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Vitamin D and multiple sclerosis

Alberto Ascherio, Kassandra L Munger, K Claire Simon

The hypothesis that adequate vitamin D nutrition can contribute to the prevention of multiple sclerosis (MS) was
originally proposed to explain the geographical distribution of MS, but only recently has the relation between various
measures of vitamin D (eg, sun exposure, dietary sources, and serum concentrations of 25-hydroxyvitamin D) and
risk of developing MS been rigorously investigated. Overall, the results of these studies support a protective effect of
vitamin D, but there are uncertainties and many unanswered questions, including how vitamin D exerts a protective
effect, how genetic variations modify the effect, and whether vitamin D can influence the course of MS progression.

Introduction

The risk of developing multiple sclerosis (MS), a
relatively common cause of disability among young
adults, is determined by a combination of genetic and
environmental factors. The latter include Epstein-Barr
virus (EBV) infection, cigarette smoking, and inadequate
serum concentrations of vitamin D.** Although EBV is
nearly ubiquitous, there are no effective vaccines or
treatments for EBV infection, leaving smoking cessation
and vitamin D supplementation as the only available
interventions that might result in a reduction in the
global burden of MS. Because vitamin D deficiency is
endemic worldwide,’ the potential impact of vitamin D
supplementation on MS incidence is profound.

The hypothesis that vitamin D deficiency is a risk factor
for MS was first proposed over 30 years ago,* and gained
credibility after the discovery of the immunomodulatory
effects of vitamin D.* However, over the past few years,
the epidemiological evidence of an increased MS risk
among individuals with low vitamin D concentrations
has achieved substantial strength, thus approaching a
threshold that calls for important decision-making in
terms of experimental investigations or public-health
interventions. In this Review, we will provide a critical
analysis of the epidemiological studies on vitamin D and
MS risk or severity, and their implications for MS
prevention and treatment.

Background on vitamin D

Source and metabolism

The primary form of vitamin D, colecalciferol
(vitamin D3), is available from two sources: skin
exposure to ultraviolet B radiation (UVB) in sunlight
and diet (figure 1). UVB in the 290-315 nm range
photolyses 7-dehydrocholesterol in the skin to form pre-
vitamin D3, which then isomerises to colecalciferol.®
Colecalciferol (and ergocalciferol [vitamin D2]) is also
available from fortified foods (eg, milk, cereal, and
some orange juice and cheeses), dark fish (eg, salmon
and tuna), and vitamin supplements (colecalciferol).
Relative to sun exposure, diet is a poor source of
colecalciferol, providing only 40-400 IU per food
serving,” whereas whole-body UVB exposure for 20 min
for a light-skinned person during the summer months
will produce at least 10000 [U.”" However, increased
skin pigmentation, age, use of sunscreen, built
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environment, and environmental factors that reduce
the strength of UVB reaching the Earth’s surface (eg,
winter season, high latitude, pollution, cloud cover, and
ozone levels) all contribute to reduce skin colecalciferol
production to the point at which diet might become the
primary source.”™

Both forms of vitamin D, colecalciferol and ergocalciferol,
are biologically inactive and are enzymatically converted in
the liver to 25-hydroxyvitamin D. This molecule then
undergoes a second hydroxylation in the kidney or other
tissues to give the active form, 1,25-dihydroxyvitamin D
(also known as calcitriol if derived from vitamin D3;
figure 1), which binds and activates the vitamin D receptor
(VDR), a transcription factor that regulates the expression
of as many as 500 genes.”* The VDR is also present in cell
membranes, where it mediates some of the rapid
responses to 1,25-dihydroxyvitamin D (ie, responses that
occur too fast to depend on gene transcription).”
25-hydroxyvitamin D is used to assess an individual’s over-
all vitamin D nutritional status, because its formation,
unlike that of 1,25-dihydroxyvitamin D, is not tightly reg-
ulated and it has a relatively long half-life (20-60 days).”"
Thus, 25-hydroxyvitamin D is an integrated measure of
vitamin D derived from both UVB exposure and diet.
Most laboratory assays do not discriminate between
the forms of 25-hydroxyvitamin D derived from
colecalciferol and ergocalciferol, but the latter is usually
a minor component, because natural sources of ergo-
calciferol are scarce and ergocalciferol is more rapidly
catabolised than colecalciferol.”

Although 25-hydroxyvitamin D concentrations above
50 nmol/L have been deemed adequate, evidence
suggests that a minimum of 75 nmol/L 25-hydroxy-
vitamin D, and perhaps more than 90 nmol/L, is
optimum for many health outcomes.®” Mean
concentrations in most populations are substantially
lower than this (figure 2).”* Judicious sun exposure or
daily supplemental intake of 1000-4000 IU colecalciferol
would increase 25-hydroxyvitamin D to over 75 nmol/L
in most individuals.””

Non-calcaemic effects

Although the best-known function of vitamin D is to
regulate calcium physiology, it also has important effects
on brain development and function, cell proliferation and
apoptosis, regulation of blood pressure and insulin
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Figure 1: Sources and metabolism of vitamin D
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secretion, and on the differentiation of immune cells and
modulation of immune responses. These effects have been
extensively reviewed,*”? and only selected observations
on experimental autoimmune encephalomyelitis (EAE) or
in patients with MS will be mentioned here.

Calcitriol is remarkably effective in the prevention and
treatment of several experimental autoimmune
conditions, including EAE.*** The nuclear VDR” and
functional interleukin 10 and the interleukin 10
receptor’” seem to be important, because calcitriol did
not prevent EAE in mice in which their functions were
genetically disrupted. Further experiments, including
the demonstration that a functional recombination
activating gene (RAGI) was also required for calcitriol
to be protective, and that calcitriol did not inhibit
T-helper-1 or enhance T-helper-2 cell function in vivo,
led to the hypothesis that calcitriol promotes regulatory
T-cell function (a Rag-l-dependent cell) rather than
directly affecting T-helper-1 or T-helper-2 cells,*?
although a role for the latter cannot be excluded. These
findings suggest that calcitriol could be used as a
treatment for MS, provided that hypercalcaemia (which
is common in mice under the regimens effective in
EAE) could be prevented.”

Unlike calcitriol, which prevents EAE in both male
and female mice, colecalciferolwas found to be effective
in female mice (a 60% reduction in EAE), but completely
ineffective in male mice, even at high doses.”*** In
female mice, the effect was dependent on 17-B-oestra-
diol.” UVB also seems to reduce EAE incidence,”* but
because UVB also directly affects immune responses,
relative attribution of its effects to vitamin D remains
speculative.” By contrast with calcitriol,”* neither UVB
nor 25-hydroxyvitamin D administered after the onset
of EAE affected disease course.* Overall, the results of
these experiments provide some plausibility to the

hypothesis that vitamin D could be beneficial in MS
prevention and treatment. As discussed below, however,
the sex-specific effect observed in EAE is not consistent
with some key epidemiological observations.

The effects of vitamin D supplementation on immune
responses in human beings have not been systematically
investigated. Only two double-blind placebo-controlled
trials have been published.“# In one trial of individuals
with MS, 1000 IU colecalciferol daily for 6 months was
found to increase serum concentrations of transforming
growth factor f1, but no significant changes were
reported in other measured cytokines (tumour necrosis
factor, interferon vy, and interleukin 13).* In the other
trial, 437 overweight individuals (not known to have MS)
were randomly assigned to receive 40000 IU or 20000 [U
colecalciferol per week or placebo.” After 1 year,
25-hydroxyvitamin D concentrations were markedly
increased in both intervention groups, and parathyroid
hormone concentrations were significantly reduced, but
no significant changes were found in concentrations of
several circulating cytokines, including interleukin 2 and
interferon y (also combined in a T-helper-1 score);
interleukins 4, 5, 10, and 13 (also combined in a T-helper-2
score); and interleukins 12 and 17, intercellular adhesion
molecule 1, monocyte chemotactic protein 1, and high
sensitivity C-reactive protein.”

Other published studies were cross-sectional or were
done in vitro. Significant correlations between
25-hydroxyvitamin D or 1,25-dihydroxyvitamin D in
blood and immunological markers such as the frequency
or suppressive activity of regulatory T cells from patients
with MS have been reported,®* and are consistent with
an effect of vitamin D on T-cell regulation. However,
these correlations might partly indicate an effect of
disease activity on vitamin D concentrations and
immunological measures, and are thus insufficient to
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claim an immunoregulatory effect of vitamin D in
patients with MS. Data based on exposing T cells to
1,25-dihydroxyvitamin D in vitro are also inconclusive.”
Whereas the effects observed in these experiments are
consistent with a beneficial effect of calcitriol (enhance-
ment of interleukin 10-producing cells, reduction in cells
secreting the proinflammatory cytokines interleukins 6
and 17, and increase in number of regulatory T cells), the
extent to which such effects occur in vivo is uncertain.
Therefore, the immunological effects of vitamin D supp-
lementation need to be determined experimentally—for
example, whether it can correct the decreased regulatory
T-cell activity observed in MS.”

Epidemiology

Factors affecting exposure

Because melanin pigment in human skin absorbs
UVB,” black people have lower 25-hydroxyvitamin D
concentrations than white people, and are often
vitamin D deficient.”” However, the risk of MS in black
people is lower than in white people;” this contradiction
to the vitamin D hypothesis might only occur because
genetic differences could compensate for low vitamin D
concentrations, as seems to be the case for bone
turnover.* Analyses of the relation between vitamin D
status and MS risk are therefore better done separately
within each race/ethnic group. Among whites, a fair
skin colour is not a good proxy for vitamin D status,
because higher use of sunscreen and sun avoidance
might result in lower rather than higher 25-hydroxy-
vitamin D concentrations.**

The importance of age of exposure and seasonality is
uncertain. Studies in migrants implicate postnatal
environmental exposures, but do not exclude prenatal
effects.”* We will discuss this issue in the context of
specific  investigations. Blood concentrations of
25-hydroxyvitamin D fluctuate with season, but the
aetiological relevance of these fluctuations to MS risk is
unknown.

Reliability of measures

Measures of blood concentrations of 25-hydroxyvitamin D
also vary according to the type of assay used and between
laboratories using the same assay.” Comparison of
25-hydroxyvitamin D concentrations across different
assays or laboratories should thus be made cautiously.
Prospective, repeated measures of 25-hydroxyvitamin D
in a large population of healthy individuals would be the
best method to determine the association between
vitamin D and MS risk. Because this is rarely achievable,
most investigations have relied on other markers of
vitamin D status, including history of exposure to sun-
light, skin actinic damage, dietary intake, or genes.

