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Abstract

Vitamin D deficiency has now been recognized as a global health concern.
Classically associated with calcium metabolism, a newer role of vitamin D
as an immune modulator has been increasingly gaining prominence due to
accumulating data for its role in pathogenesis of various diseases. Of particular
interest are the reports linking vitamin D deficiency with autoimmunity. Along
with Epstein - Barr virus (EBV) infection and smoking, vitamin D deficiency is
known to be an important factor risk factor associated with multiple sclerosis
(MS). This review aims to summarize the current understanding about the role
of vitamin D deficiency during disease onset and progression. Evidence from
geographical pattern of disease distribution, birth month effect, animal model of
disease, immunological findings as well as genetic links between vitamin D and
MS genes have been scrutinized to understand the underlying mechanisms by
which vitamin D may regulate disease progression. The review also summarizes
the findings of various clinical trials conducted thus far. We summarize that
although there is strong evidence linking vitamin D and MS, the beneficial effect
of vitamin D therapy may depend on various factors such as type of diseases,
timing, dose and form of supplement used, gender of patient, etc. Based on this
evidence, we conclude that the preventive effects of vitamin D supplements
may be more beneficial than its therapeutic effects during disease progression.
Thus, supplement therapy should not only be considered in patients with active
diseases, but also in population at risk of MS.
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central paralysis, sensory impairment, impaired cognitive functions,
difficulty in coordination and balance, fatigue, etc. The course of MS
varies from patient to patient and is highly unpredictable and variable.
Based on course of progression, the disease has been categorized into
four classes: Relapsing-remitting MS (RRMS): the most common form
marked by relapses of symptoms followed by periods of remission,
when symptoms improve or disappear. Some patients of RRMS
may develop Secondary progressive MS (SPMS) where the disease
symptoms continue to worsen with or without periods of remission.
A more rare form of the disease is the Primary Progressive MS
(PPMS) where the symptoms continue to worsen gradually from the
beginning itself, without any relapses or remissions. However, there
may be periods of plateau in between. The rarest course of disease is
the Progressive-relapsing MS (PRMS) affecting only about 5% of MS
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Introduction

Multiple sclerosis (MS) is a chronic inflammatory neurological
disorder and a common cause of disability, especially in young
adults. The disease has autoimmune pathology, where auto-reactive
T cells against myelin proteins enter the central nervous system, and
bring about the neuronal tissue damage. What dose triggers these
auto-reactive T cells in periphery is still not clearly understood,
however, genetics and environmental factors are known to play an
important role. Clinically, disease manifests with symptoms such as

patients. Here, the disease is progressive from the start. However,
there are periods of flare-ups of worsening symptoms, without any
periods of remission [1]. Currently, no effective FDA approved cures
are available for MS. Thus, the main aim of available therapy in MS
is to decrease the duration as well as frequency of flare ups, reduce
disease activity, and provide symptomatic relief [2]. Since MS is
known to impact quality of life in terms of both physical and mental
health components, there is a constant need for exploring different
therapies to address the onset as well as progression of MS.

The most important factors linked with MS so far are smoking,
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EBV, and vitamin D deficiency [3,4]. Since EBV is ubiquitous in its
presence and no successful vaccine is as yet present [5], therefore,
cessation of smoking and vitamin D supplementation become
the more practical options for MS management. Of these, vitamin
D supplementation is particularly lucrative because of its ease of
execution as well as relatively low cost, as compared to economic
burden of the disease.

The first documented association of vitamin D deficiency as a
risk factor for MS was proposed way back in 1960s by Sir Donald
Acheson, in his paper where he examines the relationship of the
distribution of multiple sclerosis to latitude [6]. Since then, there have
been numerous reports that link vitamin D deficiency with MS. The
interest in this aspect of MS pathogenesis was further fuelled by the
recent unraveling of a wide variety of biological functions of vitamin
D besides its classical role in mineral metabolism. Of particular
interest was the discovery that vitamin D receptor (VDR) is expressed
on wide variety of cells and has role in immune modulation [7]. This
article reviews the current understanding of association of vitamin
D with MS, as suggested by various epidemiological, genetic, and
immunological studies. We have also summarized the key findings of
various clinical trials of vitamin D therapy in an attempt to understand
its potential as a supplement therapy for MS patients. Thus, the main
aim of this review is to provide the latest information on role of
vitamin D in MS in a concise manner. For detailed information, the
readers are suggested to refer to the latest articles cited in each section.

Vitamin D metabolism: intermediates and

interacting partners

enzymes,

Vitamin D is present in our body in two forms: Vitamin
D3 (colecalciferol), the major form,
(ergocalciferol), the minor form. The major sources of colecalciferol
are skin exposure to ultra violet B sunlight and/or vitamin
supplements, whereas diet such as fortified foods and fatty fish
provide both vitamin D2 and vitamin D3. Exposure of skin to the
ultra violet B (UVB) fraction of sunlight in the range of 290-315
nm range converts the vitamin D precursor 7-dehydrocholesterol
to pre-vitamin D3, which then isomerizes to colecalciferol. Both
colecalciferol and ergocalciferol are biologically inactive. For
conversion into biologically active form 1, 25-dihydroxyvitamin
D, the precursors are first converted to 25-hydroxy vitamin D in
liver by enzyme Vitamin D 25 hydroxylase also called CYP2RI.
Measuring the vitamin d levels in serum is based on the amount of
25-hydroxyvitamin D present, since it is a more stable metabolite
with a relatively longer half-life of around 1-2 months days, as
compared to 1, 25-dihydroxy vitamin D, with a half- life of only
4-6 hours in circulation. 25-hydroxyvitamin D undergoes the final
hydroxylation to give the active form, 1,25-dihydroxyvitamin D or
calcitriol, by the action of enzyme 25-Hydroxyvitamin D3 1-alpha-
hydroxylase, also known as cytochrome p450 27B1 (CYP27B1) [8].
The enzyme is present in proximal tubules of kidney, keratinocytes in
skin, osteoclasts in bones and various immune cells, which are the site
of vitamin D production [9].

