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Abstract
Almokhtar, M. 2018. Expression and regulation of steroid metabolizing enzymes in cells
of the nervous and skeletal systems. Special focus on vitamin D metabolism. Digital
Comprehensive Summaries of Uppsala Dissertations from the Faculty of Pharmacy 242.
58 pp. Uppsala: Acta Universitatis Upsaliensis. ISBN 978-91-513-0154-9.
Little is known about the mechanisms of vitamin D actions in the brain and bone. In this study,
the metabolism of vitamin D and its regulation in various cell cultures of the nervous and skeletal
systems were examined.
Human osteosarcoma Saos-2 cells, human primary osteoblasts (hOB) and murine motor
neuron-like NSC-34 cells were found to express mRNA for all enzymes required in vitamin
D3 metabolism as well as the vitamin D receptor (VDR) that mediates vitamin D actions.
Also, production of 24,25-dihydroxyvitamin D3 was found in these cells. Studies on vitamin
D metabolism in NSC-34 cells and in primary neuron-enriched cells from rat cerebral cortex
indicate formation of a previously unknown major metabolite formed from 25-hydroxyvitamin
D3. Evaluation of the NSC-34 cells suggests that this cell line could be a novel model for studies
of neuronal vitamin D metabolism and its regulation by endogenous and exogenous compounds.
Treatment with glucocorticoids down regulated mRNA expression for the CYP24A1 gene
in Saos-2 and hOB cells. Additionally, the glucocorticoid prednisolone showed suppression of
CYP24A1-mediated metabolism and CYP24A1 promoter activity in Saos-2 cells. In NSC-34
cells, CYP24A1 mRNA levels were up-regulated by prednisolone, 1α,25-dihydroxyvitamin
D3 and its synthetic analogues, EB1089 and tacalcitol. Formation of an endogenous
glucocorticoid, 11-deoxycortisol, was observed in Saos-2 cells. Effects of glucocorticoids on
the vitamin D system in bone cells may contribute to the adverse side effects in long-term
treatment with glucocorticoids. Also, there may be a correlation between the administration of
corticosteroids and adverse effects in the CNS.
Expression and effects of vitamin D on steroidogenic enzymes were studied in primary
neuron-enriched rat cortex cells, primary rat astrocytes and human neuroblastoma SH-SY5Y
cells. These different cell cultures all expressed CYP17A1, whereas only astrocytes expressed
3β-hydroxysteroid dehydrogenase (3β-HSD). 1α,25-Dihydroxyvitamin D3 suppressed mRNA
levels and enzyme activity of CYP17A1 in SH-SY5Y cells and astrocytes. 1α,25Dihydroxyvitamin D3 suppressed enzyme activity and mRNA levels of 3β-HSD in astrocytes.
The results suggest that vitamin D-mediated regulation of CYP17A1 and 3β-HSD may play a
role in the nervous system.
The results presented here contribute to our understanding of vitamin D metabolism and
effects of glucocorticoids in the brain and bone.
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“Selection is the very keel on which
our mental ship is built. And in the
case of memory its utility is obvious. If
we remembered everything, we should
on most occasions be as ill off as if we
remembered nothing.”
–William James (1890, p.680)
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Introduction

Vitamin D
Vitamin D, a pro-hormone, is ingested from some food sources or formed
from 7-dehydrocholesterol in the skin under the influence of ultraviolet
radiation (Stolzenberg-Solomon et al., 2010). Naturally occurring vitamin D
come in two varieties, vitamin D2 (ergocalciferol) from plants and yeast, and
vitamin D3 (cholecalciferol) from animals (Fu et al., 1997; Holick, 1987)
(Figure 1).

Figure 1. Chemical structures of vitamin D2 (A) and vitamin D3 (B).