Study design, confounding, and bias

Because of the cost and length of prospective cohort
studies, mostinvestigations in MS are based on a traditional
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Figure 2: Mean serum 25-hydroxyvitamin D concentrations in different populations

Data from Looker and co-workers,? Hypponen and Power,” Haddad and Chyu,* and Better and co-workers.
*Vitamin D experts have conflicting views about the concentration below which 25-hydroxyvitamin D is

considered insufficient.”?

(non-nested) case-control study design, in which the
distribution of exposure (vitamin D) among cases (MS) is
compared with that of a group of controls (individuals who
do not have MS). Unfortunately, these studies are prone to
many sources of bias, including selection bias (ie, bias
resulting from selection of a control group with a
distribution of exposure that differs from that of the
population that generated the cases), reverse causation
(MS affecting vitamin D exposure or status), and recall
bias (differential recall of past exposure between cases and
controls). Reverse causation might also affect other study
designs (table).

A confounder is a variable that is correlated with the
chosen measure of vitamin D and is a risk factor for MS
independently of vitamin D. For substantial confounding
to occur, both correlations need to be strong. A schematic
representation of the different measures of vitamin D
status, their possible relation to MS risk, and some
plausible confounders are shown in figure 3. For
example, sun exposure, in addition to being a determin-
ant of vitamin D concentration, could confound the
association between serum 25-hydroxyvitamin D and MS
if UVB directly affects the risk of MS.

Biological interactions are likely to occur between
vitamin D and other nutrients, such as calcium or
vitamin A.® These potential interactions are difficult to
investigate because of lack of power and adequate
measurements, and have largely been ignored in
epidemiological studies. In the literature, “interaction” or
“effect modification” refers to the deviation from a
specific statistical model, most often one that implies a
multiplicative effect, whereby effects are additive on the
log-risk scale (ie, odds ratio for case-control studies).”

Vitamin D and MS risk

Latitude and ecological studies

The reasons why vitamin D deficiency is thought to be a
risk factor for MS are as follows: (1) MS frequency
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Reverse causation Recall bias  Selection bias Confounding
Multiple sclerosis
Longitudinal/prospective nested case-control studies
Serum 25-hydroxyvitamin D Low Low Low High
Diet or sun exposure Low Low Low High
Case-control studies
Serum 25-hydroxyvitamin D High Low High High
Actinic damage High Low High High
Diet or sun exposure Low High High High
Registry linkage studies
Outdoor occupation High Low Low High
Skin cancer High Low Low High
Clinically isolated syndrome
Case-control studies
Serum 25-hydroxyvitamin D Low Low High High
Actinic damage Low Low High High
Diet or sun exposure Low High High High
Table: Potential biases in epidemiological studies of vitamin D and multiple sclerosis, by exposure
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increases with increasing latitude, which is strongly
inversely correlated with duration and intensity of UVB
from sunlight and vitamin D concentrations;*** (2)
prevalence of MS is lower than expected at high latitudes
in populations with high consumption of vitamin-D-rich
fatty fish;**” and (3) MS risk seems to decrease with
migration from high to low latitudes.”® Data on US
veterans are particularly compelling: in analyses stratified
by sex and ethnic origin, MS risk was halved among both
men and women born in northern states who entered
active duty in southern states.”

However, the latitude gradient seems to be disappearing.
Although artifacts are difficult to exclude (eg, increases
in MS incidence in low-risk regions, including the middle
east, Mexico, and southern Europe, could be due to
increased MS recognition””), the fading of the latitude
gradient within the USA is most likely genuine.””” Data
on white women are particularly striking: a strong
gradient was present among women born before 1946,
but not in younger women (figure 4). Data from Olmsted
County, Minnesota, suggest a constant incidence of MS
(data available from 1985 to 2000);” thus, an increase in
MS incidence in the south seems somewhat more likely
than a decrease in the north, although national data are
not available to confirm this assertion.

There are several possible explanations for the decline
in latitude gradient within the USA. First, intestinal
helminths, which were more common in the south and
have been proposed as a protective factor for MS, have
been decreasing.” Second, EBV infection is now occurring
at older ages in the south, with consequent increases in
mononucleosis, which is a risk factor for MS.”* Gradual
spread to the south of an EBV strain more likely to cause
MS is also possible." Third, the north-south gradient in
vitamin D concentrations is disappearing owing to the
fortification of milk with vitamin D and the disappearance

of rickets, which was endemic among children in northern
US cities until the 1940s.* However, because there is no
evidence of a decline in MS incidence in the north, some
factor causing an increase in MS incidence in both north
and south has to be invoked. Finally, changes in lifestyle
due to urbanisation, skin-cancer awareness, and cosmetic
concerns, might have reduced sun exposure in young
individuals, with greater impact in the south where
sunlight contributes more to vitamin D concentrations.
According to analyses of the US National Health and
Nutrition Examination Survey, serum 25-hydroxy-
vitamin D concentrations declined significantly between
1988-1994 and 2000-2004.*> However, laboratory diff-
erences seem to account for most of the decline, which
was modest in men (about 5-9 nmol/L) and absent in
women after assay calibration.”?** There are no data for
earlier periods. In summary, latitude gradient and other
ecological data provide a rationale for the vitamin D
hypothesis, but remain open to many interpretations.

Serum 25-hydroxyvitamin D

If vitamin D had any effect on MS risk, we would expect
MS incidence to decrease with increasing
25-hydroxyvitamin D concentrations. Because serum
25-hydroxyvitamin D concentrations decline after MS
onset,””™ studies that measure 25-hydroxyvitamin D in
patients with MS are uninformative as to whether
vitamin D decreases MS risk.**** Longitudinal studies
based on 25-hydroxyvitamin D concentrations before the
onset of MS are thus needed. The only study satisfying
this condition used a nested case-control design to
sample an underlying prospective cohort comprising
over 7 million individuals who served in the US military
and had at least two serum samples stored in the US
Department of Defense Serum Repository (figure 5).*
Individuals with atleast 99 - 2 nmol/L 25-hydroxyvitamin D
(top quintile) had a 62% lower odds of MS than those in
the bottom quintile (<63 - 3 nmol/L). The study concluded
that serum concentration of 25-hydroxyvitamin D in
healthy young white adults is an important predictor of
their risk of developing MS, independently from their
place of birth and latitude of residence during
childhood.*

This association could be due to either a protective
effect of vitamin D or to confounding by some factor
affecting both 25-hydroxyvitamin D concentration and
MS risk. A possible confounder is UVB exposure, which
is strongly correlated with 25-hydroxyvitamin D
concentration and could have directimmunosuppressive
effects.” However, genes seem unlikely confounders,
because according to a recent genome-wide association
study, neither the HLA-DRB1*1501 risk alleles nor other
predictors of MS risk are associated with 25-hydroxy-
vitamin D concentrations.® Similarly, confounding by
anti-EBV antibodies or cigarette smoking, both MS risk
factors, is unlikely because neither is consistently
associated with vitamin D concentrations.®##-
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Dietary vitamin D intake

In a prospective investigation comprising approximately
200000 women in the USA, vitamin D intake was
measured every 4 years by a comprehensive semi-
quantitative food frequency questionnaire.” The validity of
the estimated vitamin D intake was assessed in a subgroup
of over 300 participants. Women in the top quintile of
vitamin D intake had higher plasma concentrations of
25-hydroxyvitamin D (mean 75 nmol/L vs 55 nmol/L) and
a 37% lower risk of hip fracture compared with those in the
bottom quintile.” The incidence of MS during the 30-year
follow-up decreased with increasing vitamin D intake
(p=0-03 for trend) and was 33% lower among women in
the highest quintile of vitamin D intake versus those in the
lowest quintile.”* Furthermore, MS incidence was 41%
lower among women taking 400 IU per day or more from
supplements compared with non-users (figure 6).” These
results were not explained by confounding by other known

risk factors for MS, including smoking and latitude,* or by
UVB exposure, which is only weakly correlated with
vitamin D intake. Although confounding by other vitamins
or micronutrients is more difficult to exclude (most
vitamin D was taken in the form of multivitamin
supplements), there is no convincing evidence that other
micronutrients are independent predictors of MS risk.”
Attempts to relate vitamin D intake to MS risk have also
been made in case-control studies. In Norway, a study
comprising 119 MS cases and 251 controls living above the
Arctic Circle, where fatty fish is a major contributor to
vitamin D intake, reported a lower risk of MS for individuals
who ate fish three or more times per week at 16-20 years of
age compared with those with a lower consumption (odds
ratio0-57[95% CI0-33-0-93]; p=0-024).” Supplementation
with cod-liver oil was also associated with lower risk of MS,
but only among individuals with low summer outdoor
activity. However, these findings were not supported by
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Figure 3: Potential confounding factors and interactions in studies of vitamin D and MS risk

Only selected links are shown. (A) Major contributors to 25(0OH)D concentrations. (B) The association between vitamin D intake and MS risk could be confounded by
latitude, smoking, or intake of other nutrients. Smoking and some nutrients could also modify the effects of vitamin D intake on MS risk (dashed lines) because of effects
of smoking on parathyroid hormone concentrations,* or, for example, binding of vitamin A to retinoic-X receptors that form heterodimers with the VDR.** (C) Direct
effects of sunlight exposure could confound the association between 25(0OH)D and MS risk. (D) Confounding from genetic factors could occur if genes that determine
skin type (and thus both sun exposure and its effects on 25(0OH)D concentrations) were independently correlated with MS risk. Because serum 25(0OH)D indicates
vitamin D from sunlight and diet as well as genetic effects, the association between 25(0H)D and MS could be confounded by multiple factors. However, each factor
contributes only modestly to the between-person variation in 25(0H)D concentrations, and potential for bias is therefore limited. Although confounding is difficult to
eliminate, residual bias from uncontrolled confounding is generally modest, unless the confounder is strongly associated with both the exposure and the outcome of
interest and no information is available to control for it. 25(0H)D=25-hydroxyvitamin D. PTH=parathyroid hormone. MS=multiple sclerosis. VDR=vitamin D receptor.
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studies from a Tasmanian study of vitamin D supplement
use at ages 10-15 years™ or a Canadian study of fish intake
in adults,” although even modest differences in recall
between cases and controls could cause substantial bias.”