which is or vitamin D2

The biological activity of vitamin D is associated with a
nuclear receptor called the Vitamin D Receptor (VDR). VDR
acts as transcription factor, and is also present in cell membrane.
As transcription factor, it can undergo heterodimerisation with

various receptors such as Retinoid X Receptor (RXR), and then
binds to vitamin D response element (VDRE) and brings about the
transcription of vitamin D responsive genes [10]. These vitamin D
responsive genes vary widely in their biological activities ranging
from mineral homeostasis, skeletal integrity, anti-proliferative
effects, etc. In a double blind pilot clinical trial of 2013, vitamin D
supplementation was shown to affect the expression of 66 genes
which were important for transcriptional regulation, immune
function, response to stress and DNA repair, in white blood cells from
subjects with baseline vitamin D deficiency, as compared to subjects
with baseline level of 25(OH)D>20 ng/ml [11]. The discovery of VDR
in cells of the immune system and the presence of the la-25(OH)
vitamin D3 hydroxylase in dendritic cells and macrophages suggest
that locally produced 1,25(0OH)2D3 has regulatory autocrine and
paracrine properties at the site of inflammation. The VDR is also
important for adaptive immunity, where it modulates the T and B
lymphocyte function [12,13].

Another important interaction partner for VDR with reference
to its role in MS is the Epstein Barr Nuclear antigen-3 (EBNA-3)
produced by Epstein-Barr virus. Upon its interaction with VDR, this
protein has been shown to block the transcription of VDRE genes in
lymphoblast B cell [14]. This finding is interesting for determining MS
research, since together with smoking; EVB and vitamin D deficiency
are known to be the most important risk factors for MS.

Vitamin D has also been shown to interact with estrogen
signaling pathway by regulating the expression estrogen synthesizing
aromatase [15]. Furthermore, estrogen downregulates the expression
of the vitamin D binding protein, in turn up regulating VDR [16]. This
interaction of vitamin D and estrogen may be helpful in explaining the
higher prevalence of MS in females. This theory is further corroborated
in the animal model of the disease, where it was observed that vitamin
D3 inhibited experimental autoimmune encephalomyelitis (EAE) in
intact female mice, but not in ovariectomized females or in males
[17]. It was further shown that estrogen implants alone did not rescue
the mice from disease, but did so in presence of vitamin D3. Gold
and Voskuhl reported that the protective mechanisms of estrogen
treatment in EAE involves anti-inflammatory mechanisms, affecting
cytokines, (MMP-9),
antigen presentation and dendritic cell function as well as induction
of Tregs [18,19]. All of these biological activities are also known to
be associated with vitamin D. These observations, along with the
fact that MS patient show clinical improvement during pregnancy
(when estrogen levels are high) have led to exploring the potential of
estrogen therapy in clinical trial for MS.

chemokines, matrix metalloproteinase-9

Evidence for association between vitamin D and multiple
sclerosis

Geographical distribution and birth month effect: The first
evidence linking vitamin D deficiency with risk of MS came from
studies on latitudinal gradient of MS prevalence, whereby the risk of
MS increased with increasing latitude in both northern and southern
hemisphere [20]. This is because vitamin D synthesis in skin is known
to be proportional to sunlight intensity, as well as duration, both of
which are inversely proportional to the latitude. This hypothesis was
further strengthened by the fact that in the high latitude areas of rural
Norway where consumption of fatty fish rich in vitamin D was high,
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the prevalence of MS was lower than expected [21]. In US, the risk
of MS also decreased in people of northern states, who migrated to
southern states for work [22].

In recent times, however, this latitudinal gradient of MS
appears to be diminishing. This could be due to better diagnosis or
increased reporting of MS from previously low prevalence area such
as Middle East and Mexico. Traditionally, MS was considered to be
predominantly a disease of white population. However, this trend
is changing, with the disease becoming more common in dark-
skinned, probably due to their migration to areas of high latitude. The
melanin in the skin of dark colored people absorbs UVB radiations,
thus, hindering the production of vitamin D. Thus, change in life
style such as spending more time indoors, use of sun block creams,
etc. are expected to have a much greater effect on vitamin D levels
of dark colored populations. We observed a similar finding in our
study of North Indian population, which receives abundant sunshine
throughout the year, where most of the healthy controls (hospital
staff) recruited in the study were deficient in vitamin D [23]. Thus,
the diminishing gradient seems to be more of an effect of increase in
incidence in lower latitude areas rather than a decrease in prevalence
of high altitude areas. This is further supported by the meta-analysis of
current studies by Koch-Henriksen and Sorenson [24], which shows
that latitude gradient of MS prevalence still remains, however, it is
the latitudinal gradient of MS incidence that seems to be decreasing.

Another phenomenon with associates MS to vitamin D due
to sunlight exposure is the birth month effect. It was based on
the observation that children born in spring months of either
hemispheres were at a slightly elevated risk of developing MS than
general population. This was explained on the basis that mothers
received inadequate amounts of UVB sunlight during pregnancy, and
hence were deficient in vitamin D. The review by Dobson et al. even
shows a reduced risk in those born in October and November [25].
Distano et al. have gone a step ahead to show that vitamin D exerts
its effect due to its effect on thymic development, since thymic output
and T cell development also showed a month of birth effect [26].
This association of birth month with MS has, however, been recently
questioned. In their review, Fiddens et al. have used the national
birth statistics form two continents to assess if there is any seasonal
variation and latitudinal variation in birth in general population
[27]. Surprisingly, they report a significant correlation both between
birth rates and latitude as well as season. Thus, the apparent seasonal
patterns for month of birth, initially suggested to be specific for
multiple sclerosis is indeed observable even in the general population.
Hence, the association of MS with season may be by chance alone.
Thus, proving such a hypothesis may require more objective data
collection, where the actual sun exposure or vitamin D levels during
pregnancy, is done and the results are normalized for confounding
factors such as birth rates in a particular season in general population.
This becomes even more important with the increased awareness
about vitamin D deficiency and easy availability of supplements, thus
questioning a direct association of sunlight availability or exposure to
vitamin D deficiency in modern scenario.

