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Abbreviations

Ap Amyloid-p

AD Alzheimer disease

ALS Amyotrophic lateral sclerosis

BBB Blood-brain barrier

CDMS Clinically definite multiple sclerosis
CIS Clinically isolated syndrome

CNS Central nervous system

DVD Developmental vitamin D

MOG  Myelin oligodendrocyte glycoprotein
MS Multiple sclerosis

NSC Neural stem cell

PD Parkinson disease

RRMS Relapsing-remitting multiple sclerosis
SPMS  Secondary progressive multiple sclerosis
VDR Vitamin D receptor

Vitamin D is a neurologically active secosteroid essential for the proper develop-
ment and functioning of the central nervous system (CNS). Despite the expanse of
knowledge in the last several decades, many questions still remain about the role
vitamin D plays within the CNS. This chapter will review the current understanding
of how vitamin D is involved in CNS development and protection as well as the risk,

S. Roman, MD ¢ E.M. Mowry, MD MCR (<)
Johns Hopkins School of Medicine, Baltimore, MD, USA
e-mail: emowryl @jhmi.edu; sroman6 @jhmi.edu

© Springer International Publishing AG, part of Springer Nature 2018 227
E.P. Liao (ed.), Extraskeletal Effects of Vitamin D, Contemporary Endocrinology,
https://doi.org/10.1007/978-3-319-73742-3_12


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-73742-3_12&domain=pdf
https://doi.org/10.1007/978-3-319-73742-3_12
mailto:emowry1@jhmi.edu
mailto:sroman6@jhmi.edu

228 S. Roman and E.M. Mowry

prognosis, and treatment of several neurodegenerative disorders. Throughout this
chapter, “vitamin D levels” or “vitamin D status” will refer to the total serum con-
centration of 25-hydroxyvitamin D, the inactive circulating vitamin D metabolite,
while “vitamin D” will refer specifically to 1,25-dihydroxyvitamin D;, the active
vitamin D; metabolite, unless otherwise specified.

The Presence of Vitamin D in the Nervous System

Vitamin D acts similar to other steroid hormones at the cellular level. Following
ligand binding, the vitamin D receptor (VDR) forms homodimers or heterodimers
with the retinoid X receptor, which bind to vitamin D response elements on target
genes to directly regulate gene expression [1]. Notably, while the VDR is found at the
plasma membrane in renal and liver cells, it is predominantly a nuclear receptor in
the CNS, likely reflecting its role in regulating gene transcription, rather than calcium
homeostasis [2]. In the 1980s, the earliest studies implicating a role for vitamin D in
the nervous system demonstrated the ability to cross the blood-brain barrier (BBB)
and bind to receptors in the CNS [3, 4]. Mapping of VDR expression in the brain
using immunohistochemical techniques demonstrated a wide distribution throughout
sensory, motor, and endocrine-autonomic regions of the rodent brain, findings which
were confirmed in the late 1990s with VDR-targeted antibodies [5, 6].

Later studies revealed a similar pattern in the human CNS, demonstrating the
presence of VDR and la-hydroxylase, the enzyme that catalyzes the synthesis of
1,25-dihydroxyvitamin D; from 25-hydroxyvitamin D, in neurons, glial cells, and
pericytes throughout most areas of the human brain [7, 8]. Pericytes, cells that sur-
round CNS vasculature and contribute to the BBB function, also express
25-hydroxylase, the enzyme required to synthesize 25-hydroxyvitamin D;. Pericytes
are able to upregulate 25-hydroxylase, la-hydroxylase, and VDR expression in
response to inflammatory stimuli, not only indicating the presence of a vitamin D
paracrine/autocrine pathway within the CNS but also the existence of a local, coor-
dinated mechanism to respond to tissue injury [8].

