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Introduction

Vitamin D is a lipid-soluble prohormone that is vital for the
maintenance of bone and muscle health by promoting the
absorption and metabolism of calcium and phosphate.'
In addition to food sources such as fatty fish, eggs, fortified
milk and cod liver oil, the human body uses ultraviolet B
(UVB) radiation from sunlight to synthesise a significant
portion of vitamin D requirements.* There are two forms of
vitamin D: vitamin D, (ergocalciferol) and D; (cholecalciferol).
The skin synthesises vitamin D, after sun exposure and it
may be obtained from animal sources, while vitamin D, is
the synthetic form that is often found in fortified food and is
derived from plants.

The primary role of vitamin D has been considered to be
the absorption of calcium from the intestine (i.e., calcium
homeostasis in the body) and is necessary for skeletal health
(bone mineralization, remodelling, and maintenance; Fig. 1).
Over the years, it has become increasingly clear that vitamin
D not only has a function in bones, but it also significantly
affects cell proliferation and differentiation.’

Vitamin D is a global regulator of gene expression and
signal transduction in virtually every tissue. In epithelial
cells vitamin D, by binding with the vitamin D receptor
(VDR), contributes to maintenance of the quiescent,
differentiated phenotype and promotes pathways that
defend cells against endogenous and exogenous stresses.*

Vitamin D physiology and metabolism

The synthesis of vitamin D starts with the oxidation of
cholesterol to 7-dehydrocholesterol (7-DHC). 7-DHC is then
transported to the skin and is stored in the cell membranes
of keratinocytes and fibroblasts in the epidermis of skin. In
the skin, 7-DHC is photolysed by UVB (280-320 nm) to
previtamin D, which is converted to vitamin D by
photolysis-mediated thermo-isomerisation.

To become biologically active, the vitamin D originating
from dermal production or dietary sources undergoes a
series of enzymatic conversions in the liver and kidney.
Vitamin D is transported to the liver by vitamin D binding
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ABSTRACT

Vitamin D, a fat-soluble prohormone, is synthesised in
response to sunlight. Vitamin D requires two metabolic
conversions, 25-hydroxylation in the liver and la-
hydroxylation in the kidney, to become active hormone.
The active form, 10,25-(OH),D, binds to the vitamin D
receptor (VDR) to modulate gene transcription and
regulate mineral ion homeostasis. Vitamin D plays several
roles in the body, influencing bone health as well as serum
calcium and phosphate levels. Furthermore, vitamin D may
modify immune function, cell proliferation, differentiation
and apoptosis. Vitamin D deficiency has been associated
with numerous health outcomes, including risk of rickets in
children or osteomalacia in adults, increased risk of
fractures, falls, cancer, autoimmune disease, infectious
disease, type 1 and type 2 diabetes, hypertension and heart
disease, and other diseases such as multiple sclerosis. Here,
vitamin D physiology and metabolism, its genomic action
and association of polymorphisms in vitamin D pathway
genes with different diseases are reviewed by focusing on
new findings published in the literature.
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protein (DBP), which has a high homology to albumin, and
vitamin D metabolites are mostly transported by DBP (85-88
%) and in part by albumin (12-15%).>”

Vitamin D, bound to the vitamin D binding protein, is
transported to the liver where the cytochrome P450 enzyme
25-hydroxylase (CYP2R1) adds a hydroxylgroup on carbon
25 to produce a major circulating form of vitamin D, (i.e., 25-
hydroxyvitamin D [25-{OH}D] [Calcidiol]).*" CYP2R1 is
able to hydroxylate vitamin D, and vitamin D, at position
25.°% Mutation in the CYP2RI gene results in rickets.”
Strushkevich and colleagues have successfully crystallised
the CYP2R1 enzyme with its vitamin D substrate bound in
the active site.”