Sun exposure and related measures

Actinic damage

Actinic damage is an objective measure of cumulative
sun exposure, and is thus unaffected by recall bias.
However, a lower degree of actinic damage could indicate
lower sun exposure after MS onset (reverse causation).
The inverse association between actinic damage and MS
risk in a Tasmanian study (odds ratio for grades 4-6 vs
grade 3, 0-32 [95% CI 0-11-0-88]) should thus be
interpreted cautiously,” although its robustness to
adjustment for self-reported sun exposure after MS onset
and restriction of the analyses to MS cases of more recent
onset provides some evidence against reverse causation.

History of sun exposure
The effect of sun exposure on vitamin D synthesis depends
on many factors, including some that are difficult to assess
retrospectively (time of day, clothing, and use of sunscreen).
Therefore, the correlation between recalled duration of sun
exposure and 25-hydroxyvitamin D concentration is
typically modest.®™ In prospective studies, this error
would tend to bias any existing association between
vitamin D and MS risk towards the null hypothesis.
However, in case-control studies, the lack of an objective
measure also increases the vulnerability to recall bias. Not
surprisingly, results of these studies have been rather
inconsistent.

In a case-control study in Israel that included
241 individuals with MS and 964 controls, a significantly

higher proportion of cases (89%) than controls (82%)
reported spending at least 2 h per day outdoors in the
summer during childhood (p=0-02), contrary to the
prediction of the vitamin D hypothesis.” However, an
excess of controls with chronic illnesses, who were more
likely to be at home at survey time than healthy
individuals, suggested evidence of selection bias. In a
study involving 300 MS cases and 300 individuals with
sciatica (controls), no association was found between
time spent outdoors in the summer at age 15 years and
MS risk.* The relevance of this study is uncertain
because analyses were not adjusted for age and sex, and
the proportion of men among controls was higher than
among cases (data not reported).

By contrast with these early investigations, results
generally consistent with a protective effect of vitamin D
were found in more recent studies.””** One of these
studies, which comprised 136 individuals with MS and
272 age-matched and sex-matched controls in Tasmania,”
collected information on sun exposure at different ages,
and measured skin colour (a potential confounder) and
actinic damage. The participation rate among controls was
76%. The odds ratios of MS among individuals who
reported spending at least 2 h per day in the sun during
holidays and at weekends at ages 6-10 years were 0-47
(95% CI 0-26-0-84) for winter and 0-50 (0-24-1-02) for
summer exposure; inverse but weaker associations were
observed with sun exposure at older ages. The study from
Norway was based on mailed questionnaires, which were
returned by 83% of the patients with MS and 65% of
population-based controls, matched to the cases by age,
sex, and place of birth.” Increased outdoor activities in the
summer were associated with a decreased risk of MS,
most pronounced at age 16-20 years (odds ratio 0-55
[95% CI 0-39-0-78]; p=0-001). Finally, a study in the USA
based on 81 monozygotic twin pairs who were discordant
for MS showed that twins with MS reported significantly
lower levels of sun exposure than their healthy sibling.
The twin design removes selection bias, but recall bias
remains a potential concern.

Outdoor occupation

If sun exposure were to decrease risk, MS should be less
common than expected among individuals with outdoor
occupations. The results of two investigations on
occupation and MS mortality (USA and Sweden) seem to
support this conclusion.”™ In the US study, a lower risk
of MS mortality among outdoor workers was only
observed in areas of high sunlight intensity.” However,
the results of these studies could be explained by reverse
causation: individuals with MS tend to avoid outdoor
work due to heat-related fatigue, particularly in areas of
intense sunlight."

Skin cancer

Non-melanoma skin cancer, and, less strongly,
melanoma,'” are more common in individuals with high
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levels of sun exposure. Thus, if vitamin D were protective,
these cancers would be expected to be rare among
individuals with MS. A lower than expected occurrence of
skin cancer was reported among individuals with MS in a
study in the UK, but not in independent investigations
in Norway, Denmark, France, and Sweden.™" Even if
consistent results had been obtained, separating the effect
of sun exposure on MS risk from the effects of MS on sun
exposure would remain difficult.

Month of birth

Month of birth has also been suggested as a factor that
affects MS risk. In a pooled analysis of data from Canada,
UK, Denmark, and Sweden including more than
40000 individuals with MS, significantly fewer (8-5%)
people with MS were born in November and significantly
more (9-1%) were born in May.™ This finding suggests
that prenatal exposures or exposures in the first months
of life could be important in MS aetiology, but the link to
vitamin D is unclear.

In addition to the multiple sources of potential bias
discussed, the association between all measures of sun
exposure and MS risk could potentially be explained by a
direct protective effect of UVB on MS risk.®

Obesity and gestational diabetes

Obesity has been associated with lower serum
25-hydroxyvitamin D concentrations."" The difference
in serum 25-hydroxyvitamin D between people with a
body-mass index (BMI) above 30 kg/m2 and those of
normal weight is less than 37-5 nmol/L in most
studies,™" but this might be important if it occurs during
an aetiologically relevant age. The relation between pre-
diagnostic BMI and MS risk has been examined in one
longitudinal study, in which obesity at age 18 years (BMI
>30 kg/m2), but not obesity later in life, conferred a two
times higher risk of developing MS."

Low vitamin D concentrations during pregnancy were
associated with an increased risk of gestational diabetes
in a prospective study."” Two studies have reported a
3-10 times increased risk of MS among individuals
whose mothers had gestational diabetes during pregnancy
with the affected individual."***

Genetic factors

Genes can affect vitamin D metabolism, skin colour, and
behaviour, all of which can influence circulating
25-hydroxyvitamin D concentrations. Furthermore,
genetic variations in VDR and other genes might
influence the effects of vitamin D on the immune system.
Therefore, genetic variations in vitamin-D-related genes
might also affect MS risk, either directly or by modifying
the effects of vitamin D. The increasing ratio in the
concordance of MS risk between monozygotic and
dizygotic twins with increasing latitude suggests that
genetic effects may be stronger at low concentrations of
vitamin D."* However, little is known about the role of
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Figure 5: 25-hydroxyvitamin D concentration and MS risk among young, white adults in the US military
Mean serum 25-hydroxyvitamin D concentration in two or three samples, adjusted for season of blood collection,
age, and sex, was used to characterise the average vitamin D status in 257 US Army, Navy, or Marines active duty
personnel who developed MS during follow-up (mean 5 years after the first blood collection) and 514 controls
matched for age, sex, and ethnic origin. Among whites, MS risk, adjusted for latitude of the place of entry into
active duty, declined with increasing 25-hydroxyvitamin D concentration: for individuals in the top 20%
(25-hydroxyvitamin D 299-2 nmol/L), odds were 62% lower than in those in the bottom 20% (<63-3 nmol/L).
Preliminary dose-response analyses suggested that high 25-hydroxyvitamin D concentrations are needed to
provide a measurable benefit, thus possibly explaining the lack of association in the same investigation between
25-hydroxyvitamin D and MS risk among black people,* who, as expected,” had low 25-hydroxyvitamin D
concentrations (mean 45.5 nmol/L). Reproduced from Munger et al,* with permission from the American Medical
Association. MS=multiple sclerosis.

vitamin-D-related genes or specific genetic interactions
with vitamin D in determining MS risk. No information
on vitamin D is available for the cases and controls
included in the large genetic studies done to date, and
existing epidemiological studies on vitamin D have
insufficient power to address these questions.

Predictors of serum 25-hydroxyvitamin D

According to the vitamin D hypothesis, and assuming
that all other factors are equal, individuals carrying
genotypes associated with lower 25-hydroxyvitamin D
would be expected to have a higher MS risk (mendelian
randomisation).”™ However, the assumption that other
factors remain equal might not apply because adaptive
changes could evolutionarily compensate for genetically
low vitamin D concentrations.” Furthermore, although
any difference in 25-hydroxyvitamin D concentrations
across genotypes could be important, the effect of small
differences could be difficult to detect above the
background of wider environmentally determined
variations in 25-hydroxyvitamin D concentration.

The proportion of variation in 25-hydroxyvitamin D
that is caused by genetic factors is estimated to be
28-8-80-3%,"* but few genetic determinants have
been identified. The most convincing are polymorphisms
in the group-specific component (vitamin D binding
protein; GC).”™ In general, the effects of these
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Figure 6: Multiple sclerosis risk and supplemental vitamin D intake among
women in the Nurses Health Studies

Reproduced from Ascherio and Munger,? with permission from John Wiley

& Sons.

polymorphisms on 25-hydroxyvitamin D concentrations
are small. For example, two studies reported a 7 nmol/L
mean difference between the homozygous wild-type and
recessive alleles of the functional polymorphism
rs7041.%52 This difference is probably too small to
produce a measurable difference in MS risk across
genotypes, and it is thus not surprising that three small
investigations of GC polymorphisms found no association
with MS risk.”

Other genes investigated for possible association with
25-hydroxyvitamin D concentration include CYP27BI,
CYP27A1, CYP2R1, CYP24A1, IL10, IL12B, IL12RB1, IL4R,
SPP1, ADRB2, RXRA, NOD2, and VDR.»msue-taneie
Further investigation into the role of these genes is
warranted because many of the polymorphisms have
been investigated only in one or two studies or in specific
populations, or the findings are inconsistent. In any case,
the genetic contribution of any of these polymorphisms
to MS risk, including GC, is small relative to that of HLA-
DRB1*1501.

HLA-DRB1

The HLA-DRBI*1501 risk haplotype is the strongest
genetic predictor of MS risk in individuals of northern
European ancestry, conferring an approximately three
times increased risk of MS.* However, the association
between HLA-DR haplotypes and MS risk is complicated
by observed heterogeneity between populations and
more recent work showing that some individual haplotype
risks are modified by epistatic interactions with other
HLA-DR haplotypes.* A highly conserved vitamin-D-
responsive element (VDRE) has recently been identified
in the promoter region of the HLA-DRBI*1501 haplotype.