The Neuroprotective Role of Vitamin D
in the Central Nervous System

In vitro and, to a lesser extent, animal studies show vitamin D provides protection
against a variety of CNS insults, including ischemia, reperfusion injury, glutamate
excitotoxicity, and oxidative damage [9-12]. While there is evidence vitamin D
regulates expression of various BBB efflux transporters, thus decreasing exposure
to toxins, most of the neuroprotective effects are attributed to immunomodulation
[13]. Vitamin D reduces production of pro-inflammatory cytokines such as IL-1,
IL-6, IL-12, and TNFa and increases expression of anti-inflammatory signals like
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IL-10 in vitro, reducing inflammation and decreasing microglial activation [14, 15].
Microglia are the innate immune cells of the CNS, and chronic microglial activa-
tion, leading to chronic inflammation, has been implicated in many neurodegenera-
tive disorders [16]. Vitamin D also modulates the adaptive immune response,
promoting a more regulatory T cell immunophenotype and reducing B cell immu-
noreactivity [17, 18].

Vitamin D and Neurodevelopment

In addition to its immunomodulatory actions, vitamin D signaling also triggers pro-
differentiation and antiproliferative effects, providing potential protection from
CNS malignancies and playing an important role in neurodevelopment [1, 19, 20].
Neural stem cells (NSCs) are pluripotent cells with the ability to differentiate into
neurons, astrocytes, and oligodendrocytes and are vital to CNS development and
repair [21]. NSCs constitutively express VDR and, in response to vitamin D signal-
ing, upregulate VDR expression, creating a positive feedback loop [22].
Administration of vitamin D not only protects NSCs from neurotoxic insults, but
enhances expression of neurotrophic factors, including brain-derived neurotrophic
factor (BDNF), glial-derived neurotrophic factor (GDNF), ciliary neurotrophic fac-
tor (CNTF), and neurotrophin 3 (NT3), which promote differentiation of NSCs into
neurons and oligodendrocytes [22, 23]. Oligodendrocytes, the cells responsible for
myelination in the CNS, are vital to CNS repair and require VDR signaling in order
to differentiate from progenitor cells [24].

Vitamin D likely plays an important role in early brain development, as VDR is
expressed almost immediately after neural tube closure. Throughout in utero devel-
opment, VDR continues to be expressed in the CNS, most prominently in neuroepi-
thelium and actively differentiating areas of the brain, spinal cord, and dorsal root
ganglia [25]. Research utilizing the developmental vitamin D (DVD)-deficient ani-
mal model has helped elucidate some of the important roles vitamin D plays in brain
development. DVD-deficient rats are born to mothers who are vitamin D deficient
throughout gestation. They are given vitamin D supplementation at birth and typi-
cally reach normal serum vitamin D levels within 2-3 weeks [26].

Alteration in Brain Morphology

Although there is evidence that VDR is at least partly autoregulated by available
vitamin D levels in adult models, DVD-deficient rats have normal VDR expression
at birth, indicating in utero VDR expression does not depend on vitamin D avail-
ability [2, 27]. Genomic studies have demonstrated the binding of VDR by vitamin
D results in alterations of many genes, some of which ultimately function to inhibit
cell proliferation [1]. Consistent with this data, DVD-deficient rat pups have an
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increased number of immature and mitotic neural cells at birth in the hippocampus,
hypothalamus, and basal ganglia, without a corresponding increase in apoptosis. As
a result, these pups have altered brain morphology when compared to healthy pups,
including 30% longer cortical hemispheres, 200% larger lateral ventricles (seem-
ingly due to a thin neocortex rather than excess cerebrospinal fluid), and decreased
expression of neurotrophic factors in the CNS, including nerve growth factor (NGF),
GDNEF, and p75N™® [26]. These findings are interesting, given that vitamin D defi-
ciency has been linked to schizophrenia, for which a hallmark radiologic finding is
enlarged lateral ventricles [28].

