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Abstract

Vitamin D metabolism in individuals is affected not only by their exposure
to the sun or dietary intake of vitamin D, their liver and kidney function and
other tissue production, but also by genetic variations in genes associated with
vitamin D metabolism. These genes include not only the vitamin D receptor
(VDR) genes, but also Group—Specific Component (GC), 7-dehydrocholesterol
reductase (DHCR7), cytochrome P450 2R1(CYP2R1), cytochrome P450,
family 24, subfamily A, polypeptide 1 (CYP24A1l), and cytochrome p450 27B1
(CYP27B1). Particular single nucleotide polymorphisms (SNPs) from a number
of these genes are being associated with lower or higher circulating vitamin
D concentrations. Vitamin D metabolism is also affected by interactions with
the individual’'s microbiome. Other environmental changes in addition to vitamin
D intake, particularly those associated with variations in nutrient intake and
exposure to pathogens, can impact on these gene variations associated with
vitamin D metabolism. Certain combinations of these, in addition to a lowering of
circulating vitamin D, influence immune and metabolic pathways and contribute
to immune dysregulation. The current enhancement and interplay of these
permutations augurs the rise of chronic conditions in the Western world. To
ameliorate this, vitamin D supplementation needs to be tailored to an individual's
genotype in the context of their environment.
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Other immune disorders that have been associated with vitamin D
are diabetes, coronary heart disease, blood pressure and outcomes
of chronic kidney disease [37-49]. Particular variants of genes, the
influence of microbiome, vitamin D metabolic pathways associated
with them, and how our changing environment impinges on these
and exacerbates immune dysfunction are the basis of the following
discussion.

The Vitamin D Receptor Gene (VDR)

Most of the roles of the active form of vitamin D (1,25(OH)2D3)
are facilitated by the gene VDR. VDR has a number of functions which
include the following: it encodes the nuclear hormone receptor for
vitamin D; it is a secondary bile acid lithocholic acid receptor which
may act to protect the gut against lethal and carcinogenic endobiotics

Introduction

Vitamin D is a major regulator of gene expression and signaling
in most tissues, and insufliciency affects many adults [1,2]. Genetic
factors are thought to play a large part in this. Indeed, the genetic
contribution to vitamin D status has been estimated to be from 28-
80% [3-5]. A number of particular single nucleotide polymorphisms
(SNPs) for vitamin D associated genes or particular combinations of
SNPs from genes relating to vitamin D metabolism can be involved
in multiple signaling pathways. These pathways can be associated
with lower or higher concentrations of circulating vitamin D. These
particular SNPs from genes associated with vitamin D are also
becoming increasingly relevant in their association with immune
disorders.

Vitamin D deficiency is becoming well recognised as having a
role in cell proliferation, differentiation, apoptosis and the immune
response [6-13]. Vitamin D has been reported to be a significant
factor in seventeen varieties of cancer [14-24], through its interactions
with signaling pathways [8,21,25-31]. Vitamin D concentrations are
also becoming particularly relevant in inflammatory disorders such
as Crohn’s disease (CD), one of the common Inflammatory Bowel
Diseases (IBD). Vitamin D plays a significant role in anomalous gene
interactions, a critical factor in IBD [32-35]. Wang et al. showed
that the active form, 1, 25 (OH) 2D3 affects the nucleotide-binding
oligomerization domain containing 2 (NOD2) defense beta2 innate
immune pathway, often found to be defective in people with CD [36].

effects; it has a major role in calcium homeostasis; it affects the
expression of la-hydroxylase (also known as cytochrome p450 27B1
(CYP27B1) which is associated with the conversion of the inactive
form of vitamin D, 25(OH)D to the active form 1,25(OH)2D3;
it increases the expression of 1,25(0OH)2D3 which modulates
cytochrome P450, family 24, subfamily A, polypeptide 1 (CYP24A1I),
a protein associated with the degradation of 1,25-dihydroxyvitamin.
Mutations in this receptor can also lead to inherited rickets [50-55].

VDR is a major player among the genes involved with vitamin D
metabolism because it influences so many other genes. As a member
of the nuclear receptor family it directly modulates gene transcription,
and is reported to influence the transcription of more than 913 genes
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Figure 1: Vitamin D hydroxylation pathway to Calcitriol and the effect of VDR on tissues and Immune regulation.

[56]. Ramagopalan et al. found 2776 binding sites for VDR in their
ChiP-seq defined genome wide map [57].

