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Abstract:

Vitamin D is formed in human epithelial cells via photochemical synthesis and is also acquired from dietary sources. The so-called

classical effect of this vitamin involves the regulation of calcium homeostasis and bone metabolism. Apart from this, non-classical

effects of vitamin D have recently gained renewed attention. One important yet little known of the numerous functions of vitamin D

is the regulation of nervous system development and function. The neuroprotective effect of vitamin D is associated with its influ-

ence on neurotrophin production and release, neuromediator synthesis, intracellular calcium homeostasis, and prevention of oxida-

tive damage to nervous tissue. Clinical studies suggest that vitamin D deficiency may lead to an increased risk of disease of the

central nervous system (CNS), particularly schizophrenia and multiple sclerosis. Adequate intake of vitamin D during pregnancy

and the neonatal period seems to be crucial in terms of prevention of these diseases.
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Introduction

The discovery of the systemic role of vitamin D

opened a new area of research on the role of this vita-

min in the modulation of physiological and pathologi-

cal processes, as well as the prevention and treatment

of many diseases. While a number of reports exist de-

scribing the pleiotropic effects of vitamin D and its

role in the development of cardiovascular disease,

diabetes, and various cancers, less attention has been

paid to the effects of vitamin D on the development

and function of the nervous system. This paper seeks

to highlight the neuroprotective and neurohormonal

effects of this vitamin.

The physiological role and sources

of vitamin D

The major role of vitamin D in the human body is

commonly related to calcium metabolism and bone

structure, and vitamin D deficiency is associated with

the development of rickets in children and osteoporo-
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sis in adults. However, scientific evidence clearly in-

dicates that the biological importance of this vitamin

greatly exceeds these aspects. Currently, there is no

doubt that vitamin D is involved in a number of pro-

cesses, that it constitutes an important factor in main-

taining health, and that its deficiency is associated

with the development of various pathological pro-

cesses. Low levels of vitamin D are considered to be

an important factor contributing to the development

of cardiovascular diseases, metabolic syndrome and

type 2 diabetes mellitus, inflammatory or immune

disorders, as well as common cancers [8, 50, 64].

In humans, a natural source of vitamin D is its syn-

thesis in the skin upon exposure to sunlight [ultra-

violet B (UVB) radiation with a wavelength of

290–315 nm]. The level of exposure to sunlight deter-

mines the rate of synthesis of vitamin D in the skin.

This depends on such environmental factors as geo-

graphic latitude, season, time of day, cloud coverage

as well as personal characteristics, such as skin pig-

mentation, age, clothing, typical amount of time spent

outdoors, and the use of anti-UV protection. Low ex-

posure to sunlight is associated with a low rate of vita-

min D biosynthesis. However, excessive exposure

does not result in a further increase in synthesis of vi-

tamin D due to its rapid photodegradation into a vari-

ety of biologically inactive photoproducts [29, 68].

Vitamin D is also obtained from the diet. The main

dietary sources of cholecalciferol are fatty fish (such

as eel, herring, salmon, mackerel), fish oil, and egg

yolk, as well as margarines and other products forti-

fied with vitamin D. The presence of vitamin D in

foods other than these is limited.

A specific protein that binds vitamin D, vitamin D

binding protein (DBP), transfers it through the circu-

latory system primarily to the liver, where the first

step in the metabolic activation of vitamin D takes

place. This involves the enzymatic hydroxylation

of carbon 25. The resulting 25-hydroxyvitamin D

(25(OH)D) is the main circulating metabolite of vita-

min D, with a typical half life of 2 to 3 weeks. This is

why the level of 25(OH)D is considered to be an indi-

cator of vitamin D status in the body. Next, 25(OH)D

is transported to the kidneys (and to some other tis-

sues, e.g., the skin, and cells of the immune system),

where calcitriol (1a,25-(OH)2D3) is formed via the

enzyme 1a- hydroxylase (CYP27B1). This is a bio-

logically active form of vitamin D3, considered a hor-

mone. Calcitriol molecules are transported to the cells

of various organs, where they influence a number of

biological processes by activating receptors for the

active form of vitamin D. Moreover, some organs

have the ability to produce locally the steroid hor-

mone 1a,25-(OH)2D, which generates cell-specific ac-

tions, e.g., proliferation, differentiation or immune

regulation [57].

Action mechanism of vitamin D

An active metabolite of vitamin D, 1,25-dihydroxy-

cholecalciferol, affects target cell function by regulat-

ing gene expression and via non-genomic action. In

the former, an intracellular vitamin D receptor (VDR),

belonging to the family of nuclear receptors, acts as

a transcription factor, modifying the expression of

a number of genes associated with various metabolic

pathways [66]. The other, non-genomic effect of

1,25-(OH)2D3 involves membrane-associated rapid

response steroid-binding (MARRS) receptors for vita-

min D located in plasma membrane caveolae [38, 49].

Via these receptors, the hormonal form of vitamin D

regulates cytosolic calcium concentration by releasing

calcium (Ca2+) ions from intracellular stores and the

influx of calcium ions through calcium channels. It

also affects the activity of phospholipase C (PLC),

adenylate cyclase as well as Raf and MAP kinase

pathways [18, 65]. Vitamin D receptors have been

found in cells of various tissues, not only those di-

rectly responsible for calcium metabolism. These in-

clude pancreas b cells, stomach cells, the ovaries, the

testes, the thymus, white blood cell precursors, para-

thyroid tissue, and brain cells [50]. These findings in-

dicate an important role for these receptors, and for

vitamin D itself, in regulating various metabolic pro-

cesses, and underscore the vitamin’s pleiotropic ef-

fects.

