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The objectives of this paper were (1) to review recent research on the actions of vitamin D as
a steroid derivative with neuroactive properties and (2) to highlight clinical relevance and
need for more research. Our methods included review of research from current journals,
Medline, and Cochrane Reviews; theoretical discussion.

Scientific research has had a justifiably strong emphasis on how vitamin D affects
calcium metabolism and bone. This appears to have eclipsed its fundamental actions on
several other important systems, including the central nervous system. Vitamin D as a
neuroactive compound, a prohormone, is highly active in regulating cell differentiation,
proliferation, and peroxidation in a variety of structures, including the brain.

Vitamin D insufficiency is not rare. Historically, focus has been on bone metabolism,
which appears to have caused research bias and evidence bias, distorting physiological
importance. The central nervous system is increasingly recognized as a target organ for
vitamin D via its wide-ranging hormonal effects, including the induction of proteins such as
nerve growth factor. We need more research on this important neuroactive substance
because it may play a role as a relatively safe and inexpensive pharmaceutical in the
prevention and treatment of a number of common neuropsychiatric conditions.
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INTRODUCTION

Neurosteroids, fundamental in the nervous system, have been a veritable Pandora’s box because of their large
numbers, complexity, generalized distribution, and diverse physiological properties[1]. One clear aspect
remains: the formation and effects of neuroactive steroids show peculiar characteristics with respect to the
central (CNS) and peripheral nervous systems (PNS)[1,2]. Although vitamin D* is not a true steroid, it is a
derivative of cholesterol and has been discussed in the context of its neuroactivity

*  The metabolism of vit-D2 and vit-D3 are similar and some metabolites are active; therefore, in this paper, we will refer to vit-D2, vit-D3,
their metabolites, and analogues, generically as vit-D.
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within the CNS and PNS, as if it was a neuroactive steroid[1,2,3]. It does not qualify on the basis of
chemical structure, but it certainly behaves like a neuroactive steroid and we know that neurosteroids
have fundamental and far-reaching autocrine and paracrine effects in brain tissue[4]. Researchers have
alluded to it as a “neglected neurosteroid” because chronic insufficiency, relatively common in many
populations, has been overlooked and its role in neurodevelopmental and neurodegenerative disorders has
been neglected[3,5,6]. Vit-D plays a major role in bone mineral homeostasis by enabling the transport of
calcium and phosphate to ensure that the blood levels of these ions are sufficient for the normal
mineralization of type-I collagen matrix in the skeleton[7,8]. Historically, physicians assumed that vit-D
levels were adequate if people escaped rickets. Osteomalacia was rare and it was assumed that adults
required less vit-D than children.

Demographics have changed. Given the epidemic of osteopenia and osteoporosis among swelling
populations of elders, vit-D and calcium metabolism have gained priority in research and scientific
inquiry. This research bias and the resultant evidence bias overshadowed the importance of vit-D as a
true neuroactive compound with fundamental and far-reaching properties relevant to neuropsychiatry.
Scientists have forgotten that the last biosynthetic step, the formation of the active form, 1,25-dihydroxy-
vitamin-D, also occurs in the brain[1]. Vit-D receptors (VDRs), well studied in animal models, have been
identified in the human brain[9].

Apart from traditional roles of calcium ion homeostasis, vit-D induces the expression of CNS
genes[10,11]. Research evidences that it is one of the most potent up-regulators of nerve growth factor
(NGF)[12,13,14]. For the above compelling reasons, it is timely to have a fresh look at the
neuropsychiatric implications of vit-D.

EPIDEMIOLOGY

Vit-D deficiency states are a bigger problem than originally thought. Preclinical vit-D deficiency is
known in the literature as vit-D insufficiency; it would be appropriate to call it subclinical vit-D
deficiency. It is common among children worldwide[15] and teens; 24% of otherwise healthy adolescents
have been noted to have deficiency[16]. A large U.S. community-based survey found 9% of adult
populations to be deficient (cutoff 38 nmol/l)[17]. Cross-culturally, it is surprisingly common in
populations inhabiting northern latitudes[15,18,19]; 30% of healthy Canadian adults do not get enough
vit-D and 25% of the adult population is considered deficient. In Canada, between the months of October
and March, Canadians are unable to synthesize vit-D[20]. Deficiency is also common in industrial
regions[21], the institutionalized[20,22,23], and other elderly[24,25]. Even in subtropical regions, this
population is at high risk[26]. Clothing and sunscreens prevent vit-D synthesis[27,28,29]. For example,
veiled Turkish women have lower levels and increased risk of osteoporosis[30,31]. Skin pigment is also a
UVB blocker[32]. Obesity is associated with vit-D deficiency[33,34]. Hospitalized patients have a higher
prevalence than realized[35,36]. Even the popular press has drawn attention to the facts that milk and
fatty fish offer only small amounts of vit-D, and supplements do not contain enough to sustain
requirements[37,38]. According to a recent position, sunlight has health benefits that may outweigh skin
cancer risk[38,39,40]. Heightened awareness is necessary to ensure adequate vit-D nutrition, particularly
in northern latitudes, because vit-D deficiency is easily preventable[41,42,43,44]. We have been
admonished that occult deficiency is common and repletion of vit-D and suppression of PTH reduces falls
and hip fractures[41,45,46,47,48]. There appears to be additional, less obvious, but serious, morbidity.
Space does not permit a full review of epidemiology and suggested normal values, but a recent executive
summary of the topic is important recommended reading[5,21] and other reviews are germane to this
issue[36].
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WHAT IS VITAMIN D?

Traditionally, vit-D was known as the “antirachitic factor”. Vit-D is actually a member of a group of
substances derived from the cholesterol molecule, but not having the cyclopentanoperhydrophenanthrene
ring as nucleus. The early common misconception was that vit-D3 (cholecalciferol), generated in the skin,
and vit-D2 (ergocalciferol), found in certain lipids and fats, were equipotent and functionally
equivalent[49,50]. Recent research suggests otherwise. The two calciferols produce similar rises in serum
concentrations after administration, indicating equivalent absorption. Both produced similar initial rises in
serum concentrations, but vit-D continued to rise in the vit-D3—-treated subjects, whereas serum vit-D fell
rapidly in the vit-D2-treated subjects and was not different from baseline on the longer term[51,52]. Area
under the curve (AUC) showed an even greater and significant differential. Calculated AUC indicated
relative potencies for D3:D2 as being 9.5:1[51]. The activated form, vit-D2, is ergocalciferol. Both vit-D2
and vit-D3, or cholecalciferol, are found in the circulation in humans, although the amounts of each are
dependent on diet and amount of skin exposure to ultraviolet-B radiation (UVB). Although often referred
to as a nutrient, vit-D is a prohormone that mediates its actions via binding to VDRs, which are
principally located in the nuclei of target cells including neurons and glia. Peripherally, vit-D enables
calcium absorption and, to a much lesser extent, phosphorus absorption from the small intestine. Severe
deficiency is characterized by inadequate mineralization of the skeleton, the cause of rickets in children,
while in adults, demineralization of the skeleton results in osteomalacia leading to osteoporosis,
pathological fractures, and loss of teeth[7,41,53]. Compensatory increase in the production of parathyroid
hormone (PTH) promotes bone resorption. Vit-D, with PTH and calcitonin, is an essential factor in the
homeostasis of systemic calcium in most vertebrate species. As a prohormone, it is also known as
‘soltriol’ because of its association with sunshine. The skin has an enormous capacity for vit-D
production and supplies the body with 80-100% of requirements. Age[54,55], ambient light (latitude,
time of day, season of year)[56,57], and pigmentation[58,59] dramatically affect dermal photosynthesis.

SYNTHESIS AND ABSORPTION

Vit-D is unique among other vitamins in human nutrition because it is the only vitamin that is a
conditional one. Vit-D3 is synthesized in the skin from 7-dehydrocholesterol via nonenzymatic
photochemical reactions driven by UVB; a crucial, rate-limiting step. Under conditions of inadequate
photosynthesis, vit-D is an essential nutrient. There is actually no significant natural dietary source of vit-
D. Very little vit-D2 is available from plants, but more can be obtained from fortified foods (fortified milk
products and irradiated plant sterols) while vit-D3 is found in fish oils. Food sources supply only about
5% of needs. Human milk is deficient[60]. It is not easy to obtain vit-D from foods. Even fortified
processed cheese, which is very high in vit-D (and fat content), delivering about 5880 1U of vit-D/56.7-g
serving, may be inadequate even though vit-D in fortified processed cheese is reportedly highly
bioavailable and young and older adults have similar absorption (older somewhat less). Among older
individuals, consuming 600 U of vit-D daily from cheese for 2 months was insufficient to increase serum
levels during limited sunlight exposure[61]. With regard to the intestinal epithelial system, the genomic
effect of vit-D was elucidated years ago[62]. Vit-D, highly fat soluble, diffuses passively from the lumen
of the small intestine, into enterocytes, in micelles formed from bile acids. It is distributed widely,
diffuses into adipose tissue, and easily passes the blood-brain barrier.