In ex-vivo experiments, the conserved VDRE was found
to be functional and bound VDR at a higher affinity than
other VDREs. Stimulation with 1,25-dihydroxyvitamin D
of cells transiently transfected with gene constructs
including the consensus HLA-DR15 sequence increased
HLA-DRB1*1501 expression by 1-6 times, whereas no
change was seen for constructs bearing sequences
specific to other DR haplotypes." This suggests that the
effects of 25-hydroxyvitamin D on MS risk might be
dependent on the presence of the HLA-DRBI*1501
haplotype—a hypothesis that has yet to be tested in
epidemiological studies.

Other genetic factors

If vitamin D had a role in MS aetiology, functional
variations in genes in the vitamin D pathway would be
expected to influence MS risk. The most studied gene is
VDR, which has been extensively investigated in
relation to bone mineral density, osteoporosis, and
fractures, but with inconclusive results."**** The relation
between VDR polymorphisms and MS is similarly
inconsistent, "7 0T glthough  this might be
related to differences in environmental exposures that
could possibly modify a genetic association with MS.

A polymorphism in the 5' region of CYP27B1 (encoding
mitochondrial 25-hydroxyvitamin D 1a hydroxylase),
which is in linkage disequilibrium with other single-
nucleotide polymorphisms in CYP27B1, has been
associated with MS in one genome-wide association
study,”® but not in others.®® Of interest, the co-
occurrence of vitamin-D-dependent rickets type 1 (due to
a mutation in CYP27BI) has been reported in three
patients with MS.” Other intriguing findings include
possible interactions between dietary vitamin D intake
and the VDR Fokl polymorphism,"” and between sun
exposure and two vitamin-D-related polymorphisms:
CDX2 3'-untranslated region in VDR, and alleles of MCIR
(which encodes melanocortin 1 receptor), associated with
red hair.** These observations support the potential
importance of environmental factors when considering
the risk of MS associated with genetic polymorphisms.

Association versus causation

A causal effect of vitamin D concentrations on MS risk is
supported by the temporality, moderate strength,
biological gradient, and plausibility of the observed
association. The overall evidence is also reasonably
consistent, given that methodological flaws might explain
most discordant results. A protective effect of vitamin D is
also in agreement with most data on the geographical
distribution of MS, including the latitude gradient, the
low prevalence among residents of northern regions with
high fish consumption, and the effects of migration. The
recent decline in the latitude gradient could in part be
attributed to interventions against vitamin D deficiency
and rickets in childhood. Although the inverse association
between serum 25-hydroxyvitamin D concentrations and
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MS risk could be explained by a direct immunosuppressive
effect of UVB, the latter could not explain the lower risk of
MS among women who take vitamin D supplements.
This lack of overlap in potential unmeasured confounders
makestheresultsondietaryintake strongly complementary
to those on serum 25-hydroxyvitamin D concentrations—a
protective effect of vitamin D is the most direct common
explanation for both findings. However, the overall
evidence for causality is only moderate, primarily because
of the scarcity of large longitudinal studies. Further
prospective investigations are crucial to obtain stronger
evidence on causality and to identify the optimum range
of 25-hydroxyvitamin D and relevant ages of exposure.
Other potential modifiers, such as genetic susceptibility
and ethnic origin, should also be explored.

Implications for future research and MS prevention

On the basis of the results of the only longitudinal study
of serum 25-hydroxyvitamin D and MS onset* and
assuming that these results are unbiased and vitamin D
is truly protective against MS, over 70% of MS cases in
the USA and Europe could be prevented by increasing the
serum 25-hydroxyvitamin D concentration of adolescents
and young adults to above 100 nmol/L.*'* These
concentrations are commonly found only in individuals
with outdoor lifestyles in sunny regions (figure 1), but
could be reached in most people by taking 1000-4000 IU
colecalciferol daily.******** Although these doses are largely
considered safe and potentially beneficial for other
outcomes,** confirmation of safety and efficacy in a large
randomised trial is needed before making general
recommendations. One option would be a national or
multinational study based on randomisation of school
districts or other suitable units in regions of low sunlight
intensity, perhaps including multiple outcomes that
might be affected by vitamin D, such as diabetes, obesity,
respiratory infections, and asthma." Alternatively,
high-risk first-degree relatives of individuals with MS
could be targeted in a smaller trial,” although
randomisation and compliance could be more
challenging. In either design, contamination of the
control group would be a potential concern.

Vitamin D and MS activity and progression

Many patients with MS have deficient or insufficient
vitamin D concentrations. In addition, serum
25-hydroxyvitamin D concentrations in patients with
MS are lower during MS relapses than during
remissions®®” and correlate inversely with disease
severity.**7” All but one” of these results were from
cross-sectional studies, and might indicate lower sun
exposure in patients with severe MS, rather than a
beneficial effect of vitamin D on immune responses.
Although serum 25-hydroxyvitamin D concentrations
indicate UVB exposure or vitamin D intake over several
weeks, even a modest systematic effect of an MS relapse
on 25-hydroxyvitamin D concentrations could be
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sufficient to induce a spurious inverse correlation
between 25-hydroxyvitamin D and disease activity.”® CSF
25-hydroxyvitamin D concentrations, which could
provide a better indication of 25-hydroxyvitamin D
availability to brain tissue, were found to correlate with
serum concentrations, but did not differ between patients
with MS and controls, and were not associated with
presence of relapses or gadolinium-enhanced lesions.”

Stable individual characteristics that predict vitamin D
status could be used to prevent reverse causation bias,
but at a cost. For example, the more severe course of MS
in black patients has been cited as evidence of an adverse
effect of vitamin D deficiency, but it could also indicate
genetic differences.” ™ Among whites, a lower level of
disability among patients with sun-sensitive skin has
been deemed compatible with a protective effect of
vitamin D,” but this conclusion seems unwarranted
because sun-sensitive skin is not predictive of higher
serum 25-hydroxyvitamin D concentrations.”*

The results of some,"™ but not all,**"™ studies support
an increase in MS relapses during the months when
vitamin D concentrations are at their lowest, but they
could be confounded by respiratory infections.”*
Similarly, increase in serum calcitriol during pregnancy
and its fall after delivery could explain the parallel
variation in frequency of relapses,"*”* but other hormones
follow a similar pattern and provide plausible alternative
explanations.” Large longitudinal studies of patients
with MS or individuals presenting with a first
demyelinating episode are thus needed to strengthen
and refine the hypothesis in terms of the amount of
vitamin D required for optimum protection and the
identification of patients who are most likely to benefit
from supplementation.

Only small safety trials of vitamin D supplementation
have been done. In a year-long pilot tolerability study of
oral calcitriol (2-5 pg daily), exacerbation rates were 27%
lower than baseline rates."”” Another safety and tolerability
trial examined the effect of high doses of oral colecalciferol
(28000-280000 TU weekly) and 1-2 g calcium daily in
12 individuals with MS.” Over the 28-week study, no cases
of hypercalcaemia or hypercalciuria were observed, and
although disease severity and activity were not affected,
the mean number of gadolinium-enhancing lesions per
patient fell from 175 at baseline to 0-83. Although these
results are only slightly informative in terms of vitamin D
efficacy, they are reassuring in terms of the safety of giving
high doses of vitamin D to patients with MS, and
strengthen the rationale for a large phase 3 trial. Individuals
with a first demyelinating episode and those with MS
could both theoretically benefit from colecalciferol, but
separate trials would be desirable because disease stage
could modify the response to treatment. In either case,
such a trial should have sufficient power to detect a
moderate beneficial effect (such as a 20-25% reduction in
risk of conversion to MS, relapse rates, or disease
progression), and oral colecalciferol should be given at a
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Search strategy and selection criteria

References for the Review were identified through searches of
PubMed from 1949 to February, 2010, and Embase from
1974 to February, 2010, by use of the following search string:
(“vitamin D" OR “sun exposure” OR “diet” OR “latitude”) AND
“multiple sclerosis”. Bibliographies of papers and book
chapters were also reviewed. Only papers published in English
were considered. We did not include results presented only as
abstracts. Studies were selected on the basis of relevance as
judged by the authors.

dose equivalent to 4000-10000 IU daily, which should be
sufficient to maintain 25-hydroxyvitamin D concentrations
of most participants at 100-150 nmol/L, while retaining a
low risk of toxic effects.

Conclusions

Vitamin D supplementation in healthy individuals is
emerging as a promising approach for MS prevention. In
utero and early-life exposure could also be important, but
there is strong evidence that vitamin D concentrations
during late adolescence and young adulthood have a
major effect in determining MS risk. Whereas future
observational epidemiological studies, and genetic and
molecular investigations, will be useful to strengthen and
refine the hypothesis, evidence is approaching equipoise,
at which the soundest decision might be to do a large
randomised trial to establish the safety and efficacy
needed to promote large-scale vitamin D supplementation.
Although substantial evidence supports the safety of even
large doses of vitamin D, such evidence is based on
studies of limited size and duration, which were mostly
done in older adults. A test of the hypothesis that
vitamin D could reduce MS risk will require the
administration of relatively high doses of vitamin D to
hundreds of thousands of young adults for several years,
and careful monitoring for unforeseen adverse effects is
mandatory. Given the financial, logistical, and scientific
complexity, and the limited societal experience with large-
scale population experiments, we suggest that an
international multi-disciplinary working group should be
set up to oversee the design of future prevention or
supplementation studies.

Evidence supporting a therapeutic effect of vitamin D in
modifying the course of MS is less compelling than evidence
of a preventive effect. However, given the safety of high
doses of vitamin D, there is sufficient evidence to support
the need for large randomised trials to determine whether
vitamin D supplementation could delay the time to progress
from a first demyelinating episode to MS or to MS treatment.
Furthermore, screening of serum 25-hydroxyvitamin D
concentrations is likely to identify a large proportion of
patients who are vitamin D deficient or insufficient, who
might benefit from vitamin D supplementation for
prevention of osteoporosis and other complications.

Contributors

AA conceived the overall scope of this Review. AA, KLM, and KCS
contributed to the initial draft of the Review, and to the critical review
and editing of the final manuscript.

Conflicts of interest
We have no conflicts of interest.

Acknowledgments
We thank Leslie Unger for technical support.

References

1 Ascherio A, Munger KL. Environmental risk factors for multiple
sclerosis. Part I: the role of infection. Ann Neurol 2007; 61: 288-99.

2 Ascherio A, Munger KL. Environmental risk factors for multiple
sclerosis. Part IT: noninfectious factors. Ann Neurol 2007;

61: 504-13.