The vitamin D receptor gene (VDR) is located on

the long arm of chromosome 12 (12q13.1), and has

several polymorphisms, for example FokI, BsmI,

Tru9I, EcoRV, ApaI, TaqI, and Cdx2, which might

have biological effects resulting in susceptibility to

different diseases. Currently, data are available de-

scribing an association between VDR gene variants

and risk of diabetes, cancer (cancer of the prostate,

colon), osteoporosis, autoimmune disorders (lupus,

cirrhosis, hepatitis, Crohn’s disease, Graves’ disease),

and kidney diseases [62, 63]. Specific VDR polymor-
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phisms have also been considered as possible risk fac-

tors for developing schizophrenia as well as multiple

sclerosis, but this relation still awaits confirmation

[26, 33, 42].

The neuroprotective effects of vitamin D

There is evidence indicating the role of vitamin D in

regulating the development and function of nerve

cells and the potential ramifications of vitamin D defi-

ciency in this respect.

The involvement of vitamin D in the function of

the central nervous system is supported by the pres-

ence of the enzyme 25(OH)D3-1a-hydroxylase, re-

sponsible for the formation of the active form of vita-

min D, as well as the presence of vitamin D receptors

in the brain, mainly in the hypothalamus and dopa-

minergic neurons of the substantia nigra [17]. Vitamin

D is believed to play a similar role to that of neu-

rosteroids. Due to its interaction with the MARRS re-

ceptors, the hormonal form of vitamin D affects vari-

ous intracellular metabolic pathways [38, 49]. Moreo-

ver, the enzyme 1a-hydroxylase and the nuclear

VDRs are also present in the microglia, i.e., non-

neuronal cells of the central nervous system (CNS).

This suggests both autocrine and paracrine effects for

calcitriol on nerve cells [4].

The influence of the active form of vitamin D on

the nervous system is associated with modifying the

production and release of neurotrophic factors such as

nerve growth factor (NGF), which is essential for

neuron differentiation, as well as increasing the levels

of glial cell line-derived neurotrophic factor (GDNF).

In addition, vitamin D has been shown to significantly

increase the rate of neurite outgrowth when added to

hippocampal explants [4]. Moreover, 1,25-(OH)2 D3 is

an important factor modifying the synthesis of such

neuromediators as acetylcholine via increased gene ex-

pression of the enzyme choline acetyltransferase (CAT)

[24, 60]. Vitamin D has also been found to affect the

expression of genes associated with GABA-ergic neu-

rotransmission [22] and to stimulate the expression of

tyrosine hydroxylase (TH), responsible for catechola-

mine biosynthesis [52, 56].

The neuroprotective role of vitamin D3 involves the

synthesis of proteins binding calcium (Ca2+) ions

(e.g., parvoalbumin) and thus maintaining cellular

calcium homeostasis, which is very important for

brain cell function [9, 20, 61]. Moreover, 1,25-

(OH)2D3 administration was shown to down-regulate

L-type voltage-sensitive Ca2+ channel expression in

rat hippocampal cultures. This indicates the protective

effect of the hormonal form of vitamin D on the brain

via a reduction in the influx of calcium ions into neu-

rons [3]. It has also been shown, based on studies on

immature rats, that vitamin D modulates L-type cal-

cium channel opening via nongenomic effects

through various kinase pathways and enzyme activi-

ties in the cerebral cortex [70]. It is worth emphasiz-

ing that maintaining the appropriate level of calcium

ions in nerve cells is especially important for their

normal function. Physiologically, an increase in cal-

cium (Ca2+) ions in nerve cells contributes to an in-

creased release of glutamic and asparaginic acids that

stimulate the N-methyl-D-aspartate (NMDA) recep-

tors to open the calcium channels, which results in

nerve cell depolarization and increased influx of Ca2+

ions through the voltage-dependent calcium channels.

Increased levels of these ions in cytosol lead to the fu-

sion of synaptic vesicles with the presynaptic mem-

brane and the release of transmitters. Excess calcium

in nerve cells can contribute to excitotoxicity because

it leads to an increased release of stimulating amino

acids and other neurotransmitters, the activation of ni-

tric oxide synthase (NOS), and the formation of reac-

tive oxygen species (ROS), as well as the activation

of proteases and lipases, leading to plasmic and mito-

chondrial membrane damage. A disruption in calcium

ion transport and high calcium levels triggers the ara-

chidonic acid cascade and enhances lipid peroxidation

[11].

Vitamin D also stimulates the influx of Ca2+ ions

through store-operated calcium entry (SOCE) chan-

nels, located in cells such as skeletal muscle cells or

lymphocytes. This involves stromal interaction mole-

cule (STIM) proteins that play the role of calcium

level sensors in these cells and regulate the SOCE

process [40, 65]. Recently published data by Grusz-

czyñska-Biega³a et al. [25] indicate that neurons re-

plenish their internal calcium stores with this mecha-

nism. It has not been established yet whether vitamin

D’s involvement in the regulation of these recently

discovered paths of calcium influx extends to the

nerve cells.

Rat neuron culture studies showed that 1,25-

(OH)2D3 increases glutathione levels in these cells.

The reduced form of glutathione (GSH), supplied into

nerve cells by astrocytes, is a fundamental antioxidant

Pharmacological Reports, 2013, 65, 271�278 273

Vitamin D and CNS
Ma³gorzata Wrzosek et al.



protecting cells against ROS and apoptosis caused by

oxidation. This suggests an important neuroprotective

effect for the active form of vitamin D3, by counter-

acting oxidative damage to the CNS [27, 58]. In addi-

tion, vitamin D inhibits the synthesis of inducible ni-

tric oxide synthase (iNOS). In a hypoxic environment,

this enzyme becomes activated in neurons, which

yields a substantial amount of nitric oxide (NO), high

levels of which initiate a cascade of neurotoxicity and

neuron death. This is due to the fact that NO is a pre-

cursor of peroxynitrite ONOO� �, which in turn leads

to the deactivation of a series of enzymes by reacting,

for example, with sulfhydryl (-SH) groups as well as

by injuring mitochondria and disturbing cellular en-

ergy processes [51, 54]. As an iNOS inhibitor, vita-

min D protects the brain from peroxynitrite-mediated

neuronal damage. Limiting this enzyme’s activity

may play a role in nerve tissue protection from such

neurodegenerative conditions as Parkinson’s, Alz-

heimer’s, or Huntington’s disease [61].