The inactive 25-(OH)D metabolite also circulates in the
bloodstream bound to DBP and it must be further
hydroxylated at a different site in the kidney tubules to gain
hormonal bioactivity. Hydroxylation at position 1o by the
mitochondrial cytochrome P450 enzyme 25-hydroxyvitamin
D-lo-hydroxylase (CYP27B1) of kidney converts 25-(OH)D
to 1o,25-dihydroxyvitamin D (10,25-(OH),D; calcitriol), the
most active hormonal form of vitamin D that plays an
essential role in mineral homeostasis and is responsible for
most of the biological action of vitamin D.""**

The kidney is exclusively involved in synthesis of
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Fig. 1. Physiological role of PTH in the maintenance of serum calcium level. Key target organs for PTH — bone, kidney and intestine

— and their feedback interactions with calcium are shown.

circulating 10,25-(OH),D, as patients with chronic kidney
disease exhibit low renal CYP27B1 enzyme activity and as a
consequence have very low level of serum 10,25-(OH),D.
Kidney CYP27B1 is upregulated by parathyroid hormone
(PTH) as part of calcium homeostasis and down-regulated
by fibroblast growth factor (FGF23) as part of phosphate
homeostasis. Mutation in the CYP27B1 gene results in
vitamin D-dependent rickets type 1 in humans and mice
(Fig. 2).*»

The renal enzyme cytochrome P450, 24-o-
hydroxylase(CYP24Al), finally hydroxylates both 25(OH)D
andlo,25(OH),D to initiate degradation of these vitamin D
metabolites.®* CYP24A1 is a multicatalytic enzyme
responsible for a five-step, vitamin D inducible C-24-
oxidation pathway which inactivates 10,25(OH)2D to a
water-soluble biliary form, calcitroic acid.*¥ CYP24Al also
converts 25(OH)D into an inactive product, 24,25(0OH)2D.
Mutations in the CYP24A1 gene have been associated with
idiopathic infantile hypercalcemia (IIH).*

Mechanism of genomic action of vitamin D

The active form of vitamin D, 10,25-(OH),D, has calcaemic
and non-calcaemic roles. The calcaemic roles includes the
regulation of blood calcium and phosphate concentrations
by action in the intestine, bone, parathyroid and kidney,
while  non-calcaemic functions include cellular
differentiation and antiproliferative actions in bone marrow
(osteoclast precursor and lymphocytes), the immune system,
skin, breast and prostate epithelial cells, muscle and
intestine.” 10,25-(OH),D exerts its biological effects in
various cells both via non-genomic and genomic
mechanisms. The genomic action starts with the interaction
of 10,25-(OH),D with VDRs, followed by subsequent
interaction of VDR with other transcription factors such as
coactivator proteins and transcription integrators such as
calcium-binding proteins.* This genomic pathway leads to
changes in gene transcription.”® A more rapid response is
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achieved through interaction of vitamin D with a cell surface
receptor and second messengers (Fig. 3).”*

In brief, the above mentioned functions are performed by
10,25-(OH),D through VDR-mediated transcriptional
mechanism. Upon reaching a target tissue, 1a,25-(OH),D
binds VDR that acts to regulate the transcription of vitamin
D target genes responsible for carrying out the physiological
actions of 1a,25-(OH),D.** VDR binds to DNA as VDR/VDR
homodimers or VDR/RXR heterodimers in order to regulate
gene expression.” The dimers subsequently recognise and
bind with transcription factor IIB (TFIIB) to a vitamin D
response element (VDRE) located in the promoter region of
target genes and leads to transcriptional suppression or
activation of vitamin D response genes.** VDR bound with
10,25-(OH),D recruits a partner known as the retinoid X
receptor (RXR) and a number of other transactivators to
expose DNA and efficiently transcribe target genes.”

It has been estimated that 300-800 genes are regulated by
10,25-(OH),D.* Among several target genes, the 1o,25-
(OH),D hormone induces in target cells the expression of the
gene encoding the key effector of its catabolic breakdown,
25-hydroxyvitamin D-24-hydroxylase (CYP24A1)** This
ensures attenuation of the 1a,25-(OH),D biological signal
inside target cells and helps regulate vitamin D homeostasis.

The detailed mechanism behind these physiological
effects of vitamin D is described below. The genomic effects
of vitamin D are mediated via binding to VDR, which is the
only nuclear protein that binds the vitamin D, with high
affinity. The VDR contains two zinc finger motifs that
collectively form a characteristic DNA-binding domain of 66
amino acids.” Additionally, the carboxy-terminal of the VDR
protein contains a ligand-binding domain (LBD) of 300
amino acids formed by 12 o-helices.” The LBD is also
involved in various interactions with nuclear proteins, such
as other members of the nuclear receptor superfamily, CoA
and co-repressor proteins.®

Co-repressor proteins (e.g., NCoR, SMRT and Alien) link
non-ligand DNA-bound VDR to enzymes with histone
deacetylase activity that causes chromatin condensation.*



Table 1. Serum 25(0OH)D concentration and its interpretation.