3 Holick MF. Vitamin D deficiency. N Engl ] Med 2007; 357: 266-81.
Goldberg P. Multiple sclerosis: vitamin D and calcium as
environmental determinants of prevalence (a viewpoint). Part 1:
sunlight, dietary factors and epidemiology. Intern J Environ Stud
1974; 6: 19-27.

5  Hayes CE, Cantorna MT, Deluca HF. Vitamin D and multiple
sclerosis. Proc Soc Exp Biol Med 1997; 216: 21-27.

6  Holick MF. Vitamin D: a millenium perspective. J Cell Biochem
2003; 88: 296-307.

7 Holick MF. Environmental factors that influence the
cutaneous production of vitamin D. Am J Clin Nutr 1995;

61 (suppl): 6385-45S.

8  Vieth R. Vitamin D supplementation, 25-hydroxyvitamin D
concentrations and safety. Am J Clin Nutr 1999; 69: 842-56.

9  Zerwekh JE. Blood biomarkers of vitamin D status. Am | Clin Nutr
2008; 87 (suppl): 10875-91S.

10 Matsuoka LY, Ide L, Wortsman ], MacLaughlin JA, Holick MF.
Sunscreens suppress cutaneous vitamin D3 synthesis.

J Clin Endocrinol Metab 1987; 64: 1165-68.

11  Matsuoka LY, Wortsman ], Haddad ]G, Hollis BW. In vivo threshold
for cutaneous synthesis of vitamin D3. J Lab Clin Med 1989;

114: 301-05.

12 Yetley EA. Assessing the vitamin D status of the US population.
Am ] Clin Nutr 2008; 88 (suppl): 558S-64S.

13 Holick MF. Sunlight and vitamin D for bone health and prevention
of autoimmune diseases, cancers, and cardiovascular disease.
Am J Clin Nutr 2004; 80 (suppl): 16785-88S.

14  Engelsen O, Brustad M, Aksnes L, Lund E. Daily duration of
vitamin D synthesis in human skin with relation to latitude, total
ozone, altitude, ground cover, aerosols and cloud thickness.
Photochem Photobiol 2005; 81: 1287-90.

15 Norman AW. Vitamin D receptor (VDR): new assignments for an
already busy receptor. Endocrinology 2006; 147: 5542-48.

16 Norman AW. From vitamin D to hormone D: fundamentals of the
vitamin D endocrine system essential for good health.

Am ] Clin Nutr 2008; 88: 491S-99S.

17 Mawer EB, Lumb GA, Stanbury SW. Long biological half-life of
vitamin D3 and its polar metabolites in human serum. Nature 1969;
222: 482-83.

18  Smith JE, Goodman DS. The turnover and transport of
vitamin D and of a polar metabolite with the properties of
25-hydroxycholecalciferol in human plasma. J Clin Invest 1971;

50: 2159-67.

19  Holick MF, Biancuzzo RM, Chen TC, et al. Vitamin D2 is as
effective as vitamin D3 in maintaining circulating concentrations of
25-hydroxyvitamin D. J Clin Endocrinol Metab 2008; 93: 677-81.

20 Bischoff-Ferrari HA, Giovannucci E, Willett WC, Dietrich T,
Dawson-Hughes B. Estimation of optimal serum concentrations of
25-hydroxyvitamin D for multiple health outcomes. Am J Clin Nutr
20006; 84:18-28.

21 Bischoff-Ferrari H. Vitamin D: what is an adequate vitamin D level
and how much supplementation is necessary?

Best Pract Res Clin Rheumatol 2009; 23: 789-95.

22 Looker AC, Pfeiffer CM, Lacher DA, Schleicher RL, Picciano MF,
Yetley EA. Serum 25-hydroxyvitamin D status of the US population:
1988-1994 compared with 2000-2004. Am J Clin Nutr 2008;
88:1519-27.

www.thelancet.com/neurology Vol 9 June 2010



Review

23 Hypponen E, Power C. Hypovitaminosis D in British adults at age
45 y: nationwide cohort study of dietary and lifestyle predictors.
Am J Clin Nutr 2007; 85: 860-68.

24 Haddad JG, Chyu K]J. Competitive protein-binding radioassay
for 25-hydroxycholecalciferol. J Clin Endocrinol Metab 1971;
33:992-95.

25 Better OS, Shabtai M, Kedar S, Melamud A, Berenheim J,
Chaimovitz C. Increased incidence of nephrolithiasis in lifeguards
in Israel. In: Massry SG, Ritz E, Jahreis G, eds. Phosphate and
minerals in health and disease. New York: Plenum Press, 1980:
467-72.

26 Dawson-Hughes B, Heaney RP, Holick MF, Lips P, Meunier PJ,
Vieth R. Estimates of optimal vitamin D status. Osteoporos Int 2005;
16: 713-16.

27 Deluca HF, Cantorna MT. Vitamin D: its role and uses in
immunology. FASEB J 2001; 15: 2579-85.

28 Holick MF, Chen TC. Vitamin D deficiency: a worldwide problem
with health consequences. Am J Clin Nutr 2008;

87 (suppl): 1080S-86S.

29 McCann JC, Ames BN. Is there convincing biological or behavioral
evidence linking vitamin D deficiency to brain dysfunction?
FASEB ] 2008; 22: 982-1001.

30 Lemire JM, Archer DC. 1,25-Dihydroxyvitamin D3 prevents the
in vivo induction of murine experimental autoimmune
encephalomyelitis. | Clin Invest 1991; 87: 1103-07.

31 Branisteanu DD, Waer M, Sobis H, Marcelis S, Vandeputte M,
Bouillon R. Prevention of murine experimental allergic
encephalomyelitis: cooperative effects of cyclosporine and 1 alpha,
25-(OH),D,. ] Neuroimmunol 1995; 61: 151-60.

32 Cantorna MT, Hayes CE, DeLuca HF. 1,25-Dihydroxyvitamin D3
reversibly blocks the progression of relapsing encephalomyelitis,

a model of multiple sclerosis. Proc Natl Acad Sci USA 1996;
93: 7861-64.

33 Spach KM, Nashold FE, Dittel BN, Hayes CE. IL-10 signaling is
essential for 1,25-dihydroxyvitamin D3-mediated inhibition of
experimental autoimmune encephalomyelitis. | Immunol 2006;
177: 6030-37.

34 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: 904-14.

35 Cantorna MT, Hayes CE, DeLuca HF. 1,25-Dihydroxycholecalciferol
inhibits the progression of arthritis in murine models of human
arthritis. J Nutr 1998; 128: 68-72.

36 Nashold FE, Miller DJ, Hayes CE. 1,25-Dihydroxyvitamin D3
treatment decreases macrophage accumulation in the CNS of mice
with experimental autoimmune encephalomyelitis. | Neuroimmunol
2000; 103: 171-79.

37 Meehan TF, DeLuca HF. The vitamin D receptor is necessary for
1a,25-dihydroxyvitamin D, to suppress experimental autoimmune
encephalomyelitis in mice. Arch Biochem Biophys 2002;

408: 200-04.

38 Nashold FE, Hoag KA, Goverman ], Hayes CE. Rag-1-dependent
cells are necessary for 1,25-dihydroxyvitamin D3 prevention of
experimental autoimmune encephalomyelitis. | Neuroimmunol
2001; 119: 16-29.

39 Hayes CE, Nashold FE, Spach KM, Pedersen LB. The
immunological functions of the vitamin D endocrine system.

Cell Mol Biol 2003; 49: 277-300.

40 Becklund BR, Hansen DW Jr, Deluca HF. Enhancement of
1,25-dihydroxyvitamin D3-mediated suppression of experimental
autoimmune encephalomyelitis by calcitonin.

Proc Natl Acad Sci USA 2009; 106: 5276-81.

41 Spach KM, Hayes CE. Vitamin D3 confers protection from
autoimmune encephalomyelitis only in female mice. ] Immunol
2005; 175: 4119-26.

42 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: 3672-81.

43 Hauser SL, Weiner HL, Che M, Shapiro ME, Gilles F, Letvin NL.
Prevention of experimental allergic encephalomyelitis (EAE) in the
SJL/] mouse by whole body ultraviolet irradiation. J Immunol 1984;
132: 1276-81.

www.thelancet.com/neurology Vol 9 June 2010

45

46

47

48

49

50

51

52

53

54

55

56

57

58

60

61

62

63

64

65

66

67

Schneider HA. Suppression of experimental allergic
encephalomyelitis by microwaves from flourescent lamps. In:
Alter M, Kurtzke JF, eds. The epidemiology of multiple sclerosis.
Springfield: CC Thomas, 1968.

Lucas RM, Ponsonby AL. Considering the potential benefits as well
as adverse effects of sun exposure: can all the potential benefits be
provided by oral vitamin D supplementation? Prog Biophys Mol Biol
2006; 92: 140-49.

Mahon BD, Gordon SA, Cruz J, Cosman F, Cantorna MT. Cytokine
profile in patients with multiple sclerosis following vitamin D
supplementation. | Neuroimmunol 2003; 134: 128-32.

Jorde R, Sneve M, Torjesen PA, Figenschau Y, Goransson LG,
Omdal R. No effect of supplementation with cholecalciferol on
cytokines and markers of inflammation in overweight and obese
subjects. Cytokine 2010; 50: 175-80.

Royal W 3rd, Mia Y, Li H, Naunton K. Peripheral blood regulatory
T cell measurements correlate with serum vitamin D levels in
patients with multiple sclerosis. ] Neuroimmunol 2009; 213: 135-41.
Smolders ], Thewissen M, Peelen E, et al. Vitamin D status is
positively correlated with regulatory T cell function in patients with
multiple sclerosis. PLoS One 2009; 4: €6635.

Correale |, Ysrraelit MC, Gaitan MI. Immunomodulatory effects of
vitamin D in multiple sclerosis. Brain 2009; 132: 1146-60.

Viglietta V, Baecher-Allan C, Weiner HL, Hafler DA. Loss of
functional suppression by CD4+CD25+ regulatory T cells in
patients with multiple sclerosis. | Exp Med 2004; 199: 971-79.

Chen TC, Chimeh F, Lu Z, et al. Factors that influence the
cutaneous synthesis and dietary sources of vitamin D.

Arch Biochem Biophys 2007; 460: 21317,

Kurtzke JF, Beebe GW, Norman JE. Epidemiology of multiple
sclerosis in U.S. veterans: 1. Race, sex, and geographic distribution.
Neurology 1979; 29: 1228-35.