Lessons learnt from animal model of diseases: For the past three
decades, experimental autoimmune (or allergic) encephalomyelitis
has (EAE) has been the most successful disease model for MS. The

experimental disease can be generated in all mammals including
nonhuman primates, thus, making it an indispensable tool for
advanced preclinical studies [28]. A PubMed search done in March
2014, with “vitamin D” and “EAE” as search term yielded 69 results.
These studies provide an in-depth insight of the various immune as
well as non-immune mechanisms by which vitamin D affects the
disease outcome of EAE. Some of the main highlights are discussed
here.

At the level of innate immunity, vitamin D3 was shown to induce
tolerogenic dendritic cells (DCs), leading to increased number of
Tregs in lymph nodes and a concomitant increase of autoreactive T
cells in CNS in rat model of EAE [29]. Another molecule of innate
immune response, TLR8, was shown to be a target of vitamin D3.
By inhibiting the TLR8 signaling cascade in monocytes, vitamin D
conferred protection from diseases by decreasing the production of
inflammatory cytokines TNF-a and IL-1b, the expression of which
depends on IL-8 signaling [30]. Recently, vitamin D was has also been
shown to effect the NKT cell function, and it has also been shown
that TL-4 derived from NKT cells conferred the vitamin d mediated
protection from EAE in mice [31]. Vitamin D also has an effect on
the adaptive arm of immune response in EAE. Most observations
point to the fact that vitamin D inhibits the number or function of
inflammatory T effector cells (Th1 as well as Th17, and their cytokines)
while increasing the regulatory (Tregs) or immunosuppressive (IL-
10, Th2 cells) T effector cells functions.

Another interesting report suggesting that protective effects of
vitamin D is immune mediated, is the study of Spanier et al. which
showed that Ifn-g gene was needed for VDR gene expression in CNS.
This may explain why certain populations such as Sardinians have a
high risk of MS despite high ambient UV availability from sunlight,
since Sardinian MS patients frequently carry a low Ifn-g expresser
allele [32]. It is also interesting to note here that UV radiations have
been found to suppress EAE independent of vitamin D. This seems to
be mediated through local suppression of CCL5 production in CNS
(due to UV exposure), in turn preventing migration of inflammatory
cells to CNS. A systemic increase in immunosuppressive cytokine IL-
10 was also reported in the same study [33].

A major lesson learnt from animal model of disease is that not
only vitamin D levels, but the form in which it is present in the body
is critical in determining its protective role in MS. It was reported
almost two decades ago that in contrast to calcitriol, neither UVB
nor 25-hydroxyvitamin D administered after the onset of EAE could
inhibit disease progression. It was shown that 1,25-D3-treated rats
showed an almost complete inhibition of CD4 antigen expression and
significant decrease in the number of OX42-positive cells in various
brain tissues, thus establishing 1,25 dihydroxyvitamin D3 (calcitriol)
as a promising therapy for multiple sclerosis [34]. Later, it was also
reported that while calcitriol prevents EAE in both male and female
mice, colecalciferol was found to be effective only in female [17]. This
was found to be dependent on the 17p-estradiol levels [35]. In their
study in mice model, Subramanian et al. have shown that GPR30
membrane estrogen receptor (MER) is the key mediator in estradiol
dependent regulatory effects of vitamin D3 in EAE [36].

Besides exerting its protective through immune mediators,
vitamin D may also be effective in MS therapy due to its more direct
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effect on CNS. It was shown that vitamin D enhances the neural stem
cell proliferation and oligodendrocyte differentiation, thus promoting
CNS recovery [37].

Genetics evidence: It is now well understood that genes are
important predisposing factors in all autoimmune disorders. The
most important amongst them are the polymorphisms in the major
histocompatibility complex (MHC). With reference to MS, MHC
haplotypes especially those containing HLA-DRB1'1501 has been
shown to have a strong association with increased MS risk, being
strongest in North European population, but have been reported for
other populations as well . In 2006, a vitamin D response element
(VDRE) was identified in the HLA-DRB promoter region [38], thus
suggesting a direct gene-environment interaction in MS.

Since vitamin D deficiency is thought to be associated with
a greater MS risk, it can be expected that variants of vitamin D
metabolizing genes should be associated with MS risk too. Single
Nucleotide polymorphisms in CYP27B1, the enzyme that converts
25- hydroxyvitamin D to 1,25-dihydroxyvitamin D, namely,
rs12368653, rs10876994, rs118204009 and rs703842; and rs2248359
polymorphism in CYP24A1, the enzyme that initiates the degradation
of 1,25-dihydroxyvitamin D, were shown to be associated with MS
in Caucasian populations [39]. In a cross-sectional study published
in 2014, the authors report a significant association of SNPs in GC,
i.e, the group-specific component (vitamin D binding) protein
and CYP2R1 (enzyme found in liver that concerts vitamin D to
25-hydroxyvitamin D) on 25(OH)D in MS patients [40].

In 2013, International Multiple Sclerosis Genetic consortium
reported the presence of 110-MS associated risk variants outside of
the MHC locus [41]. Interestingly, VDR binding sites were found
to be significantly enriched near these genes. All these findings
highlight the importance of gene-environment interaction in
complex autoimmune diseases such as MS, where the exact disease
pathogenesis is not clearly understood.