Vitamin D in health and disease

Classification Serum 25(0H)D

Clinical implications

Vitamin D deficiency <50 nmol/L (<25 ng/mL)

Severe vitamin D deficiency <25 nmol/L (<10 ng/mL)

Vitamin D insufficiency <25-49 nmol/L (<10-19 ng/mL)

Adequate vitamin D 50 nmol/L (20 ng/mL)

threshold concentration

Desirable vitamin D
threshold concentration for
fall and fracture reduction

75 nmol/L (30 ng/mL)

Summarises concentrations in severe deficiency and insufficiency

Increased risk of rickets, osteomalacia, secondary
hyperparathyroidism, myopathy, falls, fractures

Increased risk of bone loss, secondary hyperparathyroidism

Low risk for bone loss and secondary hyperparathyroidism,
neutral effect on falls and fractures

Optimal suppression of parathyroid hormone and bone loss,
reduction of falls and fractures by about 20%

Adapted from Ofenloch-Haehnle, 2012.

This provides VDR with intrinsic repressive properties
comparable to retinoic acid and thyroid hormone receptors.
Binding of 1a,25-(OH),D with the LBD of VDR induces
conformational change resulting in the replacement of
co-repressor molecules by a CoA protein in complex with
more general CoAs, such as CREB binding protein (CBP).**
These CoA complexes have histone acetyltransferase activity
which finally causes chromatin relaxation.”

In a subsequent step, ligand-activated VDR interacts with
the mediator complexes, such as

promoter viaa large protein mediator complex. This
arrangement allows the close contact of remote regions.

Vitamin D deficiency

Several high-risk groups for vitamin D deficiency have been
identified including individuals who avoid sun exposure,
living at high latitudes, having darkly pigmented skin, obese

thyroid  hormone  receptor-
associated protein 220 (TRAP220).*
The mediator complexes, which
consist of 15-20 proteins, build a
bridge to the basal transcription
machinery.* In this way, ligand-
activated VDR performs two tasks,
the chromatin modification and
the transcription regulation. These
ligand-triggered protein-protein
interactions are the central
molecular actions of nuclear
receptor-dependent 1a,25-(OH),D
signalling.

An essential prerequisite for the
direct modulation of transcription
by 10,25-(OH),D is the location of
at least one activated VDR protein
close to the transcription start site
(TSS) of the respective primary
1a,25-(OH),D target gene. This is
achieved through the specific
binding of VDR to discrete DNA
sequences in promoter regions of
target genes, referred to as vitamin
D response elements (VDREs).
Most of the presently known
natural VDREs are located within
the first 1000 bp of the promoter
sequence upstream of the TSS,
with a consensus VDR core
binding motif of RGKTSA.
Simultaneous communication of
individual promoter regions with
the Pol II complex may occur
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Fig. 2. The physiological role of PTH in the maintenance of serum calcium level. Key target organs
for PTH — bone, kidney and intestine — and their feedback interactions with calcium are shown.
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Fig. 3. Schematic representation of genomic action of vitamin D.

and those suffering from chronic kidney disease.” Serum 25-
(OH)D concentration <50 nmol/L (< 20 ng/mL) has recently
been defined as vitamin D deficiency.” Severe vitamin D
deficiency is marked by a threshold <25 nmol/L (<10 ng/mL)
and vitamin D insufficiency by concentration in the range
25-49 nmol/L (10-19 ng/mL) (Table 1).* At a concentration
below 25 nmol/L (<10 ng/mL) adverse effects are observed
in children and adults, and increased bone resorption and
an elevated risk for secondary hyperthyroidism are seen at
concentration of 25-49 nmol/L (10-19 ng/mL) (Fig. 4).