Harris SS. Vitamin D and African Americans. | Nutr 2006;

136: 1126-29.

van der Mei IA, Ponsonby AL, Dwyer T, et al. Vitamin D levels in
people with multiple sclerosis and community controls in
Tasmania, Australia. ] Neurol 2007; 254: 581-90.

Glass D, Lens M, Swaminathan R, Spector TD, Bataille V.
Pigmentation and vitamin D metabolism in caucasians: low vitamin D
serum levels in fair skin types in the UK. PLoS One 2009; 4: e6477.
Handel AE, Giovannoni G, Ebers GC, Ramagopalan SV.
Environmental factors and their timing in adult-onset multiple
sclerosis. Nat Rev Neurol 2010; 6: 156—-66.

Gale CR, Martyn CN. Migrant studies in multiple sclerosis.

Prog Neurobiol 1995; 47: 425-48.

Binkley N, Krueger D, Cowgill CS, et al. Assay variation confounds
the diagnosis of hypovitaminosis D: a call for standardization.

J Clin Endocrinol Metab 2004; 89: 3152-57.

Brot C, Jorgensen NR, Sorensen OH. The influence of smoking on
vitamin D status and calcium metabolism. Eur J Clin Nutr 1999;
53: 920-26.

Caire-Juvera G, Ritenbaugh C, Wactawski-Wende J, Snetselaar LG,
Chen Z. Vitamin A and retinol intakes and the risk of fractures
among participants of the Women'’s Health Initiative Observational
Study. Am J Clin Nutr 2009; 89: 323-30.

Carlberg C, Bendik I, Wyss A, et al. Two nuclear signalling
pathways for vitamin D. Nature 1993; 361: 657-60.

Greenland S. Tests for interaction in epidemiologic studies: a review
and a study of power. Stat Med 1983; 2: 243-51.

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 1960;

147 (suppl): 13247,

Miller DH, Hammond SR, McLeod ]G, Purdie G, Skegg DC.
Multiple sclerosis in Australia and New Zealand: are the
determinants genetic or environmental?

J Neurol Neurosurg Psychiatry 1990; 53: 903-05.

Hammond SR, McLeod JG, Millingen KS, et al. The epidemiology
of multiple sclerosis in three Australian cities: Perth, Newcastle and
Hobart. Brain 1988; 111: 1-25.

Chapuy MC, Preziosi P, Maamer M, et al. Prevalence of vitamin D
insufficiency in an adult normal population. Osteoporos Int 1997;
7:439-43.

609



Review

610

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

Vukusic S, Van Bockstael V, Gosselin S, Confavreux C. Regional
variations of multiple sclerosis prevalence in French farmers.

J Neurol Neurosurg Psychiatry 2007; 78: 707-09.

van der Mei IA, Ponsonby AL, Engelsen O, et al. The high
prevalence of vitamin D insufficiency across Australian populations
is only partly explained by season and latitude.

Environ Health Perspect 2007; 115: 1132-39.

Swank RL, Lerstad O, Strem A, Backer J. Multiple sclerosis in rural
Norway. Its geographic and occupational incidence in relation to
nutrition. N Engl | Med 1952; 246: 721-28.

Westlund K. Distribution and mortality time trend of multiple
sclerosis and some other diseases in Norway. Acta Neurol Scand
1970; 46: 455-83.

Kurtzke JF, Beebe GW, Norman JE. Epidemiology of multiple
sclerosis in US veterans: ITI. Migration and the risk of MS.
Neurology 1985; 35: 672-78.

Pugliatti M, Rosati G, Carton H, et al. The epidemiology of multiple
sclerosis in Europe. Eur J Neurol 2006; 13: 700-22.

Alonso A, Hernan MA. Temporal trends in the incidence of
multiple sclerosis: a systematic review. Neurology 2008; 71: 129-35.
Hernin MA, Olek M], Ascherio A. Geographic variation of MS
incidence in two prospective studies of US women. Neurology 1999;
53:1711-18.

Wallin MT, Page WF, Kurtzke JF. Multiple sclerosis in US veterans
of the Vietnam era and later military service: race, sex, and
geography. Ann Neurol 2004; 55: 65-71.

Mayr WT, Pittock SJ, McClelland RL, et al. Incidence and prevalence
of multiple sclerosis in Olmsted County, Minnesota, 1985-2000.
Neurology 2003; 61: 1373-77.

Fleming J, Fabry Z. The hygiene hypothesis and multiple sclerosis.
Ann Neurol 2007; 61: 85-89.

Hallee TJ, Evans AS, Niederman JC, Brooks CM, Voegtly JH.
Infectious mononucleosis at the United States Military Academy.
A prospective study of a single class over four years. Yale | Biol Med
1974; 3: 182-95.

Thacker EL, Mirzaei F, Ascherio A. Infectious mononucleosis and
risk for multiple sclerosis: a meta-analysis. Ann Neurol 2006;

59: 499-503.

Harrison HE. A tribute to the first lady of public health

(Martha M. Eliot). V. The disappearance of rickets.

Am | Public Health Nations Health 1966; 56: 734-37.

Ginde AA, Liu MC, Camargo CA Jr. Demographic differences and
trends of vitamin D insufficiency in the US population, 1988-2004.
Arch Intern Med 2009; 169: 626-32.

Looker AC, Lacher DA, Pfeiffer CM, Schleicher RL, Picciano MF,
Yetley EA. Data advisory with regard to NHANES serum
25-hydroxyvitamin D data. Am J Clin Nutr 2009; 90: 695.

Munger KL, Levin LI, Hollis BW, Howard NS, Ascherio A. Serum
25-hydroxyvitamin D levels and risk of multiple sclerosis. JAMA
2006; 296: 2832-38.

Ozgocmen S, Bulut S, Tlhan N, Gulkesen A, Ardicoglu O, Ozkan Y.
Vitamin D deficiency and reduced bone mineral density in multiple
sclerosis: effect of ambulatory status and functional capacity.

J Bone Miner Metab 2005; 23: 309-13.

Kragt J, van Amerongen B, Killestein J, et al. Higher levels of
25-hydroxyvitamin D are associated with a lower incidence of
multiple sclerosis only in women. Mult Scler 2009; 15: 9-15.
Soilu-Hanninen M, Airas L, Mononen I, Heikkila A, Viljanen M,
Hanninen A. 25-Hydroxyvitamin D levels in serum at the onset of
multiple sclerosis. Mult Scler 2005; 11: 266-71.

Ahn J, Stolzenberg-Solomon R, Simon K, et al. Genome-wide
association study of circulating vitamin D levels. Hum Mol Genet
2010; published online April 23. DOI:10.1093/hmg/ddq155.

Sowers MR, Wallace RB, Hollis BW, Lemke JH. Parameters related
to 25-OH-D levels in a population-based study of women.

Am ] Clin Nutr 1986; 43: 621-28.

Rock CL, Thornquist MD, Kristal AR, et al. Demographic, dietary
and lifestyle factors differentially explain variability in serum
carotenoids and fat-soluble vitamins: baseline results from the
sentinel site of the Olestra Post-Marketing Surveillance Study.

J Nutr 1999; 129: 855-64.

Scragg R, Holdaway I, Jackson R, Lim T. Plasma 25-hydroxyvitamin
D3 and its relation to physical activity and other heart disease risk
factors in the general population. Ann Epidemiol 1992; 2: 697-703.

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

11

112

113

114

115

Scragg R, Holdaway I, Singh V, Metcalf P, Baker ], Dryson E. Serum
25-hydroxyvitamin D3 is related to physical activity and ethnicity
but not obesity in a multicultural workforce. Aust N Z | Med 1995;
25: 218-23.

Feskanich D, Willett WC, Colditz GA. Calcium, vitamin D, milk
consumption, and hip fractures: a prospective study among
postmenopausal women. Am J Clin Nutr 2003; 77: 504-11.

Munger KL, Zhang SM, O’Reilly E, et al. Vitamin D intake and
incidence of multiple sclerosis. Neurology 2004; 62: 60—65.
Kampman MT, Wilsgaard T, Mellgren SI. Outdoor activities and
diet in childhood and adolescence relate to MS risk above the Arctic
Circle. J Neurol 2007; 254: 471-77.

van der Mei IAF, Ponsonby AL, Dwyer T, et al. Past exposure to sun,
skin phenotype and risk of multiple sclerosis: a case-control study.
BM] 2003; 327: 316-21.

Ghadirian P, Jain M, Ducic S, Shatenstein B, Morisset R.
Nutritional factors in the aetiology of multiple sclerosis: a case-
control study in Montreal, Canada. Int ] Epidemiol 1998; 27: 845-52.
Willett WC. Nutritional epidemiology (2nd edn). New York: Oxford
University Press, 1998.

Sahota H, Barnett H, Lesosky M, Raboud JM, Vieth R, Knight JA.
Association of vitamin D related information from a telephone
interview with 25-hydroxyvitamin D. Cancer Epidemiol Biomarkers Prev
2008; 17: 232-38.

van der Mei IA, Blizzard L, Ponsonby AL, Dwyer T. Validity and
reliability of adult recall of past sun exposure in a case-control study of
multiple sclerosis. Cancer Epidemiol Biomarkers Prev 2006; 15: 1538—44.
Antonovsky A, Leibowitz U, Smith HA, et al. Epidemiologic study
of multiple sclerosis in Israel. Arch Neurol 1965; 13: 183-93.
Cendrowski W, Wender M, Dominik W, Flejsierowicz Z,
Owsianowski M, Popiel M. Epidemiological study of multiple
sclerosis in Western Poland. Eur Neurol 1969; 2: 90-108.

Islam T, Gauderman W], Cozen W, Mack TM. Childhood sun
exposure influences risk of multiple sclerosis in monozygotic twins.
Neurology 2007; 69: 381-88.

Freedman DM, Dosemeci M, Alavanja MC. Mortality from multiple
sclerosis and exposure to residential and occupational solar
radiation: a case-control study based on death certificates.

Occup Environ Med 2000; 57: 418-21.

Westberg M, Feychting M, Jonsson F, Nise G, Gustavsson P.
Occupational exposure to UV light and mortality from multiple
sclerosis. Am J Ind Med 2009; 52: 353-57.