Vitamin D in immunopathogenesis of MS: With the discovery
of Vitamin D receptor on a variety of immune cells, alot of interest has
developed in recent times in exploring the various immune functions
mediated by vitamin D. This makes it an important molecule to
study in reference to an autoimmune disease such as MS, where the
major pathological changes are conferred by component of host’s
own immune system. In the previous section on “lessons learnt from
animal models of disease”, we have already seen how various vitamin
D metabolites can affect various components of immune system. In
this section, we briefly review the various human studies that link
vitamin D deficiency to immunopathogenesis of MS.

Immunoglobulin-like transcript (ILT) 3 molecules are inhibitory
receptors which when highly expressed on surface of antigen-
presenting cells can renders them tolerogenic, thus, in turn inhibiting
T cell proliferation and increasing suppressor T cell activity [42]. The
work of Waschbisch et al. shows that ILT 3 expression on APCs by
IFN beta can be further enhanced by vitamin D [43]. Another study
linking vitamin D with ILT 3 was published in 2010, which showed
that vitamin D intake during pregnancy increased the mRNA levels
of ILT 3 and ILT4 in umbilical cord blood, thus explaining the
protective effect of vitamin d during pregnancy in reducing the risk
of MS in the offspring [44].

In the randomized controlled trial study of 49 MS patients, PBMC
proliferative responses to neuron antigens myelin basic protein and
exon-2 were suppressed in patients treated with colecalciferol. This
further suggests an immune suppressive action of vitamin D in
autoimmunity [45].

Vitamin D supplementation

To utilize vitamin D supplementation as therapy in MS, serum
vitamin D levels have to be closely monitored. Also, there is a need to
define vitamin D deficiency in measurable quantities. Clinical testing
for vitamin D requires the measurement of 25-hydroxyvitamin D in
serum. According to the Vitamin D council, serum levels less than
50 nM/L are considered deficient, 51 -74 nM/L as insufficient, and
more than 75 nM/L as sufficient. Vitamin D levels greater than 375
nM/L are considered toxic and may cause increased levels of calcium
in blood, or hypercalcemia.

As discussed previously, the biochemical form of vitamin D may
also have an important role, especially with regard to its protective
role in MS. Currently; vitamin D supplements are available in various
forms such as alfacalcidiol, calcifediol, calcitriol, colecalciferol, or
ergocalciferol. It is to be noted here that colecalciferol (the same form
that the body produces upon sunlight exposure) is converted 5 times
more than vitamin D2 or ergocalciferol in body. It has been shown
that colecalciferol is significantly more effective than ergocalciferol
in increasing serum 25-hydroxyvitamin D levels [46]. In their 2006
review, Houghton and Vieth present a case against using ergocalciferol
as vitamin D supplement, primarily, because the metabolites derived
from it had decreased ability to increase serum 25-hydroxyvitamin D
levels, showed decreased binding to VDR, and shorter shelf life [47].
Now, as it is clear from existing literature that VDR binding is crucial
for exerting the protective role of vitamin D in MS, especially for the
immunomodulation, hence, it may be concluded that colecalciferol
should be the supplement of choice for Vitamin D therapy in MS.
It is to be noted here that most of the ongoing clinical trials in MS
are, indeed, using colecalciferol supplements [48]. However, as
previously discussed, studies on EAE suggests that while calcitriol can
inhibit disease progression, colecalciferol could not, and hence, the
metabolite being used as supplement may also determine the efficacy
of vitamin D therapy in MS.

The recommended treatment of vitamin D deficiency is either
6,000 IU/day or 50,000 IU/week of vitamin D3 or vitamin D2 for 8
weeks. A dose of 2,000 IU/day (or more) is likely to be needed to
maintain blood levels at 75 nM/L, which is considered as adequate in
most adults. Higher dosing may be required and treatment at two or
more times this dose may be required especially in obesity. Although
considered quite safe at recommended dose, sustained high levels
of vitamin D of 10,000 IU/day or more may cause renal damage or
calcium deposits with other tissue injury, therefore, doses higher than
4,000 IU daily should be given under medical supervision.

Findings of clinical trials

An important consideration while inferring vitamin D as a risk
factor of MS is whether it is truly an association or not. It has been
argued that since MS is a disability disorder, the patients may have
restricted outdoor activities, and hence lower vitamin D levels. Thus,
the observation that MS patients have lower serum vitamin D levels
can indeed be an effect of disease itself, rather than a cause. The only
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argument against this theory comes from observation where adequate
vitamin D levels in early life decreased the risk of MS. Clinical trials
can provide an important insight into resolving this query.

In their systematic review of randomized, double-blind, placebo-
controlled trials, the authors extracted and examined data from
the 5 clinical trials on clinical efficacy of vitamin D in multiple
sclerosis published till 2012 [49]. The authors concluded that there
is insufficient data on this aspect, and the existing studied also have a
handicap due to their small study sizes and heterogeneity of dosing,
form of vitamin D tested (vitamin D3 in four trials, and vitamin D2
in one), and outcome clinical measures.

In their 2013 review, Dorr et al. provides the list of various
ongoing clinical trials on vitamin D in multiple sclerosis [48]. It is
to be noted that all these trials are using colecalciferol as the vitamin
D supplement at a relatively high dose of 5000IU/ day, either as
daily doses, weekly or monthly dose. The primary clinical outcomes
in these trials are either relapse rate or development of new lesions.
All of these trials are randomized double blind controlled phase II
trials, with the exception of trial number NCT01667796, which
is a non-randomized phase I trial. Also, this is the only study that
cytokine levels and percentages of T and B cells, and gene expression
as secondary clinical outcomes. Once concluded, these trials may
shed some light on improving our current understanding on role of
vitamin D supplement therapy in MS.