A 25-(OH)D threshold of 75 nmol/L (30 ng/mL) is needed
for optimal bone mineral density in younger (19-49 years)
and middle-aged adults (>50 years).” Increasing evidence
suggests that 25-(OH)D serum concentration of 75-110 nmol/L
(30—44 ng/mL) may have additional health benefits in
reducing the risk of common cancers, autoimmune diseases,
type 2 diabetes, cardiovascular disease and infectious
disease (Fig. 2).%*

Prevalence of vitamin D deficiency

Studies conducted on the German population estimated that
the median concentration of 25-(OH)D in native children
(1-17 age group) were 44 nmol/L. Another study, conducted
in four Northern European countries including a total of 199
children with median age of 12.5 years, estimated that in
30-50% of the cases serum 25-(OH)D concentrations were
below 25 nmol/L and in more than 90% of the cases serum
25-(OH)D concentrations were below 48nmol/L.*

In a Swiss study conducted on a large cohort comprising
3276 adults (25-75 age group), the median serum 25-(OH)D
concentrations was 46 nmol/L, 34% had concentrations
below 38 nmol/L, and about 70% had concentrations below
75 nmol/L.57 Similar data have been obtained from many
other countries.™*

van der Wielen and colleagues determined that 36% of
older men and 47% of older women had 25-(OH)D serum
concentrations below 30 nmol/L.* There is a high prevalence
of vitamin D deficiency in the oldest segment of the US
population.””®* Recently, a prevalence of vitamin D
deficiency was determined in healthcare professional from
the Qatari population and it was found that 96.5%
had vitamin D <30 ng/mL and 20% had vitamin D levels
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below the detectable limit of <3 ng/mL.® This is an
extremely high prevalence of vitamin D deficiency among
young ambulatory individuals with no musculoskeletal
complaints.

Consequences of vitamin D deficiency

The major function of vitamin D is to provide and maintain
adequate calcium and phosphorus in the body to facilitate
optimal metabolic function. Low vitamin D levels have been
associated with a range of disorders. The association of low
vitamin D and bone diseases such as rickets and osteoporosis
is well known.** A positive association between vitamin D
level and low bone mass in Saudi men and women has been
shown recently.* In addition, vitamin D deficiency impairs
reproductive success”* and the ability to combat infections,
in particular, tuberculosis, viral infections and influenza.®*”
It may precipitate or worsen autoimmune conditions”” and
increase the incidence of death associated with heart
disease,”” stroke secondary to hypertension,” inflammatory
bowel disease,” muscle weakness and falls,*” fractures” and
cancers of the breast, colon and prostate.*”*

Several lines of evidence have shown that vitamin D
reduces the risk of colorectal cancer** Other cancers that
may be vitamin D-responsive include breast, lung, ovarian
and prostate.” Other disorders in which the role of vitamin
D is being actively investigated are the autoimmune
disorders such as multiple sclerosis (MS), type 1 diabetes
mellitus and rheumatoid arthritis.*** The effect of vitamin D
on asthma pathogenesis and control has also been
extensively investigated.””

Vitamin D measurement

The two forms of vitamin D metabolite, 10,25-(OH),D and
25-(OH)D are commonly measured in serum and have been
the target of most genetic studies focusing on vitamin D
metabolism. However, 25-(OH)D serum concentration is
widely accepted as the best indicator of the vitamin D status
of an individual in vivo. It covers not only the endocrine but
also the paracrine biological pathways of vitamin D, whereas
the active hormone 10,25-(OH),D does not provide
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Fig. 4. Schematic representation of vitamin D deficiency,
insufficiency and optimal ranges.

information on the vitamin D status and is often normal or
increased as a result of secondary hyperthyroidism
associated with vitamin D deficiency.” 25-(OH)D has an
almost 1000-fold greater concentration than 1¢,25-(OH),D;
also, 25-(OH)D has a longer half-life (20 days) and hence is
more stable in the circulation. Therefore, total-body vitamin
D stores are best measured by assessing circulating levels of
25-(OH)D.*

There is a wide range of different immunological, mass-
spectrometry-based and spectrophotometric methods
currently used to measure serum 25-(OH)D concentration.””’
However, a number of studies have found considerable
variability in results of 25-(OH)D measurements between
analytical methods. This includes methods based
on radioimmunochemistry, high-performance liquid
chromatography with UV detection (HPLC-UV) or isotope
dilution-liquid chromatography/tandem mass spectrometry
(ID-LC/tandem MS).**** Huge discrepancy has been known
for many years between the methods, which can lead to
misdiagnosis of patients and misinterpretation of population
data.]()?fl(W

Vitamin D pathway gene polymorphisms
and association with disease

Vitamin D, its receptor and the genes involved in vitamin D
synthesis pathway have been studied intensively due to an
association with various diseases of public health
importance,

VDR

The VDR gene is located on chromosome 12q13 and consists
of nine exons. It encodes a nuclear hormone receptor, VDR,
which is an intracellular receptor belonging to the
steroid/thyroid nuclear receptor family. It is the specific
receptor for vitamin D, an immunomodulator through
which vitamin D exerts its effects. The VDR protein contains
the DNA-binding sites encoded by exon 2 and 3 and the
ligand-binding site encoded by exon 4 to 9.