Vitamin D3 has many effects; chief amongst them is the effect on bone
health and it facilitates the calcium absorption from the intestine and normal
bone formation and mineralization (DeLuca, 1981; Henry, 2011; Holick,
1996; A. W. Norman, 1979; Ohyama and Okuda, 1991).
Studies have found that vitamin D has hormone regulatory and immune
modulatory effects and vitamin D receptor (VDR) is expressed in several
tissues including monocytes, macrophages, dendritic cells and T-cells
(Haussler et al., 1997; van Etten and Mathieu, 2005). Expression of many
genes, including calcium-binding protein is mediated by interaction between
VDR and active form of vitamin D (DeLuca, 1981; Henry, 2011; Holick,
1996; A. W. Norman, 1979; Ohyama and Okuda, 1991).
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Effects of vitamin D on calcium uptake and bone health
It has long been known that the active vitamin D hormone is essential for
maintenance of normal calcium levels and that vitamin D deficiency results
in bone disorders including rickets and osteomalacia/ osteoporosis
(Christakos et al., 2003; Drezner et al., 1980; Harms et al., 2011; Lundqvist
et al., 2011; Verstuyf et al., 2010a).
Hormones, such as calcitonin, active form of vitamin D and parathyroid
hormone (PTH) regulate both calcium and phosphate levels in the body.
Calcium and phosphate have important functions in biological systems, e.g.
calcium is involved in the formation of crystalline structure of bones and
teeth, neurotransmission and muscle contraction. Phosphate is involved in
the formation of crystalline structure of bone (Blondon et al., 2013; DeLuca,
1981; DeLuca and Schnoes, 1983; A. W. Norman, 1979; Norman et al.,
1993; Ohyama and Okuda, 1991).
Vitamin D has an indirect effect on skeletal mineralization by regulating
calcium and phosphate uptake (Caetano-Lopes et al., 2007). Vitamin D is
required for active uptake of calcium from the intestines into the blood and
prevents loss of calcium by stimulating renal calcium reabsorption (Dusso et
al., 2005; Kochupillai, 2008). Additionally, vitamin D stimulates the
differentiation of osteoclast precursors into osteoclasts, which are bone cells
that resorb bone tissue during growth, by breaking down the bone to release
minerals into the blood stream (Christakos et al., 2003). This is due to the
bones being the largest reservoir of calcium and phosphates. Calcium
deficiency stimulates PTH production, which in turn increases excretion of
phosphates in the urine (Blondon et al., 2013; DeLuca, 1981; DeLuca and
Schnoes, 1983; A. W. Norman, 1979; Norman et al., 1993; Ohyama and
Okuda, 1991).

Cytochrome P450 monooxygenase system
In the 1950s scientists discovered a cellular chromophore, cytochrome P450,
referring to a group of heme proteins (Fe2+-carbon monoxide) that have a
maximum absorption at 450 nm. CYP enzymes are found in the inner
membrane of mitochondria and endoplasmic reticulum of various animal
tissues, e.g. adrenal cortex, kidney and liver (Degtyarenko and Archakov,
1993; Garfinkel, 1958; Klingenberg, 1958; Nelson, 1999a, 1999b; WerckReichhart and Feyereisen, 2000). The similarity in percentage amino acid
sequences is the principal method behind the division of the CYP enzymes
into families and subfamilies. A CYP family consists of enzymes with ≥40%
similarity and is given a number, whereas enzymes with ≥55% similarity
12

make up a CYP subfamily and is given a letter. One example is the CYP7
gene family with enzymes that share ≥40% sequence identity. CYP7A and
CYP7B are considered as subfamilies due to the shared sequence identity
being ≥55% (Nebert and Gonzalez, 1987). Individual genes within the
subfamily are given an additional number e. g. CYP7A1 which refers to the
gene for one specific enzyme.
Endogenous and exogenous chemicals are metabolized using human CYPs
making them into water-soluble products facilitating excretion of e.g. drugs
and steroids (Cederbaum, 2015; Munro et al., 2007). Additionally, CYP
enzymes are involved in many physiological reactions such as vitamin D
activation and deactivation, bile acid biosynthesis and steroid hormone
synthesis (Annweiler et al., 2010; Henry, 2011). Another function is to
reduce toxicity of compounds, such as bilirubin, a toxic metabolism product
of haemoglobin, in the liver. The reaction of CYPs can be summarized as an
oxygen atom added to the organic substrate (RH) and another oxygen atom
is reduced to water, this is known as the monooxygenase reaction:
𝑅𝐻 + 𝑂! + 𝑁𝐴𝐷𝑃𝐻 + 𝐻 ! → 𝑅𝑂𝐻 + 𝐻! 𝑂 + 𝑁𝐴𝐷𝑃 ! (Chang and Kam, 1999).

CYPs have varying degree of substrate metabolizing abilities. Some CYPs
are substrate specific, e.g. aromatase (CYP19) which is involved in estrogen
synthesis. Others are more general metabolizers, i.e. can metabolize multiple
substrates, e.g. CYP3A4 which is responsible for metabolizing most
administered drugs in humans (Kolars et al., 1994; Nelson, 1999a). CYPs
also have varying localization. CYP27A1, which is involved in cholesterol
and vitamin D metabolism, is expressed in most tissues, whereas CYP46A1
is present only in the brain and retina (Henry, 2011; Mast et al., 2017;
Nebert and Russell, 2002; Russell, 2000).
Studies have shown that some animals have similar and others have more
CYP genes than humans; humans have 57 CYP genes divided into 18
families and 43 subfamilies, whereas mice have 102 CYPs (Nelson et al.,
2004). The purpose of such studies is to examine mice, rats and zebrafish
and integrate them as model organisms for drug discovery and toxicology
studies (Rawal et al., 2010).

