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• The vitamin D endocrine system is an increasingly more complex biological pathway than originally described in sport science literature.
• Many athletes have low total vitamin D (25[OH]D) concentrations.
• Supplementing with mega bolus doses of vitamin D may be detrimental to vitamin D metabolism.
• Measuring total 25[OH]D may no longer be the best marker of vitamin D status.
• Very low vitamin D concentrations can negatively affect athletic performance both directly and indirectly.
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INTRODUCTION  

Vitamin D is recognized as the ‘sunshine vitamin,’ due to the production 
of the majority of vitamin D

3
 (cholecalciferol) in the skin via sunlight (or 

more specifically, ultraviolet B radiation exposure). This absorbed 
radiation causes the cholesterol precursor, 7-dehydrocholesterol to 
form previtamin D

3
 (Figure 1). Spontaneous isomerization then alters 

the double bonds of the thermodynamically unstable previtamin D
3
 to 

produce vitamin D
3
, also known as cholecalciferol (Holick, 2004). The 

significance of solar vitamin D production is clear when we consider 
that countries with low sunlight exposure for many months of the year 
have populations with the lowest vitamin D concentrations (Chen et  
al., 2007).

Vitamin D
3
 is mostly bound to the vitamin D-binding protein (DBP) in the 

circulation and is converted to 25-hydroxyvitamin D (25[OH]D, also 
known as calcifediol) in the liver under the control of the enzyme 
cytochrome P450 2R1 (CYP2R1) (Cheng et al., 2004; Shinkyo et al., 
2004; Hamilton et al., 2010). Further hydroxylation of 25[OH]D to the 
active form of vitamin D, termed 1,25 dihydroxyvitamin D (1,25[OH]

2
D

3,
 

also known as calcitriol) occurs in the kidney (Figure 1). This bioactive 
metabolite is transported in the blood to the target tissues expressing 
the vitamin D receptor (VDR). It is this metabolite that exerts the effects 
of vitamin D in various tissues of the body, by binding to the VDR and 
subsequently regulating gene transcription.

Vitamin D status is typically categorized using serum 25[OH]D 
concentrations as severely deficient (< 12.5 nmol/L), deficient (12.5-  
< 30 nmol/L), insufficient (30-50 nmol/L) or sufficient (> 50 nmol/L) 
(The National Academies, 2011). However, the categorization of what 
constitutes 25[OH]D deficiency is widely debated (Owens et al., 2018). 
For now, it is therefore recommended to always present the absolute 
concentration of vitamin D as well as these arbitrary definitions.

HOW DOES VITAMIN D FUNCTION?
Research over the past two decades has established that the diverse 
biological actions of 1,25[OH]

2
D

3
 are driven through the control of gene 

expression, mediated by the VDR (McDonnell et al., 1987; Haussler et 
al., 1998) (Figure 1). Direct interaction between 1,25[OH]

2
D

3
 and the 

VDR leads to the interaction of the 1,25[OH]
2
D

3
-VDR complex with 

retinoid X receptor (RXR). This newly formed complex can then bind to 
vitamin D response elements located upstream of vitamin D target 
genes, and via the recruitment of co-activators and co-repressors, 
leads to the activation or repression of genes, respectively (Sutton & 
MacDonald, 2003). Historically, it was assumed that VDR-targeted 

Figure 1. A) Dietary vitamin D
3
 or exposure of skin to ultraviolet B radiation (UVB) 

radiation results in circulating vitamin D
3
. This metabolite is hydroxylated in the 

liver to form the metabolite 25[OH]D, a biologically inactive compound with the 
longest half-life of the vitamin D metabolites. 25[OH]D circulates bound to vitamin 
D-binding protein (DBP) (85-90%) while a smaller fraction circulates loosely bound 
to albumin and freely in serum (10-15%). 25[OH]D is transported to the kidney or 
target tissues expressing 1α-hydroxylase, where it is hydroxylated further to form 
1,25[OH]D