METABOLISM AND EXCRETION
Absorption efficiency is high; 50-80% of ingested vit-D is absorbed and secreted by enterocytes into

lymphatics as chylomicrons, entering the circulation via the thoracic duct. It is transported in blood bound
to a specific alpha-globulin-vit-D-binding protein. A large fraction of circulating vit-D is extracted by the
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hepatocytes and metabolized via the microsomal (P450) enzyme vitamin-D 25-hydroxylase to the major
circulating, measurable form, vit-D3. Further hydroxylation in the proximal renal tubules yields the
activated form, vit-D2. Vit-D and its metabolites are excreted primarily via the biliary and renal routes.
Vit-D2, or ergocalciferol, is hydroxylated in the liver to ergocalcidiol (25-hydroxyergocalciferol or
25(0OH)D2), and further hydroxylated in the kidneys to ergocalcitriol (1,25-dihydroxyergocalciferol or
1,25(0OH),D2). Correspondingly, vit-D3, or cholecalciferol, is hydroxylated in the liver to cholecalcidiol
(25-hydroxycholecalciferol or 25(OH)D3), and further hydroxylated in the kidneys to cholecalcitriol
(1,25-dihydroxycholecalciferol or 1,25(0OH),D3). Final degradation product is excreted by the
kidneys[7,62].

INFLUENCE OF AGING ON VIT-D METABOLISM

Both animal and human studies show that vit-D status declines with age[63,64,65,66,67,68] and that
chronic insufficiency is associated with morbidity[54,69]. Aging is associated with (1) calcium
deficiency, due to low dietary intake; (2) decreased intestinal absorption; and (3) vit-D deficiency
secondary to depletion of body stores resulting from inadequate exposure to sunlight. Hepatic
hydroxylation of vit-D remains normal in elderly individuals. Recent data suggest that renal
hydroxylation of vit-D, previously believed to decrease with advancing age, also remains virtually normal
even when creatinine clearance declines, as is very often the case in the elderly. The balance is tipped
towards lower absorption and photosynthesis while degradation and elimination remain stable. The
combined deficiency in calcium and vit-D stimulates the secretion of PTH, which normalizes serum
calcium levels causing age-related osteoporosis[70].

NONSKELETAL EFFECTS

Early explanations of actions, based on what was understood about calcium chemistry decades ago,
focused on osteoporosis and several other conditions such as arteriosclerosis and hypertension (attributed
to calcium deposition in vessel walls), amyotrophic lateral sclerosis, and senile dementia (attributed to
calcium deposition in the central nervous system), and a decrease in cellular functions, supposedly
because of blunting of the difference in extracellular-intracellular calcium, leading to diabetes mellitus,
immune deficiency, and other disorders[71]. Later studies suggested that vit-D is the necessary factor for
a number of effects formerly attributed only to calcium. The large number of effects on a variety of
tissues is better explained by vit-D’s fundamental regulatory activity acting on widespread, at least 150,
specific nuclear receptors regulating cellular differentiation and proliferation[7].

ACTIONS WITHIN BRAIN

The presence of VDRs in the brain suggested that vit-D had functions in this organ and accumulating data
have provided evidence that this is indeed the case. The nuclear receptors for vit-D3 have been localized
in neurons and glial cells. Genes encoding the enzymes involved in the metabolism of this hormone are
also expressed in brain cells. Reported biological effects in the nervous system include the biosynthesis of
neurotrophic factors and at least one enzyme involved in neurotransmitter synthesis[72]. Vit-D3
metabolites can also inhibit the synthesis of inducible nitric oxide synthase (iNOS) and increase
glutathione levels, suggesting a role for the hormone in brain detoxification pathways. Vit-D is involved
in the glutathione cycle and in cysteine transport. Brain gamma-glutamyl transpeptidase (gamma-GT) is
increased after vit-D administration and this positive effect was noted in pericytes and parenchymal
astrocytes. Gamma-GT is thought to participate in the scavenging of reactive oxygen species and it was
hypothesized that vit-D could be an effector controlling detoxification processes in the brain[73].

128



Kiraly et al.: Vitamin D as a Neuroactive Substance TheScientificWorldJOURNAL (2006) 6, 125-139

Astrocytes play a pivotal role in CNS detoxification pathways, where glutathione is involved in the
elimination of oxygen- and nitrogen-reactive species such as nitric oxide. Gamma-GT, an enzyme of
central significance in glutathione metabolism, is regulated in vivo in astrocytes by vit-D3. It appears that
both gamma-GT gene expression and specific activity, induced by lipopolysaccharide, are potentiated by
vit-D3. In contrast, vit-D3 does not regulate the expression of other enzymes involved in astrocytic
detoxification processes, such as superoxide dismutase or glutathione peroxidase. In parallel, vit-D3
enhanced intracellular glutathione pools and significantly reduced nitrite production induced by
lipopolysaccharide. These findings suggest that gamma-GT, glutathione, and vit-D3 play a fundamental
role in astrocyte detoxification pathways, which, at least in part, explain neuroprotective effects[74].

EFFECTS ON IMMUNE SYSTEM

In humans, vit-D regulates immune function[75]. It influences the production of lymphocytes and the
cytokine cascade, preventing an overproduction[76]. By suppressing overactivity of T-helper cell
mobilization, which may attack a body’s own cells, vit-D plays an important role in the prevention of
autoimmune diseases such as type-1 diabetes, lupus, rheumatoid arthritis, scleroderma, and graft
rejection[75,76,77,78]. Thus, it has been found that dark skinned (African American) women living in
northern climes are at higher risk for autoimmune disease than their southern counterparts [76,79,80].
What about autoimmune disorders in brain? We know that excessive production of nitric oxide is
associated with CNS inflammatory disease. The iNOS generates nitric oxide. During experimental
allergic encephalomyelitis (EAE) (of the Lewis rat), there was an elevated iNOS immunoreactivity and
MRNA both during inflammatory bursts and during the remission phase. iINOS expression was region
specific and expanded with time along a caudo-rostral axis correlating with the development of
inflammatory infiltrates. Whereas cells of the monocyte/macrophage lineage continuously contributed to
iINOS expression, astrocytes only expressed iNOS immunoreactivity or mRNA during the relapse. In
order to investigate possible regulatory effects of vit-D3 on iNOS expression, rats were treated with the
hormone after the beginning of clinical signs and areas of the CNS were later examined. Vit-D3 exerted a
drastic inhibitory effect on iINOS expression, both at the protein and the mRNA levels. iNOS down-
regulation occurred in macrophages, activated microglia, and astrocytes. The inhibition of iNOS
expression in some CNS structures could account for the improvement of clinical signs observed in EAE-
rats treated with vit-D3. Since vit-D3 can be synthesized by activated macrophages or microglia, research
results support the hypothesis that this hormone might be implicated in the control of the CNS-specific
immune responses. Vit-D3 or its analogues could, thus, be of therapeutic value in the management of
iINOS-associated diseases of the CNS[81]. Other research studies on EAE, used as a rodent MS paradigm,
have shown that treatment of EAE by vit-D3 leads to a clinical improvement accompanied by an
inhibition of nitric oxide synthase (NOS) expression in the rat brain. It has also been demonstrated that
vit-D deprivation leads to moderate exacerbation of the clinical symptoms. Interestingly, curative
treatment of vit-D—deprived rats with a nontoxic-1,25-D3 analogue (MC1288) strongly inhibited EAE
symptoms, thus emphasizing the potential interest of such compounds in the management of multiple
sclerosis[82].

RELEVANCE TO NEUROPSYCHIATRY

Given its fundamental gene-modulating and enzyme-inducing properties, it is not surprising that vit-D has
CNS and PNS effects that influence cognitive function and neuropathology. For example, a rare
autosomal-dominant inheritance of idiopathic strio-pallidodentate calcifications and late onset of
extrapyramidal symptoms was characterized by Parkinsonism in one member and postural tremor in
two[83]. Depression and dysarthria were present in all cases. All symptomatic members showed a
peculiar biochemical abnormality of vit-D metabolites suggesting an inborn error of metabolism. The
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biochemical, clinical, and genetic pattern of this family distinguished their syndrome from the larger
group of secondary familial basal ganglia calcifications. While rare conditions cannot be ignored,
common conditions attract more widespread clinical enthusiasm.