Thus, to truly understand whether vitamin D therapy can alleviate
MS symptoms and disease progression, well defined prospective
studies that normalizes the data for other variables such as dose
of therapy, form of vitamin D supplements used, gender, early life
exposure to sun, place of origin, place of work, are required. Moreover,
it will also be beneficial to assess the study subjects for their genetic
profile (alleles and polymorphisms of susceptibility genes) as well as
immunological markers such as different T effector populations, pro
and anti-inflammatory cytokines, chemokines, etc. This will also help
in unraveling the possible cascade of events through which vitamin D
may be influencing the course of MS.

Conclusion

The epidemiological, genetic and immunological evidence for
association of vitamin D deficiency with increased risk of developing
MS is quite compelling. Thus vitamin D supplementation is emerging
as a promising therapy supplement in MS. This becomes even more
significance in the light that vitamin D deficiency is becoming a more
common global problem with change in lifestyle. However, because
of ease of administration, low cost, and almost no toxicity even at
relatively high dose, as well as numerous and diverse biological
health benefits of vitamin D, it may be beneficial to evaluate this
supplement therapy not only in MS, but also in general population.
This in turn may further help in reducing MS risk, as it is now clear
that the protective effect of vitamin D during disease onset may be far
more important than its therapeutic role in modifying the course of
disease. Thus, maintaining sufficient levels of vitamin D as early as in-
utero (maternal vitamin D levels), and from early childhood till late
adolescence may prove to be the most effective in reducing the risk
of disease onset. However, since various environmental and genetic
factors interact with vitamin D in exerting its protective role, hence,
such factors must especially be considered in planning future trials

to draw meaningful inference on the efficacy of vitamin D therapy in
MS. Moreover, appropriate dose, as well as form of supplementation
(such as calcitriol) will also be critical to achieving the protective
effect of the therapy. As of now, it can be concluded that although
the exact mechanism of protective role of vitamin D in MS may still
not be very clear, vitamin D supplement therapy can still be safely
administered to MS patients and may even prove beneficial.

References
1. Goldenberg MM. Multiple sclerosis review. P T. 2012; 37: 175-184.

2. Loma I, Heyman R. Multiple sclerosis: pathogenesis and treatment. Curr
Neuropharmacol. 2011; 9: 409-416.

3. Ascherio A, Munger KL. Environmental risk factors for multiple sclerosis. Part
II: Noninfectious factors. Ann Neurol. 2007; 61: 504-513.

4. Ascherio A, Munger KL. Environmental risk factors for multiple sclerosis. Part
I: the role of infection. Ann Neurol. 2007; 61: 288-299.

5. Cohen JI. Epstein-barr virus vaccines. Clin Transl Immunology. 2015; 4: e32.

6. Acheson ED, Bachrach CA, Wright FM. Some comments on the relationship
of the distribution of multiple sclerosis to latitude, solar radiation, and other
variables. Acta Psychiatr Scand Suppl. 1960; 35: 132-147.

7. Prietl B, Treiber G, Pieber TR, Amrein K. Vitamin D and immune function.
Nutrients. 2013; 5: 2502-2521.

8. Christakos S, Ajibade DV, Dhawan P, Fechner AJ, Mady LJ. Vitamin D:
metabolism. Endocrinol Metab Clin North Am. 2010; 39: 243-253, table of
contents.

9. Anderson PH, May BK, Morris HA. Vitamin D metabolism: new concepts and
clinical implications. Clin Biochem Rev. 2003; 24: 13-26.

10. Staal A, van Wijnen AJ, Birkenhager JC, Pols HA, Prahl J, DelLuca H, et
al. Distinct conformations of vitamin D receptor/retinoid X receptor-alpha
heterodimers are specified by dinucleotide differences in the vitamin
D-responsive elements of the osteocalcin and osteopontin genes. Mol
Endocrinol. 1996; 10: 1444-1456.

11. Hossein-nezhad A, Spira A, Holick MF. Influence of vitamin D status and
vitamin D3 supplementation on genome wide expression of white blood cells:
a randomized double-blind clinical trial. PLoS One. 2013; 8: €58725.

12. Chen S, Sims GP, Chen XX, Gu YY, Chen S, Lipsky PE. Modulatory effects
of 1,25-dihydroxyvitamin D3 on human B cell differentiation. J Immunol. 2007;
179: 1634-1647.

1

w

. Kongsbak M, Levring TB, Geisler C, von Essen MR. The vitamin d receptor
and T cell function. Front Immunol. 2013; 4: 148.

14. Yenamandra SP, Hellman U, Kempkes B, Darekar SD, Petermann S, Sculley
T, et al. Epstein-Barr virus encoded EBNA-3 binds to vitamin D receptor and
blocks activation of its target genes. Cell Mol Life Sci. 2010; 67: 4249-4256.

1

a1

. Krishnan AV, Swami S, Peng L, Wang J, Moreno J, Feldman D. Tissue-
selective regulation of aromatase expression by calcitriol: implications for
breast cancer therapy. Endocrinology. 2010; 151: 32-42.

16. Narvaez CJ, Matthews D, LaPorta E, Simmons KM, Beaudin S, Welsh J. The
impact of vitamin D in breast cancer: genomics, pathways, metabolism. Front
Physiol. 2014; 5: 213.

17. Spach KM, Hayes CE. Vitamin D3 confers protection from autoimmune
encephalomyelitis only in female mice. J Immunol. 2005; 175: 4119-4126.

18. Gold SM, Voskuhl RR. Estrogen and testosterone therapies in multiple
sclerosis. Prog Brain Res. 2009; 175: 239-251.

19. Gold SM, Voskuhl RR. Estrogen treatment in multiple sclerosis. J Neurol Sci.
2009; 286: 99-103.

2

o

. Pugliatti M, Sotgiu S, Rosati G. The worldwide prevalence of multiple
sclerosis. Clin Neurol Neurosurg. 2002; 104: 182-191.