To date, a number of VDR polymorphisms have been
discovered that are located in the promoter, in and around
exons 2 to 9 and in the 3'UTR region. Analysis of the
importance of these VDR polymorphisms for various
diseases has proved difficult. As a result, only a few
polymorphisms of this gene have been studied. Studies
examining VDR polymorphisms reported significant

Vitamin D in health and disease

associations with diabetes, arthritis, autoimmune diseases
and essential hypertension.'®"" Significant associations
between polymorphisms in the VDR gene with asthma have
been reported in several genetic association studies,"*'" but
has not been replicated."*'* The SNP (7968585) in the VDR
gene has been reported to be significantly associated with
the Parkinson’s disease in patients from two different
cohorts."*"” Feng and colleagues showed significant
association of autoimmune thyroid diseases (AITD) with the
VDR gene polymorphisms Taql (rs731236) and Bsml
(rs1544410)."*

CYP2R1

The synthesis of the most active vitamin D metabolite, 1-,25-
(OH)2D3, requires two hydroxylations, one at the 25 and
one at the la positions. In the liver, CYP2R1 (25-
hydroxylase) catalyses vitamin D3 to 25-hydroxyvitamin D3
(25-[OH]D;), the main circulating vitamin D metabolite,
while CYP27B1 (1a-hydroxylase) catalyses 25(OH)D3 tolo,
25(OH),D; in the kidney.

The CYP2R1 gene is located on chromosome 11p15.2,
contains five exons and spans about 15.5 kb. It catalyses the
synthesis of 25(OH)D; in the liver. It has been reported that
the GG genotype of CYP2R1 polymorphism (rs10741657)
increases the risk of developing of type 1 diabetes in two
ethnically different populations.”*"

One SNF rs10741657, which resides in the 5 region of the
CYP2R1 gene, was associated with serum 25-(OH)D
concentrationsin a transmission disequilibrium test (TDT)
study in a German population.” The rs10877012 C allele was
associated with lower levels of 25-(OH)D in a study of
gestational diabetic patients.” The effect of the rs10877012
C allele on lower levels of 25-(OH)D was also reported in
African-Americans recently.”” Although the effect of
rs10877012 on 25-(OH)D levels has been replicated in
candidate gene studies, there is no report on how this single-
nucleotide polymorphism (SNP) modulates 25-(OH)D levels
in serum. However, CYP27B1 functions downstream of
circulating 25-(OH)D. Therefore, rs10877012, or the causal
SNP captured by this SNE could possibly alter the role of
CYP27B1 in metabolic feedback loops or adjust the rate at
which 25-(OH)D is metabolised.™

CYP27B1
The CYP27B1 gene is located on chromosome 12q13.1-13.3
spanning 6.66 kb on the reverse strand. It catalyses the
synthesis of 1,25(OH),D; from 25(OH)D,; in the kidney. The
CC genotype of CYP27B1 polymorphism (rs10877012)
increases the risk of developing of type 1 diabetes in
Egyptian and UK populations.”™® Moreover, it has been
found that there is a synergism between the GG genotype of
CYP2R1 and CC genotype of CYP27B1 regarding the risk of
development of type 1 diabetes, and the level of vitamin D
and calcium is significantly lower in individuals with the GG
genotype of CYP2R1 and CC genotype of CYP27B1."™ The
possible explanation for this is that the CYP2RI
polymorphism could change the enzyme activity and
subsequently cause a relative lack of 25(OH)D,, the substrate
for the active form of vitamin D. This may explain the low
25(OH)D; serum levels in individuals with the CYP2R1 GG
allele.”