MOOD DISORDERS

Past or current depression in women is associated with decreased bone mineral density[84]. A German
study showed that vit-D levels were lower in patients suffering from schizophrenia, alcoholism, and major
depression compared to healthy controls. Vit-D levels were similar in all three groups suffering from
psychiatric illnesses. These findings disputed the idea that vit-D is involved specifically in the
pathogenesis of major depression. The authors suggest that low levels of vit-D may be more reflective of
the social and environmental circumstances of these psychiatric patients[85]. The effect of vit-D levels on
major depression is not clear. Hypercalcemia, whether due to undiagnosed high PTH or some other cause,
can lead to clinical depression. One patient described developed a severe depressive illness associated
with hypervitaminosis-D after 15 years of inappropriate therapy with calcium gluconate and excessive
vit-D3 treatment. The importance of monitoring serum calcium levels in anyone on vit-D therapy is
stressed[86].

Of particular interest is “winter depression”, or seasonal affective disorder (SAD). Early research
(1989) noted that effects of sunlight, or equivalent artificial light, on physiological and behavioral
processes were probably mediated, in large part, through the skin-vit-D-endocrine system[87].
Experimental evidence revealed sites of action and concomitant direct effects of vit-D3 on brain, spinal
cord, pituitary, and other target tissues. It was postulated that this had relevance for the activation and
modulation of cerebral and endocrine processes, particularly related to seasonal and daily biorhythms,
independently of calcium levels. Direct VDR actions were mediated in a dose-related manner according
to intensity of light and length of exposure; in this sense, light (photons), behaved as a drug[87].
Serotonin synthesis is hypothesized to be dependent on the duration of light exposure during the previous
summer[88]. Increased levels of anxiety and depression during winter occur in normal populations and
are most likely related to short days with lower light levels. Some individuals are very sensitive to this
decrease in sunlight and thus develop SAD. More than 80% of SAD sufferers are women with an age of
onset generally in the third decade. Symptoms of SAD include carbohydrate craving, hypersomnia,
lethargy, and changes in circadian rhythms. A randomized controlled trial (RCT) has shown that vit-D3
supplementation significantly enhanced positive affect and in some cases reduced negative affect in
healthy subjects during winter[89]. SAD is prevalent when vit-D stores are typically low. Broad-spectrum
light therapy will include wavelengths between 280-320 nm that allow the skin to produce vit-D. A
prospective RCT showed that vit-D therapy was more efficacious than phototherapy[90]. There are
studies that do not show this correlation[91,92].

SCHIZOPHRENIA

Epidemiological evidence suggests that low maternal vit-D is a risk factor for schizophrenia. The CNS
was increasingly recognized as a target organ for vit-D via its wide-ranging neuroactive effects and via
the induction of various proteins such as brain-derived neurotrophic factors (BDNF)/NGF, and this led to
the hypothesis that low maternal vit-D impacts adversely on the fetal brain, leaving offspring at increased
risk of adult-onset schizophrenia. The hypothesis can parsimoniously explain diverse epidemiological
features of schizophrenia, such as the excess of winter births, increased rates of schizophrenia in dark-
skinned migrants to cold climates, the increased rate of schizophrenia births in urban vs. rural settings,
and the association between prenatal famine and schizophrenia. Studies that will allow rejection of the
hypothesis are proposed[93]. Subsequently, not all epidemiological studies confirmed the vit-D
hypothesis[94,95], but evidence continued to mount. It was noted that maternal vit-D did not operate as a
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continuously graded risk factor. The results in the dark-skinned subgroup raised the possibility that below
a critical threshold, low levels of maternal vit-D were associated with an increased risk of
schizophrenia[96]. Vit-D supplementation during the first year of life is associated with a reduced risk of
schizophrenia in males[97]. Preventing hypovitaminosis-D during early life appears to reduce the
incidence of schizophrenia[97]. Vit-D is an attractive “environmental candidate” because it explains
several key epidemiological features of schizophrenia. It is also an attractive “genetic candidate” because
its nuclear VDR regulates gene expression and nervous system development. The polygenic quality of
schizophrenia, with linkage to many genes of small effect, maybe brought together via this “vitamin D
hypothesis”. For a discussion of the possibility of a broader set of environmental and genetic factors
interacting via VDRs to affect the development of the brain leading to schizophrenia, refer to Mackay-
Sim et al.[98]. The same researchers have found that rats born to vit-D3-deficient mothers had
characteristic alterations in brain architecture. The cortex was longer, but not wider, the lateral ventricles
were enlarged, the cortex was proportionally thinner, and there was more cell proliferation throughout the
brain. There were reductions in brain content of NGF and glial cell line—derived neurotrophic factor and
reduced expression of p75(NTR), the low-affinity neurotrophin receptor. These anatomical findings (not
unlike the neuroimaging studies of brains of schizophrenics) would suggest that low maternal vit-D has
important ramifications for the developing brain[99].

MULTIPLE SCLEROSIS

There is correlational evidence between frequency of multiple sclerosis (MS) lesions,
seasonality[100,101], and geographic latitude[102,103]. The most striking clue to the role of environment
in MS has always been the latitude gradient. This is most obvious in Australia, where the risk in
temperate Tasmania is fivefold that in sunny Queensland[104,105], but where ethnic origins are relatively
uniform. The gradient is also seen in several other countries, including New Zealand[106], the U.S.[107],
and Canada[108]. Studies of migrants indicate that risk for MS is strongly associated with place of
residence early in life[105,109]. In Canada, the risk for a dizygotic twin of someone with MS is almost
twice that for a full nontwin sibling[108]. This may implicate environmental factor(s) such as shared
timing of gestation or birth, or both. Furthermore, the study of half siblings has shown a maternal effect
that could be environmental in nature[104]. Studies of month of birth and risk of MS have been carried
out in several cohorts of people with MS, but sample sizes, ethnic groups, and statistical methods differed
for each study and findings have been inconsistent[110,111,112,113,114]. Month of birth and risk of MS
are clearly associated, more so in familial cases, implying interactions between genes and environment
that are related to latitude. Such interactions may act during gestation or shortly after birth in individuals
born in the northern countries studied[115]. Given the seeming correlation with the vit-D level gradient, a
protective effect of vit-D on risk of MS has been proposed. The first large prospective study confirmed
the protective effect of vit-D, largely from multivitamins, against the risk of developing MS[116].
Benefits from any particular diet in MS have not been shown. Malnutrition may potentially exacerbate the
symptoms of MS. Intake of vit-D is associated with a lower incidence of MS. In MS, the risk of
osteoporosis is high, and prophylactic vit-D has been recommended at early stages[117]. It appears that
vit-D levels, whether enhanced by diet or sunlight, contribute to decrease in MS lesion activity[26,100].
As noted, animal studies, using EAE models of MS, emphasize the idea that vit-D3 can regulate some
aspects of EAE. Vit-D3 exerts regional effects on constituent cells in the CNS and can have
immunomodulatory effects inside the CNS during an ongoing immune process[118]. Vit-D-related
compounds remain of potential interest in the management of MS[82].
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SENSORINEURAL HEARING LOSS

Sensorineural hearing loss has been reported in vit-D-resistant osteomalacia[119] and in patients with
renal failure, but its etiology has not yet been established. Researchers’ findings in rats support the
hypothesis that hearing loss in vit-D deficiency is mainly attributable to the depression of the calcium ion
concentration in perilymph[120].

ANTITUMOR ACTIVITY IN BRAIN

More recent works show that the VDR is expressed in both neurons and glial cells; it induces NGF and it
is a potent inhibitor of mitosis and promoter of differentiation in numerous cells. Using cultured
embryonic hippocampal cells and explants, researchers found that the addition of vit-D3 significantly
decreases the percentage of cultured hippocampal cells undergoing mitosis in conjunction with increases
in both neurite outgrowth and NGF production[121]. Vit-D3 induces glioma[72,122] and
neuroblastoma[123] cell death through alterations in the expression of NGF, making the hormone of
potential interest in the management of brain tumors[72].

PARATHYROID HORMONE AND CALCITONIN

Hyperparathyroidism is the third most common endocrine disorder, increasing with age, affecting mostly
postmenopausal women[7,14,124]. PTH fluctuates seasonally[92]. PTH abnormalities are associated with
an impressive list of psychiatric symptoms referable to ionized calcium fluctuations and possibly to
central effects of PTH itself acting on specific PTH receptors[7,125]. Elevated PTH can present as
depression, fatigue, or disorientation, and this appears to be associated with poor calcium absorption[16].
PTH levels increase well before the vit-D3 level decreases to the lower limit of normal for some
assays[126,127]. Thus, levels of vit-D may need to be higher than the traditional normal values to protect
against secondary hyperparathyroidism[45,128,129]. Pain perception may be influenced because the
transcription of the calcitonin gene is down-regulated by vit-D[130].