Vitamin D metabolism
The secosteroid vitamin D3 undergoes a metabolic activation process to
develop into a biologically active vitamin D3, which acts as a hormone. This
process comprise of two steps, where the initial step occurs in liver by 2513

hydroxylation using CYP2R1 and CYP27A1 to form 25-hydroxyvitamin D3
and the second step occurs in the kidneys by 1α-hydroxylation using
CYP27B1 to form 1α,25-dihydroxyvitamin D3 (1,25(OH)2D3, also called
calcitriol) (Henry, 2011; Verstuyf et al., 2010b; Wikvall, 2001). 25Hydroxyvitamin D3 has limited biological activity compared to the potent
active form 1,25(OH)2D3 (DeLuca, 1981; Henry, 2011; Holick, 1996;
Anthony W. Norman, 1979; Ohyama and Okuda, 1991). The formed
1,25(OH)2D3 is subsequently inactivated by 24-hydroxylation carried out by
CYP24A1 (Figure 2) (Jang et al., 2017; Jones et al., 2012).
The activated 1,25(OH)2D3 binds strongly to the vitamin D receptor (VDR),
a member of the nuclear receptor superfamily of transcription factors, which
mediates the effects of 1,25(OH)2D3 on target genes (Cheng et al., 2003;
Henry, 2011; Jang et al., 2017; Wikvall, 2001). Also 25-hydroxyvitamin D3,
the main circulating vitamin D form is reported to have some affinity for the
VDR, although lower than that of 1,25(OH)2D3 (Ellfolk et al., 2006;
Verstuyf et al., 2010a). Vitamin D binding protein binds 1,25(OH)2D3,
which has a concentration of about 50-125 pM as serum level, for transport
in the circulation (Holick, 2008; Norman, 2008; Prosser and Jones, 2004).
The liver is the quantitatively most important organ for 25-hydroxylation,
whereas 1α-hydroxylation takes place in the kidney. Many additional tissues
and cells are however reported to carry out local bioactivation of vitamin D
precursors (Henry, 2011; Stewart et al., 2010; Verstuyf et al., 2010a). Also,
CYP24A1 has been found in many types of cells (Haussler et al., 1997; van
Etten and Mathieu, 2005).

Figure 2. Metabolic pathways in bioactivation and degradation of active vitamin D3.
(A) Vitamin D3 is enzymatically converted via two steps to make the hormone
1α,25-dihydroxyvitamin D3 (1α,25(OH)2D3), which is the most active ligand for the
vitamin D receptor. CYP24A1 performs inactivation (at two possible steps). (B)
Molecular structure of vitamin D3 with points of hydroxylation indicated by arrows.

The effects of vitamin D3 are mediated to target genes through the vitamin D
receptor (VDR), a member of the nuclear receptor superfamily of
transcription factors. Active 1α,25-dihydroxyvitamin D3 has higher affinity
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to VDR than 25-hydroxyvitamin D3 (Ellfolk et al., 2006; Henry, 2011; Jones
et al., 2012; Verstuyf et al., 2010a; Wikvall, 2001).

Cholesterol
Cholesterol is a fundamental structural element in all cell membranes, and is
essential in many processes in the body (Alberti et al., 2001). Vitamin D and
steroid hormones all originate from cholesterol. Although the liver is the
main organ to synthesize cholesterol, many other body tissues also have this
ability (Alberti et al., 2001; Millatt et al., 2003; Willy et al., 1995).
Cholesterol is abundant in the brain, yet it has difficulty passing to the brain
through the blood brain barrier (BBB) due to its high hydrophobicity.
Therefore the less hydrophobic metabolites, such as the side-chain oxidized
oxysterols 24-hydroxycholesterol and 27-hydroxycholesterol, are passed
through instead (Björkhem et al., 2009). Additionally, it has been discovered
that cholesterol affects several processes in the body (Alberti et al., 2001).
Cholesterol homeostasis is affected by e. g. the transcriptional factor liver X
protein (LXR), which when activated by oxysterols results in increased
expression of several genes such as cholesterol transport proteins (Björkhem
et al., 2002; Janowski et al., 1996; Laffitte et al., 2001; Lehmann et al.,
1997; Whitney et al., 2001). Cholesterol metabolism and elimination in the
body occurs by the conversion into bile acids and bile salts (Norlin and
Wikvall, 2007; Russell, 2000).
Hormones, oxysterols and cholesterol play an important role in controlling
the enzymes that regulate the cholesterol homeostasis in the body (Alberti et
al., 2001; Lehmann et al., 1997). The brain also maintains cholesterol
homeostasis, where 27-hydroxycholesterol is imported through the BBB,
and is exported as 24-hydroxycholesterol. The conversions of cholesterol
into 27-hydroxycholesterol and 24-hydroxycholesterol occurs using
CYP27A1 and CYP46A1 respectively. Cholesterol homeostasis dysfunction
and vitamin D deficiency have been linked to neurodegenerative disorders,
for instance Parkinson’s disease (Araya et al., 2003; Dursun et al., 2013a;
Wang et al., 2015).