The results of many studies suggest an impact of

vitamin D on immune system function as well as on

the development of inflammation. Suppressive effects

of calcitriol on interferon g (IF-g) or interleukin-2

(IL-2) production by stimulating the synthesis of

interleukin-10 (IL-10), also known as the cytokine

synthesis inhibitory factor (CSIF), have been demon-

strated [1, 13, 50]. Additionally, administration of

1,25(OH)2D3 was shown to inhibit the production of

tumor necrosis factor-a, interleukin-6, and NO in the

EOC13 microglial cell line, indicating direct anti-

inflammatory properties for calcitriol on microglia

[41]. At the same time, depression and autoimmune

diseases, including multiple sclerosis, are believed to

be associated with overproduction of pro-inflammatory

cytokines that disrupt normal brain cell metabolism.

Thus, vitamin D, with its immunomodulating effects,

may decrease the risk of these processes [20].

There has been growing interest in the potential ef-

fect of calcitriol on human glioma cells. Induction of

steroidogenic genes by vitamin D was observed in hu-

man GI-1 cells [69]. In glioblastoma multiforme

(GBM) cell lines (Tx3095, Tx3868, U87, U118,

U373), no influence of vitamin D3 on cell growth

regulation was found indicating resistance of these

cells against antiproliferative effect of calcitriol [53].

However, multidirectional action of calcitriol in glio-

blastoma multiforme, depending on cell environment,

and possibly depending on the various molecular pro-

files involved in metabolizing vitamin D3, was sug-

gested [10]. Therefore, the potential role of vitamin D

in human glioma therapeutical concept is still under

discussion.

Vitamin D as a neurohormone

Animal studies have shown that vitamin D deficiency

may increase the risk of brain dysfunction. It was re-

ported that vitamin D deficiency significantly affects

brain cell differentiation and proliferation during the

neonatal period. The timing of correction of vitamin

D intake and levels was found to influence persistence

of some of these changes and animal behavior [for re-

view see 16]. At this point, it is worth mentioning the

studies by Harms et al. [28] conducted on rat dams

fed a diet depleted in vitamin D and exposed to no

UVB radiation for 6 weeks prior to conception, and

then throughout the entire pregnancy. Ten weeks after

birth and already receiving a diet enriched with vita-

min D, the young rats underwent a series of behav-

ioral tests that measured social behaviors, anxiety lev-

els, behavior during a forced swimming test, and mo-

tor activity. In comparison to control animals, those

deprived of vitamin D during the prenatal period were

shown to exhibit a more pronounced hyperlocomotor

behavior after being introduced to a new environ-

ment. The symptoms observed in these animals are

consistent with animal models of schizophrenia. This

is supported by a positive response to antipsychotic

drugs (haloperidol) in enhanced locomotor activity in-

duced by developmental vitamin D (DVD) depletion,

as demonstrated by Kesby et al. [37]. In a similar

study, conducted by Fernandes de Abreu et al. [21],

the offspring of dams fed a diet deficient in vitamin D

underwent an olfactory learning test. In comparison to

control animals, the mice with DVD deficiency ex-

hibited learning disability at week 30 after birth.

Moreover, magnetic resonance imaging scans re-

vealed that the cerebral lateral ventricles were re-

duced in size (which is, in fact, inconsistent with re-

ports of an increased lateral ventricular volume in pa-

tients with schizophrenia). Furthermore, a significant

loss in hippocampal volume in DVD-deficient mice

was observed as late as at week 70 after birth. This

confirms the hypothesis that the effect of vitamin D

on brain function takes place mainly at the molecular,
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rather than cellular, level. The authors suggest that the

learning disability found in the tested animals may be

a result of vitamin D deficiency altering the expres-

sion of factors involved in neurotransmission and syn-

aptic plasticity.

In 1999, McGrath stipulated that low prenatal vita-

min D (especially during the third trimester) may be

a risk factor for development of schizophrenia in off-

spring [47]. This assumption was based on the fact

that the majority of people who develop this condition

were born in winter or spring, i.e., in the period when

there is typically insufficient sun exposure to induce

vitamin D3 synthesis in the skin. Among those suffer-

ing from schizophrenia, a relatively large proportion

is made up of people of dark complexion who have

migrated to regions of high latitude, as well as people

who live in great metropolises, where the duration of

sun exposure and outdoor activity are limited by life-

style [27, 47]. Studies in African Americans showed

a relationship between low levels of vitamin D in

mothers during the third trimester of pregnancy and

an increased risk of schizophrenia in their children

[46]. Similarly, a lack of vitamin D supplementation

during the first year of life in Finnish boys correlated

with an increased risk of developing schizophrenia

[44]. However, both low and high concentrations of

neonatal vitamin D in Danish studies were associated

with an increased risk of schizophrenia [45].

Apart from risk of schizophrenia, there is evidence,

coming from human studies, linking vitamin D defi-

ciency to increased risk of developing major depres-

sion [35]. The US NHANES III study, conducted in

7,970 subjects aged 15 through 39, showed that the

risk of depression was higher in those with low vita-

min D levels [23]. Moreover, in studies by May et al.

[43] involving 7,358 subjects with cardiovascular dis-

ease (coronary artery disease, myocardial infarction,

congestive heart failure, stroke, atrial fibrillation, or

peripheral vascular disease), low levels of vitamin D

were associated with episodes of depression. In

a similar study, conducted in a group of elderly sub-

jects (65–95 years old), the severity of depression also

correlated with low serum 25(OH)D levels [31].