This influence of VDR on vitamin D concentrations in particular,
is far reaching especially as it relates to immune regulation (Figure 1).

Another example of VDR’s influences on immunity is its ability
to bind to the fork head box P3 gene (FOXP3). This gene has a pivotal
role in the maturity and performance of T regulatory cells [58].
Another role in which VDR is becoming increasingly significant is
that of regulating autophagy. Autophagy is a process in animal cells
by which malfunctioning cellular elements are transported to the
lysosomes in the cell where they are deposed of or recycled. Wu et al.
in their investigation on the effect of VDR deletion using cell culture
models, VDR knockout mice, colitis models and human samples,
found this led to defective autophagy in colitis [59].

The VDR gene, as part of the innate immune response,
transcribes for antimicrobial peptides which are responsible for
the deterrence and elimination of infection [60]. When the barrier
function of the epithelium in the intestine is disturbed, this allows
the microbes present to penetrate the intestinal epithelium, leading
to inflammation. Metabolites of vitamin D act on anti-inflammatory
pathways and are involved in maintaining the tight junctions between
the epithelial cells of the intestine [61,62]. The gene protein tyrosine
phosphatase, non-receptor type 2 (PTPN2) is also involved in the
regulation of the epithelial barrier function, and is linked to CD
[63]. If particular SNPs of the VDR gene impinge on this function, in
combination with particular variants of the PTPN2 gene associated
with CD, this would increase the risk of inflammation occurring.

Another factor linked to VDR and which may also contribute to
the inflammatory process in conditions like CD, is the ability of some
pathogenic bacteria to bind to and inactivate the VDR receptor. By
doing this, they disarm the innate immune response and thus also
increase the risk of inflammation. Gliding biofilm bacteria have
been shown to produce a sulfonolipid capnine (2-amino-3-hydroxy-
15-methylhexadecane-1-sulfonic acid) which acts as a nanomolar
kinetic inhibitor on the VDR ligand binding pocket [64,65]. Other
examples of bacteria that are able to reduce the expression of VDR are
Borrelia burgdorferi, Chlamydia trachomatis, Mycobacterium leprae

and Mycobacterium tuberculosis [66-69]. Liu et al. showed in their
work with Mycobacterium leprae that monocytes and macrophages
can identify this bacterium, but the VDR response is impeded by
Mycobacterium leprae upregulating the miRNA, hsa-mir-21 on the
monocytes, and this mechanism allows them to avoid the vitamin
D generated immune response [70]. The Epstein Barr virus has also
been shown in vitro to down regulate VDR expression in B cells at
mRNA and protein levels [71].

Studies on leprosy [68,70,72-74], considering how the disease
interacts with the innate and adaptive immune systems, have also
shown subtle variations in other key genes and enzymes associated
with susceptibility or resistance to leprosy through VDR. These are
NOD?2, the mannose receptor, C type 1 (MRC1) and Leukotriene
A4 hydrolase (LTA4H). When the host encounters Mycobacterium
leprae, variations in the SNPs associated with these genes in
combination can activate cytokine production through VDR and
nuclear factor of kappa light polypeptide gene (NF-kB) receptor
pathways.

Nutritional components other than vitamin D can also affect VDR
and its activity. Curcumin, a polyphenol and component of the spice
turmeric, is an example. Its’ active ingredient is diferuloylmethane,
and it’s mechanism of action has been well studied [75-80]. It
regulates many cell signaling molecules. Examples include: NF-xB,
signal transducer and activator of transcription 3 (STAT3), hypoxia
inducible factor 1, alpha subunit (HIF-1), peroxisome proliferator-
activated receptor gamma (PPARY), arachidonate 5-lipoxygenase
(5-LOX), tumour necrosis factor, (TNFa), interleukin 1, (IL-1) and
interleukin 6receptor (IL-6) [76]. It can also attach to and activate
VDR [77]. Curcumin therapy has been trialed in people with
inflammatory disorders such as IBD, diabetes and cardiovascular
diseases, where it has been shown to improve clinical symptoms [78-
80]. Curcumin is another factor involved in vitamin D metabolism,
because by activating VDR it enables vitamin D concentrations to be
enhanced.