The presence of the CYP27B1 CC allele significantly
reduces mRNA levels,” and thereby reduces the level of the
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activela-hydroxylase and conversion of 25(OH)D to
10,25(0OH),D, causing low concentrations of 1,25(OH),D,"** ™
which lead to increased predisposition to type 1 diabetes.””
The associations of two other CYP27B1 SNPs, rs4646536 and
rs703842, with 25-(OH)D level were reported in a Canadian
multiple sclerosis study.” However, associations of these
two SNPs were not observed in Hispanics and African-
Americans.” The inconsistency of this association may be
due to tight regulation of circulating 1c,25-(OH),D
concentrations through lo-hydroxylation, the relatively
small sample sizes in these studies, or the different
ethnicities.”

CYP24A1A

The CYP24A1A gene is the third cytochrome P-450 gene
involved in regulation of vitamin D concentration. It
encodes the 10,25(OH),D inactivation protein. The
CYP24A1A gene is located on chromosome 20, at 20q13.2-
q13.3, spanning 20.53 kb on the reverse strand. An intronic
SNP rs17219315, was associated with 25(OH)D levels in a
family-based study using TDT. This SNP was included in
another association study on CYP24A1 and serum 25(OH)D
concentration, in which no significant findings were
reported for this gene.”

Vitamin D as an anticancer agent

Multiple studies have confirmed that vitamin D induces
growth arrest, triggers cell death and/or promotes
differentiation of cancer cells in wvitro and established
tumours in vivo. Experimental evidence suggests that
vitamin D may reduce the risk of cancer through regulation
of cellular proliferation and differentiation and inhibition of
angiogenesis.” In cancer cells, the active metabolite of
vitamin D, 1a,25 (OH),D,, suppresses cell proliferation.”
Extensive research has shown that cells, including cancer
cells, express VDRs. Binding of vitamin D to its receptor
regulate more than 60 genes that exert prodifferentiating,
antiproliferative and antimetastatic effects on cells,
including effects on the ell cycle.””

The overall role of vitamin D in cancer also is largely
supported by epidemiological observations. Several
ecological studies suggest that sunlight may protect against
prostate, colon, rectal, breast and ovarian cancer. Cancer
incidence specifically for that of colon and breast is lower
geographically where there is increased sunlight.™ Some
analytical studies also suggest a protective association
between circulating vitamin D in blood and colorectal and
prostate cancer.' Similarly, plasma levels of 25(OH)D; are
also well correlated with the disease. Studies showed that
87% of the triple negative breast cancer patients had
inadequate levels of serum 25(OH)D,. Mortality rate from
prostate cancer is inversely related to the level of UV
radiation, the major source of vitamin D.” Two separate
retrospective analyses showed that mean vitamin D levels
were lower in subjects who later developed prostate cancer
compared with age-matched controls.” Similarly, a 67%
lower risk of colorectal cancer was found among the women
in the highest quintile of consistent vitamin D intake over
time.135,137

One of the recent reports indicated that serum
concentration of 130 nmol/L or approximately 50 ng/mL
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protected against breast cancer by nearly 50%.* Similarly,
there have been several correlative studies that have
indicated a positive correlation of serum vitamin D levels
and protection from colon and prostate cancers.”” These
results provide a rationale for using vitamin D for cancer
prevention or therapy.

Vitamin D and infertility

Vitamin D deficiency might be important for endocrine
disturbances including fertility in women as well as in men.
VDR mRNA has been shown to be expressed in the ovaries,
in mixed ovarian cells, and in purified granulosa cell
cultures, indicating a role in steroidogenesis of sex
hormones."*'"* Likewise, the placenta expresses the CYP27B1
gene (encoding la-hydroxylase) and VDR gene."*'*

In male rodents, VDR has been found in the smooth
muscle of the epididymis, spermatogonia and Sertoli
cells.*> Recently, VDR was detected in human sperm,
specifically in the sperm nucleus."**'” More recently, it was
reported that spermatids, epididymis, seminal vesicle and
prostate express VDR and vitamin D metabolizing
enzymes." A 45% reduction in successful matings and up to
73% decreased overall fertility rate has been found in
vitamin D-deficient male rats.” The testes of vitamin D-
deficient rats showed incomplete spermatogenesis and
degenerative changes.”™