Clinical studies indicate a possible association of

vitamin D deficiency with the development of Alz-

heimer’s and Parkinson’s diseases [12, 14, 20, 61]. In

addition, poor vitamin D status has been implicated in

the pathogenesis of dementias [5, 19]. It has been

shown that 25(OH)D insufficiency (£ 20 ng/ml) was

associated with a higher risk of all-cause dementia

(AD, stroke with dementia, and other) [5]. Recently, it

has been demonstrated that vitamin D modulates pro-

gesterone protection of the brain from traumatic in-

jury. The protective effect of progesterone was re-

duced in vitamin D deficient animals, and combined

vitamin D and progesterone therapy, more effectively

than progesterone alone, increased the extent to which

spatial and reference memory were safeguarded fol-

lowing bilateral contusions of the medial frontal cor-

tex [32]. These findings correspond to data reporting

that vitamin D induces progesterone synthesis and

progesterone-responsive gene expression in cell cul-

tures [69]. This and other lines of evidence suggest

that vitamin D treatment might be critically important

for preserving neurocognitive functions among the

elderly. However, this hypothesis is still under discus-

sion and need to be confirmed by larger studies.

Moreover, a small pilot study investigating vitamin

D deficiency and seizure control in epilepsy found

that administration of vitamin D3 in patients with

pharmacoresistant epilepsy, and with low (< 30 ng/ml)

serum 25(OH)D level, resulted in a median seizure

number reduction of 40% [30]. Animal studies also

support an anticonvulsant effect for vitamin D, as ad-

ministration of cholecalciferol enhances the anticon-

vulsant effect of conventional antiepileptic drugs [2],

and increased seizure severity was present in vitamin

D receptor knockout mice [36].

Adequate vitamin D supply may also lower the risk

of multiple sclerosis (MS). This chronic demyelinat-

ing disease of the central nervous system leads to

multifocal nervous tissue damage (axonal demyelina-

tion and disintegration) that may lead to spasticity and

motor weakness. Seasonal vitamin D deficiency was

observed to lead to symptom exacerbation [59]. On

the other hand, it was found that physical activity sec-

ondary to outdoor exercise and sunlight exposure in

patients with relapsing-remitting MS was positively

correlated with 25(OH)D serum levels which were

higher than in inactive MS patients [67]. In addition,

patients with established MS and lower vitamin D

levels are at higher risk for subsequent relapse [7, 48].

The influence of high treatment doses of vitamin D on

MS patients was also studied. Twelve patients in an

active phase of multiple sclerosis were given progres-

sively increasing doses of vitamin D3: from 700 to

7,000 µg/week (from 28,000 to 280,000 IU/week)

along with 1,200 mg elemental Ca/day [39]. After

28-weeks of treatment, the number of gadolinium-

enhancing lesions per patient (assessed with a nuclear
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magnetic resonance brain scan) was found to decrease

significantly. It has been postulated that the neuropro-

tective effects of vitamin D3 and its impact on the im-

mune system may inhibit processes that lead to CNS

damage, or act indirectly by activating restorative

processes [7].

Conclusion

Adequate vitamin D status may play a very important

role in terms of appropriate brain development and

function [15, 22]. Therefore, adequate supply of vita-

min D in specific periods of life, including the prena-

tal period, seems to be of particular importance, be-

cause it may reduce the risk of CNS diseases whose

treatment is difficult and which represent a heavy bur-

den both for the affected individuals and their society

[6]. What becomes particularly important in light of

these reports is continued study of the effects of vita-

min D3 on CNS function aimed at establishing a rec-

ommendation of vitamin D dietary intake, which is

a key element in averting its deficiency, and making

tests determining serum 25(OH)D concentration [34,

55] generally available.

Acknowledgment:

This work was supported by the Polish Ministry of Science and
Higher Education (MNiSW) grant No. NN 405 357 239.

References:

1. Bartels LE, Jørgensen SP, Agnholt J, Kelsen J, Hvas CL,

Dahlerup JF: 1,25-Dihydroxyvitamin D3 and dex-

amethasone increase interleukin-10 production in CD4+

T cells from patients with Crohn’s disease. Int Immuno-

pharmacol, 2007, 7, 1755–1764.

2. Borowicz KK, Morawska M, Furmanek-Karwowska K,

Luszczki JJ, Czuczwar SJ: Cholecalciferol enhances the

anticonvulsant effect of conventional antiepileptic drugs

in the mouse model of maximal electroshock. Eur

J Pharmacol, 2007, 573, 111–115.

3. Brewer LD, Thibault V, Chen KC, Langub MC, Land-

field PW, Porter NM: Vitamin D hormone confers neuro-

protection in parallel with downregulation of L-type cal-

cium channel expression in hippocampal neurons. J Neu-

rosci, 2001, 21, 98–108.

4. Brown J, Bianco JI, McGrath JJ, Eyles DW: 1,25-

Dihydroxyvitamin D3 induces nerve growth factor, pro-

motes neurite outgrowth and inhibits mitosis in embry-

onic rat hippocampal neurons. Neurosci Lett, 2003, 343,

139–143.

5. Buell JS, Dawson-Hughes B, Scott TM, Weiner DE,

Dallal GE, Qui WQ, Bergethon P et al.:

25-Hydroxyvitamin D, dementia, and cerebrovascular

pathology in elders receiving home services. Neurology,

2010, 74, 18–26.

6. Chaudhuri A: Why we should offer routine vitamin D

supplementation in pregnancy and childhood to prevent

multiple sclerosis. Med Hypotheses, 2005, 64, 608–618.

7. Correale J, Ysrraelit MC, Gaitán MI: Immunomodula-

tory effects of vitamin D in multiple sclerosis. Brain,

2009, 132, 1146–1160.

8. De Luca HF: Overview of general physiologic features

and functions of vitamin D. Am J Clin Nutr, 2004, 80,

1689–1696.

9. de Viragh PA, Haglid KG, Celio MR: Parvalbumin in-

creases in the caudate putamen of rats with vitamin D

hypervitaminosis. Proc Natl Acad Sci USA, 1989, 86,

3887–3890.