VDR expression can also be moderated by hormones such
as glucocorticoids, oestrogen, the parathyroid hormone and the
retinoids. Glucocorticoids can affect the 25-hydroxyvitamin D3
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24-hydroxylase (24(OH)ase), an enzyme involved in 1,25(OH)2D3
catabolism [81]. This means that when glucocorticoids are used as
therapy, they can lead to excessive bone loss [82]. Oestrogen has been
shown to up-regulate VDR via mRNA and VDR protein in tissues like
the colonic mucosa, as illustrated by Smirnoff et al. [83]. Parathyroid
hormone regulates VDR expression through VDR mRNA in the
kidney and bone [17]. Retinoic acid increases the expression of VDR,
especially in bone cells [84].

VDR effects on immune regulation are also influenced by its
four commonly arising polymorphisms which have been variously
linked with osteoporosis, bone mineral density, various cancers,
heart disease, diabetes and CD. These polymorphisms are known as
Fok1 (rs10735810- recently amalgamated with rs2228570 [85]) Bsm1
(rs1544410), Apal (rs7975232) and Taql (rs731236) [50,86].

The Bsml polymorphism has been suggested to have a significant
association with bone mineral density in the lumbar spine [87] and
with lower bone mass in patients with epilepsy [88]. However, other
studies have not found these associations. In a recent systematic
review on osteoporosis and VDR polymorphisms, 65.9% of studies
reported a significant correlation between Bsm1l and osteoporosis
risk, and 60.0% of studies reported a significant correlation between
Fok1 and osteoporosis. Further research is needed to clarify the role
of these polymorphisms, how these relate to participants’ vitamin
D status and their relationship to other genetic and environmental
factors, like ethnicity and gender, which can affect bone density [89-
91].

In a review of the literature with respect to cancer [86] Fok 1 has
been most strongly associated with cancer risk for breast and prostate
cancer and malignant melanoma. Bsm1 has been associated strongly
with prognosis for breast cancer and malignant melanoma. Taql also
has a strong association of prognosis for breast cancer and renal cell
carcinoma [86].

Studies of VDR polymorphisms and coronary heart disease
(CHD) show conflicting results particularly with respect to the
VDR Bsml (B/b) polymorphism [92]. The B allele compared to the
b allele has been associated with a predisposition to calcific aortic
stenosis (n= 200), [93], and a higher intimal medial thickness on
the common carotid artery (n=471), [94]. In another study bb was
associated with severity of CHD (n=41), [95]. Contrary to this, in
another investigation (n=3441), no associations were found with
the prevalence and severity of CAD for either allele [96]. In a study
on haemodialysis patients (n= 80) and the relationship of the Bsml
polymorphism with left ventricular failure and atherosclerosis the
BB genotype was associated with an increase in left ventricular mass
and the authors suggested this could be used as a marker in these
patients [44]. More recent work by Santoro et al. demonstrates the B
allele maybe a genetic determinant for CHD and high blood pressure
in chronic kidney disease (n=171) [46]. Studies on Fokl and BsmlI
polymorphisms show mixed results with the risk of developing
high blood pressure [40]. In the study by Hossein-Nezhad et al. on
patients with coronary artery disease, their vitamin D concentrations
and VDR polymorphisms were investigated. Those with at least one
stenotic coronary artery had 25(OH)D serum concentrations < 10 ng/
mL and this was also associated with the FokI polymorphism [97].

Studies of Vitamin D polymorphisms associated with Diabetes
(type 1 and 2) also show inconsistent results and a number of meta-
analysis have been performed to find commonalities between studies
[48,49,98-100]. In the meta-analysis by Wang et al. 79 studies were
reviewed with respect to both types of Diabetes. From this analysis
the Bsml polymorphism (B vs b) was associated with an increased
risk of Type I Diabetes and the Folk 1 polymorphism (f vs F) with
Diabetes Type 2 especially in those from East Asia. In the stratified
meta-analysis, by Li et al. Fokl polymorphism had a significant
association with diabetic nephropathy (DN) in Caucasians [100]. In
the study by Ferrareziet al. on Caucasian people an increased risk of
CAD in people with type 2 diabetes was associated with a haplotype
with the minor allele of Bsm1 and Taql and the major allele of Apal
[101].

