D message 
(communication medium) and what needs to be communicated (type of message). 

Communication medium: Television advertising was considered the communication medium of 
choice, followed by newspapers, magazines and radio. New media, including the internet, Facebook 
and “pop-up” ads on websites, such as Google, were identified as potentially effective ways of 
communicating the message, particularly to adolescents and young adults.  

Doctors and pharmacists were considered a good source of information about vitamin D, 
especially for the elderly.  

Type of message: Participants suggested that messages relating to vitamin D should focus on 
providing education, but stressed that “It’s got to be a simple message. If it’s too complicated, your 
eyes just glaze over and you think about something else.” (Independent aged).  

While number of participants suggested combining recommendations for acquiring adequate 
vitamin D with related messages, such as the Slip! Slop! Slap! Message, an equal number of 
participants were concerned this could cause confusion and be counter-productive. There was 
particular concern that mixed messages could be used as an excuse by children and adolescents to be 
out in the sun without sun protection. One participant suggested that the message should only be 
targeted at those who are at-risk. 
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4. Discussion 

This study used qualitative methods to explore understanding and awareness of the vitamin D 
message and opportunities and barriers to UV exposure. Focus groups were conducted with 
individuals at risk for vitamin D deficiency, including people who have limited access to outdoor 
sunlight through the day, including indoor office workers and elderly people in aged care facilities. 
The study provides new and unique knowledge in this emerging area, with implications for the 
development of the “balance” message. 

4.1. Low Knowledge and Awareness about Balancing the Benefits and Risks of Sun Exposure 

The almost complete lack of awareness of the balance message and low levels of knowledge about 
vitamin D were not surprising. Previous quantitative community surveys conducted in Australia, 
although mostly in Queensland, have found similar results [18,30]. Furthermore, some research 
suggests that people who intentionally tan claim to do so for their vitamin D status. Thus, the 
misunderstanding about vitamin D may be placing people at risk of skin cancer. Our participants 
were unable to name the health benefits of vitamin D with certainty, had little awareness of UV times 
of the day for adequate vitamin D exposure and most were unaware of the amount of time in the sun 
they required. Most participants had not had previous exposure to the current guidelines for sun 
exposure, and when the message was communicated, it prompted several questions. These results 
and previous quantitative studies suggest that current communication of the “balance” message is 
not reaching most of the community. Unlike previous studies that have found that the vitamin D 
message is being misinterpreted, particularly by people who intentionally suntan putting themselves 
at risk of skin cancer [30], the current study found people continued to heed the sun protection 
message, even during winter and outside of peak UV times. These results suggest that even those at 
risk of deficiency are not aware of the need to increase their vitamin D intake.  

One factor, which may be contributing to the low levels of knowledge and difficulty in 
communicating the “balance” sun exposure message, is the lack of conclusive research evidence 
regarding how much time the public needs in direct UV exposure in order to assist their vitamin D 
status. Currently, the message is complex and different according to location, season and individual 
characteristics. Broad recommendations for the amount of skin an individual needs to expose to the 
sun and the amount of time to be exposed are based on incomplete data. As further research evidence 
is gathered, the messages will be made clearer and communicated more confidently.  

4.2. High Levels of SunSmart Awareness and Sun Avoidance Behaviours  

Slogans, such as Slip! Slop! Slap! and SunSmart, have very high public recognition, and there has 
been considerable policy and practice in place in Australia since the early 1980s that reinforces sun 
protective behaviour [31]. Two related themes emerged in the discussions that reflect this situation. 
Firstly, the SunSmart message has been effectively communicated and adopted by study participants. 
Use of sun protection amongst this group was largely “normalised”, and most participants reported 
frequently using sun protection measures. Secondly, the message that skin cancer is a high risk 
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concern had been effectively communicated and taken up by participants. Participants stated they 
were more concerned about skin cancer than vitamin D deficiency.  

One consequence of the success of the SunSmart messages is that some participants reported the 
need to use sun protection at all times, with some participants feeling that there was no safe time to 
be exposed, especially in summer. Encouragingly, most participants identified the middle of the day 
as unsuitable, and some believed that early morning or late afternoon were suitable for safe sun 
exposure. No participants offered “outside of peak UV times” as appropriate times to be in the sun. 
Instead, generic “early” and “late” in the day times were offered. This suggests that the UV Alert, 
which may be an appropriate tool for displaying safe and unsafe sun exposure times of the day, 
requires further promotion and education for people to understand and use the ratings.  

4.3. Barriers to Sun Exposure for Vitamin D 

Incidental exposure during the day was the most common type of sun exposure reported, with 
more time spent outside on weekends than weekdays. This type of sun exposure may not be sufficient 
for vitamin D, given that the recommendation of up to 10 min outside of peak UV time is based on 
estimates from ideal conditions of sun exposure (clear, open sky and an unshaded, horizontal surface) 
and may not correspond to typical outdoor behaviours [32]. This is the first study to explore barriers 
to sun exposure for vitamin D. Types of barriers participants in all groups reported included lack of 
knowledge about the need for vitamin D, concerns about sunburn, the need to use sun protection 
when outdoors and environmental barriers, including the weather (wet, hot and cold weather), work 
hours indoors (indoor workers group) and physical inabilities to go outside (aged care group). 
Development of vitamin D public health education and campaigns need to address these barriers. 

4.4. Strategies to Overcome the Barriers 

Increasing incidental sun exposure through routine, daily, outdoor activities was the main strategy 
identified by participants for increasing sun exposure for vitamin D. Examples included parking the 
car ten minutes away from work and walking the distance and eating lunch outside the workplace. 
Improving education about the need for sun exposure and vitamin D was also suggested. Channels 
for communicating the vitamin D message included the mass media and internet, schools, doctors 
and pharmacists. While the mass media has been informally used to date, it’s reporting of health 
news is less than optimal [33] and has been accused of misrepresenting the vitamin D issue and 
confusing the message further [34,35]. Alternatively, doctors and pharmacists may be better placed 
as providers of information, where the benefits and risks can be communicated in a balanced manner 
and various factors considered in calculating risk and need (including latitude, skin type, season and 
time of day). Doctors, in particular, frequently need to manage the communication of uncertainties, 
risks and benefits of medical therapies [36]. However, the results of this study suggest that 
participants’ doctors were not informing their patients about their vitamin D status. Other research 
suggests this may be due to low levels of knowledge about vitamin D amongst doctors [37]. Clearly, 
further efforts into educating both the media and health professionals about vitamin D is needed. 
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There was a division of opinion regarding whether the vitamin D message should be linked to the 
Slip! Slop! Slap! Seek and Slide message. Whilst some participants felt it was a natural way to 
communicate the balance message, others believed this strategy would confuse the messages and 
cause negative consequences, including increased tanning. Others have suggested that the vitamin D 
message can complement SunSmart messages in Australia [31], particularly if the UV Alert is 
effectively incorporated. Some research has started to suggest that younger tanners are using the need 
for vitamin D as a reason for their sun tanning behaviours [38]. This highlights the need to carefully 
explore all the factors that may affect the interpretation and use of a balance message among a variety 
of target groups and identify methods for communicating the message. A tailored approach with 
messages designed for different groups may be the most effective and safe. The need for a consistent 
and simple message was reinforced. 

4.5. Study Strengths and Weaknesses 

This study is one of the first qualitative studies of the knowledge and attitudes of groups at risk of 
vitamin D deficiency. The use of the theoretical models proved instrumental to shaping aspects of 
the study. The focus groups found that social and physical environments, as proposed in the Social 
Cognitive Model, played a role in lack of UV exposure, both for office workers and elderly persons. 
As predicted by the Health Belief Model, perceived susceptibility to skin cancer and sunburn was 
greater than risk of vitamin D deficiency, and perceptions of the severity of the skin cancer and 
sunburn threats were greater than the threat of vitamin D deficiency. An examination of the barriers 
to the desired health behaviour revealed suggestions for overcoming the barriers. As a result, the 
study provides valuable insight into peoples’ understanding of the vitamin D and sun exposure 
message. Other strengths of this formative research are its inclusion of groups at higher risk for 
vitamin D deficiency and a high number of participants. The use of multiple researchers to collect and 
analyse the qualitative data also reduced the potential for investigator bias in interpreting the findings. 
The generalizability of study results is limited, due to two main reasons. First, only select groups 
were included in the study. Secondly, detailed demographic or skin cancer history information about 
participants was not collected. Further research is required to generalise these findings to other types  
of community groups or individuals, including those with darker skin types or those who wear  
veiled clothing. 
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Calcidiol Deficiency in End-Stage Organ Failure and after Solid 
Organ Transplantation: Status quo 

Ursula Thiem, Bartosz Olbramski and Kyra Borchhardt 

Abstract: Among patients with organ failure, vitamin D deficiency is extremely common and frequently 
does not resolve after transplantation. This review crystallizes and summarizes existing data on the status 
quo of vitamin D deficiency in patients with organ failure and in solid organ transplant recipients. 
Interventional studies evaluating different treatment strategies, as well as current clinical practice 
guidelines and recommendations on the management of low vitamin D status in these patients are  
also discussed. 

Reprinted from Nutrients. Cite as: Thiem, U.; Olbramski, B.; Borchhardt, K. Calcidiol Deficiency in End-
Stage Organ Failure and after Solid Organ Transplantation: Status quo. Nutrients 2013, 5, 2352-2371. 

1. Introduction 

Vitamin D deficiency is a commonly observed phenomenon in patients with organ failure and solid 
organ transplant recipients. It occurs in patients with different types of solid organ transplant and 
frequently persists even in the long-term, post-transplant period (reviewed in [1]). The causes of vitamin 
D deficiency in these patients are diverse. Vitamin D deficiency may be primarily ascribed to lifestyle 
and environmental factors that result in reduced exposure to sunlight, as the main source of vitamin D is 
the skin, where it is synthesized from 7-dehydrochoesterol under the influence of ultraviolet light 
(reviewed in [2]). On the other hand, in patients with end-stage organ disease, there may be additional 
disease-specific factors that contribute to vitamin D deficiency, such as liver dysfunction [3] or uremia, 
which reduces the capacity of the skin to synthesize vitamin D [4,5]. After transplantation, the avoidance 
of sunlight, due to the increased risk of skin cancer in immunosuppressed patients [6], may be the main 
factor causing vitamin D deficiency [7]. Additional factors might involve the use of glucocorticoids, 
which were shown to enhance the catabolism of calcidiol [8]. 

Vitamin D deficiency is also commonly observed in the general population [9]. The National Health 
and Nutrition Examination Survey (NHANES) between 2002 and 2004, for example, assessed calcidiol 
levels in a representative sample of more than 20,000 persons in the USA and revealed that calcidiol 
levels below 20 ng/mL occur in approximately one third of the studied population [10]. In  
non-institutionalized elderly people across 11 European countries, 36% of men and 47% of women 
showed calcidiol levels below 12 ng/mL during winter [11]. For the general population, the Institute of 
Medicine in 2011 released their report on dietary reference intakes for calcium and vitamin D.  
For optimal bone health, the recommended dietary allowances of 600 International Units of vitamin D 
for ages up to 70 years and 800 International Units for ages above 70 years are suggested, corresponding 
to calcidiol levels above 20 ng/mL [12]. 

Herein, we review the prevalence of vitamin D deficiency in patients with end-stage organ failure and 
organ transplant recipients, as well as clinical trials on supplementation strategies and current guidelines 
on the recommendation of vitamin D intake in these patients. In this review, we consider  
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25-hydroxyvitamin D (calcidiol) levels below 30 ng/mL as insufficiency or hypovitaminosis, below  
20 ng/mL as deficiency and below 10 ng/mL as severe deficiency (×2.5 for conversion to nmol/L). 

2. Congestive Heart Failure and Cardiac Transplantation 

2.1. Vitamin D Status in Patients with End-Stage Heart Failure 

Hypovitaminosis D is highly prevalent among patients with congestive heart failure, with 17% to 
57% of the patients displaying severe vitamin D deficiency [13,14]. The vitamin D status was reported 
to be related to the severity of the disease. In particular, patients evaluated for cardiac transplantation 
and classified United Network of Organ Sharing (UNOS) status 1 (i.e., hospitalization and dependence 
on intravenous inotropic agents or left ventricular assist devices) had significantly lower calcidiol levels 
as compared with patients classified UNOS status 2, who were well enough to be managed as outpatients, 
(19 ng/mL vs. 24 ng/mL). While 23% of status 1 patients displayed severe vitamin D deficiency, only 
8% of status 2 patients did so [13]. Similarly, mean serum calcidiol levels were reported to be lower in 
end-stage congestive heart failure patients awaiting cardiac transplantation who were classified as urgent 
or high urgent candidates according to the Eurotransplant listing criteria as compared with elective 
candidates (9.3 ng/mL vs. 14 ng/mL). None of the urgent or high urgent and only about 5% of the elective 
transplant candidates had sufficient vitamin D levels. Severe vitamin D deficiency was present in 57% 
of urgent or high urgent and in 50% of elective transplant candidates [14]. 