2
D

3
, the biologically active vitamin D metabolite. At the target tissue, 

1,25[OH]D
2
D

3
 binds to the vitamin D receptor (VDR) and subsequently forms a 

heterodimer with retinoid X receptor (RXR), forming a transcriptional complex that 
recruits co-activators and repressors to vitamin D response elements (VDRE) to 
activate and repress genes. B) The most common vitamin D metabolites and their 
sites of production. Vitamin D

3
, cholecalciferol; 25[OH]D, calcifediol; 1,25[OH]

2
D

3
, 

calcitriol; mRNA, messenger ribonucleic acid.
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gene expression was limited to the intestinal mucosa and bone. 
However, recent analyses indicate that vitamin D affects the expression 
of as much as 3% of the transcribed genome in target cells including 
those of the immune system, skin, the pancreas and skeletal muscle 
(Holick, 2007). 

WHAT ARE THE CLAIMED BIOLOGICAL ROLES OF VITAMIN 
D RELEVANT TO ATHLETIC PERFORMANCE?
Athletic performance is determined by many genetic and environmental 
factors (MacArthur & North, 2005) and vitamin D has been proposed 
as both performance limiting and enhancing when in deficiency and 
abundance, respectively (Dueck et al., 1996; Cannell et al., 2009). 

Bone Health

Recent studies have examined the association between vitamin D and 
bone and skeletal muscle function in athletes, two areas that may 
impact health and athletic performance. Vitamin D status is indicative 
of calcium absorption and bone mineralization (Berry et al., 2002) and 
there is considerable knowledge describing the relationship between 
25[OH]D deficiency and bone health (Collins et al., 1998; Holick, 2006; 
Cashman et al., 2008; Breen et al., 2011; Gutierrez et al., 2011; Sadat-
Ali et al., 2011; Wöfl et al., 2013). However, observations of vitamin D 
deficiency fail to universally affirm a proportionate susceptibility to bone 
loss, osteoporotic fractures or rickets (Hamson et al., 2003; Lowe et al., 
2010), particularly in athletes, a population where stress fractures are 
frequently observed (Johnson et al., 1994). Interestingly, current 
research shows no association between 25[OH]D concentration and 
measures of bone health in an ethnically diverse athletic population, 
irrespective of exercise type (weight/non-weight bearing) (Allison et al., 
2016) although others have demonstrated racial differences in 
manifestations for vitamin D and markers of bone health (Cauley et al., 
2005; Hannan et al., 2008). What is clear is that bone cells are capable 
of producing 1,25[OH]

2
D

3
 from the 25[OH]D precursor and that this 

activity is likely to account for the skeletal effects of circulating 25[OH]
D (Anderson & Atkins, 2008). To better understand the relationship 
between vitamin D and bone health in athletes, our group has turned to 
the examination of alternative vitamin D metabolites that may better 
reflect the biological activity of vitamin D (see ‘Measuring Vitamin  
D’ section).

Muscle Function and Remodeling 

Elite athletes are known to be vitamin D deficient (Morton et al., 2012) 
and there is accumulating evidence exhibiting the role of vitamin D in 
skeletal muscle. Studies show conflicting results between vitamin D 
status and muscle strength and performance, and some demonstrate 
no relationships between 25[OH]D status and muscle strength (Dhesi, 
2004; El-Hajj Fuleihan, 2005; Annweiler et al., 2009; Ceglia et al., 
2011). However, Close et al. (2013) found an improvement in 10-m 
sprint times and vertical jump height following supplementation with 
5,000 IU of D

3
/day. Sinha et al. (2013) also demonstrated that 

supplementing severely deficient athletes (< 15 nmol/L) with 20,000 

IU D
3
 on alternate days significantly elevated phosphocreatine  

recovery half-time of the soleus muscle following activity, indicative of 
improved mitochondrial oxidative function. However, other studies have 
shown no improvement in muscle contractile properties in vitamin 
D-inadequate young active males following supplementation with 
10,000 IU D

3
/day or placebo for three months (Owens et al., 2014). It 

would appear that in terms of muscle function, problems are only 
observed when athletes present with clinically low vitamin D 
concentrations (< 25 nmol/L) (Stockton et al., 2011). Therefore, it may 
be wise to focus on correcting deficiencies rather than trying to achieve 
supraphysiological concentrations.