A meta-analysis performed in 2012 by Xue et al. [102] on nine
studies on CD revealed a significant increase in risk for those carrying
the Taql TT genotype (OR=1.23; 95% CI, 1.02-1.49). However,
those carrying the Apal “a” genotype had a decrease in CD risk (OR
=0.081; 95% CI, 0.67-0.97). A New Zealand (NZ) study based on a
South Island cohort in Canterbury showed this to be true only for
males [103]. Another more recent meta-analysis in 2014 by Wang
et al. showed Taql was associated with an increased risk for IBD
in an allelic comparison [104]. When a subtype disease, subgroup
analysis was conducted this showed: a positive association for Apal
with increased CD risk (AA versus aa); a significant association with
Bsml in East Asian populations for IBD (BB plus Bb versus bb);
for Taql in Caucasians (TT plus Tt versus tt) and a decreased risk
with Folk 1 for IBD in Middle Easterners for all genetic types. The
authors suggested that this may reflect that VDR polymorphisms
have different roles in different ethnicities, a reflection that genetic
susceptibilities for complex diseases are different for different
indigenous groups. Vitamin D concentrations and their relationship
to these polymorphisms may also differ with ethnic groups too.

In another NZ study, on CD and control subjects, based in
Auckland, on a Caucasian population (n=608), Carvalhoetal. reported
that the Taql genotype was significantly associated with CD and low
circulating vitamin D concentrations (OR=0.893; 95% Cl, 0.825-
0.966). They also showed that low serum vitamin D concentrations
had a significant association with the allele rs 73254 from the signal
peptide, CUB domain, EGF-like 3 gene (SCUBE3) (OR= 0.917; 95%
Cl, 0.847-0.992) in subjects with CD and in the control group [105].
Alleles associated with the SCUBE3 gene have been linked to renal
cancer, hypermethylation and lung cancer [106-109].

A study by Levin et al. was conducted with white participants,
who were followed up after a median 11 years on genetic variants
and associations with 25(OH)D concentrations. They found with a
lesser known SNP from the VDR gene (rs7968585), a low 25(OH)
D concentration was associated with hazard ratios for the risk of the
combined outcome of myocardial infarction, cancer, mortality and
incident hip fracture for those who had 1 or 2 of the minor alleles
[110].

VDR’s critical role has been further exemplified from studies with
vitamin D receptor null mice. In the Bouillon et al. [111] review of
research in this area, its’ significant role in calcium and bone modeling
was very evident. In engineered VDR absent mice, a bone and growth
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Figure 2: SNPs of genes associated with low circulating vitamin D concentrations.

plate phenotype emerged that was similar to humans with congenital
rickets or serious vitamin D deficiency. Alopecia was another
feature, as was the development of hypertension from high renin
levels. Their immune system was also more sensitive. Autoimmune
diseases like Diabetes type 1 and IBD were more likely to emerge if
predisposing influences were in place. VDR null mice were also more
likely to produce tumours when subjected to chemical carcinogens
or oncogenes. Their cardiovascular system too was more vulnerable,
with cardiac hypertrophy and thrombosis manifesting [111].

Other Gene Variations and their Links with
Vitamin D Metabolism

SNPs associated with genes other than VDR also influence
vitamin D levels, and a number of studies have shown their
association with a higher risk of vitamin D insufficiency (Figure 2).
Wang et al. in their GWAS study linked 15 cohorts (comprising about
30,000 people) from European descent to explore genes associated
with vitamin D insufficiency. They showed in their study that a
genotype score combining three variants from three different genes
i.e. the SNP rs 2282679 from the gene Group -Specific Component
(GC), the SNP rs12785878 from near the gene 7-dehydrocholesterol
reductase (DHCR?), and the SNP rs10741657 near cytochrome P450
2R1(CYP2R1) increased the risk of vitamin D insufficiency [112].

Inflammatory conditions such as COPD, IBD and diabetes
Type 2 have been associated with different variants in the GC gene
[61,113,114]. The gene GC is the gene which encodes the vitamin
D binding protein (VDBP) which is mostly formed by hepatocytes.
VDBP is the main transport protein of vitamin D and its metabolites
and is important for maintenance of the vitamin. VDBP has other
significant functions such as fatty acid transport, the activation of
macrophages and the actin scavenging system. Malnutrition may
also lower its concentration [61,115-117]. Actin is released from
cells upon injury, and GC binds actin to clear it from the circulation,
thus preventing actin’s harmful effects on blood vessels [117]. Low
plasma concentrations of VDBP may also be a result of particular
polymorphisms in GC. Low levels of VDBP are an indicator of sepsis
and organ failure following acute tissue injury [118]. Constans et al.
noted in their study that the presence of GC la+ protein in patients
with cirrhosis of the liver was associated with a poor outcome. They
suggested that the presence of this protein in the sera may be a result
of an aberration in the metabolism of VDBP. Moreover those who
had low levels of 25-OH-D (2-7pg/l) did not show any change in
VDBP with oral vitamin D3 supplementation [119].