Submit your Manuseript | www.austinpublishinggroup.com

Austin J Mult Scler & Neuroimmunol 2(3): id1016 (2015) - Page - 05


http://www.ncbi.nlm.nih.gov/pubmed/22605909
http://www.ncbi.nlm.nih.gov/pubmed/22379455
http://www.ncbi.nlm.nih.gov/pubmed/22379455
http://www.ncbi.nlm.nih.gov/pubmed/17492755
http://www.ncbi.nlm.nih.gov/pubmed/17492755
http://www.ncbi.nlm.nih.gov/pubmed/17444504
http://www.ncbi.nlm.nih.gov/pubmed/17444504
http://www.ncbi.nlm.nih.gov/pubmed/25671130
http://www.ncbi.nlm.nih.gov/pubmed/13681205
http://www.ncbi.nlm.nih.gov/pubmed/13681205
http://www.ncbi.nlm.nih.gov/pubmed/13681205
http://www.ncbi.nlm.nih.gov/pubmed/23857223
http://www.ncbi.nlm.nih.gov/pubmed/23857223
http://www.ncbi.nlm.nih.gov/pubmed/20511049
http://www.ncbi.nlm.nih.gov/pubmed/20511049
http://www.ncbi.nlm.nih.gov/pubmed/20511049
http://www.ncbi.nlm.nih.gov/pubmed/18650961
http://www.ncbi.nlm.nih.gov/pubmed/18650961
http://www.ncbi.nlm.nih.gov/pubmed/8923469
http://www.ncbi.nlm.nih.gov/pubmed/8923469
http://www.ncbi.nlm.nih.gov/pubmed/8923469
http://www.ncbi.nlm.nih.gov/pubmed/8923469
http://www.ncbi.nlm.nih.gov/pubmed/8923469
http://www.ncbi.nlm.nih.gov/pubmed/23527013
http://www.ncbi.nlm.nih.gov/pubmed/23527013
http://www.ncbi.nlm.nih.gov/pubmed/23527013
http://www.ncbi.nlm.nih.gov/pubmed/17641030
http://www.ncbi.nlm.nih.gov/pubmed/17641030
http://www.ncbi.nlm.nih.gov/pubmed/17641030
http://www.ncbi.nlm.nih.gov/pubmed/23785369
http://www.ncbi.nlm.nih.gov/pubmed/23785369
http://www.ncbi.nlm.nih.gov/pubmed/19906814
http://www.ncbi.nlm.nih.gov/pubmed/19906814
http://www.ncbi.nlm.nih.gov/pubmed/19906814
http://www.ncbi.nlm.nih.gov/pubmed/24982636
http://www.ncbi.nlm.nih.gov/pubmed/24982636
http://www.ncbi.nlm.nih.gov/pubmed/24982636
http://www.ncbi.nlm.nih.gov/pubmed/19660660
http://www.ncbi.nlm.nih.gov/pubmed/19660660
http://www.ncbi.nlm.nih.gov/pubmed/19539954
http://www.ncbi.nlm.nih.gov/pubmed/19539954
http://www.ncbi.nlm.nih.gov/pubmed/12127652
http://www.ncbi.nlm.nih.gov/pubmed/12127652

Neha Joshi

Austin Publishing Group

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Westlund K. Distribution and mortality time trend of multiple sclerosis and
some other diseases in Norway. Acta Neurol Scand. 1970; 46: 455-483.

Gale CR, Martyn CN. Migrant studies in multiple sclerosis. Prog Neurobiol.
1995; 47: 425-448.

Joshi N, Minz RW, Anand S, Parmar NV, Kanwar AJ. Vitamin D deficiency
and lower TGF-1?/IL-17 ratio in a North Indian cohort of pemphigus vulgaris.
BMC Res Notes. 2014; 7: 536.

Koch-Henriksen N, Sgrensen PS. The changing demographic pattern of
multiple sclerosis epidemiology. Lancet Neurol. 2010; 9: 520-532.

Dobson R, Giovannoni G, Ramagopalan S. The month of birth effect in
multiple sclerosis: systematic review, meta-analysis and effect of latitude. J
Neurol Neurosurg Psychiatry. 2013; 84: 427-432.

Disanto G, Watson CT, Meier UC, Ebers GC, Giovannoni G, Ramagopalan
SV. Month of birth and thymic output. JAMA Neurol. 2013; 70: 527-528.

Fiddes B, Wason J, Kemppinen A, Ban M, Compston A, Sawcer S.
Confounding underlies the apparent month of birth effect in multiple sclerosis.
Ann Neurol. 2013; 73: 714-720.

Furlan R, Cuomo C, Martino G. Animal models of multiple sclerosis. Methods
Mol Biol. 2009; 549: 157-173.

Farias AS, Spagnol GS, Bordeaux-Rego P, Oliveira CO, Fontana AG, de
Paula RF, et al. Vitamin D3 induces IDO+ tolerogenic DCs and enhances
Treg, reducing the severity of EAE. CNS Neurosci Ther. 2013; 19: 269-277.

Li B, Baylink DJ, Deb C, Zannetti C, Rajaallah F, Xing W, et al.
1,25-Dihydroxyvitamin D3 suppresses TLR8 expression and TLR8-mediated
inflammatory responses in monocytes in vitro and experimental autoimmune
encephalomyelitis in vivo. PLoS One. 2013; 8: €58808.

Waddell A, Zhao J, Cantorna MT. NKT cells can help mediate the
protective effects of 1,25-dihydroxyvitamin D3 in experimental autoimmune
encephalomyelitis in mice. Int Immunol. 2015; 27: 237-244.

Spanier JA, Nashold FE, Olson JK, Hayes CE. The Ifng gene is essential for
Vdr gene expression and vitamin D3-mediated reduction of the pathogenic
T cell burden in the central nervous system in experimental autoimmune
encephalomyelitis, a multiple sclerosis model. J Immunol. 2012; 189: 3188—
3197.