Simmons RD, Ponsonby A-L, van der Mei I, Sheridan P. What
affects your MS? Responses to an anonymous, internet-based
epidemiological survey. Mult Scler 2004; 10: 202-21.

Leiter U, Garbe C. Epidemiology of melanoma and
nonmelanoma skin cancer—the role of sunlight. In: Reichrath J,
ed. Sunlight, vitamin D and skin cancer. New York: Springer,
2008: 89-103.

Goldacre M]J, Seagroatt V, Yeates D, Acheson ED. Skin cancer in
people with multiple sclerosis: a record linkage study.

J Epidemiol Community Health 2004; 58: 142—44.

Midgard R, Glattre E, Gronning M, Riise T, Edland A, Nyland H.
Multiple sclerosis and cancer in Norway. A retrospective cohort
study. Acta Neurol Scand 1996; 93: 411-15.

Nielsen NM, Rostgaard K, Rasmussen S, et al. Cancer risk among
patients with multiple sclerosis: a population-based register study.
Int ] Cancer 2006; 118: 979-84.

Lebrun C, Debouverie M, Vermersch P, et al. Cancer risk and
impact of disease-modifying treatments in patients with multiple
sclerosis. Mult Scler 2008; 14: 399-405.

Bahmanyar S, Montgomery SM, Hillert ], Ekbom A, Olsson T.
Cancer risk among patients with multiple sclerosis and their
parents. Neurology 2009; 72: 1170-77.

Willer CJ, Dyment DA, Sadovnick AD, Rothwell PM, Murray TJ,
Ebers GC. Timing of birth and risk of multiple sclerosis: population
based study. BMJ 2005; 330: 120.

Bell NH, Epstein S, Greene A, Shary J, Oexmann M], Shaw S.
Evidence for alteration of the vitamin D-endocrine system in obese
subjects. J Clin Invest 1985; 76: 370-73.

Wortsman J, Matsuoka LY, Chen TC, Lu Z, Holick MF. Decreased
bioavailability of vitamin D in obesity. Am J Clin Nutr 2000;

72: 690-93.

www.thelancet.com/neurology Vol 9 June 2010



Review

116 Munger KL, Chitnis T, Ascherio A. Body size and risk of MS in two

cohorts of US women. Neurology 2009; 73: 1543-50.
117 Zhang C, Qiu C, Hu FB, et al. Maternal plasma 25-hydroxyvitamin D
concentrations and the risk for gestational diabetes mellitus.
PLoS One 2008; 3: e3753.
Gardener H, Munger KL, Chitnis T, Michels KB, Spiegelman D,
Ascherio A. Prenatal and perinatal factors and risk of multiple
sclerosis. Epidemiology 2009; 20: 611-18.
Ramagopalan SV, Dyment DA, Ebers GC, Sadovnick AD.
Gestational diabetes and multiple sclerosis. Epidemiology 2009;
20: 783-84.
Clayton D, McKeigue PM. Epidemiological methods for studying
genes and environmental factors in complex diseases. Lancet 2001;
358: 1356-60.
Parra EJ. Human pigmentation variation: evolution, genetic basis,
and implications for public health. Am J Phys Anthropol 2007;
134: 85-105.
Hunter D, De Lange M, Snieder H, et al. Genetic contribution
to bone metabolism, calcium excretion, and vitamin D and
parathyroid hormone regulation. J Bone Miner Res 2001;
16: 371-78.
Wijst M, Altmiiller J, Braig C, Bahnweg M, André E. A genome-wide
linkage scan for 25-OH-D, and 1,25-(OH),-D, serum levels in
asthma families. J Steroid Biochem Mol Biol 2007; 103: 799-802.
Shea MK, Benjamin EJ, Dupuis ], et al. Genetic and non-genetic
correlates of vitamins K and D. Eur J Clin Nutr 2009; 63: 458—64.
Orton S, Morris AP, Herrera BM, et al. Evidence for genetic
regulation of vitamin D status in twins with multiple sclerosis.
Am J Clin Nutr 2008; 88: 441-47.
Snellman G, Melhus H, Gedeborg R, et al. Seasonal genetic
influence on serum 25-hydroxyvitamin D levels: a twin study.
PLoS One 2009; 4: €7747.
Engelman CD, Fingerlin TE, Langefeld CD, et al. Genetic and
environmental determinants of 25-hydroxyvitamin D and
1,25-dihydroxyvitamin D levels in Hispanic and African Americans.
J Clin Endocrinol Metab 2008; 93: 3381-88.
Lauridsen AL, Vestergaard P, Hermann AP, et al. Plasma
concentrations of 25-hydroxy-vitamin D and 1,25-dihydroxy-vitamin D
are related to the phenotype of Ge (vitamin D-binding protein):
a cross-sectional study on 595 early postmenopausal women.
Calcif Tissue Int 2005; 77: 15-22.
Speeckaert M, Huang G, Delanghe JR, Taes YE. Biological and
clinical aspects of the vitamin D binding protein (Gc-globulin) and
its polymorphism. Clin Chim Acta 2006; 372: 33—42.
Kurylowicz A, Ramos-Lopez E, Bednarczuk T, Badenhoop K.
Vitamin D-binding protein (DBP) gene polymorphism is
associated with Graves’ disease and the vitamin D status in a
Polish population study. Exp Clin Endocrinol Diabetes 2006;
114: 329-35.
Sinotte M, Diorio C, Berube S, Pollak M, Brisson J. Genetic
polymorphisms of the vitamin D binding protein and plasma
concentrations of 25-hydroxyvitamin D in premenopausal women.
Am ] Clin Nutr 2009; 89: 634-40.
Ahn J, Albanes D, Berndt ST, et al. Vitamin D-related genes, serum
vitamin D concentrations and prostate cancer risk. Carcinogenesis
2009; 30: 769-76.
Abbas S, Linseisen ], Slanger T, et al. The G2 allele of the vitamin D
binding protein is associated with a decreased postmenopausal
breast cancer risk, independent of the vitamin D status.
Cancer Epidemiol Biomarkers Prev 2008; 17: 1339—43.
Muray S, Parisi E, Cardus A, Craver L, Fernandez E. Influence of
vitamin D receptor gene polymorphisms and 25-hydroxyvitamin D
on blood pressure in apparently healthy subjects. ] Hypertens 2003;
21: 2069-75.
Steckley JL, Dyment DA, Sadovnick AD, Risch N, Hayes C,
Ebers GC. Genetic analysis of vitamin D related genes in Canadian
multiple sclerosis patients. Canadian Collaborative Study Group.
Neurology 2000; 54: 729-32.
Niino M, Kikuchi S, Fukazawa T, Yabe I, Tashiro K. No association
of vitamin D-binding protein gene polymorphisms in Japanese
patients with MS. J Neuroimmunol 2002; 127: 177-79.
Simon KC, Munger KL, Yang X, Ascherio A. Polymorphisms in
vitamin D metabolism related genes and risk of multiple sclerosis.
Mult Scler 2010; 16: 133-38.

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

www.thelancet.com/neurology Vol 9 June 2010

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

Abbas S, Nieters A, Linseisen J, et al. Vitamin D receptor gene
polymorphisms and haplotypes and postmenopausal breast cancer
risk. Breast Cancer Res 2008; 10: R31.

Wijst M, Altmiiller ], Faus-Kessler T, Braig C, Bahnweg M, André E.
Asthma families show transmission disequilibrium of gene variants
in the vitamin D metabolism and signalling pathway. Respir Res
2006; 7: 60.

Smolders ], Damoiseaux ], Menheere P, Tervaert JW, Hupperts R.
Association study on two vitamin D receptor gene polymorphisms
and vitamin D metabolites in multiple sclerosis. Ann N Y Acad Sci
2009; 1173: 515-20.

Smolders ], Damoiseaux ], Menheere P, Tervaert JW, Hupperts R.
Fok-I vitamin D receptor gene polymorphism (rs10735810) and
vitamin D metabolism in multiple sclerosis. ] Neuroimmunol 2009;
207: 117-21.

Ramos-Lopez E, Bruck P, Jansen T, Herwig J, Badenhoop K.
CYP2R1 (vitamin D 25-hydroxylase) gene is associated with
susceptibility to type 1 diabetes and vitamin D levels in Germans.
Diabetes Metab Res Rev 2007; 23: 631-36.

Dyment DA, Ebers GC, Sadovnick AD. Genetics of multiple
sclerosis. Lancet Neurol 2004; 3: 104-10.

Ramagopalan SV, Knight JC, Ebers GC. Multiple sclerosis and the
major histocompatibility complex. Curr Opin Neurol 2009;

22: 219-25.

Ramagopalan SV, Maugeri NJ, Handunnetthi L, et al. Expression
of the multiple sclerosis-associated MHC class II allele
HLA-DRBI¥1501 is regulated by vitamin D. PLoS Genet 2009;
5:€1000369.

Williams FM, Spector TD. The genetics of osteoporosis.

Acta Reumatol Port 2007; 32: 231-40.

Uitterlinden AG, Ralston SH, Brandi ML, et al. The association
between common vitamin D receptor gene variations and
osteoporosis: a participant-level meta-analysis. Ann Intern Med
2006; 145: 255-64.

Ferrari SL, Rizzoli R. Gene variants for osteoporosis and their
pleiotropic effects in aging. Mol Aspects Med 2005; 26: 145-67.
Thakkinstian A, D’Este C, Attia J. Haplotype analysis of VDR
gene polymorphisms: a meta-analysis. Osteoporos Int 2004;

15: 729-34.

Lee YH, Woo JH, Choi SJ, Ji JD, Song GG. Vitamin D receptor
Taql, BsmlI and Apal polymorphisms and osteoarthritis
susceptibility: a meta-analysis. Joint Bone Spine 2009;

76: 156-61.

Tajouri L, Ovcaric M, Curtain R, et al. Variation in the vitamin D
receptor gene is associated with multiple sclerosis in an Australian
population. ] Neurogenet 2005; 19: 25-38.

Fukazawa T, Yabe I, Kikuchi S, et al. Association of vitamin D
receptor gene polymorphism with multiple sclerosis in Japanese.
J Neurol Sci 1999; 166: 47-52.

Niino M, Fukazawa T, Yabe I, Kikuchi S, Sasaki H, Tashiro K.
Vitamin D receptor gene polymorphism in multiple sclerosis and
the association with HLA class II alleles. ] Neurol Sci 2000;

177: 65-71.