The overall fertility is reduced in vitamin D-deficient diet
eating female rats and have increased risk of pregnancy
complications. This is not corrected by normalising the
hypocalcemia in vitamin D-deficient female rats, but
requires 1,25(0OH),D,."* Vdr knockout female mice conceive
infrequently, have significantly fewer viable fetuses
in utero and present with uterine hypoplasia, impaired
folliculogenesis, anovulation, and absent corpora
lutea.” ™ In Vdr null mutant mice, feeding high calcium
diets partly restores fertility and increases the rate of
conception but does not normalise the number or weight of
viable fetuses.”"™ Vdr null male mutant mice show
significant gonadal insufficiency, with decreased sperm
count and motility, and histological abnormalities of the
testis.!™

Several studies suggest an association between vitamin D
and fertility in humans. Evidence exists that vitamin D exerts
some effects on female reproduction, including IVF
outcome, PCOS and endometriosis, as well as on
steroidogenesis in healthy women."” In a study among 84
infertile women undergoing IVE women with higher levels
of 25(OH)D in serum and follicular fluid were significantly
more likely to achieve clinical pregnancy following
IVE and high vitamin D levels were significantly associated
with improved parameters of controlled ovarian
hyperstimulation.”™ In men, vitamin D status might be
related to spermatogenesis, semen quality and
testiculopathies as well as male hypogonadism.” A positive
correlation of 25(OH)D serum levels with sperm motility
and progressive motility has been found in a cross-sectional
study including 300 men from the general population.””
Moreover, men with vitamin D deficiency (<10 ng/mL) had
a lower proportion of motile, progressive motile, and
morphologically normal spermatozoa compared with men
with sufficient vitamin D status (>30 ng/mL).



Vitamin D deficiency in
diabetes mellitus

Many epidemiological studies have found high prevalence
of vitamin D deficiency in children with type 1 diabetes
mellitus (TIDM), which suggests that an association exists
between vitamin D deficiency and TIDM.™ Type 1 diabetes
mellitus is an autoimmune disorder and it has been
postulated that immune modulatory actions of vitamin D
decrease the cytokine production and lymphocyte
proliferation, thus preventing destruction of B-cells and
subsequent development of type 1 diabetes mellitus.”"* An
inverse relationship has also been established between low
intake of total vitamin D and risk of type 2 diabetes mellitus
(T2DM)."*'** An association between VDR polymorphism
and TIDM was reported in Indian, German, and Taiwan
populations.”* Also, polymorphism in the CYP27B1 gene
has been shown to decrease the local expression of 1-alpha-
hydroxylase, and subsequent decreased conversion of
25(OH)D to 1la, 25(OH),D, resulting in increased
predisposition to TIDM.

Vitamin D and asthma

Research focused on identification of genetic variants that
could influence vitamin D levels has been minimal until
recently. Specific candidate genes have been studied in
relation to vitamin D using relatively small and
underpowered studies.” ' Recently, three genome-wide
association studies (GWAS) of vitamin D have been
published, with the largest study using 15 cohorts of 33,996
individuals.”*'” In that study, Wang and colleagues™
identified several genetic variants for vitamin D level
including rs2282679 located in the GC gene (which encodes
vitamin D carrier protein) on chromosome 4pl12;
1512785878 located near the DHCR? gene on chromosome
11q12, and rs10741657 located near the CYP2R1 gene on
11p15.™

Lasky-Su and colleagues' identified four SNPs associated
with serum vitamin D in two independent cohorts of
asthmatic children. These variants were in/near four genes
including rs11002969 located in an intronic region of the
ZCCHC24 gene on chromosome 10g22.3 and has previously
been associated with right ventricular cardiomyopathy;
rs163221 is located in an intronic region of the
C180rf16/CHST9 gene (carbohydrate N-acetyl galactosamine
sulphotransferase 9); rs1678849 is located in anintronic
region of the FUT6 gene; and 1s4864976 is located on
chromosome 4ql2 and is not proximal to any relevant
candidate gene. None of these SNPs or the nearby genes
has a known clear involvement in biologic pathways related
to vitamin D. The SNP rs2282679 which has been
significantly associated with circulating vitamin D levels
was also supported by a well-powered GWAS on
insufficient vitamin D levels.”* This association was further
conformed by Lasky-Su and colleagues.” This supports the
notion that combined association from the above three
asthma cohorts is significant at a genome-wide level.
Significant associations between polymorphisms in the
VDR gene with asthma have been reported in several
genetic association studies, but has not been consistently
replicated.">"