Long-Lasting Effects of Vitamin D Deficiency In Utero

Maternal vitamin D deficiency not only affects early brain development in offspring
but can also result in long-lasting changes in the structure and function of the adult
rat brain. For example, the enlarged lateral ventricles and reduced NGF expression
persist into adulthood for DVD-deficient offspring, even after reintroduction of vita-
min D through supplementation [29]. As adults, these animals exhibit abnormal
expression of genes involved in cytoskeleton maintenance (MAP2, NF-L) and neu-
rotransmission (GABA-Aa4), as well as abnormal expression of proteins involved
in synaptic plasticity and mitochondrial function [29, 30]. There may be a critical
period in late pregnancy during which vitamin D deficiency results in abnormal
adult phenotypes in rats [31]. While most of the research using an animal model of
maternal vitamin D deficiency has been performed with rats, the few studies using
mice have observed several opposite morphological brain changes at birth, includ-
ing decreased length, head size, and lateral ventricle volume [32]. This discrepancy
highlights the physiologic differences between animal models and limitations to
generalizing results to humans.

Outcomes in Humans

Human studies evaluating the effect of maternal vitamin D deficiency on offspring
have typically utilized large prospective cohorts and have focused on whether an
association exists between prenatal maternal vitamin D levels and various markers
of neurocognitive development in children. One study found no significant indepen-
dent relationship between third trimester maternal vitamin D level and cognitive or
psychological outcomes in children over a 9-year follow-up period [33]. However,
another found in multivariate models that maternal vitamin D status in the first half
of pregnancy was positively and linearly associated with mental and psychomotor
development at 14 months of age [34]. Two additional studies found a positive rela-
tionship in multivariate models between second trimester maternal vitamin D level
and language development, with nearly twofold higher rates of developmental
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language difficulties at 5 and 10 years in children whose mothers were vitamin D
deficient (<46 nmol/L) [35, 36].

Studies investigating neonatal vitamin D levels from cord blood samples have
shown little to no evidence for an association with cognitive development, intelli-
gence, or behavior [37, 38]. Research evaluating neurocognitive outcomes in ado-
lescence and beyond are limited in humans, but thus far one study found no
association between third trimester maternal vitamin D level and diagnosis of
attention-deficit hyperactivity disorder (ADHD), clinical depression, or standard-
ized exam scores over a 22-year period [39]. While the results of human studies are
somewhat inconsistent, they suggest that sufficient maternal vitamin D levels may
be important early in pregnancy for proper language development in offspring.

Vitamin D Status and Brain Volume

Unlike in rodents, maternal vitamin D status and offspring brain morphology has
not been studied in humans; however, several papers have been published assessing
brain volume in adults relative to vitamin D status. A 2014 meta-analysis of nine
animal and cross-sectional human studies found serum vitamin D levels were posi-
tively associated with brain volume and negatively associated with lateral ventricle
size. However, two subsequent cross-sectional studies showed the opposite relation-
ship—in both young and elderly adults, higher serum vitamin D levels were associ-
ated with decreased brain volume [40-42]. The authors hypothesized a smaller
brain volume may be due to the antiproliferative, pro-apoptotic effects of vitamin D
or earlier bone maturation leading to skull maturation at a smaller size. Yet, without
prospective data to guide our understanding of causality in this relationship, it
remains unclear if and how vitamin D levels affect brain size.

Cognition

There is currently a limited understanding of the relationship between vitamin D
levels and cognitive function. Animal studies demonstrate deficient vitamin D levels
correlate with increased markers of oxidative and nitrosative stress in the brain,
consistent with changes seen at the cellular level in the brain with cognitive impair-
ment [43]. Genetic studies of polymorphisms in the VDR gene provide some evi-
dence that alterations in the VDR may influence overall longevity, cognitive
performance, and susceptibility to both age-related cognitive decline and depressive
symptoms in older adults [44—47].

Multiple epidemiological studies have been conducted in an attempt to deter-
mine whether a relationship exists between vitamin D levels and cognition. However,
as with brain volume and most of the neurodegenerative disorders discussed in the
following section, it is difficult to infer causality between vitamin D deficiency and
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cognitive decline given that the majority of studies evaluating these associations are
observational, cross-sectional studies. A limited number of prospective studies eval-
uating cognitive decline among healthy, older adults have been published with con-
flicting outcomes. One study demonstrated a significantly higher relative risk of
cognitive decline over 6 years among vitamin D-deficient elderly adults, while
another showed no significant association between the two [48, 49]. A later study
with both cross-sectional and prospective components demonstrated a correlation
between vitamin D levels and cognitive performance in participants over 65 years
of age, with vitamin D levels being predictive of cognitive performance 7—13 years
later [45]. Few randomized controlled trials (RCTs) evaluating vitamin D and cog-
nition have been conducted, although a very recent study involving older adults
without dementia showed high-dose vitamin D supplementation (4000 IU/day) over
18 weeks improved nonverbal memory [50]. More RCTs are needed to clarify the
relationship between cognition and vitamin D, which remains an area of active
research.