Partridge JM, Weatherby SJ, Woolmore JA, et al. Susceptibility and
outcome in MS: associations with polymorphisms in pigmentation-
related genes. Neurology 2004; 62: 2323-25.

Yeo TW, Maranian M, Singlehurst S, Gray J, Compston A,

Sawcer S. Four single nucleotide polymorphisms from the
vitamin D receptor gene in UK multiple sclerosis. ] Neurol 2004;
251: 753-54.

Dickinson J, Perera D, van der Mei A, et al. Past environmental
sun exposure and risk of multiple sclerosis: a role for the Cdx-2
vitamin D receptor variant in this interaction. Mult Scler 2009;

15: 563-570.

Fernandes de Abreu DA, Babron MC, Rebeix I, et al. Season of
birth and not vitamin D receptor promoter polymorphisms is a
risk factor for multiple sclerosis. Mult Scler 2009; 15: 1146-52.
Australia and New Zealand Multiple Sclerosis Genetics Consortium
(ANZgene). Genome-wide association study identifies new multiple
sclerosis susceptibility loci on chromosomes 12 and 20. Nat Genet
2009; 41: 824-30.

International Multiple Sclerosis Genetics Consortium, Hafler DA,
Compston A, et al. Risk alleles for multiple sclerosis identified by a
genomewide study. N Engl | Med 2007; 357: 851-62.

611



Review

612

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

De Jager PL, Jia X, Wang ], et al. Meta-analysis of genome scans and
replication identify CD6, IRF8 and TNFRSF1A as new multiple
sclerosis susceptibility loci. Nat Genet 2009; 41: 776-82.

Torkildsen O, Knappskog PM, Nyland HI, Myhr

KM. Vitamin D-dependent rickets as a possible risk factor for
multiple sclerosis. Arch Neurol 2008; 65: 809-11.

Dwyer T, van der Mei I, Ponsonby AL, et al. Melanocortin 1 receptor
genotype, past environmental sun exposure, and risk of multiple
sclerosis. Neurology 2008; 71: 583-89.

Prentice A. Vitamin D deficiency: a global perspective. Nutr Rev
2008; 66 (suppl 2): S153-64.

Hollis BW. Circulating 25-hydroxyvitamin D levels indicative of
vitamin D sufficiency: implications for establishing a new effective
dietary intake recommendation for vitamin D. ] Nutr 2005;

135: 317-22.

Heaney RP, Davies KM, Chen TC, Holick MF, Barger-Lux MJ.
Human serum 25-hydroxycholecalciferol response to extended
oral dosing with cholecalciferol. Am J Clin Nutr 2003; 77: 204-10.
Baumgartl HJ, Standl E, Schmidt-Gayk H, Kolb HJ, Janka HU,
Ziegler AG. Changes of vitamin D3 serum concentrations at the
onset of immune-mediated type 1 (insulin-dependent) diabetes
mellitus. Diabetes Res 1991; 16: 145—48.

Hypponen E, Laara E, Reunanen A, Jarvelin MR, Virtanen SM.
Intake of vitamin D and risk of type 1 diabetes: a birth-cohort study.
Lancet 2001; 358: 1500-03.

Pozzilli P, Manfrini S, Crino A, et al. Low levels of
25-hydroxyvitamin D3 and 1,25-dihydroxyvitamin D3 in patients
with newly diagnosed type 1 diabetes. Horm Metab Res 2005;

37: 680-83.

Littorin B, Blom P, Scholin A, et al. Lower levels of plasma
25-hydroxyvitamin D among young adults at diagnosis of
autoimmune type 1 diabetes compared with control subjects: results
from the nationwide Diabetes Incidence Study in Sweden (DISS).
Diabetologia 2006; 49: 2847-52.

Knekt P, Laaksonen M, Mattila C, et al. Serum vitamin D and
subsequent occurrence of type 2 diabetes. Epidemiology 2008;

19: 666-71.

Laaksi I, Ruohola JP, Tuohimaa P, et al. An association of serum
vitamin D concentrations <40 nmol/L with acute respiratory tract
infection in young Finnish men. Am ] Clin Nutr 2007; 86: 714-17.
Ginde AA, Mansbach JM, Camargo CA Jr. Association between
serum 25-hydroxyvitamin D level and upper respiratory tract
infection in the Third National Health and Nutrition Examination
Survey. Arch Intern Med 2009; 169: 384-90.

Brehm JM, Celedon JC, Soto-Quiros ME, et al. Serum vitamin D
levels and markers of severity of childhood asthma in Costa Rica.
Am ] Respir Crit Care Med 2009; 179: 765-71.

Willer CJ, Dyment DA, Risch NJ, Sadovnick AD, Ebers GC. Twin
concordance and sibling recurrence rates in multiple sclerosis.
Proc Natl Acad Sci USA 2003; 100: 12877-82.

Soilu-Hanninen M, Laaksonen M, Laitinen I, Eralinna JP,

Lilius EM, Mononen 1. A longitudinal study of serum
25-hydroxyvitamin D and intact PTH levels indicate the importance
of vitamin D and calcium homeostasis regulation in multiple
sclerosis. | Neurol Neurosurg Psychiatry 2008; 79: 152-57.

Nieves J, Cosman F, Herbert ], Shen V, Lindsay R. High prevalence
of vitamin D deficiency and reduced bone mass in multiple
sclerosis. Neurology 1994; 44: 1687-92.

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

19

(o2l

196

Smolders ], Menheere P, Kessels A, Damoiseaux ], Hupperts R.
Association of vitamin D metabolite levels with relapse rate and
disability in multiple sclerosis. Mult Scler 2008; 14: 1220-24.
Holmoy T, Moen SM, Gundersen TA, et al. 25-Hydroxyvitamin D
in cerebrospinal fluid during relapse and remission of multiple
sclerosis. Mult Scler 2009; 15: 1280-85.

Cree BA, Khan O, Bourdette D, et al. Clinical characteristics of
African Americans vs caucasian Americans with multiple sclerosis.
Neurology 2004; 63: 2039—45.

Marrie RA, Cutter G, Tyry T, Vollmer T, Campagnolo D. Does
multiple sclerosis-associated disability differ between races?
Neurology 2006; 66: 1235-40.

Boster AL, Endress CF, Hreha SA, Caon C, Perumal JS, Khan OA.
Pediatric-onset multiple sclerosis in African-American black and
European-origin white patients. Pediatr Neurol 2009; 40: 31-33.
Woolmore JA, Stone M, Pye EM, et al. Studies of associations
between disability in multiple sclerosis, skin type, gender and
ultraviolet radiation. Mult Scler 2007; 13: 369-75.

Auer DP, Schumann EM, Kumpfel T, Gossl C, Trenkwalder C.
Seasonal fluctuations of gadolinium-enhancing magnetic resonance
imaging lesions in multiple sclerosis. Ann Neurol 2000; 47: 276-77.
Wauthrich R, Rieder HP. The seasonal incidence of multiple
sclerosis in Switzerland. Eur Neurol 1970; 3: 257-64.

Bamford CR, Sibley WA, Thies C. Seasonal variation of multiple
sclerosis exacerbations in Arizona. Neurology 1983; 33: 697-701.
Embry AF, Snowdon LR, Vieth R. Vitamin D and seasonal
fluctuations of gadolinium-enhancing magnetic resonance imaging
lesions in multiple sclerosis. Ann Neurol 2000; 48: 271-72.

Tremlett H, van der Mei IA, Pittas F, et al. Monthly ambient
sunlight, infections and relapse rates in multiple sclerosis.
Neuroepidemiology 2008; 31: 271-79.

Rovaris M, Comi G, Sormani MP, Wolinsky JS, Ladkani D,

Filippi M. Effects of seasons on magnetic resonance imaging—
measured disease activity in patients with multiple sclerosis.

Ann Neurol 2001; 49: 415-16.

Killestein ], Rep MH, Meilof JF, et al. Seasonal variation in immune
measurements and MRI markers of disease activity in MS.
Neurology 2002; 58: 1077-80.

Andersen O, Lygner PE, Bergstrom T, Andersson M, Vahlne A.
Viral infections trigger multiple sclerosis relapses: a prospective
seroepidemiological study. J Neurol 1993; 240: 417-22.

Panitch HS. Influence of infection on exacerbations of multiple
sclerosis. Ann Neurol 1994; 36 (suppl): S25-28.

Lund B, Selnes A. Plasma 1,25-dihydroxyvitamin D levels in
pregnancy and lactation. Acta Endocrinol (Copenh) 1979; 92: 330-35.
Confavreux C, Hutchinson M, Hours MM, Cortinovis-Tourniaire P,
Moreau T. Rate of pregnancy-related relapse in multiple sclerosis.
Pregnancy in multiple sclerosis group. N Engl ] Med 1998;

339: 285-91.

Neuteboom RF, Verbraak E, Voerman S, et al. Serum leptin levels
during pregnancy in multiple sclerosis. Mult Scler 2009; 15: 907-12.
Wingerchuk DM, Lesaux J, Rice GP, Kremenchutzky M, Ebers GC.
A pilot study of oral calcitriol (1,25-dihydroxyvitamin D3) for
relapsing-remitting multiple sclerosis. | Neurol Neurosurg Psychiatry
2005; 76: 1294-96.

Kimball SM, Ursell MR, O’Connor P, Vieth R. Safety of vitamin D3
in adults with multiple sclerosis. Am J Clin Nutr 2007; 86: 645-51.

www.thelancet.com/neurology Vol 9 June 2010



	Vitamin D and multiple sclerosis
	Introduction
	Background on vitamin D
	Source and metabolism
	Non-calcaemic effects

	Epidemiology
	Factors affecting exposure
	Reliability of measures
	Study design, confounding, and bias

	Vitamin D and MS risk
	Latitude and ecological studies
	Serum 25-hydroxyvitamin D
	Dietary vitamin D intake
	Sun exposure and related measures
	Actinic damage
	History of sun exposure
	Outdoor occupation
	Skin cancer
	Month of birth

	Obesity and gestational diabetes
	Genetic factors
	Predictors of serum 25-hydroxyvitamin D
	HLA-DRB1
	Other genetic factors

	Association versus causation
	Implications for future research and MS prevention

	Vitamin D and MS activity and progression
	Conclusions
	Contributors
	Acknowledgments
	References


