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Vitamin D is well known for its important roles in maintaining calcium homeostasis and bone mineralization via the regulation of calcium mobilization and renal reabsorption, and the intestinal absorption of both calcium and phosphorus [1]. These functions have been established for many decades. In fact, the associations between vitamin D-containing foods, sun exposure and bone health were identified over a century ago, long before vitamin D itself, the mechanism for its synthesis and its active metabolite were discovered [2,3]. However, as outlined by Carsten Carlberg in a recent review in Nutrients [4], this classical focus on bone health presents a narrow view of the functions of vitamin D. With the development of the field of nutrigenomics, it is now becoming clear that the active vitamin D metabolite, calcitriol, has many more physiological functions.



Nutrigenomics describes the role of nutrients and bioactive compounds in foods in controlling gene expression and, consequently, on the proteome and the metabolome [5]. The vitamin D receptor (VDR) is a widely expressed member of the nuclear receptor superfamily. When calcitriol binds to the cytosolic VDR phosphorylation, and heterodimerization with the retinoic X receptor (RXR) occurs, the complex translocates to the nucleus [6,7]. The complex then binds with the vitamin D response element (VDRE) as a transcription factor, with binding leading to conformation change from repression to activation via the recruitment of transcription co-activators [6,7], ultimately leading to gene expression.



As such, VDR, like other nutrient-sensing members of the nuclear receptor superfamily, allows gene expression in many cell types to adapt with nutritional status [4]. The VDR is highly expressed on many cell and tissue types involved in the classical roles of vitamin D, including bone, kidneys, liver and intestines [8], and there are overlaps between its traditional and genomic roles. However, the VDR is also expressed in a wide variety of cell and tissue types, including those not involved in calcium regulation, such as dermal and immune cells, cardiovascular tissues and in the nervous system [9]. Transcriptome-wide analyses suggest that via VDR–VDRE interactions, 1,25(OH)2D can regulate the expression of hundreds of genes, and it has become clear that this includes many genes not related to mineral regulation [10].



The nutrigenomic functions of vitamin D may also complement or interact with its epigenetic functions [4]. These mechanisms include DNA methylation, and remodelling of chromatin and histones, which influence accessibility to genes [11]. Therefore, they play important roles in regulating gene expression indirectly without changes to the genome. VDR binds to a genomic region only when it finds its preferred VDRE sequence motifs within an accessible chromatin. As such, vitamin D, like other epigenetically active micro- and macronutrients, may influence the accessibility of VDRE in a transient and reversible way, thus further regulating gene expression [11,12]. This may act as a modifiable molecular regulator to maintain homeostasis in response to changing light exposure or intake levels [13].



Through nutrigenomic and epigenomic functions, calcitriol and VDR are implicated in the modulation of risk for a variety of diseases. There is emerging in vitro and in vivo evidence that this system is involved in modulation of innate and adaptive immune responses, cell differentiation, reactive oxygen species detoxification, apoptosis, angiogenesis and invasion in various cell types [14,15,16]. These functions have consequences for tumorigenesis, metastasis, immune function and cardiovascular disease signalling pathways [17,18]. Roles are also suggested for calcitriol and VDR in neurological and neuromuscular disorders, with vitamin D metabolites able to cross the blood–brain barrier [19]. While many candidate genes and common pathways such as the Wnt signalling and NF-κB pathways have been identified as responsive to calcitriol, more work is needed to elucidate the precise mechanisms involved [17].



The genomic impacts of calcitriol may vary between individuals due to nutrigenetics. Nutrigenetics describes the role of gene variants in modifying responses in metabolism and detection of nutrients [20]. Polymorphisms in the VDR gene [21], the vitamin D binding protein [22] and the genes for the hydroxylase enzymes involved in vitamin D metabolism [23] can lead to differential responses to the same stimuli. Large ranges in the individual responses to vitamin D supplementation have been demonstrated in multiple studies [22,24], with these responses common to genotypic groups [22,24]. Evolutionary nutrigenetic pressures are believed to have influenced the differential development of skin pigmentation in populations from different latitudes to maintain nutrient homeostasis, including that of vitamin D. However, associations may extend out of the vitamin D system [25]. Polymorphism in the VDR and hydroxylase genes involved in the metabolism of vitamin D have also been associated with the modulation of risk for autoimmune diseases, some cancers and bone and muscle health [21,23].



As genomic techniques become more powerful and affordable, opportunities are expanding to uncover vast amounts of data on vitamin D-regulated epigenome and transcriptome changes in a range of cellular systems and disease states. This will allow the uncovering of the mechanisms responsible for the observed associations with disease. It is hoped that with the further elucidation of the genomic mechanisms involved that eventually vitamin D may be incorporated into prevention or treatment strategies for many conditions, in addition to bone health. This may be most beneficial when combined with personalized nutrition approaches to account for the differential responses in individuals with key vitamin D-related variants.
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