10. Diesel B, Radermacher J, Bureik M, Bernhardt R, Seifert

M, Reichrath J, Fischer U, Meese E: Vitamin D3 metabo-

lism in human glioblastoma multiforme: functionality of

CYP27B1 splice variants, metabolism of calcidiol, and ef-

fect of calcitriol. Clin Cancer Res, 2005, 11, 5370–5380.

11. Dong XX, Wang Y, Qin ZH: Molecular mechanisms of

excitotoxicity and their relevance to pathogenesis of neu-

rodegenerative diseases. Acta Pharmacol Sin, 2009, 30,

379–387.

12. Dursun E, Gezen-Ak D, Yilmazer S: A novel perspective

for Alzheimer’s disease: Vitamin D receptor suppression

by amyloid-b and preventing the amyloid-b induced al-

terations by vitamin D in cortical neurons. J Alzheimers

Dis, 2011, 23, 207–219.

13. Dusso AS, Brown AJ, Slatopolsky E: Vitamin D. Am

J Physiol Renal Physiol, 2005, 289, F8–28.

14. Evatt ML, Delong MR, Khazai N, Rosen A, Triche S,

Tangpricha V: Prevalence of vitamin D insufficiency in

patients with Parkinson disease and Alzheimer disease.

Arch Neurol, 2008, 65, 1348–1352.

15. Eyles D, Burne T, McGrath J: Vitamin D in fetal brain

development. Semin Cell Dev Biol, 2011, 22, 629–636.

16. Eyles DW, Burne TH, McGrath JJ: Vitamin D, effects on

brain development, adult brain function and the links be-

tween low levels of vitamin D and neuropsychiatric dis-

ease. Front Neuroendocrinol, 2013, 34, 47-64.

17. Eyles DW, Smith S, Kinobe R, Hewison M, McGrath JJ:

Distribution of the vitamin D receptor and 1a-hydroxylase

in human brain. J Chem Neuroanat, 2005, 29, 21–30.

18. Falkenstein E, Tillmann HC, Christ M, Feuring M,

Wehling M: Multiple actions of steroid hormones –

a focus on rapid, nongenomic effects. Pharmacol Rev,

2000, 52, 513–556.

19. Farid K, Volpe-Gillot L, Petras S, Plou C, Caillat-

Vigneron N, Blacher J: Correlation between serum

25-hydroxyvitamin D concentrations and regional cere-

bral blood flow in degenerative dementia. Nucl Med

Commun, 2012, 33, 1048–1052.

20. Fernandes de Abreu DA, Eyles D, Féron F: Vitamin D,

a neuro-immunomodulator: implications for neurodegen-

276 Pharmacological Reports, 2013, 65, 271�278



erative and autoimmune diseases. Psychoneuroendocri-

nology, 2009, 34, 265–277.

21. Fernandes de Abreu DA, Nivet E, Baril N, Khrestcha-

tisky M, Roman F, Féron F: Developmental vitamin D

deficiency alters learning in C57Bl/6J mice. Behav Brain

Res, 2010, 208, 603–608.

22. Féron F, Burne TH, Brown J, Smith E, McGrath JJ,

Mackay-Sim A, Eyles DW: Developmental vitamin D3

deficiency alters the adult rat brain. Brain Res Bull,

2005, 65, 141–148.

23. Ganji V, Milone C, Cody MM, McCarty F, Wang YT:

Serum vitamin D concentrations are related to depression

in young adult US population: the Third National Health

and Nutrition Examination Survey. Int Arch Med, 2010,

11, 3–29.

24. Garcion E, Wion-Barbot N, Montero-Menei CN, Berger

F, Wion D: New clues about vitamin D functions in the

nervous system. Trends Endocrinol Metab, 2002, 13,

100–105.

25. Gruszczynska-Biegala J, Pomorski P, Wisniewska MB,

Kuznicki J: Differential roles for STIM1 and STIM2 in

store-operated calcium entry in rat neurons. PLoS One,

2011, 6, e19285.

26. Handoko HY, Nancarrow DJ, Mowry BJ, McGrath JJ:

Polymorphisms in the vitamin D receptor and their asso-

ciations with risk of schizophrenia and selected anthro-

pometric measures. Am J Hum Biol, 2006, 18, 415–417.

27. Harms LR, Burne TH, Eyles DW, McGrath JJ: Vitamin

D and the brain. Best Pract Res Clin Endocrinol Metab,

2011, 25, 657–669.

28. Harms LR, Eyles DW, McGrath JJ, Mackay-Sim A,

Burne TH: Developmental vitamin D deficiency alters

adult behaviour in 129/SvJ and C57BL/6J mice. Behav

Brain Res, 2008, 187, 343–350.

29. Holick MF: The vitamin D epidemic and its health con-

sequences. J Nutr, 2005, 135, 2739S–2748S.

30. Holló A, Clemens Z, Kamondi A, Lakatos P, Szûcs A:

Correction of vitamin D deficiency improves seizure

control in epilepsy: a pilot study. Epilepsy Behav, 2012,

24, 131–133.

31. Hoogendijk WJ, Lips P, Dik MG, Deeg DJ, Beekman

AT, Penninx BW: Depression is associated with de-

creased 25-hydroxyvitamin D and increased parathyroid

hormone levels in older adults. Arch Gen Psychiatry,

2008, 65, 508–512.

32. Hua F, Reiss JI, Tang H, Wang J, Fowler X, Sayeed I,

Stein DG: Progesterone and low-dose vitamin D hor-

mone treatment enhances sparing of memory following

traumatic brain injury. Horm Behav, 2012, 61, 642–651.

33. Huang J, Xie ZF: Polymorphisms in the vitamin D re-

ceptor gene and multiple sclerosis risk: a meta-analysis

of case-control studies. J Neurol Sci, 2012, 313, 79–85.