Emerging evidence from integrative biology studies suggest that 
maintaining serum 25[OH]D concentrations > 50 nmol/L may be 
beneficial for skeletal muscle reparative processes and potentially for 
facilitating subsequent remodeling (Owens et al., 2015; 2017). 
Supplementation of vitamin D-inadequate men with 4,000 IU D

3
/day 

has been shown to improve muscle force recovery following a high-
volume session of eccentric lower limb contractions (Owens et al., 
2015). Moreover, skeletal myoblasts obtained from these individuals 
and ‘damaged’ in vitro showed improved muscle cell migration 
dynamics and improved myotube fusion/differentiation together with 
increased myotube hypertrophy. These data are the first to characterize 
a role for vitamin D in human skeletal muscle regeneration and suggest 
that maintaining serum 25[OH]D may be beneficial for enhancing 
reparative processes and potentially for facilitating subsequent 
hypertrophy (Owens et al., 2015). 

Immune Health

An important factor that can limit athletic performance is poor immune 
health. Infections reduce playing time, selection availability and disrupt 
training programs. Vitamin D has long been known to modulate immune 
health in a variety of populations. A seminal study demonstrated that 
after adjusting for adiposity, lifestyle and socioeconomic factors, each 
10 nmol/L increase in 25[OH]D was associated with a 7% reduction in 
infection risk (Berry et al., 2011). This could have important implications 
for athletes who, when overreaching or restricting nutrients such as 
carbohydrates, can compromise immune function (Gleeson & Walsh, 
2012). Indeed, in an athletic cohort, supplemental vitamin D to increase 
serum 25[OH]D was sufficient to reduce infection risk during a 16-
week period of winter training (He et al., 2013). A cause-effect 
relationship has also been determined for vitamin D and immune 
function, as both innate and acquired immune cells express the vitamin 
D receptor and vitamin D metabolizing enzymes and, importantly, are 
responsive to treatment with vitamin D (Hewison, 2012).

MEASURING VITAMIN D
Clinically, measuring serum 25[OH]D concentration provides the best 
estimate of vitamin D concentration (Holick, 1990; Iqbal, 1994) as both 
vitamin D

3
 (cholecalciferol) and 1,25[OH]

2
D

3
 have short half-lives (24 

hours and 4-6 hours, respectively) and the circulating concentrations 
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provide limited information about vitamin D status. In contrast, 25[OH]
D has a long serum half-life (3 weeks) and the 25-hydroxylation step is 
unregulated, thus reflecting substrate availability. During vitamin D 
deficiency, parathyroid hormone increases and drives the renal 1-alpha-
hydroxylase enzyme up, so that 1,25[OH]

2
D

3
 levels increase. Only in 

severe deficiency, when the substrate is depleted, does 1,25[OH]
2
D

3 

become low. Partially treated vitamin D deficiency also results in 
marked elevations of 1,25[OH]

2
D

3
 concentrations.

An Emerging Importance for Vitamin D-Binding Protein 
(DBP) and Bioavailable Vitamin D

In most clinical and athlete trials 25[OH]D concentration is measured as 
a marker of vitamin D status. However, there appears to be a ‘paradoxical 
relationship’ between ethnicity and vitamin D concentration that has 
largely been ignored, as black athletes generally have the lowest vitamin 
D concentrations but the greatest bone mineral density (BMD) and 
reduced risk of fracture (Cauley et al., 2005: Hannan et al., 2008). 
Vitamin D–binding protein (DBP) provides insight into why certain 
ethnic groups may have distinct 25[OH]D and BMD relationships (Powe 
et al., 2013). DBP is the primary vitamin D carrier, binding 85-90% of 
circulating 25[OH]D and 1,25[OH]