CNS Disorders

As our understanding of the role vitamin D plays in immune function and inflam-
mation expands, researchers and medical providers are gaining insight into how
vitamin D is involved in the development, course, and treatment of specific neuro-
logic diseases. There is strong evidence that links vitamin D deficiency to multiple
sclerosis and a growing body of research associating it with Alzheimer disease,
Parkinson disease, and amyotrophic lateral sclerosis as well. Particularly notable is
that these four disorders, while varied in many clinical aspects, share common
pathophysiological characteristics including increases in oxidative stress, inflam-
mation, mitochondrial dysfunction, and cell death. Throughout the remainder of
this chapter, we will summarize the existing literature regarding each of these dis-
eases and the potential role of vitamin D in disease risk, prognosis, and potential
treatment options.

Parkinson Disease

Parkinson disease (PD) is a neurodegenerative disease in which specific destruction
of dopaminergic neurons in the substantia nigra occurs with accumulation of
a-synuclein cytoplasmic inclusions called Lewy bodies, resulting in movement
abnormalities such as tremor, bradykinesia, rigidity, and postural instability. Vitamin
D has been implicated in the development and proper functioning of dopaminergic
neurons, and research is ongoing to elucidate the specific role vitamin D plays in the
development of PD [51].
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Risk

Patients with PD tend to have higher rates of vitamin D deficiency than age-matched
healthy controls and patients with AD, which has also been associated with low
vitamin D levels [52-54]. However, causality has yet to be determined; while vita-
min D deficiency may be a risk factor for PD, having PD may also increase the risk
of vitamin D deficiency, with immobility reducing sunlight exposure or leading to
malnutrition. Most of the existing data are cross-sectional, and although two recent
prospective cohort studies were published on this topic, the results are varied. Data
from the Mini-Finland Health Survey, a 29-year cohort with 50 incident PD cases,
indicated a relative risk of 0.33 in participants with baseline vitamin D levels
>50 nmol/L. compared to <25 nmol/L [55]. However, evaluation of data from the
Atherosclerosis Risk in Communities (ARIC) study, a 17-year cohort with 67 inci-
dent PD cases, found no significant relationship between baseline vitamin D level
and incident PD [56]. Notably, the former study had nearly double the follow-up
duration and significantly lower baseline vitamin D levels across the sample popula-
tion than the latter.

Genetic studies in many diseases linked to vitamin D, including PD, have inves-
tigated specific VDR single nucleotide polymorphisms (SNPs). Polymorphisms are
genetic variants that can affect gene expression or protein composition, creating the
potential to cause or increase risk of developing a disease. Some of the common
VDR polymorphisms studied in neurodegenerative disorders include Taqgl, Bsml,
and Apal, which are found in exons 8 and 9 in a region with unknown function, and
Fokl, which is found in exon 2 and involves a T to C change within a start codon,
yielding a longer VDR protein [57]. A meta-analysis in 2014 found no association
between Bsml, Apal, or Tagl VDR polymorphisms and PD risk, but two meta-
analyses the following year including the Fokl polymorphism found an association
between Fokl and PD [58-60]. Specifically, the Fokl C allele, resulting in the longer
VDR protein, was associated with an increased risk of PD (OR 1.41,95% CI 1.14—
1.75), which was even greater with the homozygous CC versus TT Fokl genotype
(OR 2.45,95% CI 1.52-3.93) [60].