HYPOTHESES REGARDING THE ROLE OF VIT-D

Neuroprotection and Neurogenesis

VDRs are nuclear receptors that mediate the effect of vit-D. In vitro studies show a strong stimulatory
effect of vit-D on mMRNA and NGF gene expression in a variety of brain cell
lines[13,123,131,132,133,134,135] and in rodent models[12,14,136]. Concentrations as low as 10™° M
stimulate VDR gene expression and strongly increase the numbers of activated VDRs capable of binding
to specific vit-D-responsive elements (VDRE). Decreased NGF synthesis in the hippocampus and
reduced NGF-receptor immunoreactivity in basal forebrain areas have been implicated in
neurodegeneration, and VDRs have been located in brain areas affected by neurodegenerative diseases.
Thus, vit-D3 was found to be a potent inducer of BDNF expression and it contributes to the regulation of
BDNF in vivo[134,135]. NGF has the ability to increase cholinergic function in animal models of
cholinergic brain degeneration; therefore, these results are supportive of a role for NGF inducers as
potential drugs for neurodegenerative disorders[12]. Vit-D3 also enhances glial cell-derived nerve factor
(GDNF) mRNA in vitro and in vivo. Rats pretreated with vit-D3 had elevated (up-regulated) cortical
GDNF and showed attenuated ischemic cortical injury after middle cerebral artery ligation[137].
Exogenous administration of GDNF reduced ventral mesencephalic dopaminergic neuron damage and
resultant hypokinesia, induced by 6-hydroxydopamine (6-OHDA) lesioning in rats. Neuroprotection
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against damages by free radical and reactive oxygen species was the purported mechanism[136]. Other
studies have linked vit-D with general neuroprotection[138,139] and it has been noted to retard
biomarkers associated with hippocampal degradation in rat models of Alzheimer’s disease[140].
Subsequently, it was reported that vit-D3 has direct anti-inflammatory effects on microglia[141]. On the
basis of NGF’s ability to increase cholinergic function in animal models of cholinergic degeneration,
these results are supportive of a role for NGF inducers as potential drugs for neurodegenerative
disorders[12]. Such anabolic activity may be counteracted by glucocorticoids[141]. Dexamethasone is
known to decrease the pool of NGF mRNA in various experimental systems. Research provides evidence
that the negative regulation exerted by dexamethasone may be counteracted in a dose-dependent manner
by the positive action of vit-D, and vice versa. Therefore, the expression of the NGF gene can be
regulated in a subtle way by the balance between the two steroids. It may be expected on the basis of
these observations that in tissues that are responsive to both hormones, administration of vit-D should be
able to reverse the down-regulation of NGF synthesis elicited by glucocorticoids[141].

The Dual Action of Vit-D in the Immune and Nervous Systems

VDRs are nuclear receptors that influence cell differentiation in many, and possibly all, tissues; therefore,
it is not surprising that vit-D has manifold properties, including actions in the immune system. As noted
in previous discussion, the immunomodulatory actions of vit-D have high relevance for brain tissue. This
may have implications for clinical entities such as MS and Alzheimer’s disease. Immunomodulatory
effects of this hormone, described in several experimental models, indicate the potential value of vit-D3
pharmacological analogues not only in neurodegenerative, but also in neuroimmune, diseases[72].

CONSEQUENCES OF VIT-D DEFICIENCY

Given that toxicity can occur, there remains considerable controversy around the level that constitutes vit-
D deficiency. It has been suggested that levels at accepted norms may be inadequate to maintain
biochemical normality even if manifestations of osteomalacia or hypocalcemia do not occur[6]. The
serum concentration of vit-D above deficiency levels, but below what is needed to provide optimal health,
has been termed vit-D insufficiency[142]. Is this not subclinical vit-D deficiency? Animal research and
population studies support the notion that chronic vit-D insufficiency is harmful to brain development and
optimal adult neuronal tissue maintenance. We know that, in rodent models, vit-D deficiency causes brain
malformation. In human studies, vit-D insufficiency is associated with mood disorders, MS,
schizophrenia, and brain tumors. Some of these conditions have been noted to respond to vit-D therapy.
This possibly pandemic condition may very well constitute an identifiable prodrome worthy of early
intervention because of downstream morbidity[5,143,144].

SUMMARY AND CONCLUSION

Vit-D influences neuronal function by binding to intracellular receptors that can act as transcription
factors and regulate gene expression. Fundamental effects are on cell differentiation, growth,
antioxidative, and autoimmune inflammatory mechanisms. Biological effects in the nervous system
appear to arise from stimulation of neurotrophic factors, quenching oxidative hyperactivity and regulating
autoimmune responses.

Based on epidemiology, and on in vitro and in vivo animal experiments, vit-D has been linked to MS,
schizophrenia, mood disorders, sensorineural effects, and certain brain cancers. Fetal environmental
management is becoming important because pre- and perinatal vit-D levels may imprint on the functional
characteristics of various tissues, leaving the affected individual at increased risk of developing adult-
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onset disorders. This hypothesis draws from recent advances in the understanding of the early origin of
adult disease and proposes a “critical window” during which vit-D levels may have a persisting impact on
adult health outcomes. Methods to test the hypothesis have been outlined[97]. If correct, the hypothesis
has important implications for public health. Careful attention to maternal vit-D status could translate into
diverse improvements in health outcomes for the following generation[96]. Thus, high-risk groups should
be monitored, not only for the emergence of skeletal disorders (rickets, osteomalacia, osteoporosis,
fractures), but also for neuroimmune and neuropsychiatric effects, which may very well precede the
skeletal effects. Prevention of some of these disorders may prove to be much easier than treatment[145].

Other clinical issues pertain to misdiagnosis. latrogenesis is possible, as chronic drug use may block
vit-D. For example, the antimycotic agent ketoconazole is known to inhibit several cytochrome P450-
dependent enzymes involved in the biosynthesis of steroid hormones from cholesterol. Since vit-D is also
a sterol synthesized by cytochrome P450-dependent enzymes, inhibition may lead to low vit-D
levels[146].

On the other hand, there may be novel therapeutic potential. Dexamethasone is known to decrease the
pool of NGF mRNA in various experimental systems. Measurements of NGF mRNA and assays of the
mature protein secreted by the cells provide evidence that the negative regulation exerted by
dexamethasone may be counteracted in a dose-dependent manner by the positive action of vit-D, and vice
versa. Therefore, the expression of the NGF gene can be regulated in a subtle way by the balance between
the two compounds. It may be expected, on the basis of these observations, that in tissues that are
responsive to both hormones, administration of vit-D should be able to reverse down-regulation of NGF
synthesis elicited by stress hormones (glucocorticoids)[141]. Given that vit-D3 and analogues with
minimal calcemic effects induce NGF synthesis in vivo, and in vitro, increasing NGF in the CNS or PNS
remains a rational pharmacological strategy for treating certain neurodegenerative disorders[147]. Such
observations suggested the use of vit-D to treat peripheral neuropathy (pain) by inducing NGF production
in the human skin[148].

There is a paucity of prospective controlled trials regarding the effects of vit-D, but accumulating data
are converging to provide evidence that vit-D is involved in brain function and this is likely to have
clinical implications. The nuclear receptor for vit-D has been localized in neurons and glial cells. Genes
encoding the enzymes involved in the metabolism of this hormone are also expressed in brain cells. In
addition, it induces glioma cell death, making the hormone of potential interest in the management of
brain tumors. These results reveal previously unsuspected roles for vit-D in brain function and suggest
possible areas of future research[72]. Importantly, studies suggest that the powerful NGF-inducing effects
of vit-D have a potential for the pharmacotherapy of neurodegenerative disorders[12,14,122,131,132,135,
136,137,149]. There may be an unrealized neuropsychopharmacological potential that arises from the
intracellular cross-talk between genomic and nongenomic effects. Recent research reveals previously
unsuspected roles for vit-D in neuropsychiatry and suggests possible areas of future exploration. Thus,
chronic hypovitaminosis-D should be examined in more detail as a candidate for modifying risk factors
for neurodevelopmental, psychiatric, and neurodegenerative disorders.

REFERENCES

1. Melcangi, C. and Panzica, G.C. (2001) Steroids in the nervous system: a Pandora’s box? Trends Neurosci. 24(6),
311-312.

2. Melcangi, C. and Panzica, G.C. (2001) Response — vitamin D: the neglected neurosteroids. Trends Neurosci. 24(10),
572.

3. McGrath, J.J., Feron, F., and Eyles, D. (2001) Vitamin D: the neglected neurosteroid? Trends Neurosci. 24(10), 570-
572.

4. Rupprecht, R. and Holsboer, F. (1999) Neuroactive steroids: mechanism of action and neuropsychopharmacological
perspectives. Trends Neurosci. 22, 410-416.