2.2. Vitamin D Status in Cardiac Transplant Recipients 

Only one study reported the vitamin D status at the time of cardiac transplantation. Almost 90% of 
the patients presented with vitamin D insufficiency and 10% were found to be severely deficient [15]. 
In short-term heart transplant recipients, mean serum calcidiol levels increased from 18.7 ng/mL, 
analyzed within 12 months pre-transplant, to 24.5 ng/mL at one year post-transplant. Even though intake 
of 400 to 800 International Units of vitamin D was recommended to all patients, approximately three 
quarters of the patients displayed vitamin D insufficiency at one year post-transplant [16]. Similar results 
were obtained from an Iranian cohort of short-term heart transplant recipients, where two thirds were 
reported to be vitamin D deficient [17]. Even in the long-term post-transplant period, vitamin D 
deficiency frequently persists. In cardiac transplant recipients with a mean allograft age of approximately 
four years, more than 90% of the patients were reported to have hypovitaminosis D, with more than one 
third of patients displaying severe deficiency [18]. A summary of the vitamin D status in patients with 
end-stage heart failure and cardiac transplant recipients is presented in Table 1. 

2.3. Interventional Studies and Guidelines 

Despite the high prevalence of vitamin D insufficiency among patients with advanced heart failure 
and cardiac transplant recipients, interventional studies are sparse or lacking. In a randomized controlled 
trial in patients with heart failure (New York Heart Association class II and higher), the effect of daily 
500 mg calcium and 2000 International Units vitamin D3 on survival, cytokine profiles and 
echocardiographic parameters was studied and compared with calcium treatment alone. After nine 
months, treatment with vitamin D3 increased the mean serum calcidiol level by 26.8 ng/mL, while an 
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increase of only 3.6 ng/mL was observed in placebo treated patients. Treatment with vitamin D3 
prevented an increase in tumor necrosis factor alpha, as observed in placebo-treated patients, and 
increased interleukin 10 levels [19]. Moreover, a recent study investigated the effect of vitamin D3 on 
biochemical and functional parameters of congestive heart failure in vitamin D insufficient patients with 
New York Heart Association class I to III heart failure. The treatment consisted of 50,000 International 
Units per week for eight weeks. Thereafter, the patients received 50,000 International Units every month 
for two months. Mean serum calcidiol level increased by 17 ng/mL after the four month treatment period. 
Interestingly, a decrease in pro-brain natriuretic peptide and high-sensitivity C-reactive protein, as well 
as an improvement in six minute walk distance and New York Heart Association class was observed [20]. 

Current guidelines for vitamin D intake in heart transplant candidates and cardiac transplant recipients 
are based on the beneficial effects of vitamin D therapy on corticosteroid-induced bone loss. In 
particular, based on expert consensus (Level of Evidence C), the International Society of Heart  
and Lung Transplantation recommends a daily intake of 1000 to 1500 mg of calcium and 400 to  
1000 International Units of vitamin D to all heart transplant candidates and recipients. Serum calcidiol 
levels should be maintained above 30 ng/mL [21]. 
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3. End-Stage Pulmonary Disease and Lung Transplantation 

3.1. Vitamin D Status in Patients with End-Stage Pulmonary Disease 

In end-stage pulmonary disease patients, varying prevalence of vitamin D deficiency was reported 
depending on the underlying disease. Severe vitamin D deficiency was seen in 14% to 40% of patients with 
cystic fibrosis [22–24], 20% to 42% of patients with chronic obstructive pulmonary disease [22,23], 14% of 
patients with pulmonary fibrosis [23] and 18% of patients with pulmonary hypertension [23].  
Even though in one study, the majority of the patients received multivitamin supplements containing 
400 to 800 International Units of vitamin D, 40% had severe vitamin D deficiency, and only 25% of the 
patients showed serum calcidiol levels above 20 ng/mL [24]. 

3.2. Vitamin D Status in Lung Transplant Recipients 

In short-term lung transplant recipients in the United States, the proportion of patients with vitamin D 
insufficiency decreased from 79% at the time of transplantation to 26% at one year post-transplant. 
Approximately half of the patients received vitamin D supplements at the time of transplantation, while 
all of them did so after lung transplantation. Vitamin D deficiency at the time of transplantation was 
associated with an increased risk of experiencing acute rejection episodes or infections [25]. Similarly, 
a European study reported an improvement in vitamin D status after one year of lung transplantation. 
Mean serum calcidiol levels increased from 25.1 ng/mL at the time of transplantation to 29.4 ng/mL at 
one year post-transplant. Intake of 400 to 800 International Units of vitamin D was recommended to all 
patients. Still, approximately half of the patients displayed vitamin D insufficiency at one year  
post-transplant [16]. 

Data on the vitamin D status in long-term lung transplant recipients is sparse. In a Belgian cohort of 
131 prevalent lung transplant recipients with an allograft age ranging from one to four years, approximately 
half of the patients were reported to have vitamin D insufficiency, despite daily treatment with 880 to 
1000 International Units of cholecalciferol for the prevention of osteoporosis. A subgroup-analysis 
revealed that the proportion of vitamin D insufficient patients was similar between patients with one, 
two, three or four years of follow-up (ranging from 42% at one and two years post-transplant to 53% at 
three and four years post-transplant). Interestingly, after multivariate adjustment, vitamin D deficiency 
was associated with lower FEV1 (forced expiratory volume in one second), and patients deficient in 
vitamin D experienced more episodes of moderate to severe B-grade rejection (lymphocytic 
bronchiolitis) [26]. Details on the vitamin D status in patients with end-stage pulmonary disease and 
lung transplant recipients are summarized in Table 2. 
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3.3. Interventional Studies and Guidelines 

Based on the finding that vitamin D deficiency in lung transplant recipients is associated with an 
increased risk of developing rejection episodes, a randomized controlled trial is currently investigating 
the effect of a two year therapy of monthly 100,000 International Units of vitamin D in incident lung 
transplant recipients on the development of bronchiolitis obliterans syndrome, a frequent manifestation 
of chronic rejection (clinicaltrials.gov NCT01212406). 

To our knowledge, there are no guidelines on the management of vitamin D deficiency in patients 
with end-stage pulmonary disease or lung transplant patients. 

4. Liver Failure and Liver Transplantation 

4.1. Vitamin D Status in Patients with End-Stage Liver Disease 

The liver is the main site where hydroxylation of vitamin D at position C-25 takes place. Thus, it is 
not surprising that the degree of liver dysfunction correlates with calcidiol levels [3] and that the 
prevalence of vitamin D insufficiency is particularly high in patients with chronic liver  
disease [29–32]. At the time of transplantation, between 80% and 95% of the patients with end-stage 
liver failure were reported to have hypovitaminosis D, with varying prevalence of severe vitamin D 
deficiency (ranging from 3% up to 50%) [15,33–35]. Notably, in one study, more than one fifth of the 
patients had serum calcidiol below the detection limit of 6.8 ng/mL [15]. 

4.2. Vitamin D Status in Liver Transplant Recipients 

At three months after liver transplantation, Reese and colleagues observed a marked increase in serum 
calcidiol levels with a median change of 17.8 ng/mL (interquartile range 8.6 to 25.9 ng/mL).  
The prevalence of vitamin D deficiency dropped from 84% at the time of transplantation to 24% after 
three months post-transplant. Moreover, serum vitamin D binding protein and albumin substantially 
increased, which according to the authors, might have contributed to the marked improvement in vitamin 
D status by facilitating a shift of calcidiol from the adipose tissue to the circulation. Even though the 
prevalence of vitamin D deficiency was similar in black and non-black patients at the time of 
transplantation, median calcidiol levels were significantly lower in black patients (4.9 vs. 9.6 ng/mL). 
At three months after transplantation, vitamin D deficiency was more prevalent among black liver 
transplant recipients as compared with non-black patients (38% vs. 20%) [36]. In contrast, in an Iranian 
cohort of liver transplant recipients, a high prevalence of vitamin D deficiency persisted in the early 
post-transplant period [17]. In a Spanish study, 45 liver transplant recipients were followed up to three 
years after transplantation. Before transplantation, severe vitamin D deficiency was present in 62% of 
the patients, with a mean serum calcidiol of 9.4 ng/mL. In comparison, 40 healthy age-matched controls 
displayed a mean serum calcidiol of 23.1 ng/mL. Serum calcidiol levels continuously increased over 
time (9.5 ng/mL at one month, 16.5 ng at three months, 15.9 ng at six months, 19 ng/mL at 12 months, 
19.9 ng/mL at 18 months, 18 ng/mL at 24 months and 19.5 ng/mL at 36 months post-transplant). At one 
year and three years after transplantation, severe vitamin D deficiency was observed in only 14% and 
10% of the patients, respectively [37]. In contrast, in an Israelian cohort of long-term liver transplant 
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recipients with a mean allograft age of 7.5 years, more than one third was reported to have severe vitamin 
D deficiency [38]. Table 3 summarizes the prevalence of vitamin D insufficiency, deficiency and severe 
deficiency in patients with end-stage liver disease and liver transplant recipients. 

4.3. Interventional Studies and Guidelines 

Recently, a clinical practice guideline on the evaluation, treatment and prevention of vitamin D 
deficiency has been published by the Endocrine Society. According to this guideline, patients with 
hepatic failure are considered at high risk for vitamin D deficiency. Therefore, calcidiol measurements 
are reasonable, and supplementation in case of calcidiol levels below 20 ng/mL is recommended.  
For bone health, adults are considered to require at least 600 to 800 International Units daily.  
For reaching calcidiol levels above 30 ng/mL, however, higher doses may be required (1500 to 2000 
International Units). This recommendation is based on lower quality evidence [39]. For the management 
of liver transplant patients, the American Association for the Study of Liver Disease and the American 
Society of Transplantation released a practice guideline, which recommends calcidiol levels to be 
maintained above 30 ng/mL for optimal bone health. This daily use of 400 to 1000 International Units 
of vitamin D is suggested; however, calcidiol levels should be measured at least annually to check if the 
treatment regimen is appropriate. Treatment with vitamin D supplements is recommended in osteopenic 
liver transplant recipients with a Level of Evidence A [40]. 

5. Chronic Kidney Disease and Kidney Transplantation 

5.1. Vitamin D Status in Patients with Chronic Kidney Disease 

Vitamin D deficiency is very common in patients with chronic kidney disease (CKD) across all stages. 
In North America, a prevalence of vitamin D insufficiency of approximately 85% was reported among 
patients with advanced kidney disease [41,42]. Severe vitamin D deficiency (<15 ng/mL) was more 
pronounced in patients with CKD stage 5 (56%), as compared with CKD stage 4 (37%) [42], and mean 
serum calcidiol was reported to be significantly lower in diabetic as compared with non-diabetic  
patients [43]. Similarly, in a cohort of chronic kidney disease stage 3 and 4 in the UK, hypovitaminosis 
D was very common, with 80% of the patients showing vitamin D insufficiency and 37% severe vitamin 
D deficiency (<15 ng/mL). After exclusion of patients who received vitamin D supplements or other 
drugs known to interfere with calcidiol levels, mean serum calcidiol remained unchanged. Likewise, the 
proportional distribution of patients with vitamin D insufficiency and severe deficiency was similar [44]. 
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5.2. Vitamin D Status in Kidney Transplant Recipients 

Only a few studies investigated the vitamin D status at the time of transplantation. Almost 90% of 
incident kidney transplant recipients were reported to have insufficient calcidiol levels, with a mean 
serum calcidiol of 16.6 ng/mL and a trend towards higher calcidiol levels in summer as compared with 
winter. Notably, vitamin D levels of black kidney transplant recipients were significantly lower 
compared with non-black patients (13.6 ng/mL vs. 17.5 ng/mL) [45]. Similar findings were obtained 
from another cohort of African American renal transplant recipients in the early post-transplant period, 
where 95% of the patients presented with calcidiol levels below 30 ng/mL and 58% showed severe 
vitamin deficiency (<16 ng/mL), even at the end of summer [46]. 

Even though vitamin D status was reported to improve in the early post-transplant period [47],  
low vitamin D levels are frequently observed in long-term kidney transplant recipients [7,48,49]. 
Querings et al. investigated the vitamin D status of 31 long-term kidney transplant recipients with a 
mean allograft age of seven years at the end of winter and found a mean serum calcidiol of  
10.9 ng/mL. Notably, vitamin D sufficiency was observed in one patient only, and almost one third of 
the patients had serum calcidiol levels below the detection limit (<4 ng/mL) [7]. In contrast, in a Danish 
cohort of long-term kidney transplant recipients, approximately one fifth of the patients were found to 
have sufficient vitamin D during the winter months, with a median calcidiol level of 19.8 ng/mL.  
A subgroup analysis revealed that 60% of these patients received vitamin D supplements at a median 
dose of 7.8 g per day (in the form of ergocalciferol or cholecalciferol or alphacalcidol), which might 
explain the lower prevalence of vitamin D insufficiency in this cohort. In addition, a median alimentary 
intake of approximately 3.2 g vitamin D per day was reported [49]. Moreover, clear seasonal variations 
in serum calcidiol levels were found in long-term kidney transplant recipients, with 3.5-times more 
patients reaching calcidiol above 30 ng/mL during summer months compared with winter months. Still, 
the majority of the patients exhibited vitamin D insufficiency, even during summer [50,51]. In Table 4, 
details on the vitamin D status in CKD patients and renal transplant patients are presented. 
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5.3. Interventional Studies and Guidelines 

Even though vitamin D deficiency is extremely common among patients with chronic kidney 
disease, including renal transplant recipients, there is no consensus on how to treat vitamin D 
deficiency in these patients. Current guidelines of the National Kidney Foundation for patients with 
chronic kidney disease recommend the measurement of calcidiol in patients with CKD stage 3 or 4 
only in case of elevated parathyroid hormone levels. Oral supplementation with ergocalciferol for 
six months, with 50,000 International Units per week for four weeks in the case of mild (5 to 15 ng/mL) 
and 12 weeks in the case of severe (below 5 ng/mL) vitamin D deficiency is proposed. Thereafter, a 
monthly dose of 50,000 International Units is recommended. For vitamin D insufficiency, ergocalciferol 
at a monthly dose of 50,000 International Units orally for six months is suggested. All of these 
recommendations are opinion-based [52]. For patients after renal transplantation, Clinical Practice 
Guidelines for the Care of Kidney transplant recipients (KDIGO) suggest correction of vitamin D 
deficiency or insufficiency as done for the general population (Level of Evidence C) [53]. 