Prognosis

Several studies have evaluated vitamin D as a prognostic indicator of PD severity,
with varied results. While one evaluation of Chinese patients with PD observed
lower serum vitamin D levels with longer disease duration and greater disease
severity, a similar study of Iranian patients showed no association [61, 62]. Gatto
et al. found the Fokl C allele correlated with faster cognitive decline; on the con-
trary, Suzuki et al. observed milder disease in patients with the Fokl CC genotype
[63, 64]. Despite differences in patient population and analyses, the methodology of
these studies remains limited by their cross-sectional design and thus an inability to
determine the causative direction of any relationship that may exist.
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Treatment

Several studies utilizing a preclinical mouse model of PD have suggested vitamin
D may have a therapeutic benefit by decreasing inflammation, protecting dopami-
nergic neurons from glutamate neurotoxicity, and promoting recovery of dopami-
nergic functioning in injured nigrostriatal neurons [65-67]. Studies with
rotenone-induced neurotoxicity PD models illustrate the ability of vitamin D to
induce autophagy, an intracellular degradation process, which is hypothesized to
be abnormal and potentially contribute to pathophysiology in PD [68-70]. The
only double-blind RCT in humans testing the efficacy of vitamin D as a PD therapy
found 1200 IU daily vitamin D; supplementation slowed PD progression over
12 months, but that the effect was modified by the Fokl polymorphism [71]. Patients
with the wild-type TT Fokl genotype had a strong, consistent response to vitamin
D supplementation, while patients with the heterozygous Fokl genotype had a
moderate response, and patients with the CC FokI genotype had no response, expe-
riencing a similar level of clinical deterioration as the placebo group. No associa-
tion was seen with the Bsml, Cdx2, Apal, Tagql, and GCI polymorphisms [71].
While further research must be done to evaluate the utility of vitamin D as a PD
treatment, these results suggest genotype influences the response to vitamin D and
highlights the importance of precision medicine in disease prognosis and
treatment.

Alzheimer Disease

Alzheimer disease (AD) is a neurodegenerative disease characterized by progres-
sive loss of memory and cognitive function. The pathophysiology is marked by
brain accumulation of amyloid-p (AP) plaques and hyper-phosphorylated tau pro-
tein neurofibrillary tangles, which are neurotoxic, leading to mitochondrial dys-
function, increased oxidative stress, persistent microglial activation, and a chronic
inflammatory state [72, 73].

Risk

Patients with AD have been shown to have significantly higher rates of vitamin D
deficiency than healthy, age-matched controls [74]. Several large, prospective
cohorts have been studied to evaluate the relationship between vitamin D status and
Alzheimer disease, with conflicting findings. Data from the Cardiovascular Health
Study and the Copenhagen City Heart Study both showed evidence of an associa-
tion between vitamin D deficiency and increased risk of all-cause dementia and AD
[75, 76]. Data from the Framingham Heart Study found an association between
lower vitamin D levels and decreased cognitive function and hippocampal volume,
but no association with incident all-cause dementia or AD [77]. As with PD, it is
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impossible to determine whether low vitamin D levels are a cause or effect of AD. In
fact, the pathophysiology of AD may directly reduce vitamin D availability and
action in the CNS, as the presence of A suppresses VDR expression while simul-
taneously increasing expression of 24-hydroxylase (CYP24Al), the enzyme
required for vitamin D catabolism [78].

Genetic studies evaluating VDR polymorphisms as potential AD risk factors
have found a possible association between Apal and AD, but limited or no evidence
for an association with Fokl, Tagl, or Bsml [79-81]. Where an association is found
to exist, the potential risk conferred by the VDR polymorphism seems to be
ethnicity-dependent [82]. Surprisingly, genetic studies have demonstrated that the
apolipoprotein E (ApoE) 4 allele, a known genetic risk factor for AD, is associated
with higher vitamin D levels in both mice and humans [83]. Further investigation
showed the vitamin D deficiency prevalent among patients with AD is predomi-
nantly found in patients without the €4 allele, indicating vitamin D deficiency may
be a larger contributing risk factor in these patients [84].

Prognosis

There is some evidence that vitamin D deficiency is associated with accelerated
cognitive decline in elderly patients, but these results are from a general population
[85]. Little research has been done focusing on vitamin D as a prognostic factor
specifically in AD.