5. Raiten, D.J. and Picciano, M.F. (2004) Vitamin D and health in the 21% century: bone and beyond. Executive
summary. Am. J. Clin. Nutr. 80(Suppl), 1673S-1677S.

6. Holick, M. (2004) Sunlight and vitamin D for bone health and prevention of autoimmune diseases, cancers and

134



Kiraly et al.: Vitamin D as a Neuroactive Substance TheScientificWorldJOURNAL (2006) 6, 125-139

10.
11.

12.

13.

14.

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.
27.

28.

29.

30.

3L

32.

33.

34.

35.

cardiovascular disease. Am. J. Clin. Nutr. 80(Suppl), 1678S-1688S.

Strewler, G. (1997) Mineral metabolism and metabolic bone disease. In Basic and Clinical Endocrinology.
Greenspan, F.S. and Strewler, G.J., Eds. Appleton & Lange, Stamford, CT. Chap. 8; pp. 264-274.

Haussler, M.R., Haussler, C.A., Jurutka, P.W., et al. (1997) The vitamin D hormone and its nuclear receptor:
molecular actions and disease states. J. Endocrinol. 154(Suppl), S57-73.

Sutherland, M.K. et al. (1993) Reduction of calbindin-24k mRNA levels in Alzheimer as compared to Huntington
hippocampus. Brain Res. Mol. Brain Res. 18, 32-42.

Darwish, H. and DeLuca, H.F. (1993) Vitamin D-regulated gene expression. Crit. Rev. Eukaryot. 3, 89-116.
Haussler, M.R. et al. (1995) New understanding of the molecular mechanism of receptor-mediated genomic actions of
the vitamin D hormone. Bone 17, 33S.

Saporito, M.S., Brown, E.R., Hartpence, K.C., Wilcox, H.M., Vaught, J.L., and Carswell, S. (1994) Chronic 1,25-
dihydroxyvitamin D3-mediated induction of nerve growth factor mRNA and protein in L929 fibroblasts and in adult
rat brain. Brain Res. 633(1-2), 189-196.

Cornet, A., Baudet, C., Neveu, |, Baron-Van Evercooren, A., Brachet, P., and Naveilhan, P. (1998) 1,25-
Dihydroxyvitamin D3 regulates the expression of VDR and NGF gene in Schwann cells in vitro. J. Neurosci. Res.
53(6), 742-746.

Musiol, 1.M. and Feldman, D. (1997) 1,25-Dihydroxyvitamin D3 induction of nerve growth factor in L929 mouse
fibroblasts: effect if vitamin D3 receptor regulation and potency of vitamin D3 analogs. Endocrinology 138(1), 12-18.
Pettifor, J.M., Moodley, G.P., Hough, F.S., Koch, H., Chen, T., Lu, Z., and Holick, M.F. (1996) The effect of season
and latitude on in vitro vitamin D formation by sunlight in South Africa. S. Afr. Med. J. 86, 1270-1272.

Gordon, C.M., DePeter, K.C., Estherann, G., and Emans, S.J. (2003) Prevalence of Vitamin D Deficiency among
Healthy Adolescents. Endo2003. Endocrine Society Meeting (Abstr) OR21-2,87.

Looker, A.C. and Gunter, A.W. (1998) Hypovitaminosis D in medical inpatients. N. Engl. J. Med. 339, 344-345.
Rucker, D., Allan, J.A., Fick, G.H., and Hanley, D. (2002) Vitamin D insufficiency in a population of healthy western
Canadians. CMAJ 166(12), 1517-1524.

Webb, A.R., Kline, L., and Holick, M.F. (1998) Influence of season and latitude on the cutaneous synthesis of vitamin
D3: exposure to winter sunlight in Boston and Edmonton will not promote vitamin D3 synthesis in human skin. J.
Clin. Endocrinol. Metab. 67, 373-378.

Wehb, A., Pilbeam, C., Hanafin, N., and Hollick, M. (1990) An evaluation of the relative contributions of exposure to
sunlight and of diet to the circulating concentrations of 25-hydroxyvitaminD in an elderly nursing home population in
Boston. Am. J. Clin. Nutr. 51, 1075-1081.

Holick, M.F. (1995) Environmental factors that influence the cutaneous production of vitamin D. Am. J. Clin. Nutr.
61, 638S—645S.

Flicker, L., Mead, K., Maclnnis, R.J., Nowson, C., Scherer, S., Stein, M.S., Thomasx, J., Hopper, J.L., and Wark, J.D.
(2003) Serum vitamin D and falls in older women in residential care in Australia. J. Am. Geriatr. Soc. 51(11), 1533-
1538.

Liu, B.A., Gordon, M., Labranche, J.M., Murray, T.M., Vieth, R., and Shear, N.H. (1997) Seasonal prevalence of
vitamin D deficiency in institutionalized older adults. J. Am. Geriatr. Soc. 45(5), 598-603.

Bouillon, R.A., Auwerx, J.H., Lissens, W.D., and Pelemans, W.K. (1987) Vitamin D status in the elderly: seasonal
substrate deficiency causes 1,25-dihydroxycholecalciferol deficiency. Am. J. Clin. Nutr. 45, 755-763.

Gloth, F.M., Ill, Gundberg, C.M., Hollis, B.W., et al. (1995) Vitamin D deficiency in homebound elderly persons.
JAMA 274, 1683-1686.

McGrath, J.J. et al. (2001) Vitamin D insufficiency in south-east Queensland. Med. J. Aust. 174, 150-151.

Matsuoka, L.Y., Ide, L., Wortsman, J., MacLaughlin, J., and Holick, M.F. (1987) Sunscreens suppress cutaneous
vitamin D3 synthesis. J. Clin. Endocrinol. Metab. 64, 1165-1168.

Matsuoka, L.Y., Wortsman, J., Hanifan, N., and Holick, M.F. (1988) Chronic sunscreen use decreases circulating
concentrations of 25-hydroxyvitamin D: a preliminary study. Arch. Dermatol. 124, 1802-1804.

Matsuoka, L.Y., Wortsman, J., Dannenberg, M.J., Hollis, B.W., Lu, Z., and Holick, M.F. (1992) Clothing prevents
ultraviolet-B radiation-dependent photosynthesis of vitamin D3. J. Clin. Endocrinol. Metab. 75, 1099-1103.

Guzel, R., Kozanoglu, E., Guler-uysal, F., Soyupak, S., and Sarpel, T. (2001) Vitamin D status and bone mineral
density of veiled and unveiled Turkish women. J. Womens Health Gend. Based Med. 10(8), 765-770.

Alagdl, F., Shihadeh, Y., Boztepe, H., et al. (2000) Sunlight exposure and vitamin D deficiency in Turkish women. J.
Endocrinol. Invest. 23, 173.

Norman, AW. (1998) Sunlight, season, skin pigmentation, vitamin D, and 25-hydroxyvitamin D: integral
components of the vitamin D endocrine system. Am. J. Clin. Nutr. 67, 1108-1110.

Bell, N.H., Epstein, S., Greene, A., Shary, J., Oexmann, M.J., and Shaw, S. (1985) Evidence for the alteration of the
vitamin D-endocrine system in obese subjects. J. Clin. Invest. 76, 370-373.

Wortsman, J., Matsuoka, L.Y., Chen, T.C., Lu, Z., and Holick, M.F. (2000) Decreased bioavailability of vitamin D in
obesity. Am. J. Clin. Nutr. 72(3), 690-693.

Thomas, M.K., Lloyd-Jones, D.M., Thadhani, R.I., Shaw, A.C., Deraska, D.J., Kitch, B.T., Vamvakas, E.C., Dick,
I.M., Prince, R.L., and Finkelstein, J.S. (1998) Hypovitaminosis D in medical inpatients. N. Engl. J. Med. 338, 777-
783.

135



Kiraly et al.: Vitamin D as a Neuroactive Substance TheScientificWorldJOURNAL (2006) 6, 125-139

36.
37.

38.
39.
40.
41.

42.
43.

44,

45.

46.

47.

48.

49.

50.
51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.
64.
65.
66.

67.

Lyman, D. (2005) Undiagnosed vitamin D deficiency in the hospitalized patient. Am. Fam. Physician 71, 299-304.
CTV News (2001) Lack of Vitamin D Linked to Health Problems. Mon. Nov. 19. The article can be found at:
http://www.ctv.ca/servlet/ArticleNews/story/CTVNews/1025061488210_ 20470688

Holick, M.F. (2003) The UV Advantage. Simon & Schuster, New York.

Holick, M.F. (2001) Sunlight “D”ilemma: risk of skin cancer or bone disease and muscle weakness. Lancet 357, 4-6.
Grant, W.B. (2002) An estimate of premature cancer mortality in the United States due to inadequate doses of solar
ultraviolet-B radiation. Cancer 94, 1867-1875.