The GC gene has over 120 variants but most of these are rare and
relate to geographical location and skin colour. Three common alleles
predominate (GcIF, GclS and Ge2). These are defined by the genetic
polymorphisms rs 4588 and rs 7041. People with white skins have a
higher frequency of the Gc1S allele (50-60%) [120,121]. Higher levels

of VDBP concentrations are also associated with Gc1S homozygote
alleles as compared to Gc2 homozygote alleles [117,119,122,123].
According to the analysis by Wilson et al. there can be up to a 5 fold
difference in the concentration of the vitamin D binding protein
depending on the polymorphism. This, they suggest, may confound
some studies. Perhaps like VDR polymorphisms, GC polymorphisms
may also have different roles in different ethnicities. VDBP levels
are not subject to seasonal variations but do have a diurnal rhythm
[116,124]. An environmental factor like malnutrition may also affect
VDBP concentrations.

The GC SNP identified in Wang’s et al. study has been identified
in others [125,126]. Three other SNPs from the GC gene have also
been associated with lowered vitamin D concentrations: rs4588,
rs7041 and rs1155563 [126-129].

Vitamin D insufficiency also has links with genes associated with
cholesterol. The DHCR7 gene encodes the enzyme involved with
the last step of cholesterol synthesis where 7- dehydrocholesterol is
converted to cholesterol. In humans, sunlight (ultra violet radiation
270-290 nm) converts 7- dehydrocholesterol to cholecalciferol -
vitamin D3 [130]. People with low pigmented skin (i.e. with white
skin) convert epidermal 7-dehydrocholesterol much more efficiently
than those with a darker skin [131]. This has been linked to higher
vitamin D status. This would confer a survival advantage to those
living in Europe and North East Asia and is linked to the DHCR7
polymorphisms: rs12785878, rs7944926 and rs3794060 [132].

Cholesterol is also an important factor in the formation of bile
acids which enable the absorption of dietary lipids [133]. It is possible
that SNP rs12785878 may also be linked to the difficulty in digesting
fats that people with CD report [134]. Another environmental
influence on particular SNPs (rs1630498, and rs2002064,) for the
DHCR7 gene (in the foetus) is the cholesterol level of their mother
during pregnancy, which is linked to decreasing birth weight.
Cholesterol serves as the main base for placental progesterone
synthesis [135,136]. Over a hundred mutations in the DHCR7 gene
are also associated with the Smith-Lemli-Opitz syndrome. This
syndrome is associated with deformities in the palate, lungs, kidney
heart, feet, and mental retardation [137,138].

To add to the complexity of this part of the vitamin D story, there
is also a recent hypothesis that vitamin D concentrations may be
influenced by genes involved with HDL cholesterol concentrations.
Vimaleswaran et al. and Shirts et al. describe two SNPs (rs12272004
and rs3135506) from the Apolipoprotein A-V(APOAS5) gene that
interact with serum concentrations of 25(OH)D3 in the winter
season, and this interaction affects HDL cholesterol [139,140]. The
APOAS5 gene has a significant role in the regulation of triglyceride
levels in the plasma [115].
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The third variant SNP which Wang et al. identified with vitamin
D insufficiency is a member of the Cytochrome P450 super family
rs10741657, associated with the CYP2RI enzyme. This converts
vitamin D into active ligands for VDR. This SNP of the CYP2RI
enzyme has been associated with lower 25(OH)D3 synthesis
[115,141] and has also been detected in a growing number of other
research studies on genetic influences on vitamin D concentrations
involving mainly Caucasian groups [47,142,143]. Other rare mutants
of this gene (L99P and K242N variants) have been associated with
inherited rickets in non-Caucasian groups [144,145]. Teacher and
colleagues in their study on this group with these variants noted
that supplementation with vitamin D3 or D2 at 50,000IU/day led
to low (in heterozygous subjects) to negligible rises (in homozygous
subjects) in serum 25(OH)D, as compared to the rises in control
subjects. The measurement of 25(OH)D2 and 25(OH)D3 used
isotope-dilution liquid chromatography tandem mass spectrometry
(LC-MS/MS) [144]. Mutair et al. found that 25(OH)D3 rose upon
treatment with 5000 -10,000 IU/d of cholecalciferol(vitamin D3). The
measurement taken was of total serum 25(OH)D, analysed using a
competitive chemiluminescence immunoassay [145]. There are a
variety of methods to measure serum vitamin D and debate about
which is the best to use [146,147]. The difference in these results may
reflect the different methodologies used to measure serum 25(OH)D.