Treatment

A major goal in treating AD is decreasing AP levels and pro-inflammatory cyto-
kines. Encouraging results have demonstrated that vitamin D supplementation
reduces Af levels, amyloid plaque formation, and inflammation in animal mod-
els of AD [73, 86]. Vitamin D supplementation also results in upregulation of
Mdrla/P-gp, a blood-brain barrier efflux transporter implicated in AP secretion,
effectively reducing the amount of A in the CNS [13, 87]. In a study utilizing a
mouse model of AD, P-gp induction with vitamin D treatment prior to AP plaque
formation resulted in lower levels of soluble and insoluble AP in the CNS, while
P-pg induction after plaque formation resulted in decreased soluble A, but had
no effect on the insoluble Af already incorporated into plaques [88]. These
results suggest vitamin D supplementation may play a preventative as well as
therapeutic role in limiting AP plaques formation and progression of AD.

In humans, there has only been one RCT to date evaluating vitamin D supple-
mentation in AD patients. In that study, the authors did not find an improvement in
cognition or level of disability after 8 weeks of 1000 IU daily oral vitamin D, [89].
Unfortunately, until more large RCTs are conducted, and perhaps with varied doses,
it will be unclear whether vitamin D supplementation has a therapeutic benefit for
patients with AD.
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ALS

Amyotrophic lateral sclerosis (ALS) is a devastating neurodegenerative disease in
which progressive destruction of upper and lower motor neurons occurs over months
to years, eventually leading to death. The mechanism of damage is multifactorial,
including glutamate excitotoxicity, free radical damage, mitochondrial dysfunction,
autoimmune inflammation, and accumulation of intracellular calcium leading to
caspase-mediated apoptosis [90, 91].

Risk

There is relatively weak evidence that vitamin D deficiency plays a significant role
in ALS risk, and research specifically investigating the association of vitamin D
deficiency or VDR polymorphisms with ALS is limited [92]. The earliest study
analyzing VDR polymorphisms in ALS patients did so in the context of evaluating
susceptibility to lead exposure, the primary ALS risk factor being studied, and no
significant association was found [93]. Only one other study, which was published
in 2016, addressed VDR polymorphisms as a potential ALS risk factor. The authors
of that study found the A allele of the Apal VDR polymorphism, which encodes a
larger protein than the C allele, was significantly more common among ALS
patients than healthy controls and may potentially be one genetic risk factor. That
study did not find associations between ALS and the Bsml, Taql, or FokI VDR poly-
morphisms [91].

Prognosis

Research studies evaluating vitamin D levels and ALS progression have had con-
flicting results. Camu et al. proposed serum vitamin D levels be used as a prognostic
factor in ALS after completing a retrospective analysis showing ALS patients with
severe vitamin D deficiency progressed four times more rapidly than patients with
normal vitamin D levels and survived a median of 29.5 months compared to
52.8 months [94]. Additionally, vitamin D deficiency in the mouse model of ALS
has been noted to worsen motor performance and exacerbate pathophysiology in the
spinal cord [95, 96]. However, in contrast to these findings, a prospective study with
125 ALS patients found that higher vitamin D levels were actually associated with
worse clinical outcomes, although this association was weak (p = 0.06) [97]. A
more recent retrospective analysis concluded that ALS prognosis is not associated
with vitamin D levels at all, but rather age at onset and the presence or absence of
bulbar features [98]. Thus, whether vitamin D levels have any prognostic value in
ALS remains to be determined.
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Treatment