LeBoff, M.S., Kohlmeier, L., Hurwitz, S., Franklin, J., Wright, J., and Glowacki, J. (1999) Occult vitamin D
deficiency in postmenopausal US women with acute hHip fracture. JAMA 281, 1505-1511.

Malabanan, A., Veronikis, L.E., and Holick, M.F. (1998) Redefining vitamin D insufficiency. Lancet 351, 805-806.
Malabanan, A.O., Turner, A.K., and Holick, M.F. (1998) Severe generalized bone pain and osteoporosis in a
premenopausal black female: effect of vitamin D replacement. J. Clin. Densitom. 1, 201-204.

Glerup, H., Mikkelsen, K., Poulsen, L., et al. (2000) Commonly recommended daily intake of vitamin D is not
sufficient if sunlight exposure is limited. J. Intern. Med. 247, 260.

Chapuy, M.C., Pamphile, R., Paris, E., et al. (2002) Combined calcium and vitamin D supplementation in elderly
women: confirmation of reversal of secondary hyperparathyroidism and hip fracture risk: the Decalyos Il study.
Osteoporos. Int. 13, 257-264.

Reginster, J. (2005) The high prevalence of inadequate serum vitamin D levels and implications for bone health.
Curr. Res. Med. Opin. 21(4), 579-585.

Bischoff, H.A., Stahelin, H.B., Dick, W., et al. (2003) Effects of vitamin D and calcium supplementation on falls: a
randomized controlled trial. J. Bone Miner. Res. 33, 19-24.

Bischoff-Ferrari, H.A., Dawson-Hughes, B., Willett, W.C., Staehelin, H.B., Bazemore, M.G., Zee, Y.R., and Wong,
J.B. (2004) Effect of vitamin D on falls: a meta-analysis. JAMA 291(16), 1999-2006.

Blumberg, R.W., Forbes, G.B., Fraser, D., et al. (1963) The prophylactic requirement and the toxicity of vitamin D.
Pediatrics 31, 512-525.

Park, E.A. (1940) The therapy of rickets. JAMA 15(5), 370-379.

Armas, L., Hollis, B.W., and Heaney, R.P. (2004) Vitamin D2 is much less effective than vitamin D3 in humans. J.
Clin. Endocrinol. Metab. 89(11), 5387-5391.

Trang, H., Cole, D.E., Rubin, L.A., Pierratos, A., Siu, S., and Vieth, R. (1998) Evidence that vitamin D3 increases
serum 25-hydroxyvitamin D more efficiently than does vitamin D2. Am. J. Clin. Nutr. 68, 854-858.

Krall, E.A., Wehler, C., Garcia, R.l., Harris, S.S., and Dawson-Hughes, B. (2001) Calcium and vitamin D
supplements reduce tooth loss in the elderly. Am. J. Med. 111(6), 452-456.

Vieth, R., Ladak, Y., and Walfish, P.G. (2003) Age-related changes in the 25-hydroxyvitamin D versus parathyroid
hormone relationship suggest a different reason why older adults require more vitamin D. J. Clin. Endocrinol. Metab.
88(1), 185-191.

MacLaughlin, J. and Holick, M.F. (1985) Aging decreases the capacity of human skin to produce vitamin D3. J. Clin.
Invest. 76, 1536-1538.

Lips, P., Chapuy, M.C., Dawson-Hughes, B., and Pols, H.A.P. (1995) International comparison of serum 25-
hydroxyvitamin D measurements. J. Bone Miner. Res. 10(Suppl), S49.

Sullivan, S.S., Rosen, C.J., Chen, T.C., and Holick, M.F. (2003) Seasonal Changes in Serum 25(OH)D in Adolescent
Girls in Maine. American Society of Biomedical Research, Annual Meeting (Abstr) M470. p. S407.

Clemens, T.L., Adams, J.S., Henderson, S.L., and Holick, M.F. (1982) Increased skin pigment reduces the capacity of
skin to synthesise vitamin D3. Lancet 1, 74-76.

Nesby-O’Dell, S., Scanlon, K., Cogswell, M., Gillespie, C., Hollis, B., and Looker, A. (2002) Hypovitaminosis D
prevalence and determinants among African American and white women of reproductive age: third national health
and nutrition examination survey 1988-1994. Am. J. Clin. Nutr. 76, 187-192.

Hollis, B.W., Roos, B.A., Draper, H.H., and Lambert, P.W. (1981) Vitamin D and its metabolites in human and
bovine milk. J. Nutr. 111, 1240-1248.

Johnson, J.L., Mistryl, V.V., Vukovich, M.D., Hogie-Lorenzen, T., Hollis, B.W., and Specker, B.L. (2005)
Bioavailability of vitamin D from fortified process cheese and effects on vitamin D status in the elderly. J. Dairy Sci.
88, 2295-2301.

Wasserman, R.H., Brindak, M.E., Buddle, M.M., Cai, Q., Davis, F.C., Fullmer, C.S., Gilmour, R.F., Jr., Hu, C.,
Mykkanen, H.M., and Tapper, D.N. (1990) Recent studies on the biological actions of vitamin D on intestinal
transport and the electrophysiology of peripheral nerve and cardiac muscle. Prog. Clin. Biol. Res. 332, 99-126.
Rushton, C. (1978) Vitamin D hydroxylation in youth and old age. Age Ageing 7(2), 91-95.

Hollander, D. (1981) Intestinal absorption of vitamins A, E, D, and K. J. Lab. Clin. Med. 97(4), 449-462.

Baker, M.R., Peacock, M., and Nordin, B.E. (1980) The decline in vitamin D status with age. Age Ageing 9(4), 249-
252.

Fleming, B.B. and Barrows, C.H., Jr. (1982) The influence of aging on intestinal absorption of vitamins A and D by
the rat. Exp. Gerontol. 17(2), 115-120.

Horst, R.L. and Littledike, E.T. (1982) Comparison of plasma concentrations of vitamin D and its metabolites in
young and aged domestic animals. Comp. Biochem. Physiol. 73(3), 485-489.

136



Kiraly et al.: Vitamin D as a Neuroactive Substance TheScientificWorldJOURNAL (2006) 6, 125-139

68.

69.

70.

71.
72.

73.

74.

75.
76.
77.
78.
79.
80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Onishi, T., Lee, S., Kohno, K., Morimoto, S., Imanaka, S., Kumahara, Y., Okada, Y., and Seino, Y. (1983) Aging and
vitamin D. Nippon Ronen Igakkai Zasshi 20(2), 112-115.

Thomas, M.L., Armbrecht, H.J., and Forte, L.R. (1984) Effects of long-term vitamin D deficiency and response to
vitamin D repletion in the mature and aging male and female rat. Mech. Ageing Dev. 25(1-2), 161-175.

Benhamou, C.L., Tourliere, D., and Asselin, F. (1993) Influence of aging on vitamin D metabolism. Rev. Rhum. Ed.
Fr. 60(6), 445-449.

Fujita, T. (1985) Aging and calcium as an environmental factor. J. Nutr. Sci. Vitaminol. (Tokyo) 31(Suppl), S15-19.
Garcion, E., Wion-Barbot, N., Montero-Menei, C.N., Berger, F., and Wion, D. (2002) New clues about vitamin D
functions in the nervous system. Trends Endocrinol. Metab. 13(3), 100-105.

Garcion, E., Thanh, X.D., Bled, F., Teissier, E., Dehouck, M.P., Rigault, F., Brachet, P., Girault, A., Torpier, G., and
Darcy, F. (1996) 1,25-Dihydroxyvitamin D3 regulates gamma 1 transpeptidase activity in rat brain. Neurosci. Lett.
216(3), 183-186.

Garcion, E., Sindji, L., Leblondel, G., Brachet, P., and Darcy, F. (1999) 1,25-Dihydroxyvitamin D3 regulates the
synthesis of gamma-glutamyl transpeptidase and glutathione levels in rat primary astrocytes. J. Neurochem. 73(2),
859-866.

DelLuca, H.F. and Cantorna, M.T. (2001) Vitamin D: its role and uses in immunology. FASEB J. 15, 2579-2585.
Norris, J.M. (2001) Can the sunshine vitamin shed light on type 1 diabetes? Lancet 358(9292), 1476-1478.

Lemire, J. (2000) 1,25-Dihydroxyvitamin D3-a hormone with immunomodulatory properties. Z. Rheumatol.
59(Suppl 1), 24-27.

Hein, G. and Oelzner, P. (2000) Vitamin D metabolites in rheumatoid arthritis: findings — hypotheses — consequences.
Z. Rheumatol. 59(Suppl 1), 28-32.