In a recent study (n=92, Caucasians) by Nissen et al. conducted
in winter time in Denmark, it was reported that, after the ingestion
of vitamin Dsj-fortified bread and milk, carriers of the alleles
rs10741657 (CYP2RI) and rs4588 (GC) as compared to non-carriers
had the lowest concentrations and smallest increases in 25(OH)D
concentrations. After 4 whole-body UVB treatments the carriers of
the SNPs rs10741657 and rs4588 had the largest decreases in 25(OH)
D concentrations after 6-months of consumption of vitamin Ds-
fortified bread and milk [148].

There is a hypothesis that vitamin D supplementation during
the perinatal period maybe associated with the later development
of allergy, as supplementation at this time suppresses dendritic cell
development and later Th1 cell maturity [149-152]. As many western
pregnant mothers and their infants are currently supplemented
with vitamin D, an analysis on serum levels of 25(OH)D3 associated
with gene variants was conducted on participants in the German
Asthma Family Study (n=872, with white skin) to see if this was also
a factor. This analysis showed at least one positive association with
the transmission disequilibrium test of SNPs from 5 genes. (This
test detects genetic linkage only when there is a genetic association
presents [153].) This test included SNPs in the GC, CYP2RI and
CYP24A1 genes. With the SNP (rs10766197) from CYP2R1 there was
an association with Asthma, IgE and 25(OH)D3 [154].

In a randomised control trial (n=1787, non-Hispanic whites) by
Barry et al. across 11 centers in the USA with supplementation of
vitamin D for a year (1000IU/day), it was found that the response to
supplementation in 25(OH)D varied not only with respect to variants
in CYP2RI, (e.g.1s10766197), butalso to variants in Cytochrome P450,
Family 24, Subfamily A, Polypeptide 1 (CYP24A1I), (e.g.rs6013897)
and VDR (e.g.rs7968585). The authors suggested that the results of
their study possibly reflected that 25(OH)D is regulated by different
mechanisms with respect to the source of vitamin D [155].

In a year-long study by Sollid and colleagues an association was
found between the first measurement of serum 25(OH)D and BMI
and carriers of SNPs associated with GC (rs2282679, rs7041) and
CYP2RI (rs10741657). Together these were a robust predictor of
response to vitamin D supplementation of 20,000 IU of vitamin D3.
Theauthors suggested that the implication of this is that some people
would need higher doses of vitamin D supplementation to reach the
recommended levels for serum 25(OH)D [156]. In a similar study by
Waterhouse et al. in Australia, (n=350), 95% Caucasian, older adults
(60-84 years) were administered 30,000 IU or 60,000 IU of vitamin
D3 or a placebo over a year. From 84 SNPs tested from 41 candidate
genes, they found the SNP (rs10766197) from the CYPRI gene was
associated with a significant change in circulating 25(OH)D level.
They also reported that BMI, ambient UVR and self-reported health
status had a small influence [157].

Another gene associated with the metabolism of vitamin D
is the CYP24A1 gene which encodes the mitochondrial enzyme
1,25-dihydroxyvitamin D3 24-hydroxylase. This influences the
levels of the active form of vitamin D (1,25(OH)2D3), especially
its degradation. It also catalyses 25(OH)D and balances the action
of the CYP27BI gene which encodes the renal enzyme (P450cla)
involved in the second hydroxylation process to convert the inactive
form of vitamin D (25(OH)D3) into the active form of vitamin D
(1,25(0OH)2D3). CYP24A1I is also influenced by the parathyroid
hormone. This hormone, in the presence of 1,25(OH)D3, has been
shown to up-regulate CYP24A I in osteoblastic cells, suggesting it may
have a role in preventing abnormal bone formation by modulating
bone development [158]. Parathyroid hormone has also been shown
in vitro studies to down regulate CYP24A1 in the kidney to avoid
blood calcium levels fluctuating too widely [159]. Fibroblast growth
factor 23 (FGF23), a protein encoded by the FGF23 gene (which is
responsible for phosphate metabolism), also regulates the expression
of CYP24A1 in the kidney and thus lowers serum 1,25(0OH)2D3 levels
[160].