A recent meta-analysis of seventeen observational and five randomized controlled trials in patients 
with various forms of CKD evaluated the effect of vitamin D supplementation and found a significant 
improvement of the vitamin D status, with a mean difference of 24.1 ng/mL in observational and  
14 ng/mL in randomized controlled trials. Treatment regimens ranged from 4000 International Units 
daily up to 50,000 International Units daily, with an average treatment period of half a year [41]. 

The few studies available indicate that renal transplant recipients have a higher need for vitamin 
D to correct insufficiency than what is known from the general population. In particular, in a 
randomized controlled trial in kidney transplant recipients, Wissing and colleagues evaluated the 
effect of 400 mg/day calcium and 25,000 International Units of cholecalciferol per month on bone 
mineral density one year after transplantation. Surprisingly, this dose was not sufficient to correct 
vitamin D deficiency in these patients [54]. In contrast, Courbebaisse and colleagues used 100,000 
International Units of cholecalciferol once every two weeks for two months and, thereafter, treated 
the patients with 100,000 International Units of cholecalciferol every two months for another six 
months. After the initial intensive treatment period, more than 90% of the patients showed calcidiol 
levels above 30 ng/mL, while only 50% were vitamin D sufficient after the maintenance treatment 
period, indicating that 100,000 International Units of cholecalciferol every two months is still not 
sufficient to maintain optimal vitamin D levels [55]. Moreover, these studies demonstrated that 
spontaneous recovery of vitamin D deficiency after kidney transplantation does not occur. In the 
untreated control groups, calcidiol either remained stable [55], or even decreased further [54],  
over time. Based on their previous study, the group of Courbebaisse established a pharmacokinetic 
model that describes calcidiol levels after treatment with cholecalciferol in kidney transplant recipients 
within the first year after transplantation. According to this model, a treatment regimen with six doses 
of 100,000 International Units cholecalciferol every two weeks, followed by 100,000 International 
Units once per month is proposed to maintain calcidiol levels between 30 and 80 ng/mL [56]. Several 
clinical trials are currently ongoing with different treatment regimens ([57], NCT00752401, NCT00748618, 
NCT01431430), which will help to identify strategies to maintain optimal vitamin D status. 
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6. Conclusions 

In summary, studies in patients with organ failure consistently show that vitamin D insufficiency 
or deficiency is widespread among these patients, even in the healthier sub-population of patients 
awaiting transplantation. After transplantation, calcidiol levels frequently remain low and, in many 
cases, do not recover in the long-term post-transplant period. Minor discrepancies in the reported 
prevalence of vitamin D insufficiency or deficiency might result from the different treatment 
regimens used (if patients received vitamin D supplements or not), different habits and customs of 
the studied populations (sun protection and nutrition), but also from the different assays used to 
measure calcidiol. 

From the current evidence, it is not clear whether vitamin D deficiency is one of the causative 
factors or a consequence in the development and progression of organ failure. For example, the active 
vitamin D metabolite, 1,25-dihydroxyvitamin D, might affect the development and progression of 
cardiovascular disease by different mechanisms of action, such as regulation of the mineral 
metabolism, interaction with the renin-angiotensin-aldosterone system or modulation of immune 
responses (reviewed in [58,59]). Similarly, it might exert renoprotective effects and, thus, delay the 
progression of CKD, e.g., by inhibition of the renin-angiotensin-aldosterone system, regulation of 
the immune system or increase of insulin sensitivity (reviewed in [60]). On the other hand, low calcidiol 
levels might simply reflect poorer health status in patients with advanced stages of organ failure. 

At present, there are only a few recommendations on how to manage vitamin D deficiency in 
these patients; most of them are based on expert consensus and derived from the beneficial effects 
of vitamin D on the skeleton. However, especially in the setting of organ transplantation, the effects of 
vitamin D might go beyond bone health. In particular, the active metabolite, 1,25-dihydroxyvitamin D, 
has immunomodulatory activity, which is supported by extensive experimental research (reviewed  
in [61,62]). Recent clinical trials indicate that modulation of the immune system can be achieved by 
administration of nutritional vitamin D [63–69]. These immunomodulatory effects may be exploited 
in various diseases, including organ tolerance after transplantation. The increase in regulatory T-cells 
by nutritional vitamin D, as shown in a randomized controlled trial, could be of particular relevance 
in organ transplant recipients [63]. To date, however, we do not have sufficient evidence to 
recommend treatment with vitamin D based on its immunomodulatory actions, and further clinical 
trials are clearly warranted. 
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Vitamin D Status Is Associated with Disease Activity among 
Rheumatology Outpatients 

Zohreh Sabbagh, Janet Markland and Hassanali Vatanparast 

Abstract: The co-existence of high prevalence of vitamin D inadequacy among Canadians and high 
prevalence of systematic autoimmune rheumatic diseases (SARDs) raise the question on relationship 
between the two situations. Objective: To determine vitamin D status in known cases of common 
SARDs and compare to those with non-autoimmune diseases; further, to evaluate the impact of 
vitamin D on disease activity in rheumatoid arthritis (RA) cases. Methods: In a retrospective  
case-control study design, we evaluated 116 patients in a community clinic classified in two groups, 
Control group: patients with non-rheumatic disease (n = 56), and Case group: those with rheumatic 
diseases (n = 60). We compared plasma vitamin D status (25(OH)D), indicators of disease activity 
and other potential confounders. Further, we determined factors associated with disease activity 
in RA cases. Results: The plasma 25(OH)D was significantly lower in Case group (64.8 ± 29.8) 
compared to Control group (86.8 ± 37.7). High number of SARDs outpatients 56%) had considerably 
low plasma 25(OH)D concentration. RA cases with low plasma 25(OH)D had over five times higher 
risk of disease activity (OR = 5.15 95% CI 1.16, 22.9; p = 0.031). Conclusion: Inadequate vitamin 
D status in SARDs cases, along with considerably strong association with disease activity in RA 
cases, indicate the need for proper evaluation of vitamin D status in this clinical population. 
Moreover, appropriate training should be given to the patients to ensure the intake of the 
recommended amount of vitamin D per day through diet or supplement. 

Reprinted from Nutrients. Cite as: Sabbagh, Z.; Markland, J.; Vatanparast, H. Vitamin D Status Is 
Associated with Disease Activity among Rheumatology Outpatients. Nutrients 2013, 5, 2268-2275. 

1. Introduction 

Systematic autoimmune rheumatic disorders (SARDs) are a cluster of chronic autoimmune disorders 
associated with significant mortality and morbidity in developed countries, including Canada [1]. 
Rheumatoid arthritis (RA) as the most common disease in this group, affects around 0.9% of 
Canadian population; which will increase to 1.3% over the next 30 years [2]. The chronic progressive 
nature of the disease disables over 50% of cases within 10 years if not treated properly [2].  
Early diagnosis and proper intervention strategies are key factors in managing the SARDs and 
decreasing the burden of disease. Since the prevalence of SARDs is affected by genetic and 
environmental factors [3], nutrition intervention might have impact in disease prevention and  
risk reduction. 

The co-existence of a high prevalence of vitamin D inadequacy among Canadians, particularly in 
long winters [4], and the high prevalence of SARDs may raise the question on the relationship 
between these two. Vitamin D is traditionally known for its role in bone mineral homeostasis [5]. 
However, recent research reveals the existence of vitamin D receptors (VDR) in a variety of cells 
including anti-presenting cells (APC) [3,5,6]. This indicates the influence of vitamin D in various 
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physiologic processes; one of them is the immune system. Active metabolite of vitamin D 
(1,25(OH)2D) inhibits the synthesis of IL-1, IL-6, IL-12 and TNF-  by macrophages [7]. It also 
decreases MHC-II expression on cell surface and molecules such as CD86, CD80 and CD 40 [3,7]. 
Finally, it increases apoptosis induced by DC and T lymphocytes. Animal studies report the role of 
vitamin D in preventing autoimmune encephalomyelitis, systemic lupus erythematosus (SLE), 
collagen-induced arthritis, and inflammatory bowel disease [7]. Along with these findings, evidence 
suggests an increase in the emergence of self-reactive T cells where the development of immune 
system co-exists with low vitamin D status [7]. All this evidence suggests vitamin D deficiency might 
trigger an autoimmune response and appropriate vitamin D status presents immunosuppressive effect [7]. 

A systematic review of studies on vitamin D and SARDs reported, comparing to healthy control 
groups, many case-control studies found lower vitamin D status in SARDs cases including SLE, RA, 
ankylosing spondylitis, scleroderma, Type 1 diabetes, Multiple Sclerosis and Crohn’s disease [8]. 
Further, current evidence from mainly small scale heterogeneous studies indicate possible role of 
vitamin D in improving disease activity in SARD cases such as RA, Multiple Sclerosis, type 1 
diabetes, SLE and Crohn’s disease [8]. The association between vitamin D status and diseases 
activity in RA was evaluated in a recent meta-analyses of current studies including data from three 
cohort, six cross-sectional and two case-control studies (n = 215,757) [9]. Song et al. report inverse 
association between RA disease activity and serum vitamin D levels [9]. Recent advances in the role 
of vitamin D in various diseases and very limited dietary sources has promoted the intake of vitamin 
D, particularly in Canada’s high latitude areas with long winters such as Saskatoon [4,10], where 
vitamin D synthesis through sun is limited for at least seven months of the year. However, whether 
adult patients diagnosed with common autoimmune diseases in Canada have adequate levels of 
serum vitamin D is not known. The purpose of this study is to determine serum vitamin D status of 
known cases of common autoimmune diseases and compare to those with non-autoimmune diseases; 
also to evaluate the impact of vitamin D on disease activity. 

2. Materials and Methods 

In a retrospective case-control study design, we evaluated the charts of over 4000 patients and 
selected 116 patients with measured plasma 25-hydoxy vitamin D (25(OH)D). Using information on 
final diagnosis we categorized patients in case and control groups; 60 patients with autoimmune 
rheumatologic disease, as well as 56 patients with non-autoimmune conditions who were visited in 
one of the private rheumatology clinics in Saskatoon from January 2010 to the end of December 
2010. Information on age, sex, BMI, plasma 25(OH)D, vitamin D and calcium supplement use, 
serum calcium, serum phosphate, erythrocyte sedimentation rate (ESR), C-reactive protein (CRP), 
glomerular filtration rate (GFR) and season were collected and recorded. We also collected data on 
disease activity score (DAS 28-ESR) only in cases with rheumatoid arthritis. DAS28-ESR is a 
quantitative measure of disease activity in rheumatoid arthritis, calculated by using a formula that 
considers the number of tender joints and swollen joints within 28 joints, as well as ESR [11].  
The disease activity is considered high with the score of >5.1, low with <3.2 score, and the score of 
<2.6 for diseases in remission [11]. 
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Independent t-test was used to evaluate the differences between patients in case and control group. 
Pearson correlation was used to determine the relationship between disease activity and serum 
vitamin D status in RA cases. We used the threshold of 50 nmol/L to define vitamin D deficiency 
based on recent literature [6,12]. To evaluate distribution of cases and controls across vitamin D 
status groups (deficient and optimal), Chi-square test was applied. Logistic regression was used to 
identify the association between vitamin D status and disease (autoimmune vs. non-auto immune). Data 
manipulation, cleaning, and creation of new variables and statistical analyses were done using SPSS 
IBM (Version 19, Armonk, NY, USA). In all analyses, alpha was set at the level of 0.05. Ethics 
approval was obtained from the Royal University Hospital Ethics Board, at the University 
of Saskatchewan. 

3. Results 

The characteristics of participants in case and control groups are presented in Table 1. In the 
control group, most patients were suffering from osteoarthritis, osteoporosis, fibromyalgia and gout, 
in descending order. In case group, rheumatoid arthritis (n = 39) was the most common autoimmune 
disease. Other autoimmune diseases included SLE, Sjogren, mixed connective tissue disease 
(MCTD), Wegner, psoriasis arthritis, and scleroderma. 

Table 1. Characteristics of participants in Case and Control groups. 