Huisman, A.M., White, K.P., Algra, A., Harth, M., Vieth, R., Jacobs, J.W., Bijlisma, J.W., and Bell, D.A. (2001)
Vitamin D levels in women with systemic lupus erythematosus and fibromyalgia. J. Rheumatol. 28(11), 2535-2539.
Barnes, T.C. and Bucknall, R.C. (2004) Vitamin D deficiency in a patient with systemic lupus erythematosus.
Rheumatology (Oxford) 43(3), 393-394.

Garcion, E., Nataf, S., Berod, A., Darcy, F., and Brachet, P. (1997) 1,25-Dihydroxyvitamin D3 inhibits the expression
of inducible nitric oxide synthase in rat central nervous system during experimental allergic encephalomyelitis. Brain
Res. Mol. Brain Res. 45(2), 255-267.

Garcion, E., Sindji, L., Nataf, S., Brachet, P., Darcy, F., and Montero-Menei, C.N. (2003) Treatment of experimental
autoimmune encephalomyelitis in rat by 1,25-dihydroxyvitamin D3 leads to early effects within the central nervous
system. Acta Neuropathol. (Berl.) 105(5), 438-448.

Martinelli, P., Giuliani, S., Ippoliti, M., Martinelli, A., Sforza, A., and Ferrari, S. (1993) Familial idiopathic strio-
pallido-dentate calcifications with late onset extrapyramidal syndrome. Mov. Disord. 8(2), 220-222.

Michelson, D., Stratakis, C., Hill, L., Reynolds, J., Galliven, E., Chrousos, G., and Gold, P. (1996) Bone mineral
density in women with depression. N. Engl. J. Med. 335(16), 1176-1181.

Schneider, B., Weber, B., Frensch, A., Stein, J., and Fritz, J. (2000) VitaminD in schizophrenia, major depression, and
alcoholism. J. Neural Transm. 107(7), 839-842.

Keddie, K.M. (1987) Severe depressive illness in the context of hypervitaminosis D. Br. J. Psychiatry 150, 394-396.
Stumpf, W.E. and Privette, T.H. (1989) Light, Vit-D and psychiatry: role of 1,25 dihydroxyVit-D3 (soltriol) in
etiology and therapy of seasonal affective disorder and other mental processes. Psychopharmacology (Berl.) 97(3),
285-294.

Partonen, T. (1998) Vitamin D and serotonin in winter. Med. Hypotheses 51(3), 267-268.

Lansdowne, A.T. and Provost, S.C. (1998) Vitamin D3 enhances mood in healthy subjects during winter.
Psychopharmacology (Berl.) 135(4), 319-323.

Gloth, F.M., IlI, Alan, W., and Hollis, B. (1999) Vit-D vs broad spectrum phototherapy in the treatment of seasonal
affective disorder. J. Nutr. Health Aging 3(1), 5-7.

Harris, S. and Dawson-Hughes, B. (1993) Seasonal mood changes in 250 normal women. Psychiatry Res. 49(1), 77—
87.

Dawson-Hughes, B., Harris, S.S., and Dallal, G.E. (1997) Plasma calcidiol, season and serum parathyroid hormone
concentrations in healthy elderly men and women. Am. J. Clin. Nutr. 65, 67-71.

McGrath, J. (1999) Hypothesis: is low prenatal vitamin D a risk-modifying factor for schizophrenia? Schizophr. Res.
40(3), 173-177.

Kendell, R.E. and Adams, W. (2002) Exposure to sunlight, vitamin D and schizophrenia. Schizophr. Res. 54(3), 193—
198.

Ozer, S., Ulusahin, A., Ulusoy, S., Okur, H., Coskun, T., Tuncali, T., Gogus, A., and Akarsu, A.N. (2004) Is vitamin
D hypothesis for schizophrenia valid? Independent segregation of psychosis in a family with vitamin-D-dependent
rickets type I1A. Prog. Neuropsychopharmacol. Biol. Psychiatry 28(2), 255-266.

McGrath, J. (2001) Does 'imprinting' with low prenatal vitamin D contribute to the risk of various adult disorders?
Med. Hypotheses 56(3), 367-371.

McGrath, J., Saari, K., Hakko, H., Jokelainen, J., Jones, P., Jarvelin, M.R., Chant, D., and Isohanni, M. (2004)
Vitamin D supplementation during the first year of life and risk of schizophrenia: a Finnish birth cohort study.
Schizophr. Res. 67(2-3), 237-245.

137



Kiraly et al.: Vitamin D as a Neuroactive Substance TheScientificWorldJOURNAL (2006) 6, 125-139

98.

99.

100.

101.

102.
103.

104.

105.

106.

107.

108.

109.

110.

111.

112.
113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

Mackay-Sim, A., Feron, F., Eyles, D., Burne, T., and McGrath, J. (2004) Schizophrenia, vitamin D, and brain
development. Int. Rev. Neurobiol. 59, 351-380.

Eyles, D., Brown, J., Mackay-Sim, A., McGrath, J., and Feron, F. (2003) Vitamin D3 and brain development.
Neuroscience 118(3), 641-653.

Embry, A.F., Snowden, L.R., and Vieth, R. (2000) Vit-D and seasonal fluctuations of gadolinium-enhancing magnetic
resonance imaging lesions in multiple sclerosis. Ann. Neurol. 48, 271-272.

Auer, D.P., Schmann, E.M., Kumpfel, T., Gossl, C., and Trenkwalder, C. (2000) Seasonal fluctuations of
gondolinium-enhancing magnetic resonance imaging lesions in multiple sclerosis. Ann. Neurol. 47, 276-277.
Kurtzke, J.F. (1977) Geography in multiple sclerosis. J. Neurol. 215, 1-26.

Hernan, M.A., Olek, M.J., and Ascherio, A. (1999) Geographic variation of MS incidence in two prospective studies
of US women. Neurology 53, 1711-1718.

McLeod, J.G., Hammond, S.R., and Hallpike, J.F. (1994) Epidemiology of multiple sclerosis in Australia. With NSW
and SA survey results. Med. J. Aust. 160, 117-122.

Hammond, S.R., English, D.R., and McLeod, J.G. (2000) The age-range of risk of developing multiple sclerosis:
evidence from a migrant population in Australia. Brain 123, 968-974.

Fawcett, J. and Skegg, D.C.G. (1988) Geographic distribution of MS in New Zealand: evidence from hospital
admissions and deaths. Neurology 38, 416-418.

Templer, D.1., Trent, N.H., Spencer, D.A., Trent, A., Corgiat, M.D., Mortensen, P.B., et al. (1992) Season of birth in
multiple sclerosis. Acta Neurol. Scand. 85, 107-109.

Willer, C.J., Dyment, D.A., Risch, N.J., Sadovnick, A.D., and Ebers, G.C. (2003) Twin concordance and sibling
recurrence rates in multiple sclerosis. Proc. Natl. Acad. Sci. U. S. A. 100, 12877-12882.

Wiberg, M. and Templer, D.l. (1994) Season of birth in multiple sclerosis in Sweden: replication of Denmark
findings. J. Orthomol. Med. 9, 71-74.

Kurtzke, J.F., Beebe, G.W., and Norman, J.E., Jr. (1979) Epidemiology of multiple sclerosis in US veterans: 1. race,
sex, and geographic distribution. Neurology 29, 1228-1235.

Dean, G. (1967) Annual incidence, prevalence, and mortality of multiple sclerosis in white South-African-born and in
white immigrants to South Africa. BMJ 2, 724-730.

Sadovnick, A.D. and Yee, .M. (1994) Season of birth in multiple sclerosis. Acta Neurol. Scand. 89, 190-191.

Salemi, G., Ragonese, P., Aridon, P., Reggio, A., Nicoletti, A., Buffa, D., et al. (2000) Is season of hirth associated
with multiple sclerosis? Acta Neurol. Scand. 101, 381-383.

Torrey, E.F., Miller, J., Rawlings, R., and Yolken, R.H. (2000) Seasonal birth patterns of neurological disorders.
Neuroepidemiology 19, 177-185.

Willer, C.J., Dyment, D.A., Sadovnick, A.D., Rothwell, P.M., Murray, J., Ebers, G.C., and the Canadian
Collaborative Study Group (2005) Timing of birth and risk of multiple sclerosis: population based study. BMJ
330(7483), 120.

Munger, K.L., Zhang, S.M., O’Reilly, E., Hernan, M.A., Olek, M.J., Willett, W.C., and Ascherio, A. (2004) Vitamin
D intake and incidence of multiple sclerosis. Neurology 62, 60-65.

Schwarze, S. and Leweling, H. (2005) Multiple sclerosis and nutrition. Mult. Scler. 11(1), 24-32.