The ability of vitamin D to potentiate neurotrophic factors in motor neurons, as well
as to rescue motor neurons from Fas-induced cell death in vitro, provided encourag-
ing results that vitamin D may be helpful in the treatment of ALS [94]. Furthermore,
studies utilizing the mouse model of ALS indicate vitamin D supplementation at a
dose ten times an “adequate” intake improves motor performance, although supple-
mentation at higher doses (50 times the “adequate” intake) fails to provide addi-
tional benefit and increases the risk of vitamin D; toxicity [99, 100]. In a retrospective
review of human ALS patients, those given 2000 IU vitamin D; supplementation by
their personal physicians had slightly slower decline at 9 months than patients with-
out supplementation, but this difference was not observed at 3, 6, and 12 months; it
is also not clear how these patients may have systematically differed from those
patients who were not recommended to take supplements [101]. Despite functional
improvements with vitamin D supplementation in both mouse and human studies,
no significant effect on disease onset, progression, or survival has been documented
[102]. Although it has been determined that supplementation of 2000 IU daily is
safe for ALS patients, due to the small number of existing studies and limitations in
study design, it remains unknown whether vitamin D supplementation is truly ben-
eficial in slowing the progression of ALS.

Multiple Sclerosis

Multiple sclerosis (MS) is a chronic autoimmune disease characterized by CNS
inflammation and demyelination causing, for most, relapsing and remitting neuro-
logic symptoms which, for a subset of patients, eventually transitions to a progres-
sive deterioration, with a fraction of individuals experiencing only progressive
symptoms from disease onset. Of all the neurodegenerative disorders in which vita-
min D deficiency has been implicated, the most research and strongest evidence
exists for MS.

Risk

Environmental risk factors seem to play a predominant role in the development of
MS, demonstrated by a pattern of higher MS prevalence at latitudes farther from the
equator, migration studies showing risk depends on area of residence, and twin stud-
ies showing only 30% concordance among monozygotic twins [103-106]. A
groundbreaking study in 2006 demonstrated a significant inverse relationship
between serum vitamin D levels and MS risk in adult Caucasian patients, with a



238 S. Roman and E.M. Mowry

particularly strong effect for vitamin D status prior to 20 years of age [107]. Vitamin
D levels early in life may be particularly important, as maternal vitamin D defi-
ciency in the first trimester as well as low neonatal vitamin D levels increases the
risk of developing MS in adulthood [108, 109]. Furthermore, low sun exposure in
adolescence has been shown to correlate with earlier age at MS onset, and the
migration studies that have been done indicate the risk of MS is greatest with reloca-
tion to high-prevalence regions in the first two decades of life [105, 110]. However,
a study investigating vitamin D status and evidence of cumulative sunlight exposure
showed that while higher vitamin D levels were associated with a decreased risk of
developing MS, interestingly, cumulative sunlight exposure had an independent,
protective association that was even stronger than vitamin D level [111]. These
results do raise the question about whether it is truly vitamin D levels, or UV light
exposure (which may have immunomodulatory properties independent of vitamin
D), that are truly important in MS [112].

A large body of literature has been published evaluating potential genetic risk
factors of MS, and while the HLA locus DRB1*1501 is a known risk factor, case-
control investigations into vitamin D enzyme and receptor polymorphisms have
been less conclusive [110]. A large meta-analysis summarizing much of the data
suggested the Apal and Fokl polymorphisms may be significant risk factors for MS,
with the Taql T allele exerting a protective effect, but also noted individual study
results varied by methodology [113]. In a prospective cohort analysis, patients with
the homozygous wild-type Fokl TT genotype had an 80% reduced MS risk with
400 IU daily vitamin D supplementation (unclear formulation). In an interesting
parallel to the response seen in PD patients with the same genotype, vitamin D
supplementation in MS patients with the altered CC FokI genotype did not seem to
confer any protection against disease development [71, 114].

Prognosis

Vitamin D status appears to influence disease course after a clinically isolated syn-
drome (CIS), a single MS-like episode prior to meeting MS diagnostic criteria, as
well as after diagnosis of clinically definite MS (CDMS). Patients with vitamin D
levels >50 nmol/L at the time of CIS diagnosis have lower risk of conversion from
CIS to CDMS, decreased radiological evidence of disease, and less disability than
patients with levels <50 nmol/L [115]. Furthermore, higher vitamin D levels are
associated with preserved gray matter volume in CIS patients, which is significant
given that gray matter atrophy correlates to greater levels of disability in patients
with MS [116]. Lower vitamin D levels are associated with an increased relapse rate
in CIS as well as CDMS, which is a consistent finding in both pediatric-onset and
adult-onset MS [115-121]. In fact, for every 10 nmol/L higher serum vitamin D
level, patients with MS may experience up to a 12% reduction in risk of relapse
[120]. Furthermore, vitamin D has been implicated in progression from relapsing-
remitting MS (RRMS) to secondary progressive MS (SPMS). SPMS patients tend
to have lower vitamin D levels, and a retrospective analysis demonstrated that
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patients with a faster progression to SPMS also had lower vitamin D levels at the
time of their MS diagnosis [122].