Wang Y, Marling SJ, Beaver EF, Severson KS, Deluca HF. UV light selectively
inhibits spinal cord inflammation and demyelination in experimental
autoimmune encephalomyelitis. Arch Biochem Biophys. 2015; 567: 75-82.

Nataf S, Garcion E, Darcy F, Chabannes D, Muller JY, Brachet P. 1,25
Dihydroxyvitamin D3 exerts regional effects in the central nervous system
during experimental allergic encephalomyelitis. J Neuropathol Exp Neurol.
1996; 55: 904-914.

Nashold FE, Spach KM, Spanier JA, Hayes CE. Estrogen controls vitamin
D3-mediated resistance to experimental autoimmune encephalomyelitis by
controlling vitamin D3 metabolism and receptor expression. J Immunol. 2009;
183: 3672-3681.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Subramanian S, Miller LM, Grafe MR, Vandenbark AA, Offner H. Contribution
of GPR30 for 1,25 dihydroxyvitamin D, protection in EAE. Metab Brain Dis.
2012; 27: 29-35.

Shirazi HA, Rasouli J, Ciric B, Rostami A, Zhang GX. 1,25-Dihydroxyvitamin
D3 enhances neural stem cell proliferation and oligodendrocyte differentiation.
Exp Mol Pathol. 2015; 98: 240-245.

Ramagopalan SV, Maugeri NJ, Handunnetthi L, Lincoln MR, Orton SM,
Dyment DA, et al. Expression of the multiple sclerosis-associated MHC class
Il Allele HLA-DRB1"1501 is regulated by vitamin D. PLoS Genet. 2009; 5:
€1000369.

Zhuang JC, Huang ZY, Zhao GX, Yu H, Li ZX, Wu ZY. Variants of CYP27B1
are associated with both multiple sclerosis and neuromyelitis optica patients
in Han Chinese population. Gene. 2015; 557: 236-239.

Laursen JH, Sgndergaard HB, Albrechtsen A, Frikke-Schmidt R, Koch-
Henriksen N, Soelberg Serensen P, et al. Genetic and environmental
determinants of 25-hydroxyvitamin D levels in multiple sclerosis. Mult Scler.
2014.

International Multiple Sclerosis Genetics Consortium (IMSGC), Beecham AH,
Patsopoulos NA, Xifara DK, Davis MF, Kemppinen A. Analysis of immune-
related loci identifies 48 new susceptibility variants for multiple sclerosis. Nat
Genet. 2013; 45: 1353-1360.

Manavalan JS, Rossi PC, Vlad G, Piazza F, Yarilina A, Cortesini R, et al. High
expression of ILT3 and ILT4 is a general feature of tolerogenic dendritic cells.
Transpl Immunol. 2003; 11: 245-258.

Waschbisch A, Sanderson N, Krumbholz M, Vlad G, Theil D, Schwab S,
et al. Interferon beta and vitamin D synergize to induce immunoregulatory
receptors on peripheral blood monocytes of multiple sclerosis patients. PLoS
One. 2014; 9: e115488.

Rochat MK, Ege MJ, Plabst D, Steinle J, Bitter S, Braun-Fahrlander C, et al.
Maternal vitamin D intake during pregnancy increases gene expression of
ILT3 and ILT4 in cord blood. Clin Exp Allergy. 2010; 40: 786-794.

Kimball S, Vieth R, Dosch HM, Bar-Or A, Cheung R, Gagne D, et al.
Cholecalciferol plus calcium suppresses abnormal PBMC reactivity in patients
with multiple sclerosis. J Clin Endocrinol Metab. 2011; 96: 2826-2834.

Binkley N, Gemar D, Engelke J, Gangnon R, Ramamurthy R, Krueger D, et al.
Evaluation of ergocalciferol or cholecalciferol dosing, 1,600 IU daily or 50,000
IU monthly in older adults. J Clin Endocrinol Metab. 2011; 96: 981-988.

Houghton LA, Vieth R. The case against ergocalciferol (vitamin D2) as a
vitamin supplement. Am J Clin Nutr. 2006; 84: 694-697.

Dérr J, Déring A, Paul F. Can we prevent or treat multiple sclerosis by
individualised vitamin D supply? EPMA J. 2013; 4: 4.

Pozuelo-Moyano B, Benito-Leén J, Mitchell AJ, Hernandez-Gallego J.
A systematic review of randomized, double-blind, placebo-controlled
trials examining the clinical efficacy of vitamin D in multiple sclerosis.
Neuroepidemiology. 2013; 40: 147-153.

Awustin J Mult Scler & Neuroimmunol - Volume 2 Issue 3 - 2015
Submit your Manuscript | www.austinpublishinggroup.com

Joshi et al. © All rights are reserved

Citation: Joshi N and Minz RW. Vitamin D Deficiency as a Risk Factor for Multiple Sclerosis: Evidence from
Epidemiology, Animal Model, Genetics, and Immunology. Austin J Mult Scler & Neuroimmunol. 2015;2(3): 1016.