Nataf, S., Garcion, E., Darcy, F., Chabannes, D., Muller, J.Y., and Brachet, P. (1996) 1,25 Dihydroxyvitamin D3
exerts regional effects in the central nervous system during experimental allergic encephalomyelitis. J. Neuropathol.
Exp. Neurol. 55(8), 904-914.

Davies, M., Kane, R., and Valentine, J. (1984) Impaired hearing in X-linked hypophosphataemic (vitamin-D-
resistant) osteomalacia. Ann. Intern. Med. 100(2), 230-232.

lkeda, K., Kusakari, J., Kobayashi, T., and Saito, Y. (1987) The effect of vitamin D deficiency on the cochlear
potentials and the perilymphatic ionized calcium concentration of rats. Acta Otolaryngol. 435(Suppl), 64-72.

Brown, J., Bianco, J.l., McGrath, J.J., and Eyles, D.W. (2003) 1,25-Dihydroxyvitamin D3 induces nerve growth
factor, promotes neurite outgrowth and inhibits mitosis in embryonic rat hippocampal neurons. Neurosci. Lett. 343(2),
139-143.

Baudet, C., Chevalier, G., Chassevent, A., Canova, C., Filmon, R., Larra, F., Brachet, P., and Wion, D. (1996) 1,25-
Dihydroxyvitamin D3 induces programmed cell death in a rat glioma cell line. J. Neurosci. Res. 46(5), 540-550.
Veenstra, T.D., Fahnestock, M., and Kumar, R. (1998) An AP-1 site in the nerve growth factor promoter is essential
for 1, 25-dihydroxyvitamin D3-mediated nerve growth factor expression in osteoblasts. Biochemistry 37(17), 5988—
5994.

Armbrecht, H.J., Boltz, M., Strong, R., Richardson, A., Bruns, M.E., and Christakos, S. (1989) Expression of
calbindin-D decreases with age in intestine and kidney. Endocrinology 125(6), 2950-2956.

Hornig, M. and Amsterdam, J.D. (2003) Prolactin, growth hormone, insulin, glucagon and parathyroid hormone.
Psychobiological and clinical implications. In Psychoneuroendocrinology — the Scientific Basis of Clinical Practice.
Wolkowitz, O.M. and Rothschild, A.J., Eds. American Psychiatric Publishing, Washington, D.C. Chap. 5; pp. 123—
125.

Ooms, M.E., Lips, P., Roos, J.C., et al. (1995) Vitamin D status and sex hormone binding globulin: determinants of
bone turnover and bone mineral density in elderly women. J. Bone Miner. Res. 10, 1177-1184.

Need, A.G., Horowitz, M., Morris, H.A., and Nordin, B.C. (2000) Vitamin D status: effects on parathyroid hormone

138



Kiraly et al.: Vitamin D as a Neuroactive Substance TheScientificWorldJOURNAL (2006) 6, 125-139

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

and 1,25-dihydroxyvitamin D in postmenopausal women. Am. J. Clin. Nutr. 71, 1577-1581.

Chapuy, M.C., Preziosi, P., Maamer, M., et al. (1997) Prevalence of Vit-D insufficiency in an adult normal
population. Osteoporos. Int. 7, 439-443.

Haden, S., Fuleihan, G.E., Angell, J.E., Cotran, N.M., and Le- Boff, M.S. (1999) Calcidiol and PTH levels in women
attending an osteoporosis program. Calcif. Tissue Int. 64, 275-279.

Peleg, S., Abruzzese, R.V., Cooper, C.W., and Gagel, R.F. (1993) Down-regulation of calcitonin gene transcription
by vitamin D requires two widely separated enhancer sequences. Mol. Endocrinol. 7(8), 999-1008.

Jehan, F., Neveu, I., Barbot, N., Binderup, L., Brachet, P., and Wion, D. (1991) MC903, an analogue of 1,25-
dihydroxyvitamin D3, increases the synthesis of nerve growth factor. Eur. J. Pharmacol. 208(2), 189-191.

Wion, D., MacGrogan, D., Neveu, I., Jehan, F., Houlgatte, R., and Brachet, P. (1991) 1,25-Dihydroxyvitamin D3 is a
potent inducer of nerve growth factor synthesis. J. Neurosci. Res. 28(1), 110-114.

Baas, D., Prufer, K., Ittel, M.E., Kuchler-Bopp, S., Labourdette, G., Sarlieve, L.L., and Brachet, P. (2000) Rat
oligodendrocytes express the vitamin D(3) receptor and respond to 1,25-dihydroxyvitamin D(3). Glia 31(1), 59-68.
Naveilhan, P., Neveu, I., Wion, D., and Brachet, P. (1996) 1,25-Dihydroxyvitamin D3, an inducer of glial cell line-
derived neurotrophic factor. Neuroreport 7(13), 2171-2175.

Naveilhan, P., Neveu, l., Baudet, C., Funakoshi, H., Wion, D., Brachet, P., and Metsis, M. (1997) 1,25-
Dihydroxyvitamin D3 regulates the expression of the low-affinity neurotrophin receptor. Brain Res. Mol. Brain Res.
44(1), 178.

Wang, J.Y., Wu, J.N., Cherng, T.L., Hoffer, B.J., Chen, H.H., Borlongan, C.V., and Wang, Y. (2001) Vitamin D3
attenuates 6-hydroxydopamine-induced neurotoxicity in rats. Brain Res. 904(1), 67-75.

Wang, Y., Chiang, Y.H., Su, T.P., Hayashi, T., Morales, M., Hoffer, B.J., and Lin, S.Z. (2000) Vitamin D3 attenuates
cortical infarction induced by middle cerebral arterial ligation in rats. Neuropharmacology 39(5), 873-880.

Brewer, L.D. et al. (2001) Vitamin D hormone confers neuroprotection in parallel with downregulation of L-type
calcium channel expression in hippocampal neurons. J. Neurosci. 21, 98-108.

Garcion, E., Sindji, L., Montero-Menei, C., Andre, C., Brachet, P., and Darcy, F. (1998) Expression of inducible nitric
oxide synthase during rat brain inflammation: regulation by 1,25-dihydroxyvitamin D3. Glia 22(3), 282-294.
Landfield, P.W. and Cadwallader-Neal, L. (1998) Long term treatment with calcitriol (1,25(OH)2 vit D3) retards a
biomarker of hippocampal aging. Neurobiol. Aging 19, 469-477.

Neveu, I., Barbot, N., Jehan, F., Wion, D., and Brachet, P. (1991) Antagonistic effects of dexamethasone and 1,25-
dihydroxyvitamin D3 on the synthesis of nerve growth factor. Mol. Cell. Endocrinol. 78(3), R1-6.

Pettifor, J.M. (2000) What is the optimal 25(OH)D level for bone in children? In Vitamin D Endocrine System:
Structural, Biological, Genetic and Clinical Aspects. Norman, A.W., Bouillon, R., and Thomasset, M., Eds.
University of California, Riverside. pp. 903-907.

Holick, M.F. (2004) Vitamin D: importance in the prevention of cancers, type | diabetes, heart disease and
osteoporosis. Am. J. Clin. Nutr. 79, 362-371.

Plehwe, W.E. (2003) Vitamin D deficiency in the 21st century: an unnecessary pandemic? Clin. Endocrinol. (Oxf.)
59, 22-24.

Johnson, K. and Kligman, E.W. (1992) Preventive nutrition: disease-specific dietary interventions for older adults.
Geriatrics 47(11), 39-40, 45-49.

Glass, A.R. and Eil, C. (1986) Ketoconazole-induced reduction in serum 1,25-dihydroxyvitamin D. J. Clin.
Endocrinol. Metab. 63(3), 766—769.

Samina Riaz, S. and Tomlinson, D.R. (2000) Pharmacological modulation of nerve growth factor synthesis: a
mechanistic comparison of vitamin D receptor and beta(2)-adrenoceptor agonists. Brain Res. Mol. Brain Res. 85(1-
2), 179-188.

Fukoka, M., Sakurai, K., Ohta, T., Kiyoki, M., and Katayama, I. (2001) Tacalcitol, an active vitamin D3, induces
nerve growth factor production in human epidermal keratinocytes. Skin Pharmacol. Appl. Skin Physiol. 14(4), 226-
233.

Berdal, A. (1992) Vitamin D: biosynthesis, metabolism and mechanism of action at the cellular level. J. Biol. Buccale
20(2), 71-83. [French]

This article should be cited as follows:

Kiraly, S.J., Kiraly, M.A.,, Hawe, R.D., and Makhani, N. (2006) Vitamin D as a neuroactive substance: review.
TheScientificWorldJOURNAL 6, 125-139. DOI 10.1100/tsw.2006.25.

139