Steroid hormones
Steroid hormones and vitamin D originate from cholesterol (Tang et al.,
2007). Steroid hormones can be divided into three groups, glucocorticoids,
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mineralocorticoids and sex hormones (Leihy et al., 2001; McEwen, 1985;
Mensah-Nyagan et al., 2008). The active form of vitamin D, 1α,25dihydroxyvitamin D3, uses a receptor-mediated interaction with the target
genes. Therefore vitamin D should be biochemically characterised as a steroid
hormone (Plum and DeLuca, 2010). The cytochrome P450 (CYP) superfamily
of enzymes as well as 3β-hydroxysteroid dehydrogenase (3β-HSD) and 17βHSD are the enzymes involved in the production and regulation of steroid
hormones. An overview of steroidogenesis, is presented in Figure 3. Several
steroids can be produced by the nervous system and have a wide range of
functions, including effects on bone development, metabolism, behaviour,
sexual development, cell growth, cell division and neuroprotection (Luu-The
et al., 2008). Deficiencies in enzymes involved in the biosynthesis of steroid
hormones can cause various disorders or neurological problems (Wang et al.,
2015). CYP17A1 and CYP19A1 are important for synthesis of estrogens
(Figure 3), which are reported to affect neurons in several ways (Arnold et al.,
2005; Do Rego et al., 2007; Norlin, 2008; Panesar et al., 2003).
Steroids that are synthesised in the brain and the nervous system are called
neurosteroids (Baulieu, 1997; Compagnone et al., 2000). The mechanisms in
which neurosteroids exert their regulatory effects on gene expression are
through nuclear receptor binding or affecting the neurotransmission by
binding to GABAA receptors, NMDA receptors, sigma receptor or voltagedependent calcium channels (Baulieu, 1998; Edinger and Frye, 2007; Frye et
al., 1996; Reddy, 2004).
Sex hormones are divided into androgens and estrogens, which are present
in both sexes at different concentrations (Hess et al., 1997). Both estrogens
and androgens play an important role in reproduction and development of
secondary sex characteristics in females and males respectively (Hess et al.,
1997; Luu-The et al., 2008). Estrogen production occurs mainly in
developing follicles in ovaries, corpus luteum and the placenta, whereas
androgens, mainly testosterone are produced in the testes (Hess et al., 1997).
The effects of estrogens and androgens are mediated by estrogen receptors
(ER) and androgen receptor (AR) respectively, which are present in many
tissues (Brinkmann et al., 1999; Cheskis et al., 2007; Edinger and Frye,
2007; Kuiper et al., 1997; Weiser et al., 2008). Dehydroepiandrosterone
(DHEA), which is derived from cholesterol, is the precursor to both
androgens and estrogens. DHEA is converted to androstenedione via 3βHSD, which is then converted to either testosterone via 17β-HSD or estrone
via CYP19A1 (aromatase). Aromatase also converts testosterone further to
estradiol, shown in Figure 3 (Do Rego et al., 2009; Labrie et al., 2001).
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Figure 3. Enzyme-catalysed pathways of steroid hormones derived from cholesterol.