Submit your Manuseript | www.austinpublishinggroup.com

Austin J Mult Scler & Neuroimmunol 2(3): id1016 (2015) - Page - 06


http://www.ncbi.nlm.nih.gov/pubmed/5504330
http://www.ncbi.nlm.nih.gov/pubmed/5504330
http://www.ncbi.nlm.nih.gov/pubmed/8966212
http://www.ncbi.nlm.nih.gov/pubmed/8966212
http://www.ncbi.nlm.nih.gov/pubmed/25128193
http://www.ncbi.nlm.nih.gov/pubmed/25128193
http://www.ncbi.nlm.nih.gov/pubmed/25128193
http://www.ncbi.nlm.nih.gov/pubmed/20398859
http://www.ncbi.nlm.nih.gov/pubmed/20398859
http://www.ncbi.nlm.nih.gov/pubmed/23152637
http://www.ncbi.nlm.nih.gov/pubmed/23152637
http://www.ncbi.nlm.nih.gov/pubmed/23152637
http://www.ncbi.nlm.nih.gov/pubmed/23568650
http://www.ncbi.nlm.nih.gov/pubmed/23568650
http://www.ncbi.nlm.nih.gov/pubmed/23744589
http://www.ncbi.nlm.nih.gov/pubmed/23744589
http://www.ncbi.nlm.nih.gov/pubmed/23744589
http://www.ncbi.nlm.nih.gov/pubmed/19378202
http://www.ncbi.nlm.nih.gov/pubmed/19378202
http://www.ncbi.nlm.nih.gov/pubmed/23521914
http://www.ncbi.nlm.nih.gov/pubmed/23521914
http://www.ncbi.nlm.nih.gov/pubmed/23521914
http://www.ncbi.nlm.nih.gov/pubmed/23516559
http://www.ncbi.nlm.nih.gov/pubmed/23516559
http://www.ncbi.nlm.nih.gov/pubmed/23516559
http://www.ncbi.nlm.nih.gov/pubmed/23516559
http://www.ncbi.nlm.nih.gov/pubmed/25574039
http://www.ncbi.nlm.nih.gov/pubmed/25574039
http://www.ncbi.nlm.nih.gov/pubmed/25574039
http://www.ncbi.nlm.nih.gov/pubmed/22896638
http://www.ncbi.nlm.nih.gov/pubmed/22896638
http://www.ncbi.nlm.nih.gov/pubmed/22896638
http://www.ncbi.nlm.nih.gov/pubmed/22896638
http://www.ncbi.nlm.nih.gov/pubmed/22896638
http://www.ncbi.nlm.nih.gov/pubmed/25541149
http://www.ncbi.nlm.nih.gov/pubmed/25541149
http://www.ncbi.nlm.nih.gov/pubmed/25541149
http://www.ncbi.nlm.nih.gov/pubmed/8759780
http://www.ncbi.nlm.nih.gov/pubmed/8759780
http://www.ncbi.nlm.nih.gov/pubmed/8759780
http://www.ncbi.nlm.nih.gov/pubmed/8759780
http://www.ncbi.nlm.nih.gov/pubmed/19710457
http://www.ncbi.nlm.nih.gov/pubmed/19710457
http://www.ncbi.nlm.nih.gov/pubmed/19710457
http://www.ncbi.nlm.nih.gov/pubmed/19710457
http://www.ncbi.nlm.nih.gov/pubmed/21994003
http://www.ncbi.nlm.nih.gov/pubmed/21994003
http://www.ncbi.nlm.nih.gov/pubmed/21994003
http://www.ncbi.nlm.nih.gov/pubmed/25681066
http://www.ncbi.nlm.nih.gov/pubmed/25681066
http://www.ncbi.nlm.nih.gov/pubmed/25681066
http://www.ncbi.nlm.nih.gov/pubmed/19197344
http://www.ncbi.nlm.nih.gov/pubmed/19197344
http://www.ncbi.nlm.nih.gov/pubmed/19197344
http://www.ncbi.nlm.nih.gov/pubmed/19197344
http://www.ncbi.nlm.nih.gov/pubmed/25542806
http://www.ncbi.nlm.nih.gov/pubmed/25542806
http://www.ncbi.nlm.nih.gov/pubmed/25542806
http://www.ncbi.nlm.nih.gov/pubmed/25533295
http://www.ncbi.nlm.nih.gov/pubmed/25533295
http://www.ncbi.nlm.nih.gov/pubmed/25533295
http://www.ncbi.nlm.nih.gov/pubmed/25533295
http://www.ncbi.nlm.nih.gov/pubmed/24076602
http://www.ncbi.nlm.nih.gov/pubmed/24076602
http://www.ncbi.nlm.nih.gov/pubmed/24076602
http://www.ncbi.nlm.nih.gov/pubmed/24076602
http://www.ncbi.nlm.nih.gov/pubmed/12967778
http://www.ncbi.nlm.nih.gov/pubmed/12967778
http://www.ncbi.nlm.nih.gov/pubmed/12967778
http://www.ncbi.nlm.nih.gov/pubmed/25551576
http://www.ncbi.nlm.nih.gov/pubmed/25551576
http://www.ncbi.nlm.nih.gov/pubmed/25551576
http://www.ncbi.nlm.nih.gov/pubmed/25551576
http://www.ncbi.nlm.nih.gov/pubmed/20030662
http://www.ncbi.nlm.nih.gov/pubmed/20030662
http://www.ncbi.nlm.nih.gov/pubmed/20030662
http://www.ncbi.nlm.nih.gov/pubmed/21697250
http://www.ncbi.nlm.nih.gov/pubmed/21697250
http://www.ncbi.nlm.nih.gov/pubmed/21697250
http://www.ncbi.nlm.nih.gov/pubmed/21289249
http://www.ncbi.nlm.nih.gov/pubmed/21289249
http://www.ncbi.nlm.nih.gov/pubmed/21289249
http://www.ncbi.nlm.nih.gov/pubmed/17023693
http://www.ncbi.nlm.nih.gov/pubmed/17023693
http://www.ncbi.nlm.nih.gov/pubmed/23356351
http://www.ncbi.nlm.nih.gov/pubmed/23356351
http://www.ncbi.nlm.nih.gov/pubmed/23257784
http://www.ncbi.nlm.nih.gov/pubmed/23257784
http://www.ncbi.nlm.nih.gov/pubmed/23257784
http://www.ncbi.nlm.nih.gov/pubmed/23257784

	Title
	Abstract
	Abbreviations
	Introduction
	Vitamin D metabolism: enzymes, intermediates and interacting partners
	Evidence for association between vitamin D and multiple sclerosis
	Vitamin D supplementation
	Findings of clinical trials

	Conclusion
	References