2
D

3
, the biologically active form of 

vitamin D, and the remaining unbound 25[OH]D is considered to be 
bioavailable. Bioavailable vitamin D is defined as 25[OH]D that is either 
free or bound to albumin. About 10-15% of total 25[OH]D is bound to 
albumin, in contrast to free 25[OH]D, which accounts for less than 1% 
of the total circulating vitamin D (Bikle et al., 1986). Since the affinity of 
albumin to 25[OH]D or 1,25[OH]

2
D

3
 is weaker than that of DBP, the 

loosely bound fraction and the free fraction consist of bioavailable 
25[OH]D (Brown & Coyne, 2012). 

DBP has many physiologically important functions including transporting 
vitamin D

3
 metabolites, binding/sequestering globular actin, and binding 

fatty acids. Genotyping has identified two common single-nucleotide 
polymorphisms (SNP) in the coding region of the DBP gene (rs4588 
and rs7041) (Girgis et al., 2013). Combinations of these two SNPs 
produce three major polymorphic forms of DBP (Gc1F, Gc1S, and Gc2), 
which differ substantially in their binding affinity for 25[OH]D, circulating 
concentration, and variation between ethnic groups and are in turn 
linked to vitamin D-binding protein function. Therefore, DBP may 
account for the observed racial differences in manifestations of vitamin 
D deficiency determined by 25[OH]D (Powe et al.. 2013). 

Studies have shown the association between serum 25[OH]D 
concentrations and numerous disease states and markers of athletic 
performance (Cannell et al., 2009; Holick, 2004). However, in an 
ethnically diverse athletic population, there was no relationship between 
serum 25[OH]D concentration and markers of bone health, regardless 
of sporting type (Allison et al., 2016). We have also recently shown that 
bioavailable vitamin D is a better predictor of bone mineral density 
(Allison et al., 2018). Systematic screening to determine 25[OH]D 
concentrations is expensive, and since it demonstrates a poor 
relationship to bone health in an ethnically diverse athletic population, it 
can be argued that in athletic communities, vitamin D testing should be 

reserved for the symptomatic athlete (i.e., musculoskeletal injury). This 
brings into question the validity of the commonly used laboratory test 
for 25[OH]D concentrations in assessing vitamin D deficiency and may 
provide insight as to why there is no currently universally accepted 
consensus for vitamin D concentrations. For researchers, the inclusion 
of DBP genotyping and measurement of free 25[OH]D would be 
beneficial for future trials hoping to analyze the relationship of 25[OH]D 
with parameters of athletic performance and athlete health. From an 
applied perspective, perhaps it is also time to develop tests to measure 
bioavailable vitamin D and, until this is available, blanket screening of 
athletes should be questioned. In terms of a target bioavailable vitamin 
D concentration, given that approximately 10% of total vitamin D is 
bioavailable, it could be argued that 5 nmol/L would be a suitable 
recommendation (based on a 50 nmol/L target concentration for total 
vitamin D) although data to support this suggestion is limited given that 
this is an emerging research topic. 

SUPPLEMENTING WITH VITAMIN D: YOU CAN HAVE TOO 
MUCH OF A GOOD THING
The more evidence that research produces, the more complex is the 
task of correcting low vitamin D concentrations. It has often been 
suggested that 25[OH]D concentrations well above the U.S. Institute of 
Medicine guidelines are necessary for ‘optimal health’ (Zittermann, 
2003; Heaney, 2013), but with little solid evidence to support this. As 
such, this idea has been followed in trials using large doses of vitamin 
D to achieve high 25[OH]D concentrations (> 100 nmol/L). Applied 
practitioners often translate this information into their practice, 
employing megadose supplementation, before such protocols have 
been fully scrutinized. Recent evidence refutes the suggestion that high 
concentrations of 25[OH]D are needed and that megadose supplements 
are efficacious. Work from our laboratory in conjunction with a 
professional squad of team sport athletes examined the metabolic 
responses of the vitamin D endocrine system following large doses of 
vitamin D, typically administered in elite team sport settings (Owens et 
al., 2017). Our results demonstrated that administration of a bolus dose 
containing 70,000 IU of vitamin D