Vitamin D in health and disease

Future prospects

Vitamin D plays an important role in diverse physiological
functions. Vitamin D promotes calcium and phosphorus
absorption, which is necessary to build and maintain bones
and teeth, and is also a transcription factor in most cells in
the body. 10,25-(OH),D/VDR complex triggers global
changes in gene expression via classical transcriptional
mechanisms that contribute to induction of quiescence and
maintenance of the differentiated phenotype in epithelial
cells. In addition, novel mechanisms of vitamin D signalling
have been identified, including regulation of miRNAs, rapid
signalling through kinase pathways and protein-protein
interactions. The demonstration that vitamin D metabolites
and analogs that do not activate VDR-mediated
transcription can mimic some of the anti-tumour actions of
10,25-(OH),D indicates that additional mechanisms of action
remain to be discovered.

Receptors for vitamin D were found in a variety of cells
and tissues. Therefore, the likely disturbances due to vitamin
D deficiency and the therapeutic potential of vitamin D are
expanding. In spite of the substantial advancement of our
understanding of the metabolism of vitamin D, the
distribution of 1¢,25-(OH),D and 25-(OH)D in body pools,
including their storage and mobilization, is notably lacking.

Measuring circulating level of 25(OH)D provides a clue
about a person’s vitamin D deficiency/insufficiency. There
are a variety of assays used to measure 25(OH)D. The
radioimmunoassay and competitive protein binding assays
for 25(OH)D are useful in detecting vitamin D deficiency
and sufficiency. However, these assays have technical
difficulties especially if they are not run routinely. Several
reference laboratories have now switched to LC-MS, which
measures both 25(OH)D, and 25(OH)D, quantitatively. The
total 25(OH)D (i.e., 25(OH)D, plus 25(OH)D, is what
physicians need to be aware of for their patients. A level
>30 ng/mL is now considered to be the preferred healthy
level that all children and adults should maintain
throughout the year.

Vitamin D deficiency is a worldwide health problem.
Vitamin D insufficiency has become a common problem for
many individuals and is now linked to various diseases.
Serum 25(OH)D levels are inversely associated with
overweight, abdominal obesity, metabolic syndrome,
systolic blood pressure and stroke, and plasma glucose
concentrations. Vitamin D deficiency is associated with
secondary hyperparathyroidism, higher systolic blood
pressure, lower serum calcium, lower high-density
lipoprotein levels, and increased incidence of insulin
resistance. Moreover, lower serum 25(OH)D levels are
associated with increased morbidity and mortality, all-cause
mortality, myocardial infarction and diabetes. Normalisation
of vitamin D reverses some of these negative phenomena.

Several studies on vitamin D level in different countries
have demonstrated the magnitude of the problem. Vitamin
D deficiency is common in the Middle East. A low vitamin D
level in the Saudi Arabian population has been reported
despite the fact that sunny days are almost all year round.
Recently, it has been found that 25-37% of the healthy Saudi
men have vitamin D deficiency. Although the optimal
concentration for overall health is currently under debate,
lower levels of vitamin D have been associated with a
greater risk of rickets in children or osteomalacia in adults,
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increased risk of fractures, falls, breast cancer, colorectal
cancer and adenoma, poor immunity and cardiovascular
and other diseases such as multiple sclerosis. This therefore
has led to substantial interest in identifying determinants of
vitamin D. As many of environmental determinants of
vitamin D are known, identifying genetic determinants of
vitamin D is likely to help in our overall understanding of
the biological processes that may increase or decrease
vitamin D levels.

Sunlight exposure often is limited by lifestyle and other
choices, making it difficult to obtain enough vitamin D from
diet alone; thus, patients with deficiency are likely to require
long-term supplementation. Considering the available facts,
the introduction of a national policy to provide routine
supplementation of vitamin D to vulnerable populations not
only would reduce various morbidities, falls and fractures,
but also would eliminate other morbidities with minimal
cost. Extra vitamin D should be provided to premature
infants and those who are exclusively breast-fed.

In conclusion, vitamin D deficiency/insufficiency is a
global public health problem not only limited to high risk
groups of elderly or the housebound, but also young
physicians and nurses have an alarmingly high prevalence
of vitamin D deficiency. This review highlights the findings
that confirm the widespread prevalence of vitamin D
deficiency and the need for a population-wide policy to

solve this problem. Moreover, further genomic
investigations in larger groups as well as functional studies
need to performed to confirm previous findings. O
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