34. Huh SY, Gordon CM: Vitamin D deficiency in children

and adolescents: epidemiology, impact and treatment.

Rev Endocr Metab Disord, 2008, 9, 161–170.

35. Jamilian H, Bagherzadeh K, Nazeri Z, Hassanijirdehi M:

Vitamin D, parathyroid hormone, serum calcium and

phosphorus in patients with schizophrenia and major de-

pression. Int J Psychiatry Clin Pract, 2013, 17, 30–34.

36. Kalueff AV, Minasyan A, Keisala T, Kuuslahti M, Mietti-

nen S, Tuohimaa P: Increased severity of chemically in-

duced seizures in mice with partially deleted vitamin D

receptor gene. Neurosci Lett, 2006, 394, 69–73.

37. Kesby JP, Burne TH, McGrath JJ, Eyles DW: Develop-

mental vitamin D deficiency alters MK 801-induced hy-

perlocomotion in the adult rat: an animal model of

schizophrenia. Biol Psychiatry, 2006, 60, 591–596.

38. Khanal RC, Peters TM, Smith NM, Nemere I: Mem-

brane receptor-initiated signaling in 1,25(OH)2D3-stim-

ulated calcium uptake in intestinal epithelial cells. J Cell

Biochem, 2008, 105, 1109–1116.

39. Kimball SM, Ursell MR, O’Connor P, Vieth R: Safety of

vitamin D3 in adults with multiple sclerosis. Am J Clin

Nutr, 2007, 86, 645–651.

40. Kiviluoto S, Decuypere JP, De Smedt H, Missiaen L,

Parys JB, Bultynck G: STIM1 as a key regulator for

Ca2+ homeostasis in skeletal-muscle development and

function. Skelet Muscle, 2011, 4, 1–16.

41. Lefebvre d’Hellencourt C, Montero-Menei CN, Bernard

R, Couez D : Vitamin D3 inhibits proinflammatory cyto-

kines and nitric oxide production by the EOC13 micro-

glial cell line. J Neurosci Res, 2003, 71, 575–582.

42. Mackay-Sim A, Féron F, Eyles D, Burne T, McGrath J:

Schizophrenia, vitamin D, and brain development. Int

Rev Neurobiol, 2004, 59, 351–380.

43. May HT, Bair TL, Lappé DL, Anderson JL, Horne BD,

Carlquist JF, Muhlestein JB: Association of vitamin D

levels with incident depression among a general cardio-

vascular population. Am Heart J, 2010, 159, 1037–1043.

44. McGrath J: Hypothesis: is low prenatal vitamin D

a risk-modifying factor for schizophrenia? Schizophr

Res, 1999, 40, 173–177.

45. McGrath J, Eyles D, Mowry B, Yolken R, Buka S: Low

maternal vitamin D as a risk factor for schizophrenia:

a pilot study using banked sera. Schizophr Res, 2003, 63,

73–78.

46. McGrath JJ, Eyles DW, Pedersen CB, Anderson C, Ko P,

Burne TH, Norgaard-Pedersen B et al.: Neonatal vitamin

D status and risk oof schizophrenia: a population-based

case-control study. Arch Gen Psychiatry, 2010, 67,

889–894.

47. McGrath J, Saari K, Hakko H, Jokelainen J, Jones P,

Järvelin MR, Chant D, Isohanni M: Vitamin D supple-

mentation during the first year of life and risk of schizo-

phrenia: a Finnish birth cohort study. Schizophr Res,

2004, 67, 237–245.

48. Mowry EM. Vitamin D: evidence for its role as a prog-

nostic factor in multiple sclerosis. J Neurol Sci, 2011,

311, 19–22.

49. Nemere I, Garbi N, Hämmerling GJ, Khanal RC: Intesti-

nal cell calcium uptake and the targeted knockout of the

1,25D3-MARRS (membrane-associated, rapid response

steroid-binding) receptor/PDIA3/Erp57. J Biol Chem,

2010, 285, 31859–31866.

50. Norman AW: From vitamin D to hormone D: fundamen-

tals of the vitamin D endocrine system essential for good

health. Review. Am J Clin Nutr, 2008, 88, 491S–499S.

51. Pannu R, Singh I: Pharmacological strategies for the

regulation of inducible nitric oxide synthase: neurode-

generative versus neuroprotective mechanisms. Neuro-

chem Int, 2006, 49, 170–182.

Pharmacological Reports, 2013, 65, 271�278 277

Vitamin D and CNS
Ma³gorzata Wrzosek et al.



52. Puchacz E, Stumpf WE, Stachowiak EK, Stachowiak

MK: Vitamin D increases expression of the tyrosine hy-

droxylase gene in adrenal medullary cells. Brain Res

Mol Brain Res, 1996, 36, 193–196.

53. Reichrath S, Müller CS, Gleissner B, Pfreundschuh M,

Vogt T, Reichrath J: Notch- and vitamin D signaling in

1,25(OH)2D3-resistant glioblastoma multiforme (GBM)

cell lines. J Steroid Biochem Mol Biol, 2010, 121,

420–424.

54. Robin E, Derichard A, Vallet B, Hassoun SM, Neviere

R: Nitric oxide scavenging modulates mitochondrial dys-

function induced by hypoxia/reoxygenation. Pharmacol

Rep, 2011, 63, 1189–1194.

55. Rovner AJ, O’Brien KO: Hypovitaminosis D among

healthy children in the United States: a review of the cur-

rent evidence. Arch Pediatr Adolesc Med, 2008, 162,

513–519.

56. Sanchez B, Relova JL, Gallego R, Ben-Batalla I, Perez-

Fernandez R: 1,25-Dihydroxyvitamin D3 administration

to 6-hydroxydopamine-lesioned rats increases glial cell

line-derived neurotrophic factor and partially restores ty-

rosine hydroxylase expression in substantia nigra and

striatum. J Neurosci Res, 2009, 87, 723–732.