 Case group (n = 60) Control group (n = 56) 
 Mean SD Mean SD 

Age * 54.5 13.0 65.0 11.7 
BMI 29.0 8.1 29.7 5.4 

Total 25 vitamin D value (nmol/L) * 64.8 29.8 86.8 37.7 
Vitamin D supplement use (IU)  1043.6 649.4 1008.0 664.7 

Serum Calcium *  2.3 0.1 2.4 0.1 
Calcium supplement use (mg/day) * 459.3 439 715.1 591 

Pho4 1.0 0.2 1.1 0.2 
ESR 23.68 20.5 19.18 14.6 

CRP * 12.9 19.3 6.07 9.6 
Creatinine 72.1 44.4 78.8 33.9 

GFR 69.9 28.7 71.6 20.5 
* Significant difference (p < 0.05), independent student t-test. 

Patients in case group were significantly younger. Only 13 participants were males (3 in control 
group and 10 in case group). Although most patients in both case (91.7%) and control (83.9%) groups 
reported taking approximately 1000 IU vitamin D supplement intake (median of 1000 IU in both 
case and control group), the mean plasma 25(OH)D was significantly lower in patients with 
autoimmune rheumatic diseases compared to control patients (p < 0.05) (Figure 1). Also, serum 
calcium was lower in case group (p = 0.01). In case group, 91.7% of participants reported vitamin D 
supplement use, among them 47.5% had vitamin D supplement prescription. The significantly higher 
CRP in patients with autoimmune rheumatic disease may indicate the higher disease activity in those 
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patients (p = 0.035). A negative correlation was observed between plasma 25(OH)D and CRP with 
a borderline significance, probably due to a small sample size (r = 0.2, p = 0.087). 

Figure 1. Plasma concentration of 25(OH) D across case and control groups. 

 

In the control group 11 patients 19.6%) with no autoimmune diseases were vitamin D deficient 
(plasma 25(OH)D < 50 nmol/L). Whereas in the case group, 20 patients (34.5%) were vitamin D 
deficient. The distribution of patients across plasma 25(OH)D groups (deficient, optimal) presented 
a borderline significant difference (p = 0.05) between case and control groups with higher 
distribution of patients with autoimmune diseases in deficient vitamin D group. 

In all subjects, serum vitamin D was significantly higher in those who were measured in summer 
compared to the winter months (85.1 ± 33.4 vs. 70.8 ± 35.9, p < 0.05). While no significant difference 
in plasma 25(OH)D was observed by season in control group, plasma 25(OH)D was significantly 
higher in summer compared to the winter months in case group (82.2 ± 30.3 vs. 61.9 ± 32.7,  
p = 0.019). Evaluating the seasonal difference between case and control groups showed no 
significant difference in plasma 25(OH)D between case and control groups in summer. However, in 
winter, plasma 25(OH)D was significantly lower in case group compared to the control group  
(52.3 ± 22.4 vs. 86.0 ± 36.3, p = 0.02, in case and control groups respectively). 

A considerable proportion of RA cases (59.6%) had a disease activity score of above 2.6 (cut off 
for disease remission). Further, the significant negative correlation between plasma 25(OH)D and 
disease activity (r = 0.43, p = 0.01) may indicate lower disease activity with increase in plasma 
25(OH)D. In logistic regression analyses to evaluate the association between vitamin D status and 
disease activity in RA cases, adjusted for age, sex and season, the odds of having active disease was 
5.15 times higher in patients with low plasma 25(OH)D compared to those with adequate vitamin D 
(OR = 5.15 95% CI 1.16, 22.9; p = 0.031). 
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4. Discussion 

Our study is the first Canadian study to evaluate the vitamin D status of rheumatology outpatients 
in two distinct groups: those who are suffering from SARD in comparison to non-SARD patients. 
We found significantly low plasma 25(OH)D in SARD group compared to non-SARD group despite 
similar self-reported vitamin D supplement use, as well as seasonal difference in plasma 25(OH)D 
concentration in SARD cases. Further, among RA cases, considerably higher risk of disease activity 
in individuals with low 25(OH)D concentration is in agreement with other studies suggesting 
disturbance in vitamin D metabolism in RA and association between vitamin D and disease activity 
in rheumatic patients [8,9,13–17]. 

The low plasma 25(OH)D concentration (<75 nmol/L) in a considerable number of patients with 
SARD (56%) and its relationship with indicators of disease activity justifies the need for thorough 
evaluation of vitamin D status in this at-risk population in clinical settings. In our study, only 2.9% 
of patients with SARD and non-SARD diseases, who were visited in a community clinic, were 
evaluated for vitamin D status. Osteoporotic patients, as one of the common non-SARD cases visited 
in rheumatology clinics, receive clear instructions on vitamin D intake as adjunct therapy as indicated 
by Osteoporosis Canada [18]. This might explain why the influence of season on serum vitamin D 
likely has been minimized by supplement use during winter in control group, whereas in case group 
due to lack of clear guidelines for this group and consequently low supplement use during long 
winters. Meanwhile, similar year-around levels of supplement intake between the case and control 
group (1000 IU), but different mean and median 25(OH)D may indicate different requirements for 
this specific clinical population who are suffering from SARD. Sainaghi et al. [19] evaluating 
25(OH)D plasma concentration of 245 patients SARD and non-SARD groups, report the 750–1000 
IU/day vitamin D might not be enough to provide minimum optimal 25(OH)D concentration of  

75 nmol in this clinical population. Based on recent evidence, Holick [6] suggests daily vitamin D 
intake of 1500–2000 IU for healthy adults in general population. Most Canadian adults are not 
meeting this recommendation [20]. A recent study examined the effect of high-dose loading 
treatment in RA cases [21]. They reported a single oral dose of 300,000 IU followed by oral vitamin 
D3 of 800–1000 IU is effective in correcting hypovitaminosis D and PTH level [21]. The potential 
risks of high loading dose of vitamin D require further evaluations. In a randomized controlled trial,  
Sanders et al. [22] reported increased risk of falling in older women with annual dose of 500,000 IU 
vitamin D. Whether suppressing disease activity in SARDs requires more vitamin D, and the risks 
and benefits of high dose vitamin D requires more investigation in this clinical population. 

Although many studies suggest the “overall” immuno-suppressive effect of vitamin D is SARDs, 
particularly RA, the Dietary Reference Intake Panel at the Institute of Medicine, responsible for 
setting recommendations for dietary intake, reported no conclusive evidence on the impact of vitamin D 
on SARDs [5]. The panel indicated that well-designed randomized controlled trials and large scale 
prospective cohort studies are needed to support the inverse relationship between vitamin D and 
autoimmune rheumatic diseases [5]. Since their report, more research was done. A meta-analyses 
reported vitamin D receptor polymorphism in RA and SLE, although only a few existing studies 
were analysed [21]. Others emphasised the impact of vitamin D on disease activity and elucidated 
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the mechanisms [7–9,19,22]. Our evaluation of current evidence identified the following gaps  
in research: 

1. Vitamin D receptor polymorphism and SARDs, and role of ethnicity in association between 
vitamin D and SARDs; 

2. Differences in vitamin D requirements between SARD cases and the general population  
as well as the requirements for individuals who are at risk of SARD and individuals with 
established SARD; 

3. Mechanisms of the impact of vitamin D in different pathways in immune system; 
4. The potential interaction between vitamin D and drugs in SARD cases and optimal 

supplementation approaches. 

Our study adds a Canadian perspective to existing literature on the impact of vitamin D on 
SARDs, mainly RD, however some limitations should be noted. The retrospective nature of our case-
control study limited us to access information on other factors that might have impact on disease 
status such as smoking, physical activity, dietary intake, and sunlight exposure. Further, data on PTH 
plasma concentration and glucocorticoid use are not available. Sainaghi et al. reported high PTH 
level in RA patients irrespective of plasma vitamin D level [19]. Some medications such as 
glucocorticoids increase the destruction of vitamin D [23]. Finally, a single center study might 
under/over-estimate the hypovitaminosis D in outpatient rheumatology clinics. 

5. Conclusions 

Although more research is needed, the considerably low plasma 25(OH)D concentration in a 
considerably high number of SARDs outpatients (56%), as well as over five times higher risk of disease 
activity in RA cases with low plasma 25(OH)D concentration indicates the need for proper evaluation 
of vitamin D status in this clinical population. Further, appropriate training should be given to the patients 
to ensure the intake of the recommended amount of vitamin D per day through diet or supplement. 
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Vitamin D Level and Risk of Community-Acquired  
Pneumonia and Sepsis 

Anna J. Jovanovich, Adit A. Ginde, John Holmen, Kristen Jablonski, Rebecca L. Allyn, 
Jessica Kendrick and Michel Chonchol 

Abstract: Previous research has reported reduced serum 25-hydroxyvitamin D (25(OH)D) levels is 
associated with acute infectious illness. The relationship between vitamin D status, measured prior 
to acute infectious illness, with risk of community-acquired pneumonia (CAP) and sepsis has not 
been examined. Community-living individuals hospitalized with CAP or sepsis were age-, sex-,  
race-, and season-matched with controls. ICD-9 codes identified CAP and sepsis; chest radiograph 
confirmed CAP. Serum 25(OH)D levels were measured up to 15 months prior to hospitalization. 
Regression models adjusted for diabetes, renal disease, and peripheral vascular disease evaluated the 
association of 25(OH)D levels with CAP or sepsis risk. A total of 132 CAP patients and controls 
were 60 ± 17 years, 71% female, and 86% Caucasian. The 25(OH)D levels <37 nmol/L (adjusted 
odds ratio (OR) 2.57, 95% CI 1.08–6.08) were strongly associated with increased odds of CAP 
hospitalization. A total of 422 sepsis patients and controls were 65 ± 14 years, 59% female, and 91% 
Caucasian. The 25(OH)D levels <37 nmol/L (adjusted OR 1.75, 95% CI 1.11–2.77) were associated 
with increased odds of sepsis hospitalization. Vitamin D status was inversely associated with risk of 
CAP and sepsis hospitalization in a community-living adult population. Further clinical trials are 
needed to evaluate whether vitamin D supplementation can reduce risk of infections, including CAP 
and sepsis. 

Reprinted from Nutrients. Cite as: Jovanovich, A.J.; Ginde, A.A.; Holmen, J.; Jablonski, K.; Allyn, 
R.L.; Kendrick, J.; Chonchol, M. Vitamin D Level and Risk of Community-Acquired Pneumonia 
and Sepsis. Nutrients 2014, 6, 2196-2205. 

1. Introduction 

Relatively little progress has been made in improving mortality associated with community-acquired 
pneumonia (CAP) [1] which is a leading cause of death in the United States [2]. Likewise, the 
incidence of sepsis continues to rise, the population-adjusted incidence of sepsis increased 8.7% per 
year between 1979 and 2000 [3]. While mortality associated with sepsis has improved [3], it remains 
a substantial cause of death in the United States [2]. 

The major circulating form of vitamin D, 25-hydroxyvitamin D (25(OH)D), and its active form, 
1,25-dihydroxyvitamin D (1,25(OH)2D), were originally recognized as important endocrine 
hormones in calcium homeostasis and bone health. However, studies over the past twenty years 
suggest a broader role of 25(OH)D in endothelial function, cell proliferation, and immunity.  
The vitamin D receptor (VDR) is essentially ubiquitous, including immune cells. It responds to 
1,25(OH)2D [4,5] and regulates antimicrobial peptides cathelicidin and beta-defensing [5]. Furthermore, 
25(OH)D deficiency is common; 32% of the U.S. population have 25(OH)D levels <50 nmol/L and 
77% have levels <75 nmol/L [6]. Large epidemiological studies have shown an association between 
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25(OH)D deficiency and chronic diseases [7] including diabetes [8], renal disease [9], and peripheral 
vascular disease [10]. 

Lower serum 25(OH)D levels are associated with increased risk of upper respiratory tract  
infection [11–13]. When measured during hospital admission for acute illness, 25(OH)D deficiency 
is associated with increased risk of mortality in patients with CAP [14], more severe sepsis [15], and 
mortality in septic patients [16]. Most studies linking infection risk with 25(OH)D levels measure 
25(OH)D during acute illness, which may not reflect pre-illness 25(OH)D status. There are no data 
assessing existing 25(OH)D deficiency with risk of hospital admission for CAP or sepsis. In this  
case-control study of community-living adults, serum 25(OH)D levels and the risk of hospital 
admission for CAP and sepsis was evaluated. 

2. Experimental Section 

2.1. Data Source 

A retrospective matched cohort study was performed using the Intermountain Healthcare 
Enterprise Data Warehouse, which incorporates comprehensive electronic health and administrative 
data for over 10 years [17]. Intermountain Healthcare is a non-profit organization with 22 hospitals 
and over 150 outpatient clinics that serves the states of Utah and southeastern Idaho. The latitude of 
the hospitals and outpatient clinics is approximately 40° N. Facilities range from major adult  
tertiary-level care centers to small clinics and hospitals that are the only source of care in rural 
communities. There were 160,979 admissions from 2008 to 2010 [17]. The institutional review board 
at Intermountain Healthcare System and University of Colorado Denver approved the project. 