Prevention and Treatment

Studies evaluating the efficacy of vitamin D as both a preventative and therapeutic
agent in the mouse model of MS, experimental autoimmune encephalomyelitis (EAE),
have shown promising results. Vitamin D protects neurons from T cell-mediated kill-
ing in vitro, and when administered to mice prior to EAE induction reduces disability,
CNS inflammation, and axonal damage [123, 124]. In a cuprizone-mediated demye-
lination mouse model, high-dose vitamin D injected intraperitoneally compared to
placebo results in faster clearance of damaged myelin followed by greater numbers of
mature oligodendrocytes and higher levels of remyelination [125]. As an alternative to
the immunosuppressive therapies currently used to treat MS, some researchers are
now focusing on development of a vaccine to prevent development of MS in the first
place. One such vaccine, consisting of vitamin D and myelin oligodendrocyte glyco-
protein (MOG) injected intraperitoneally, effectively prevents development of EAE in
mice, while neither vitamin D nor MOG independently achieves a similar result [126].

In humans, research has not yet focused on MS vaccination, but does suggest
vitamin D supplementation is beneficial. RCTs have demonstrated short-term vita-
min D; supplementation up to 10,400 IU daily is safe, tolerable, and effective in
increasing serum vitamin D levels in patients with MS [127]. Interestingly,
Caucasian women with MS experience a smaller increase in plasma vitamin D lev-
els than healthy controls when given the same oral dose [128]. Additionally, a gen-
der disparity exists in response to vitamin D supplementation; females may
experience a stronger anti-inflammatory effect than males do, which has been attrib-
uted to potential synergy between vitamin D and estradiol signaling [129].
Nonetheless, administration of high-dose vitamin D (10,400 IU) daily to both male
and female MS patients results in significant changes to immunophenotype in vivo,
including a reduction in circulating IL-17-producing CD4* T cells [127].

Administration of vitamin D to improve symptoms and progression of MS is
currently an active area of research. Preliminary results from the SOLAR trial pre-
sented at the 2016 ECTRIMS (European Committee for Treatment and Research in
Multiple Sclerosis) conference indicate high-dose (14,007 IU/day) vitamin D; sup-
plementation did not affect disease progression, or the proportion of patients free of
disease activity,'! which was the authors’ primary endpoint, over a 4-year follow-up
period. However, vitamin D supplementation did significantly decrease the number
of active MS lesions seen on MRI, one of the authors’ secondary endpoints [130].
Other data suggest that high-dose vitamin D supplementation may result in improved
mental health and quality of life for patients with MS [131]. Results from additional
ongoing trials of vitamin D supplementation and MS are pending [132].

'Disease activity was defined as relapse, Expanded Disability Status Scale (EDSS) score progres-
sion, new gadolinium-enhancing T1 lesions, or new or enlarging T2 MRI lesions.
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Conclusion

After several decades of research, vitamin D is now recognized as a neurologically
active secosteroid with a role in CNS development and function. However, a com-
prehensive understanding of the far-reaching downstream effects of vitamin D sig-
naling is currently unavailable, and many questions remain regarding the role of
vitamin D in human neurologic disease. Research suggests vitamin D likely plays a
role in the pathogenesis and progression of MS, while an association between vita-
min D and the risk, prognosis, or treatment of AD, PD, and ALS is less apparent.
Looking to the future, additional prospective studies and placebo-controlled ran-
domized clinical trials are necessary to determine the relationship between vitamin
D and neurologic diseases.
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