3
 per week resulted in significant 

increases in vitamin D catabolism. Moreover, this increase in the 
inactive vitamin D metabolite outlived the decline in the active 
metabolites following withdrawal of supplementation, which could be 
potentially harmful and may explain the negative findings associated 
with megadose vitamin D supplementation (Sanders et al., 2010). A 
lower bolus of 35,000 IU/wk did not achieve such drastic changes in 
catabolism in the same trial. We believe that a moderate daily dose of 
vitamin D

3
 may therefore be most appropriate, if there is a need to 

supplement with vitamin D. 

Moreover, as we have discussed in the current article, 25[OH]D may not 
even be the best marker to study the response to supplementation, 
since it may be the unbound fraction of 25[OH]D that best correlates 
with biological activity. Of importance, this fraction differs between 
races so it will be vital for new studies to include measurements of free/
bioavailable vitamin D to design the most efficacious supplementation 
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strategies for vitamin D. The worry is that for now, we could be making 
an incorrect diagnosis of deficiency based on an unsuitable assay, then 
prescribing an untested but potentially deleterious dose of vitamin D.

PRACTICAL APPLICATIONS
• The steps recommended to test and identify where vitamin D 

supplementation may be required can be observed in the 
decision flow chart observed in Figure 2.

• Based on current evidence, supplementing daily as opposed to 
weekly, with vitamin D

3
 in the range of 2,000-4,000 IU/day 

appears to pose no harmful effects and is within both the 
European and American safe upper limits for daily intake (The 
National Academies, 2011; European Food Safety Authority, 
2012). 

• Vitamin D
3
 should be used over the D

2
 form, as the latter has 

lower potency and its biological importance in humans is debated 
(Heaney et al., 2011). This strategy of D

3
 supplementation could 

be employed in climates where there is little sun exposure during 
winter months (October-March) or where climate, lifestyle and 
socioeconomic differences prevent sun exposure, such as in the 
Middle East, where vitamin D deficiency is prevalent (Hamilton et 
al., 2010). 

• Where possible, seeking sensible sun exposure (10 a.m.-3 p.m., 
15 min, 6 days/wk, 30-60ºN, ~30% body exposed, i.e., t-shirt 
and shorts) during the summer months may maintain adequate 
vitamin D concentrations without the need to supplement, even 
in climates such as Northern England (Rhodes, 2012).

SUMMARY

The past decade has witnessed considerable interest in vitamin D in 
athletic populations with vitamin D supplementation now becoming 
routine in many sporting teams and individual athletes. This interest has 
stemmed from numerous studies identifying ‘deficiencies’ in athletes. 

However, given the emerging research suggesting that our chosen 
method of assessment may not be appropriate to identify true 
deficiencies combined with evidence demonstrating potential 
deleterious effects of megadose supplementation, it may be time for a 
period of reflection and reassessment of current strategies. Vitamin D 
metabolism is a rapidly evolving field. We are moving inevitably closer 
to a more complete picture of this complex endocrine system, but much 
more is still to be learned. It is clear that clinically low vitamin D 
concentrations are detrimental to aspects of health that influence 
athletic performance, so it may be wise to attempt to avoid these 
deficiencies with low dose supplementation (~2,000 IU/day in the 
winter) and focus less on supplementation strategies to achieve 
‘optimal’ concentrations. Research should move away from simply 
reporting that yet another group of athletes presents with ‘low’ 25(OH)
D concentrations and rather focus upon free vitamin D and a better 
understanding of the true association between vitamin D and 
physiological function. A simple commercially available assay for free 
vitamin D needs to be developed but, until this is available, routine 
screening for 25[OH]D in athletes may be an expensive waste of time. 
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