2.2. Cohort Definition 

Case and control selection occurred between 1 January 2008 and 31 December 2010. CAP  
cases were identified through ICD-9 codes (480–488) and confirmed with chest radiograph. There  
were 187,132 CAP admissions of which 43,460 had discharge ICD-9 codes indicating pneumonia.  
Of these, 11,455 had chest radiography confirming pneumonia. 4352 Sepsis cases were identified 
through ICD-9 codes (995.91, 995.92). Controls were randomly selected from a pool of 62,757 adult 
patients without a CAP or sepsis diagnosis admitted within the same time period and matched 1:1 
with cases by age, sex, race, and season of 25(OH)D measurement. Cases and control had to have a 
serum 25(OH) level in the electronic medical record 3–15 months prior to admission; therefore, only 
132 and 422 patients were included in the final CAP and sepsis analyses, respectively. These time 
points were chosen arbitrarily to assess the relationship between pre-infection serum 25(OH)D levels 
and infectious episodes. 

2.3. 25(OH) D Measurements 

Serum 25(OH)D level were measured in all participants using an INCSTAR 25(OH)D two step 

assay procedure with a coefficient of variation of less than 10%. The first step in the procedure 
involves the rapid extraction of 25(OH)D from the serum using acetonitrile. Following extraction, 
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the treated sample is assayed by using an equilibrium radioimmunoassay procedure. This method is 
based on an antibody with specificity to 25(OH)D. The sample, antibody, and tracer are incubated at 
20–25 °C for ninety minutes. A second antibody-precipitating complex is used to achieve phase 
separation. The radioimmunoassay method tends to overestimate the level of 25(OH)D because the 
antibody recognizes all forms of dihydroxy-vitamin D and D steroids. 

2.4. Statistical Analysis 

The associations of serum 25(OH)D levels with CAP or sepsis admission were evaluated 
separately. The 2 Test of Independence tested the distribution of categorical variables and the 
Wilcoxon Rank Sum tested for differences in 25(OH)D levels among cases and controls. Cox logistic 
regression was performed using log-transformed 25(OH)D as a continuous variable and non-transformed 
25(OH)D as a categorical variable (<75 nmol/L vs. 75 nmol/L, <50 nmol/L vs. 50 nmol/L, and 
<37 nmol/L vs. 37 nmol/L). These thresholds were chosen using established definitions of 25(OH)D 
deficiency/insufficiency [18,19]. Models adjusted for diabetes, renal disease, and peripheral vascular 
disease, which were chosen as confounding variables on the basis of previous studies [20,21] and 
obtained from the Charlson Comorbidity Index score. Two-tailed values of p < 0.05 were considered 
statistically significant. 

3. Results 

3.1. Community-Acquired Pneumonia 

The demographic and clinical characteristics of the 66 cases and 66 controls for the CAP cohort 
are described in Table 1. The mean (SD) age of the participants was 60 ± 17 years, 71% were female,  
and 86% were Caucasian. There was no statistically significant difference in median [IQR] 25(OH)D 
levels in controls vs. cases (79.3 [71.1–88.1] vs. 70.1 [62.2–79.6] nmol/L, p = 0.33). Renal disease 
was more prevalent in cases than controls (31.8% vs. 10.6%, p = 0.003). Serum 25(OH)D levels were 
recorded in 28 cases 3–5 months prior, in 18 cases 6–11 months prior, in 10 cases each  
9–11 and 12–15 months prior to admission. 

Table 1. Baseline characteristics for community-acquired pneumonia and sepsis cases 
and matched controls. 

 Case Control 
Number   

CAP 66 66 
Sepsis 211 211 

Age in years   
CAP 60 ± 17 60 ± 17 

Sepsis 65 ± 14 65 ± 14 
Females   

CAP 47 47 
Sepsis 125 125 
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Table 1. Cont. 

 Case Control 
Race—White   

CAP 57 57 
Sepsis 189 189 

Race—Hispanic   
CAP 6 6 

Sepsis 13 13 
Race—Other   

CAP 3 3 
Sepsis 5 5 

Diabetes   
CAP 24 (36.4%) 19 (28.8%) 

Sepsis * 97 (46.0%) 64 (30.3%) 
Renal Disease   

CAP * 21 (31.8%) 7 (10.6%) 
Sepsis * 76 (36.0%) 46 (21.8%) 

Peripheral Vascular   
CAP 13 (19.7%) 9 (13.6%) 

Sepsis 61 (28.9%) 45 (21.3%) 
25(OH)D (nmol/L) **   

CAP 70.1 [62.2–79.6] 79.3 [71.1–88.1] 
Sepsis 61.2 [55.9–66.4] 69.1 [64.2–74.1] 

25(OH)D >75 nmol/L   
CAP 34 (52.3%) 35 (53.0%) 

Sepsis 84 (39.8%) 99 (46.9%) 
25(OH)D 51–75 nmol/L   

CAP 19 (28.8%) 19 (28.8%) 
Sepsis 56 (26.5%) 60 (28.4%) 

25(OH)D 37–50 nmol/L   
CAP 7 (10.6%) 10 (15.2%) 

Sepsis 31 (14.7%) 29 (13.7%) 
25(OH)D <37 nmol/L   

CAP 9 (9.1%) 2 (3.0%) 
Sepsis * 40 (19.0%) 23 (10.9%) 

* p < 0.05; ** median [IQR]; CAP, community-acquired pneumonia; 25(OH)D, 25 hydroxyvitamin D. 

In unadjusted logistic regression, log-transformed 25(OH)D as a continuous variable was not 
associated with CAP (0.99 [0.90–1.09], p = 0.84). A lack of association remained after adjustment 
for diabetes, renal disease, and peripheral vascular disease (OR 0.94 [0.59–1.48], p = 0.78). Likewise, 
25(OH)D <75 nmol/L vs. 75 nmol/L and <50 nmol/L vs. 50 nmol/L were not associated with CAP 
in adjusted analyses (Table 2). However, when 25(OH)D was categorized as <37 nmol/L vs. 37 nmol/L, 
there was an association with increased odds of CAP (OR 2.57 [1.08–6.08], p = 0.03; Table 2) in the 
adjusted model. 
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Table 2. Adjusted odds ratios for Community-Acquired Pneumonia (CAP) and Sepsis 
Cases relative to controls by serum 25(OH)D levels. 

Model § OR (95% CI) p-Value 
25(OH)D <75 nmol/L vs. 75 nmol/L   
CAP 1.03 (0.51–2.09) 0.93 
Sepsis 1.24 (0.84–1.83) 0.28 
25(OH)D <50 nmol/L vs. 50 nmol/L   
CAP 0.96 (0.35–2.61) 0.94 
Sepsis 1.75 (1.11–2.77) 0.02 
25(OH)D <37 nmol/L vs. 37 nmol/L   
CAP 2.57 (1.08–6.08) 0.03 
Sepsis 1.89 (1.09–3.31) 0.02 

§ Adjustments made for diabetes, renal disease, peripheral vascular disease; CAP, community-acquired 
pneumonia; 25(OH)D, 25 hydroxyvitamin D. 

3.2. Sepsis 

The demographic and clinical characteristics of the 211 cases and 211 controls for the sepsis 
cohort are described in Table 1. The mean (SD) age of the participants was 65 ± 14 years, 59% were 
female and 91% were Caucasian. There was no statistically significant difference in median [IQR] 
25(OH)D levels in controls vs. cases (69.1 [64.2–74.1] nmol/L vs. 61.2 [55.9–66.4] nmol/L,  
p = 0.05). Comorbid conditions were more prevalent in sepsis cases than in controls: diabetes (46.0% 
vs. 30.3%, p = 0.0009) and renal disease (36.0% vs. 21.2%, p = 0.001). Serum 25(OH)D levels were 
recorded in 93 cases 3–5 months prior, in 50 cases 6–11 months prior, in 47 cases 9–11 months prior, 
and 21 cases 12–15 months prior to admission. 

In unadjusted logistic regression, log-transformed 25(OH)D as a continuous variable was not 
associated with sepsis (OR 0.99 [0.93–1.05], p = 0.70). A lack of association remained after adjustment 
for diabetes, renal disease, and peripheral vascular disease (OR 0.82 [0.64–1.05], p = 0.12).  
25(OH)D <75 nmol/L vs. 75 nmol/L was not associated with sepsis in adjusted analyses (Table 2). 
However, when 25(OH)D was categorized as <50 nmol/L vs. 50 nmol/L and <37 nmol/L  
vs. 37 nmol/L, there was an association with increased odds of sepsis (Table 2, OR 1.75 [1.11–2.77], 
p = 0.02 and 1.89 [1.09–3.31], p = 0.02, respectively) in adjusted analyses. 

4. Discussion 

In a cohort of community-living adults, increased risk of hospitalization for CAP was associated 
with serum 25(OH)D levels <37 nmol/L and for sepsis with serum 25(OH)D levels <50 nmol/L.  
This association was not observed for 25(OH)D <75 nmol/L, suggesting that 25(OH)D <37 nmol/L 
confers a greater risk of infection than vitamin D insufficiency. 

These findings are consistent with other epidemiologic studies linking vitamin D deficiency with 
increased risk of infection and infection-associated complications. A large observational study using 
National Health and Nutrition Examination Survey data showed that in a diverse cohort of  
18,883 individuals greater than 12 years of age, those with a serum 25(OH)D level <25 nmol/L and 
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a serum 25(OH)D 25–75 nmol/L had a 36% and 24% increased risk of upper respiratory tract 
infection, respectively, compared to those with a serum 25(OH)D 75 nmol/L [11]. Likewise, in a 
prospective observational study evaluating 25(OH)D levels in Finnish military recruits, 25(OH)D 
levels <40 nmol/L were associated with a higher likelihood of physician diagnosed respiratory tract 
infections and lost days of work in the subsequent six months [13]. Ginde and colleagues reported 
that upon presentation to an urban emergency department, 81 patients with sepsis and 25(OH)D 
levels <75 nmol/L were more likely to have severe sepsis compared to those with 25(OH)D levels 

75 nmol/L (61% vs. 24%, p = 0.006) at initial evaluation and at 24 h (67% vs. 29%, p = 0.005) [15]. 
While other studies have measured 25(OH)D levels at acute illness onset, our study evaluates 
25(OH)D levels at least 3 months prior to hospital admission, thus suggesting that there is an 
increased risk of CAP with a 25(OH)D level <37 nmol/L and sepsis with a 25(OH)D level <50 nmol/L. 
It also eliminates the potential for confounding by acute illness altering serum 25(OH)D levels. 

Both the VDR and CYP27B1, the gene encoding 1- -hydroxylase, which converts 25(OH)D to 
its active form 1,25(OH)2D, are expressed in immune cells, suggesting that 25(OH)D has paracrine 
or autocrine function. Furthermore, 1- -hydroxylase in macrophages is not regulated by parathyroid 
hormone (PTH) [22] but depends on circulating 25(OH)D concentrations or may be induced by 
cytokines [23]. When toll-like receptors on macrophages bind bacterial wall lipopolysaccharides 
(LPS), 1- -hydroxylase and VDR expression is increased4 resulting in local conversion of 25(OH)D  
to 1,25(OH)2D, which in turn increases the expression of cathelicidin and beta-defensing, 
bactericidal proteins. There is evidence that cathelicidin transcription is particularly dependent on 
sufficient levels of 25(OH)D [4]. Indeed, in a study of critically ill patients with and without sepsis, 
Jeng and colleagues report a positive relationship between 25(OH)D levels and LL-37 (cathelicidin) 
levels [24]. 

In sepsis, 25(OH)D and 1,25(OH)2D may have other effects beyond those associated with 
immunity such as endothelial function, coagulation, and hemodynamic stability. In rats with induced 
sepsis, pretreatment with 1,25(OH)2D resulted in a more normal coagulation profile compared to 
placebo [25]. The VDR is also found in arterioles and the myocardium [26] and 1,25(OH)2D has been 
shown to enhance the effect of inotropes [27] suggesting a possible positive hemodynamic effect of 
1,25(OH)2D in sepsis [25]. Taken together, sufficient circulating 25(OH)D levels, independent of the 
classic vitamin D-PTH axis, play a pivotal role in immunity. Moreover, 25(OH)D may also be 
protective against the adverse physiologic changes that occur in sepsis. 

The findings of this study are consistent with other epidemiologic reports linking serum  
25(OH)D <75 nmol/L with increased risk of infection and associated complications [11–16]. While 
other studies measured 25(OH)D levels during acute illness, this is the first to evaluate 25(OH)D  
levels 3 months prior to hospital admission for CAP or sepsis, eliminating potential confounding 
by acute illness altering serum 25(OH)D levels. This study has important strengths. Chest radiograph 
confirmed CAP ICD-9 codes. Serum 25(OH)D level was measured prior to the onset of illness, which 
is different from other studies that measured 25(OH)D at the time of presentation. This is important 
because vitamin D binding protein may be decreased resulting in potential urinary wasting of 
25(OH)D in sepsis [24]. Finally, this study used a community-living cohort that included a relatively 
large number of patients with sepsis. 
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This study has several limitations. First, it is retrospective and observational so causation cannot 
be assumed. Second, the use of ICD-9 codes to identify admissions for sepsis limits details of cause 
and severity. Third, while cases and controls were well-matched and regression models adjusted for 
comorbidities, there may be other unmeasured confounders that could potentially affect the results. 
Fourth, ascertainment bias may exist because only cases and controls with a serum 25(OH)D level 
available prior to admission were considered. Additionally, no information is available on outcomes 
during the hospitalization. 