57. Schuster I: Cytochromes P450 are essential players in

the vitamin D signaling system. Biochim Biophys Acta,

2011, 1814, 186–199.

58. Shinpo K, Kikuchi S, Sasaki H, Moriwaka F, Tashiro K:

Effect of 1,25-dihydroxyvitamin D3 on cultured mesen-

cephalic dopaminergic neurons to the combined toxicity

caused by L-buthionine sulfoximine and 1-methyl-4-

phenylpyridine. J Neurosci Res, 2000, 62, 374–382.

59. Smolders J, Damoiseaux J, Menheere P, Hupperts R: Vi-

tamin D as an immune modulator in multiple sclerosis,

a review. J Neuroimmunol, 2008, 194, 7–17.

60. Sonnenberg J, Luine VN, Krey LC, Christakos S: 1,25-

Dihydroxyvitamin D3 treatment results in increased cho-

line acetyltransferase activity in specific brain nuclei.

Endocrinology, 1986, 118, 1433–1439.

61. Tuohimaa P, Keisala T, Minasyan A, Cachat J, Kalueff

A: Vitamin D, nervous system and aging. Psychoneuro-

endocrinology, 2009, 34, Suppl 1, 278–286.

62. Uitterlinden AG, Fang Y, Van Meurs JB, Pols HA, Van

Leeuwen JP: Genetics and biology of vitamin D receptor

polymorphisms. Gene, 2004, 338, 143–56.

63. Valdivielso JM, Fernandez E: Vitamin D receptor polymor-

phisms and diseases. Clin Chim Acta, 2006, 371, 1–12.

64. Van der Schueren BJ, Verstuyf A, Mathieu C: Straight

from D-Heart: vitamin D status and cardiovascular dis-

ease. Curr Opin Lipidol, 2012, 23, 17–23.

65. Vazquez G, de Boland AR, Boland RL: 1a,25-Dihy-

droxy-vitamin-D3-induced store-operated Ca2+ influx in

skeletal muscle cells. Modulation by phospholipase C,

protein kinase C, and tyrosine kinases. J Biol Chem,

1998, 273, 33954–33960.

66. Wang TT, Tavera-Mendoza LE, Laperriere D, Libby E,

MacLeod NB, Nagai Y, Bourdeau V et al.: Large-scale in

silico and microarray-based identification of direct 1,25-

dihydroxyvitamin D3 target genes. Mol Endocrinol,

2005, 19, 2685–2695.

67. Waschbisch A, Wenny I, Tallner A, Schwab S, Pfeifer K,

Mäurer M: Physical activity in multiple sclerosis: a com-

parative study of vitamin D, brain-derived neurotrophic

factor and regulatory T cell populations. Eur Neurol,

2012, 68, 122–128.

68. Webb AR: Who, what, where and when - influences on

cutaneous vitamin D synthesis. Prog Biophys Mol Biol,

2006, 92, 17–25.

69. Yagishita T, Kushida A, Tamura H: Vitamin D3 enhances

all-trans retinoic acid (ATRA)-mediated neurosteroid

biosynthesis in human glioma GI-1 cells. J Biochem

2012, 152, 285–292.

70. Zanatta L, Goulart PB, Gonçalves R, Pierozan P,

Winkelmann-Duarte EC, Woehl VM, Pessoa-Pureur R

et al.: 1a,25-Dihydroxyvitamin D3 mechanism of action:

Modulation of L-type calcium channels leading to cal-

cium uptake and intermediate filament phosphorylation

in cerebral cortex of young rats. Biochim Biophys Acta,

2012, 1823, 1708–1719.

Received: April 17, 2012; in the revised form: October 8, 2012;
accepted: November 2, 2012.

278 Pharmacological Reports, 2013, 65, 271�278


	267	Dr. Gert Schulze, M.D. (1941Œ2013). In memoriam.
	Helmut Coper, Krystyna Ossowska, Hans Rommelspacher
	271	Review Œ Vitamin D and the central nervous system.
	Ma³gorzata Wrzosek, Jacek £ukaszkiewicz, Micha³ Wrzosek, Andrzej Jakubczyk, Halina Matsumoto, Pawe³ Pi¹tkiewicz, Maria Radziwoñ-Zaleska, Marcin Wojnar, Gra¿yna Nowicka

	279	Review Œ Fever development in neuroleptic malignant syndrome during treatment with olanzapine and clozapine.
	Anna Szota, Ewa Og³odek, Aleksander Araszkiewicz

	288	Review Œ Oxidative stress, polyunsaturated fatty acids-derived oxidation products and bisretinoids as potential inducers of CNS diseases: focus on age-related macular degeneration.
	Jerzy Z. Nowak

	305	Review Œ Mydriasis model in rats as a simple system to evaluate a2-adrenergic activity of the imidazol(in)e compounds.
	Joanna Raczak-Gutknecht, Teresa Fr¹ckowiak, Antoni Nasal, Roman Kaliszan

	313	Review Œ Biochemical and pharmacological characterization of isatin and its derivatives: from structure to activity.
	Parvaneh Pakravan, Soheila Kashanian, Mohammad M. Khodaei, Frances J. Harding

	336	Attenuation of stress-induced behavioral deficits by lithium administration via serotonin metabolism.
	Tahira Perveen, Saida Haider, Wajeeha Mumtaz, Faiza Razi, Saiqa Tabassum, Darakhshan J. Haleem

	343	s Receptor antagonist attenuation of methamphetamine-induced neurotoxicity is correlated to body temperature modulation.
	Matthew J. Robson, Michael J. Seminerio, Christopher R. McCurdy, Andrew Coop, Rae R. Matsumoto

	350	Nisoxetine blocks sodium currents and elicits spinal anesthesia in rats.
	Yuk-Man Leung, Chin-Chen Chu, Chang-Shin Kuo, Yu-Wen Chen, Jhi-Joung Wang