Currently the CYP24A1 gene has around 50 polymorphisms
ascribed to it. Four of these have been associated with lower
concentrations of vitamin D, but little is known about many of
the others [159]. Some of them have been identified with specific
population groups e.g. African Americans. In a study by Roff and
Wilson on this population, eight SNPs were identified as unique
to African Americans [161]. One of these SNPs associated with the
promoter CYP24A1 region was shown to reduce the expression of
CYP24A1 in cultured human lymphocytes in vivo [161]. Another
SNP has been recently detected as being associated with idiopathic
infantile hypercalcemia [162]. In the study by Jacobset al. on vitamin
D metabolism and cancer cells, four SNPs in this gene lowered
CYP24A1 enzyme activity [163]. Future research will identify whether
the other polymorphisms of CYP24A1 can be linked to immune
dysregulation with other inflammatory disorders such as cancer, CD
and heart disease. In the German Asthma Family Study, the authors
noted a 5-point frequent haplotype with CYP24A1 (rs2296241,
rs17219315, rs2762942, rs2248137, rs2248359), which was associated
with a diagnosis of asthma, total IgE, 250H2D3 and 1,25-OH2D3
serum concentrations [154].

The CYP27BI1 a-hydroxylase, encoded by the CYP27BI gene,
is associated with the conversion of the inactive form of vitamin D,
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25(OH)D, to the active form 1,25(OH)2D3. Mutations in this gene
are mainly linked with vitamin D-dependent rickets [164]. Up to
38 mutations relating to this disorder have been identified [165]. A
number ofothervariantsin this genearebeginning tobe associated with
lower (25(OH)D levels and particular disorders e.g. multiple sclerosis
(rs12368653, rs10876994, rs118204009, rs703842,andrs4646536)
[166-170], and gestational and type 1 diabetes (rs10877012) [171,172]
in Caucasian populations. Some of these SNPs are also found in other
ethnic groups such as African Americans and Han Chinese [125,173].
In the study by Jacobs et al. on vitamin D metabolism in cancer cells,
four SNPs (rs28934604, rs58915677, rs2229103 and rs13377933)
were associated with reduced enzyme activity and one (rs8176344)
increased enzyme activity compared to a wild type control [163].
The authors comment that these changes would result in varying
exposure to 1,25(OH)2D3 in colonic cells, which could make people
more susceptible to colon cancer developing. This suggested to them
that vitamin D intake would need to vary according to genotype
to maintain optimal vitamin D metabolite concentrations in the
circulation [163].

The Influence of the Microbiome

The microbiome is the genes and genomes of the microbiota,
a large collection of diverse bacterial, archaeal, and eukaryotic
microbes which form an intricate ecosystem within different habitats
of the human body [174-176]. Each body part has its own microbial
composition irrespective of age, gender, although metagenomic data
indicate that the metabolic pathways are essentially the same across
all body sites [177]. The microbiome in the human gut, for example,
contains up to (10') microbes with a density about 10" -10" cells/
ml which encompasses over 3 million non-redundant genes. This
implies that compared to the human genome, the microbiota have
150 times more genes they can access [178,179]. The microbiome is
also genetically alterable which is dissimilar to the human genome.
The microbiome alters as microbiota change with fluctuations in the
environment and to variable food intakes [180]. The microbiota also
influences the immune system e.g. their metabolites limit histone
deacetylases to stimulate regulatory T cells, and they have a pivotal
role in maintaining the integrity of the gut epithelium and its barrier
function [181-184]. Microbiota dysbiosis has been linked to IBD,
obesity, type 2 diabetes, and cancer [185-190].

Studies are revealing that vitamin D concentrations and VDR have
an effect on the microbiome, and hence the genes and genomes there.
This needs to be considered when discussing immune dysregulation
and vitamin D.

A study by Jin and colleagues compared caecum contents with
faecal samples from whole-body VDR knockout and wild-type mice.
They found that there were differences in how bacterial contents
changed in the transition from the caecum to the faeces between the
two types of mice. This, they suggested, could lead in VDR knockout
mice to dysbiosis and altered functions of the gut microbiome [191].