5. Conclusions 

In conclusion, serum 25(OH)D level <37 nmol/L in a community-living cohort was associated 
with increased risk of hospital admission for CAP and sepsis. Large randomized controlled trials are  
needed to establish whether or not 25(OH)D repletion will decrease CAP and sepsis incidence in 
community-living adult populations. 
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Increased Plasma Concentrations of Vitamin D Metabolites 
and Vitamin D Binding Protein in Women Using Hormonal 
Contraceptives: A Cross-Sectional Study 

Ulla K. Møller, Susanna við Streym, Lars T. Jensen, Leif Mosekilde, Inez Schoenmakers,  
Shailja Nigdikar and Lars Rejnmark 

Abstract: Use of hormonal contraceptives (HC) may influence total plasma concentrations of 
vitamin D metabolites. A likely cause is an increased synthesis of vitamin D binding protein (VDBP). 
Discrepant results are reported on whether the use of HC affects free concentrations of vitamin D 
metabolites. Aim: In a cross-sectional study, plasma concentrations of vitamin D metabolites, VDBP, 
and the calculated free vitamin D index in users and non-users of HC were compared and markers of 
calcium and bone metabolism investigated. Results: 75 Caucasian women aged 25–35 years were 
included during winter season. Compared with non-users (n = 23), users of HC (n = 52) had 
significantly higher plasma concentrations of 25-hydroxyvitamin D (25OHD) (median 84 
interquartile range: [67–111] vs. 70 [47–83] nmol/L, p = 0.01), 1,25-dihydroxyvitamin D (1,25(OH)2D) 
(198 [163–241] vs. 158 [123–183] pmol/L, p = 0.01) and VDBP (358 [260–432] vs. 271 [179–302] 

g/mL, p < 0.001). However, the calculated free indices (FI-25OHD and FI-1,25(OH)2D) were not 
significantly different between groups (p > 0.10). There were no significant differences in indices of 
calcium homeostasis (plasma concentrations of calcium, parathyroid hormone, and calcitonin, p > 0.21) 
or bone metabolism (plasma bone specific alkaline phosphatase, osteocalcin, and urinary 
NTX/creatinine ratio) between groups. In conclusion: Use of HC is associated with 13%–25% higher 
concentrations of total vitamin D metabolites and VDBP. This however is not reflected in indices of 
calcium or bone metabolism. Use of HC should be considered in the interpretation of plasma 
concentrations vitamin D metabolites. 

Reprinted from Nutrients. Cite as: Møller, U.K.; við Streym, S.; Jensen, L.T.; Mosekilde, L.; 
Schoenmakers, I.; Nigdikar, S.; Rejnmark, L. Increased Plasma Concentrations of Vitamin D Metabolites 
and Vitamin D Binding Protein in Women Using Hormonal Contraceptives: A Cross-Sectional 
Study. Nutrients 2013, 5, 3470-3480. 

1. Introduction 

Vitamin D (calciferol) is obtained from endogenous synthesis in the skin in response to solar  
UV-B radiation and intake from the diet and supplements [1,2]. Once in the circulation, calciferol is 
converted to 25-hydroxyvitamin D (25OHD) in the liver and, subsequently, to its circulating 
biologically active form 1,25-dihydroxyvitamin D (1,25(OH)2D) in the kidney [3]. This conversion 
may also occur in other tissues for auto- or paracrine actions [4]. It has been estimated that 85% to 
90% of 25OHD and 1,25(OH)2D is bound to vitamin D binding protein (VDBP) [5], 10% to 15% to 
albumin, whereas only a very small fraction (<0.1%) circulates in its free form [5,6]. VDBP binding 
protects vitamin D metabolites from hydroxylase-mediated catabolism, affects their cellular uptake, 
and modulates their biological activity [5,6]. 
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Total plasma concentrations of 25OHD are considered an indicator of vitamin D status due to its 
long plasma half-life (approximately 15–35 days) and lack of hormonal control of the hepatic  
25-hydroxylase [3]. 

Vitamin D is known to affect several health outcomes. Classically, low vitamin D concentrations 
are known to be associated with an increased risk of myopathy, rickets or osteomalacia, and low 
bone mineral density and fracture. In a number of recent studies, an impaired vitamin D status has 
also been associated with various adverse non-skeletal health outcomes such as an increased risk of 
malignancies or cardiovascular diseases [1]. 

Plasma 25OHD concentrations are influenced by many factors. In addition to variations in  
UVB-exposure and dietary intake, 25OHD concentrations are influenced by several host factors such 
as age, adiposity [2,7,8], ethnicity, and skin tone as well as certain genotypes [8,9], and plasma VDBP 
concentrations [5]. 

Pregnancy is known to be associated with an increase in VDBP through its oestrogen mediated 
increase in synthesis [10,11]. Plasma concentrations of 25OHD are reported to be unaltered and 
1,25(OH)2D to be elevated compared to non-pregnant women [12–14]. The use of hormonal 
contraceptives (HC) may also affect 25OHD concentrations and metabolism due to their oestrogenic 
components. The limited data on the effects of HC on 25OHD concentrations report no change or an 
increase in total 25OHD [9,12,15–17], whereas most studies consistently report an increase in levels 
of 1,25(OH)2D and VDBP [10,15,18–20]. 

These data suggest that HC may cause differential effects on 25OHD and 1,25(OH)2D; the free 
25OHD index (the molar ratio of 25OHD- to VDBP-concentrations) may be decreased due to an 
absence of a parallel increase in VDBP and 25OHD, whereas the free index of 1,25(OH)2D may 
remain unchanged. 

In order to study the possible effects of HC, we compared plasma concentrations of 25OHD, 
1,25(OH)2D, VDBP, and the calculated free vitamin D index in users and non-users of HC.  
In addition, we assessed possible impacts of HC on calcium homeostasis and bone metabolism. 

2. Subjects and Methods 

This paper reports a secondary analysis of the effects of HC on vitamin D metabolism in a subset 
of women participating in a population based controlled cohort study, using cross-sectional data 
obtained at baseline. The design of the study has previously been reported in detail [12,21]. In brief, 
we included 153 healthy Caucasian women, aged 25–35 years, trying to conceive, and 75 age-matched 
women not planning a pregnancy for the next 21 months. All women were recruited by direct mailing 
of 11,175 randomly selected women from a population of 21,317 women aged 25–35 years living in 
the community of Aarhus, Denmark. We obtained names and addresses from the Danish Civil 
Registration System. A total of 561 wished to participate, from which 333 were excluded as based 
on predefined exclusion criteria (Pregnant or breastfeeding at the start of the study (n = 85), known 
infertility (n = 46), miscarriage within last 6 months (n = 3), withdrawal or moved residence (n = 84), 
age, illness, foreign origin (n = 25), or responded after closure of recruitment (n = 90)). Analyses 
reported in this paper only include data obtained in the group of women (n = 75) not planning a 
pregnancy, of which 52 were using hormonal contraception (including oral, subdermal contraceptive 
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implant, or hormonal spiral methods). They were all included between October 2006 and April 2007. 
The study was performed according to The Helsinki Declaration II. The study was notified to the 
Danish Data Protection Agency (#2004-41-4737) and approved by the Regional Scientific Ethical 
Committee of Aarhus County (#20040186). 

2.1. Measurements 

Standing height and body weight were measured (Seca, Sa-med, Kvistgaard, Denmark) wearing 
indoor clothing. Incident diseases and the use of drugs were recorded. Participants were asked to fill 
in a questionnaire on medical conditions, smoking habits, and dietary intake of calcium as well as 
use of calcium and vitamin D containing supplements. Dietary intake of calcium was assessed as 
previously described [22] and total calcium intake was calculated as dietary intake plus intake  
from supplements. 

2.2. Biochemistry 

A non-fasting blood sample was drawn between 8 a.m. and 2 p.m. according to standardized 
procedures and centrifuged at 4 °C with a relative centrifugal force of 2500 g for 10 min. Plasma was 
separated and stored at 80 °C until analyzed. Urine and plasma samples were assessed in batches, 
i.e., all samples from each participant were analyzed in the same run, except for analysis of calcium, 
creatinine, and phosphate, which were analyzed within two hours after collection. A second void 
morning urine sample was collected at home. Urine samples were collected under fasting conditions 
or before any consumption of calcium rich foods. Plasma 25-hydroxyvitamin D (25OHD) concentrations 
were measured by isotope dilution liquid chromatography–tandem mass spectrometry (LC-MS/MS) 
by a method adapted from Maunsell et al. [23,24]. The method separately quantifies 25OHD2 and 
total 25OHD3 (including the 3-epimer). The total 25OHD concentration was calculated and used for 
further analyses. Calibrators traceable to NIST SRM 972 (Chromsystems, DE) were used. The  
inter-assay CV was <10%, at plasma concentrations of 23.4 nmol/L (25OHD2) and 24.8 nmol/L 
(25OHD3). We determined plasma 1,25-dihydroxyvitamin D (1,25(OH)2D) concentrations by  
a radioimmunoassay (Gamma-B 1,25-Dihydroxy Vitamin D, Immunodiagnostic Systems (IDS) Ltd., 
Boldon, England). The inter- and intra-assay CV was 9.0% and 8.0%, respectively, at 220 pmol/L. 

Vitamin D binding protein concentration was determined by ELISA (R & D Systems, Abingdon, 
UK) with both an inter- and intra-assay CV < 6%. Assay performance was monitored using kit and  
in-house controls and under strict standardization according to ISO 9001:2000. 

The free fraction of 25OHD and 1,25(OH)2D were calculated as the free 25OHD index  
(FI-25OHD) and the free 1,25(OH)2D index (FI-1,25(OH)2D) using the molar ratio of 25OHD and 
1,25(OH)2D to VDBP [11]. 

We determined plasma and urinary concentrations of calcium and creatinine (Cr) by standard 
laboratory methods and calculated the albumin adjusted calcium concentration according to the 
formula: plasma calcium, adjusted [mmol/L] = plasma calcium, total [mmol/L] + 0.00086 × (650-plasma 
albumin mol/L) [22]. 
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Calcitonin was measured by a radioimmunoassay as described by Schifter [25]. The plasma 
concentrations of intact parathyroid hormone (PTH) and osteocalcin were measured with  
electro-chemiluminescence immunoassays using an automated instrument (Cobas 601e, Roche 
Diagnostics, GmbH, Mannheim, Germany). We measured plasma bone specific alkaline phosphatase 
concentrations by an immunoassay (METRA BAP EIA kit, Quidel Corporation, San Diego, CA, 
USA). The renal excretion of cross-linked N-terminal telopeptide of type 1 collagen (NTx) was 
quantified by ELISA using an automated instrument (Vitros ECI, Ortho Clinical Diagnostics, 
Amersham, UK). Results were expressed relative to creatinine (Cr) excretion (NTx/Cr), as nmol of 
bone collagen equivalents (nMmol BCE) per mmol of creatinine. The CV was 9.6% at 41.5 nmol 
BCE/mmol Cr. 

We measured bone mineral density (BMD) of the whole body, the lumbar spine, and total hip. 
Total body fat and lean mass were measured. All DXA scans were performed using a Hologic 
Discovery scanner (Hologic, Waltham, MA, USA). We assessed long-term stability through daily 
scans of an anthropometrical phantom. Precision error for BMD was 1% at the lumbar spine and 2% at 
the total hip. 

2.3. Statistics 

The majority of the data were non-normally distributed, therefore descriptive statistics are 
reported as medians with the 25 and 75-percentile (p25; p75), unless stated otherwise. We explored 
the differences between groups using chi-square tests for categorical variables and a Mann-Whitney 
U-test for continuous variables. Spearman’s rho correlation was used to calculate the magnitude and 
direction of the correlations between measured variables. 

Vitamin D status was described according to plasma 25OHD concentrations categorized into three 
groups: 25OHD < 50 nmol/L; 25OHD between 50.1 and 75 nmol/L, 25OHD > 75.1 nmol/L [26]. 

All statistical analyses were performed using the Statistical Package for Social Sciences (SPSS 
17, Chicago, IL, USA) for Windows. P-values below 0.05 were considered statistically significant. 

3. Results 

Table 1 shows characteristics of the 75 included women. Anthropometric-, diet-, and  
lifestyle-characteristics did not differ between women using hormonal contraceptives (HC) (n = 52) 
and non-users (n = 23), except that daily calcium intake was slightly higher in users- compared with 
non-users of HC (p = 0.02). 
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Table 1. Characteristic of the 75 studied women stratified by use of hormonal 
contraceptives. Median with interquartile (p25; p75) ranges unless otherwise indicated. 