	358	Antinociceptive synergy between diclofenac and morphine after local injection into the inflamed site.
	Jorge E. Torres-López, Elizabeth Carmona-Díaz, José L. Cortés-Peñaloza, Crystell G. Guzmán-Priego, Héctor I. Rocha-González

	368	Changes in the Egr1 and Arc expression in brain structures of pentylenetetrazole-kindled rats.
	Janusz Szyndler, Piotr Maciejak, Aleksandra Wis³owska-Stanek, Ma³gorzata Lehner, Adam P³a�nik

	379	Effect of acute and chronic tianeptine on the action of classical antiepileptics in the mouse maximal electroshock model.
	Kinga K. Borowicz, Monika Banach, Barbara Piskorska, Stanis³aw J. Czuczwar

	389	Effects of N-(morpholinomethyl)-p-isopropoxyphenyl- succinimide on the protective action of different classical antiepileptic drugs against maximal electroshock-induced tonic seizures in mice.
	Dorota ¯ó³kowska, Mateusz Kominek, Magdalena Florek- £uszczki, Sergey L. Kocharov, Jarogniew J. £uszczki

	399	Single centre 20 year survey of antiepileptic drug-induced hypersensitivity reactions.
	Barbara B³aszczyk, Monika Szpringer, Stanis³aw J. Czuczwar, W³adys³aw Lasoñ

	410	Effects of sesquiterpene, flavonoid and coumarin types of compounds from Artemisia annua L. on production of mediators of angiogenesis.
	Xiaoxin X. Zhu, Lan Yang, Yujie J. Li, Dong Zhang, Ying Chen, Petra Kostecká, Eva Kmoníèková, Zdenìk Zídek

	421	Changes in antioxidant capacity of blood due to mutual action of electromagnetic field (1800 MHz) and opioid drug (tramadol) in animal model of persistent inflammatory state.
	Pawe³ Bodera, Wanda Stankiewicz, Katarzyna Zawada, Bo¿ena Antkowiak, Ma³gorzata Paluch, Jaros³aw Kieliszek, Boles³aw Kalicki, Andrzej Bartosiñski, Iwona Wawer

	429	Lymphocyte-suppressing, endothelial-protective and systemic anti-inflammatory effects of metformin in fenofibrate-treated patients with impaired glucose tolerance.
	Robert Krysiak, Anna Gdula-Dymek, Bogus³aw Okopieñ

	435	Anisomycin suppresses Jurkat T cell growth by the cell cycle-regulating proteins.
	Chunyan Yu, Feiyue Xing, Zhengle Tang, Christian Bronner, Xijian Lu, Jingfang Di, Shan Zeng, Jing Liu

	445	In vivo effect of oracin on doxorubicin reduction, biodistribution and efficacy in Ehrlich tumor bearing mice.
	Veronika Hanuıová, Pavel Tomıík, Lenka Kriesfalusyová, Alena Pakostová, Iva Bouıová, Lenka Skálová

	453	Synergistic anti-cancer activity of the combination of dihydroartemisinin and doxorubicin in breast cancer cells.
	Guo-Sheng Wu, Jin-Jian Lu, Jia-Jie Guo, Ming-Qing Huang, Li Gan, Xiu-Ping Chen, Yi-Tao Wang

	460	In vivo and ex vivo responses of CLL cells to purine analogs combined with alkylating agent.
	Jolanta D. ¯o³nierczyk, Arleta Borowiak, Jerzy Z. B³oñski, Barbara Cebula-Obrzut, Ma³gorzata Rogaliñska, Aleksandra Kotkowska, Ewa Wawrzyniak, Piotr Smolewski, Tadeusz Robak, Zofia M. Kiliañska

	476	Effects of vitamin D3 derivative Œ calcitriol on pharmacological reactivity of aortic rings in a rodent PCOS model.
	Gabriella Masszi, Agnes Novak, Robert Tarszabo, Eszter Maria Horvath, Anna Buday, Eva Ruisanchez, Anna-Maria Tokes, Levente Sara, Rita Benko, Gyorgy L Nadasy, Csaba Revesz, Peter Hamar, Zoltán Benyó, Szabolcs Varbiro

	484	Effects of single and repeated in vitro exposure 
of three forms of parabens, methyl-, butyl- and propylparabens on the proliferation and estradiol secretion in MCF-7 and MCF-10A cells.
	Anna Wróbel, Ewa £. Gregoraszczuk

	494	Luminal melatonin stimulates pancreatic enzyme secretion via activation of serotonin-dependent nerves.
	Katarzyna Nawrot-Por¹bka, Jolanta Jaworek, Anna Leja-Szpak, Joanna Szklarczyk, Stanis³aw J. Konturek, Russel J. Reiter

	505	Benzylpenicillin inhibits the renal excretion 
of acyclovir by OAT1 and OAT3.
	Jianghao Ye, Qi Liu, Changyuan Wang,Qiang Meng, Huijun Sun, Jinyong Peng, Xiaochi Ma, Kexin Liu

	SHORT COMMUNICATIONS
	513	Orexins/hypocretins stimulate accumulation of inositol phosphate in primary cultures of rat cortical neurons.
	Jolanta B. Zawilska, Anna Urbañska, Paulina Soko³owska


	517	How to combine non-compartmental analysis with the population pharmacokinetics? A study of tobacco smoke™s influence on the bioavailability of racemic citalopram in rats.
	Wojciech Jawieñ, Jagoda Majcherczyk, Maksymilian Kulza, Ewa Florek, Wojciech Piekoszewski

	Phil-Dong Moon, Hyun-Ja Jeong, Hyung-Min Kim
	532	Note to Contributors

	content
	cont
	contents_3'2005
	contents
	abstract
	spis tresci
	indeks
	Contents
	spis tresci N
	contents
	cont_2_2010
	cont_4_2010
	PR 4 2010