Chen et al. studied VDR knockout mice and their colonisation
resistance to Citrobacter rodentium [192]. This is a gram-negative
enteric bacterium found in mice, which causes colonic hyperplasia.
This bacterium shares a number of pathogenic mechanisms in
common with two significant human gut pathogens: Escherichia coli

(EPEC) and Enterohaemorrhagic coli (EHEC). The data suggested
that VDR not only influences the colonisation and vulnerability of the
host to these bacteria, but has an effect on gut microbiota through the
regulation of Innate Lymphoid Cell (ILC3) numbers and function.
Chen et al. suggested that interventions with vitamin D could help
control dysbiosis by normalizing ILC function [192].

There are also other pattern recognition receptors which are
regulated by vitamin D and have an influence on the microbiota.
For example, NOD2, in recognising bacteria peptidoglycans can
cause the destruction of the bacteria through autophagy, stimulating
antimicrobial production [36,193-196]. Vitamin D is also used
by macrophages and dendritic cells to stimulate the production of
antimicrobial peptides like B-defensin and cathelcidin. Where there
is a wound, 1,25(OH)3 increases expression of the genes coding
for the microbial pattern recognition receptors CD14 and TLR2
[36,197]. Thus, these genetic pathways associated with vitamin D and
the microbiome may contribute to immune function or dysfunction
depending on the genetic variation present.

The type of first foods also contributes to the composition of
the microbiota. Breast feeding promotes immune development and
protects against many diseases. In a small study on 3 month old babies
1,214 probe sets for epithelial cells were significantly, differently
expressed in exclusively breast fed (n= 12) and formula fed babies
(n=10) [198]. This may explain some of the differences that have been
noted in clinical and epidemiological observations between these
two groups. The two groups have different gut development with the
breast-fed babies being described as being ‘less leaky’ [198]. In work
done by Donavan et al. on piglets, the analysis of the stools of the
microbiome gene expression at Phyla level showed those that were
all formula fed shared the same distinct signature, but those that were
suckled showed highly variable signatures. Bacteroides species, which
are important players in the commensal bacteria, were not found in
the stools of the formula fed piglets [198]. The microbiome of those
that were suckled also had a higher number of virulence genes, and
this was thought to contribute to the host immune defense genes.
These observations could help explain why babies who are breast
fed have a gut that is less leaky. Breast milk also contains human
milk oligosaccharides (HMOs), which stimulate the growth of the
intestinal flora, acting as prebiotics for beneficial bacteria [199]. This
also would contribute to the protection of the gut barrier function.

Another element which can intrude on the microbiota working
together to protect the intestinal barrier function is exposure to
antibiotics. Although the microbiota exhibit resilience to antibiotics,
repeated exposure can induce an importunate regime shift which
can lower resistance. In the study by Dethelsen and Relman healthy
subjects who had not had antibiotics in the last year were exposed to
two standard five day courses of the antibiotic Ciprofloxacin, at six
month intervals. Their analysis of the microbiota community in the
faecal output, after the completion of these courses, showed a large
loss of diversity and change in composition of the subjects’ microbiota
community. Recovery of the microbiota community began seven
days after the last dose of antibiotics. However, it was not always to
the previous level before treatment began. The authors suggest that
each course of antibiotics may shift the microbiota community from
mutualistic patterns and make them more vulnerable to pathogenic

Submit your Manuseript | www.austinpublishinggroup.com

Austin J Nutr Metab 2(4): id1026 (2015) - Page - 06



Laing BB & Ferguson LR

Austin Publishing Group

strains of microbiota and enable the intestinal barrier to be penetrated
[176,200]. How these shifts were also affected by variants in VDR and
the other genes involved in vitamin D metabolism could also be a
contributing factor in recovery.

Conclusions

Vitamin D metabolism is influenced not only by lack of exposure
to sunlight or food sources of vitamin D, the liver and kidney
function, and other tissue production, but also an individual’s
genetic identity, their microbiome and environment. An individual’s
genes (including microbial genes) can have a strong influence on
metabolic pathways associated with vitamin D, and this can impact
on immune regulation. Dysfunctional polymorphisms of genes,
acting autonomously or together, environmental influences such as
disabling of genes by pathogens, changes in nutritional status, and
increasing antibiotic use added to insufficient exposure to vitamin D,
all fuel aberrant vitamin D metabolism. These collectively contribute
to immune dysregulation and to the rise in chronic conditions in the
Western world. To impede this trend, vitamin D supplementation
needs to be tailored to an individual’s genetic variants in the context
of their environment.
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