 All, n = 75 

Users of 
hormonal 
contraceptive 
(n = 52) 

Non-users of 
hormonal 
contraceptives 
(n = 23) 

p value 1 

Age, mean 29 (27; 32) 29 (27; 32) 29 (26; 33) 0.81 
Weight, kg  67 (60; 77) 69 (63; 77) 63 (57; 80) 0.12 
Height, cm 168 (163; 172) 167 (162; 172) 169 (163; 172) 0.61 
BMI 24 (22; 27) 25 (23; 27) 23 (20; 27) 0.12 
Total calcium intake, mg/day 800 (660; 975) 850 (700; 1000) 700 (500; 853) 0.02 
Use of vitamin D 
supplements, n (%) 
Vitamin D intake from 
supplements ( g/day) 

24 (32) 
5 (5; 9) 

17 (33) 
5 (5; 10) 

7 (30) 
5 (5; 5) 

1.00 

Smoking, n (%) 11 (15) 7 (14) 4 (17) 0.71 
1 Independent-Samples Mann-Whitney U Test. 

Of the 52 HC users, 44 used oral HC, six used intrauterine hormonal device, one used sub-dermal 
contraceptive implant, and one used a vaginal ring. No differences in biochemical markers were seen 
between the 44 using oral HC and the six using intrauterine hormonal device (data not shown). 

Physical activity, time spend outdoor, and the time of the day for blood sampling did not differ 
between the HC users and no-users of HC (data not shown). The number of women with a BMI 
above 25 was not different between users- and non-HC users. BMD at whole body, lumbar spine, 
and total hip, as well as fat and lean mass did not differ between the HC users and no-users of HC 
(data not shown). However, given the sample size of 23 non-HC users and 52 users our statistical 
power to detect a 5% difference between groups in lumbar spine BMD (2  = 0.05 and  = 0.20) was 
only approximately 60%. 

When all data were pooled, the plasma concentrations of 25OHD was significantly and positively 
correlated with VDBP (rs = 0.26, p = 0.03) (Figure 1A) and further with 1,25(OH)2D (rs = 0.43,  
p < 0.01). 
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Figure 1. (A) Scatter plot of linear relations between plasma 25OHD and VDBP in  
75 healthy Caucasian women stratified by use of hormonal contraceptives; (B) Scatter 
plot of linear relations between plasma 1,25OH2D and VDBP in 75 healthy Caucasian 
women stratified by use of hormonal contraceptives. 

Plasma 1,25(OH)2D was significantly and positively correlated with VDBP concentrations  
(rs = 0.39, p < 0.01) when data for all women (HC users and non users) were pooled (Figure 1B). 
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3.1. The Effect of Use of Hormonal Contraceptives on P-25OHD, P-1,25OH2D, and  
P-VDBP Concentrations 

Table 2 details the biochemical indices measured as stratified by whether studied women used HC. 

Table 2. Biochemical characteristics as stratified by use of hormonal contraceptives. 
Data are presented as Median with interquartile (p25; p75) ranges unless otherwise indicated. 

 All, n = 75 

Users of 
hormonal 
contraceptive 
users 
(n = 52) 

Non-users of 
hormonal 
contraceptives 
(n = 23) 

p value 
1 

Plasma vitamin D binding protein, g/mL 305 (251; 404) 358 (260; 432) 271 (179; 302) <0.001 
Plasma 25-hydroxyvitamin D, nmol/L 79 (64; 104) 84 (67; 111) 70 (47; 83) 0.01 
Free index 25-hydroxyvitamin D (×10 3) 14 (10; 19) 14 (10; 19) 15 (10; 17) 0.84 
Plasma 1,25-dihydroxyvitamin D, pmol/L 185 (156; 224) 198 (163; 241) 158 (123; 183) 0.01 
Free index 1,25-dihydroxyvitamin D (×10 6) 31 (26; 41) 29 (25; 41) 36 (27; 43) 0.10 
Vitamin D status, N (%) 

<50 nmol/L 
50–75 nmol/L 

>75 nmol/L 

 
12 (16) 
19 (25) 
44 (59) 

 
6 (12) 
12 (23) 
34 (65) 

 
6 (50) 
7 (37) 
10 (23) 

 
0.15 2 

Plasma PTH, pmol/L 3.6 (2.9; 4.6) 3.3 (2.5; 4.3) 3.8 (3.4; 4.6) 0.36 
Plasma calcium total,  
albumin adjusted, mmol/L 

2.45 (2.42; 2.52) 2.46 (2.43; 2.51) 2.45 (2.40; 2.53) 0.94 

Plasma phosphate, mmol/L 1.00 (0.93; 1.12) 0.97 (0.89; 1.09) 1.03 (0.95; 1.21) 0.05 
Plasma creatinine, mol/L 64 (57; 72) 65 (57; 73) 61 (58; 69) 0.22 
Plasma calcitonin, pmol/L 10 (9; 12) 10 (9; 12) 9 (8; 11) 0.21 
Plasma bone specific  
alkaline phosphatase, U/L 

17.9 (14.8; 23.0) 16.5 (14.6; 21.0) 21.1 (14.8; 23.8) 0.22 

Plasma osteocalcin, g/L 26.9 (19.3; 30.9) 25.9 (19.0; 29.6) 29.6 (20.6; 39.2) 0.07 
Urine NTx/creatinine ratio (mmol/mmol) 42.6 (30.9; 53.0) 39.3 (29.5; 50.8) 48.7 (38.8; 57.8) 0.11 
Urine calcium/creatinine-ratio (mmol/mmol) 0.2 (0.1; 0.4) 0.2 (0.1; 0.4) 0.3 (0.1; 0.4) 0.52 

1 Independent-Samples Mann-Whitney U Test; 2 Chi-Square Tests. 

Compared with the non-users, HC users has a significantly higher plasma concentrations of 
25OHD, 1,25(OH)2D, and VDBP (p < 0.01). The median plasma concentrations of 25OHD, 
1,25(OH)2D, and VDBP were respectively 16%, 13%, and 25%, higher in users compared to  
non-users of HC. However, FI-25OHD and FI-1,25(OH)2D did not differ between groups. 

Adjustment for between group differences in body weight did not change results. 
The prevalence of a 25OHD concentration below 50 nmol/L was equal between groups, whereas 

there were three times as many users with a 25OHD concentration above 75.1 nmol/L as non-users 
of HC (Table 2). 

The correlation between the plasma concentration of 25OHD and 1,25(OH)2D was near 
significant in both users of HC (rs = 0.31, p = 0.06) and in non-users of HC (r = 0.49, p = 0.07).  
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However, 25OHD and VDBP concentrations were not significantly correlated when groups were 
analyzed separately (in HC users: rs = 0.15, p = 0.29 and in non-users: rs = 0.29, p = 0.18). Plasma 
1,25(OH)2D tended to be positively correlated with VDBP in non-users of HC (rs = 0.52, p = 0.06), 
but not in HC users (rs = 0.21, p = 0.21) (Figure 1B).  

3.2. The Effect of Use of Hormonal Contraceptives on Calcium Homeostasis and Bone Turnover 

As shown in Table 2, plasma concentrations of phosphate and osteocalcin were borderline 
significant lower in users-compared with non-users of HC; whereas no other measured indices 
differed between groups.  

4. Discussion 

We have studied a group of healthy young Danish women among whom 52 used HC and 23 did 
not. Our analyses showed significantly higher plasma concentrations of 25OHD, 1,25(OH)2D and 
VDBP in users compared with non-users of HC, FI-25OHD and FI-1,25OH2D were however not 
different between groups. 

Our findings of increased VDBP concentrations in users of HC agrees with the findings in 
postmenopausal women receiving postmenopausal hormone substitution. In an earlier study from 
our group, initiation of postmenopausal oestrogen therapy caused a significant 8% increase in VDBP 
concentrations [19]. Similar results have been reported in pregnancy, during which an increase in 
VDBP concentration is observed [10,18]. 

Plasma 1,25(OH)2D is known to suppress the secretion of PTH, stimulate the synthesis of 
osteocalcin and enhance intestinal absorption of calcium and phosphate [27,28]. The latter may be 
reflected in an increase renal excretion of these minerals [27]. Despite a significant increase in plasma 
1,25(OH)2D our data did not show any significant effect of HC on indices of calcium and phosphate 
homeostasis or bone metabolism. These findings may support the notion of the free hormone 
hypothesis, i.e., that only the free fraction of the hormone has biological effects [29]. 

We assume based on our results and previous reports [5,10,15,18,19] that the estrogen component 
of HC may increase VDBP synthesis or decrease its catabolism. The concomitant increase in the 
total plasma 1,25(OH)2D concentration may mirror a compensatory adjustment to maintain an 
unaltered concentration of the free fraction [10,16,18]. 

VDBP binding protects vitamin D metabolites from hydroxylase-mediated catabolism; an 
increase in VDBP may therefore reduce further metabolism of vitamin D metabolites, increasing 
their half-life. An alternative explanation is that, in parallel with the up regulation of the 1,25(OH)2D 
concentration, the total 25OHD concentration is unregulated via unknown mechanisms, to maintain 
the free concentration of 25OHD, available to tissues. This may potentially explain the higher plasma 
concentration of the largely unregulated plasma concentration of 25OHD in HC users, however, this 
needs further investigation. 

An important limitation of our study is the relative small sample size and the fact that women 
were healthy and all had plasma 25OHD concentrations over 25 nmol/L. This may have limited our 
ability to detect further potential effects of HC on calcium homeostasis and bone metabolism through 
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variations in VDBP, 25OHD, and 1,25(OH)2D in vitamin D deficiency (25OHD < 25 nmol/L). 
Further studies should therefore aim to investigate effects of HC in women with vitamin D 
deficiency. Moreover, investigations in larger groups are needed to assess the effects of HC on 
vitamin D metabolites and its effect on muscle and bone, as well as other health outcomes. 

5. Conclusions 

In conclusion, use of HC is associated with an elevated plasma concentration of VDBP and 
concomitant higher plasma 25OHD and 1,25(OH)2D. The free-indices of these vitamin D metabolites 
are however similar to non-users of HC. The point of emphasis: the use of HC should be considered 
in the interpretation of 25OHD and 1,25(OH)2D vitamin D concentrations in women. Further studies 
should aim to clarify whether also in women with a low vitamin D supply, an HC induced increase 
in VDBP is accompanied by an increase in plasma 25OHD to maintain the free 25OHD level. Further 
research is also required to assess whether the free 25OHD index is a better marker of 25OHD tissue 
availability and has a higher correlation with indices of calcium homeostasis and bone metabolism 
than total 25OHD levels. 
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Abstract: This study compared two methods of assaying the 25-hydroxylated metabolites of 
cholecalciferol (vitamin D3) and ergocalciferol (vitamin D2). A fully automated 
electrochemiluminescence assay from Roche Diagnostics and an HPLC based method from 
Chromsystems were used to measure vitamin D levels in surplus sera from 96 individuals, where the 
majority has the D2 form of the vitamin. Deming regression, concordance rate, correlation and Altman 
Bland agreement were performed. Seventy two subjects (75%) had a D2 concentration >10 nmol/L 
while the remaining twenty four subjects had vitamin D2 concentration of less than 10 nmol/L by 
HPLC. Overall, the Roche Diagnostics method showed a negative bias of 2.59 ± 4.11 nmol/L on 
the e602 as compared to the HPLC with a concordance rate of 84%. The concordance rate was 91% 
in samples with D2 of less than 10 nmol/L and 82% in those with D2 concentration >10 nmol/L.  
The overall correlation had an r value of 0.77. The r value was higher in samples with D2 levels of 
less than 10 nmol/L, r = 0.96, as compared to those with D2 values of greater than 10 nmol/L,  
r = 0.74. The observed bias had little impact on clinical decision and therefore is clinically acceptable. 

Reprinted from Nutrients. Cite as: Abdel-Wareth, L.; Haq, A.; Turner, A.; Khan, S.; Salem, A.; 
Mustafa, F.; Hussein, N.; Pallinalakam, F.; Grundy, L.; Patras, G.; Rajah, J. Total Vitamin D Assay 
Comparison of the Roche Diagnostics “Vitamin D Total” Electrochemiluminescence Protein 
Binding Assay with the Chromsystems HPLC Method in a Population with both D2 and D3 forms 
of Vitamin D. Nutrients 2013, 5, 971-980. 

1. Introduction 

The last decade has witnessed a dramatic increase in both clinical and public awareness of the 
health implications associated with vitamin D status [1]. Consequently, clinical laboratories are 
receiving an increasing number of requests to measure vitamin D levels, which has led to the need  
for highly automated assays. A recent publication evaluated the performance of six routine  
25-Hydroxyvitamin D assays in relation to variation in vitamin D binding protein concentration [2]. 
The majority of the study population had the D3 form of the vitamin (cholecalciferol). In contrast, 
our study evaluates the performance of one of those assays, the Roche Diagnostics “Vitamin D total” 
electrochemiluminescence protein binding assay, in a population where the majority have the D2 
form of the vitamin (ergocalciferol). The technical performance of the Roche assay was evaluated 
by comparison to the Chromsystems HPLC-UV assay and the clinical performance was assessed in 
terms of classification of subjects as sufficient or deficient for the vitamin. 
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2. Material and Methods 

2.1. Samples 

Left over sera obtained from specimens analyzed at the SKMC Pathology & Laboratory Medicine 
Institute (n = 96) were used in this study. The use of this material was approved by the institutional 
ethics review board and is in accordance with the general consent signed by all patients prior to 
treatment at SKMC. Serum aliquots were given unique sample numbers, to conceal the identity of 
the patient from the staff performing the study. These aliquots were stored at 2–8 °C and analyzed  
within two days. 

2.2. Analytical Platforms 

2.2.1. Chromsystems HPLC Assay 

The Chromsystems reagent kit used on the Waters HPLC 2695 allows the main metabolites of 
vitamin D3 and D2 to be determined in a simultaneous chromatographic manner by using a fully 
validated, modified high-performance liquid chromatography (HPLC) method [3]. The Waters 
HPLC 2695 analyzer uses a simple isocratic HPLC system, with a HPLC pump, injector and a UV 
detector. In summary, protein is precipitated, and through selective solid phase extraction, interfering 
components are removed and the analytes are concentrated. A stable vitamin D derivative is used as 
an internal standard in order to allow for accurate quantification. The chromatographic separation 
takes approximately 12 min (Chromsystems Instruments & Chemicals GmbH, Heimburgstrasse, 
Munich, Germany) [3]. The assay has within run imprecision of 3.0% and total (between days) 
imprecision of 4.6%. 

2.2.2. Roche Diagnostics Vitamin D Total Assay 

The Roche Diagnostics Vitamin D total assay is a competitive electrochemiluminescence protein 
binding assay intended for the quantitative determination of total 25-OH vitamin D in human serum 
and plasma. The assay employs a vitamin D binding protein (VDBP) as capture protein, which binds 
to both 25-OH D3 and 25-OH D2 (Roche Diagnostics, Mannheim , Germany) [4]. 

The assay utilizes a 3-step incubation process, which has a duration of 27 minutes. In step 1, the 
sample is incubated with pretreatment reagent, which releases bound 25-OH vitamin D from the 
VDBP. In step 2, the pretreated sample is incubated with ruthenium labeled VDBP creating a 
complex between the 25-OH vitamin D and the ruthenylated VDBP. The third incubation step sees 
the addition of streptavidin-coated microparticles and 25-OH vitamin D labeled with biotin. The free 
sites of the ruthenium labeled VDBP become occupied, forming a complex consisting of the 
ruthenium labeled vitamin D binding protein and the biotinylated 25-OH vitamin D. The entire 
complex becomes bound to the solid phase via interaction of biotin and streptavidin. 

Between day precision was CV = 4.9% and 1.9% at mean concentrations of 43.3 and 105 nmol/L 
respectively using quality control material provides by Roche Diagnostics. 
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Both assays were validated in our laboratory following “Clinical Laboratory Standards Institute” 
(CLSI) protocols for validation of precision, linearity and accuracy. 

Reference ranges used in this study were based upon the recommendations of the American 
Society for Bone and Mineral Research, 28th Annual Meeting 2006 and the Canadian consensus 
conference on osteoporosis, 2006 [5,6] and were defined as follows: Deficiency: <25 nmol/L, 
Optimal/Sufficiency: 75–200 nmol/L, Insufficiency: 25–75 nmol/L and Toxicity: >250 nmol/L.  
This study also considered the latest recommendations published by the Institute of Medicine (IOM) 
for dietary reference intake for calcium and vitamin D. According to the latest IOM 
recommendations, 25(OH) D levels corresponding to a serum 25(OH) D status of at least 50 nmol/L 
indicates sufficiency [1]. 

2.2.3. Statistical Analysis 

All data points were included in the study. Results were classified into three groups; the entire 
population, those with vitamin D2 concentration of less than 10 nmol/L and those with vitamin D2 
concentration greater than 10 nmol/L. Method comparison was performed by using Deming regression. 
Method agreement was analyzed by the mean difference method of Bland and Altman.  
Pearson correlation was also calculated for the three groups. In addition, linear regression for the 
difference between the Roche method and the HPLC method in relation to concentration of vitamin 
D2 and D3 was performed to determine the influence of increasing concentrations of each of the 
forms respectively. Analysis was performed using “Analyse-it” (The Tannery, 91 Kirkstall Road, 
Leeds, LS3 1HS, UK) and Microsoft Excel softwares (Thames Valley Park Reading, Berkshire, RG6 
1WG, UK). 

The concordance rate was calculated by classifying the results obtained on each platform as 
sufficient, insufficient or deficient using the criteria already established in our laboratory as stated 
earlier as well as those recently suggested by the Institute of Medicine (IOM) [1]. 

Secondary analysis was performed to determine the predicted bias as the data demonstrated a  
non-constant scatter. The data was classified into three groups (low, middle and high) in order of 
increasing values based on the HPLC results. Predicted bias was then calculated using partitioned 
residuals as described in CLSI guideline EP09-A2-IR Section 6.3. Polynomial regression analysis 
was performed to determine the polynomial fit equation for each group. 

3. Results 

Samples 

A total of 96 samples were analyzed. Seventy two samples had D2 concentrations greater than 
10 nmol/L as detected by the HPLC, while in the remaining twenty four the concentration of D2 was 
less than 10 nmol/L. None of the samples analyzed were hemolyzed or lipemic. The mean, standard 
deviation, median and the range were; mean 65.22 and 62.12 nmol/L ± 30.38 and 29.54, median 
60.90 and 57.8 nmol/L, range 16.3–180.9 and 7.5–175.0 nmol/L, for the Chomsystem HPLC and 
Roche Diagnostics Cobas e602 respectively. 
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The Roche Diagnostics method demonstrated a negative bias of 2.59 nmol/L (95% CI = 6.7–1.52) 
when compared to the HPLC method using the Bland-Altman analysis (Figure 1). 

Figure 1. Deming regression of total 25(OH) D comparison: Chromsystems HPLC as 
the reference method vs. Roche Diagnostics Vitamin D total method on the Cobas e602. 

 

Deming regression result, correlation, slope and intercept for all samples, samples with D2 
concentrations less than and greater than 10 nmol/L is summarized in Table 1. The difference 
between the two methods is dependent on the concentration of D2 and D3 with negative bias 
observed more with increasing D2 concentrations and positive bias with increasing D3 concentration 
(Figure 2). Linear regression analysis scatter plot of the difference in concentration between Roche 
Diagnostics total 25 (OH) and HPLC as a function of D2 and D3 concentrations is shown in Figure 3. 

Table 1. Person correlation, bias as calculated by Bland—Altman comparison, slope and 
intercept according to Deming regression for all samples, samples with D2 concentration 
less and more than 10 nmol/L as determined by HPLC. 

Sample Group n Concentration Range in nmol/L r Bias Slope Intercept 
All samples 96 16.30–180.9 0.77 2.59 0.95 0.5 

D2 concentration <10 nmol/L 24 16.30–127.80 0.96 10.14 1.43 11.81 
D2 concentration >10 nmol/L 72 16.90–180.90 0.74 6.63 0.79 8.07 
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Figure 2. Bland-Altman plot showing means of paired difference between the HPLC 
method and the Roche Diagnostics Cobas e602 in samples with D2 greater than and less 
than 10 nmol/L respectively. 

 

Figure 3. Linear regression analysis scatter plot of the difference in concentration 
between Roche Diagnostics total 25 (OH) and HPLC as a function of D2 and D3 
concentrations. 

 

The concordance rate between the Cobas e602 and HPLC was 74% using the 75 nmol/L cutoff 
value as indication of vitamin D sufficiency. When applying the cutoff proposed by the IOM [1] the 
concordance rate increased to 84%. The concordance rate was 91% in samples with D2 of less than 
10 nmol/L and 82% in those with D2 concentration >10 nmol/L. The majority of the disagreement 
was in the sufficient to insufficient range as the Roche method slightly underestimated at the higher 
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concentrations (>50 nmol/L). There was no major discrepancy as to sufficiency versus deficiency 
noted. The detail of the sub classification is summarized in Table 2 for the two cutoffs respectively. 

Table 2. Concordance of HPLC and Roche Diagnostics assays to 25 (OH) D based on  
2 decision criteria.  

Concordance Based on the 75 nmol/L Cutoff Concordance Based on the 50 nmol/L Cutoff 

R
oc

he
 

70–25 
Cutoff 

HPLC 

R
oc

he
 

50–30 
Cutoff 

HPLC 

 Sufficient Insufficient Dificient  Sufficient Insufficient Dificient 
Sufficient 13 7 0 Sufficient 60 6 0 

Insufficient 17 53 1 Insufficient 7 15 2 
Dificient 0 0 5 Dificient 0 0 6 

The calculated predicted biases as absolute values and percentages at four medical decision limits 
(25 and 75 nmol/L) and (30 and 50 nmol/L) are summarized in Table 3. 

Table 3. Calculated predicted biases at four medical decision cutoffs for low, middle and  
high groups. 

Medical 
Decision Cutoff 

Group 1 
(16.3–51.5 nmol/L) 
Predicted Bias (%) 

Group 2 
(54.2–69.6 nmol/L) 
Predicted Bias (%) 

Group 3 
(71.1–180.9 nmol/L) 
Predicted Bias (%) 

25 nmol/L 2.6 (10.4%) Not applicable for this group Not applicable for this group 
30 nmol/L 2.9 (9.6%) Not applicable for this group Not applicable for this group 
50 nmol/L Not applicable for this group 4.0 (8%) 1.57 (3%) 
75 nmol/L Not applicable for this group 11.27 (15%) 7.7 (10.3%) 

4. Discussion 

Testing for vitamin D is required not only to screen for its deficiency, but also increasingly to 
adjust “therapeutic targets” and monitor efficacy of treatment. In addition to the skeletal effects, 
vitamin D may have a role in relation to diabetes, cancer and cardiovascular diseases [7–13]. 
Growing awareness of the clinical importance of vitamin D has resulted in clinical laboratories 
receiving a surge in requests for the assay. This has led to a need to migrate vitamin D testing from 
labor intensive methods, such as HPLC, to more highly automated testing platforms. Until recently 
the major challenge with vitamin D analysis has been the lack of standardization and the wide 
analytical variation between methods due to absence of reference standards [14]. The situation is 
further complicated by the discovery of C-3 epimers of vitamin D2 and D3 particularly in infants 
that might interfere with the accurate measurement and interpretation of vitamin D status in infants [15]. 
Recently, the National Institute of Standards and Technology (NIST) developed standard reference 
materials (SRMs) for 25(OH) D3/D2 in both human serum (SRM 972) and in solution (SRM 2972) [16]. 
This was supported by the recent introduction of reference measurement procedures using  
isotope—dilution liquid chromatography-tandem mass spectrometry [17]. 
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The Roche Diagnostics Total Vitamin D kit has 80% cross reactivity to D2 and 100% cross 
reactivity to D3. This method was recently evaluated and its performance was deemed satisfactory 
in a population where D3 constituted the main form of total vitamin D [2]. In the United Arab 
Emirates, vitamin D deficiency is prevalent and the majority of the deficient population is receiving 
D2 supplementation [18]. In this study 75% of the participants had D2 levels >10 nmol/L. In this 
population, the Roche Diagnostics method had an overall negative bias, which was directly 
dependent on the increasing concentration of D2 as compared to the HPLC method. However, it was 
also observed that the method has positive bias, which was dependent on the concentration of D3 
and therefore the overall negative bias was attenuated when both forms are present. More subjects 
were classified as “insufficient” by the Roche Diagnostics method. However, the clinical impact of 
the slight underestimation, one can argue, is of little clinical significance giving the wide range for 
the optimum level of vitamin D (50–150 nmol/L). The analytical quality goals for 25-vitamin D 
based on biological variation were a subject of a recent publication [19]. According to this publication, 
the desirable analytical bias goal is around 10% and 6% for the imprecision [20]. The calculated 
predicted bias using the was found to be within 10% when the IOM decision criteria of 30 and 50 
nmol/L were applied and within 15% when the criteria of American Society for Bone and Mineral 
Research were applied. The method has an imprecision of less than 5%. We subscribe to the  
UK-based DEQAS vitamin D external quality assessment scheme. According to DEKAS 2012 
review report, the Roche total vitamin D method had a mean % bias of less than 10% from all 
laboratory trimmed mean (ALTM) while the IDS RIA and IDS iSYS assays had a high positive bias 
which reached up to 21%. LC-MS method had positive bias according to this review of less than 
10% while HPLC method had a positive bias slightly higher than 10% in one of the cycles [21]. 
Since both methods in this study used different standards, a clear cut 100% concordance on all 
samples might not be achievable. Adding to the lack of standardization are the inherent technical 
limitations of the protein binding assays relative to the direct chemical methods, the effect of vitamin 
D binding protein concentration of the results and the possible interferences from the C-3 epimers of 
D2 or D3 forms on the HPLC method [15]. 

5. Conclusions 

In conclusion, Roche Diagnostics “Vitamin D total” assay performance in a population where the 
D2 component is negatively biased when compared to the HPLC Chromsystems method, and this is 
directly related the concentration of D2. The negative bias is less often observed when D3 is also 
present. The negative bias may impact classification of individuals receiving the test in terms of 
sufficiency or insufficiency for vitamin D and it should be taken in consideration when interpreting 
results of patients on D2 supplementation. The observed bias had little impact on clinical decision 
when the IOM criteria were applied and therefore is clinically acceptable. 
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