17

Glucocorticoids (GCs) are complex fat-soluble molecules. They are
endogenous steroid hormones, which are derived from cholesterol and
synthesized in many tissues including adrenal cortex. GCs are distinguished
from other steroid hormones by their specific receptor, glucocorticoid
receptor (GR), and affect target cells by diffusing across the plasma
membranes directly. GCs have high affinity for GR, which can be found in
almost all tissues, and that is why low concentration (nanomolar) is enough
to get responses in the target cells (Nelson et al., 2003; Smoak and
Cidlowski, 2004).
One of the most potent GCs is cortisol, known also as hydrocortisone, which
can regulate cardiovascular and immunologic functions amongst others. It is
used as a drug to treat diseases like asthma, allergy, dermatitis, rheumatoid
arthritis and autoimmune disorders because it has anti-inflammatory and
immunosuppressive properties (Nelson et al., 2003). Dexamethasone, a
synthetic glucocorticoid, is most potent and has the longest pharmacological
action in clinical medicine (Smoak and Cidlowski, 2004). A study found that
GCs have an inhibition effect on genes that code for the cytokines and IFNγ, which leads to suppressed cell-mediated immunity (Nelson et al., 2003).
GCs and adrenaline show effects on the hippocampus, amygdala, and frontal
lobes, which are associated with both positive and negative emotions (Cahill
and McGaugh, 1998).

Vitamin D and the brain
Data from recent years have indicated that vitamin D is important in several
physiological systems, including the brain (Annweiler et al., 2010; Davidson
et al., 2012; Verstuyf et al., 2010a). Deficiency in vitamin D and steroid
hormones may play an important role in the development of brain disease.
Vitamin D insufficiency has been linked to several disorders of the nervous
system (DeLuca et al., 2013; Dursun et al., 2013b; Eyles et al., 2013).
Studies in vivo and in vitro report that vitamin D influences several aspects
of neuronal function, including e.g. neuroplasticity and neuroprotection. It
has been proposed that developmental vitamin D deficiency may be a risk
factor for schizophrenia and autism (Dursun et al., 2013b; Eyles et al.,
2013). Also, the vitamin D system has been linked to neurodegenerative
disorders, for instance Parkinson’s disease, where many patients are reported
to display low serum 25-hydroxyvitamin D3 levels (DeLuca et al., 2013;
Eyles et al., 2013). 25-Hydroxyvitamin D3, 1α,25-dihydroxyvitamin D3 and
24,25-dihydroxyvitamin D3 have all been found in human cerebrospinal
fluid (Smolders et al., 2013). Studies showed that a mutation in one of the
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vitamin D and cholesterol metabolizing enzymes, CYP27A1, causes
cerebrotendinous xanthomatosis (CTX), a rare disease that may result in
neurological dysfunction, accelerated atherosclerosis and neurological
deterioration (Björkhem and Hansson, 2010; Cali et al., 1991; Jiao et al.,
2017). VDR has been found to be widely distributed in the human and rat
brain (Féron et al., 2005). It is not clear whether enzymes in vitamin D
bioactivation are expressed in brain or if active vitamin D is formed outside
the brain and transported across the blood brain barrier. Very little is known
about the mechanisms for vitamin D action in neurons and other brain cells
and what its connection might be to disease.

Effects of drugs on the vitamin D system
Vitamin D is an imperative component in keeping the skeletal health by
regulating the body’s calcium metabolism (Caetano-Lopes et al., 2007;
Christakos et al., 2003; Holick, 2008). Different drugs including
glucocorticoids and antiretroviral drugs are associated with increased bone
turnover and osteomalacia. This is comparable with diseases, which results
from vitamin D deficiency. A number of drugs are capable of activating the
nuclear receptor pregnane X receptor (PXR), an activator of CYP3A and
CYP2C genes (Willson and Kliewer, 2002). It has been reported that both
PXR and VDR may activate VDREs, suggesting that PXR might be capable
of affecting genes under the transcriptional control of VDR. However,
contradictory results have been reported concerning the role of PXR in
regulation of CYP24A1. According to Pascussi et al., 2005, activated PXR
binds to the vitamin D response element (VDRE) in the CYP24A1 promoter
and functions as a transcription factor to up-regulate the gene expression of
this 24-hydroxylase (Pascussi et al., 2005). The authors suggested that this
may lead to drug-mediated deactivation of active vitamin D3 metabolites
resulting in negative effects of bone health (Pascussi et al., 2005). On the
contrary, Zhou et al., 2006 reported another mechanism of action where
PXR does not bind to VDRE in CYP24A1 but instead induces the drugmetabolizing enzyme CYP3A4, found to be capable of performing the
deactivating 24-hydroxylation (Zhou et al., 2006). The role of PXR in drugmediated vitamin D deficiency and osteoporosis remains uncertain and
requires further examination. Diseases such as osteomalacia and
osteoporosis are caused by vitamin D deficiency and poor skeletal
mineralization (Wierzbicka et al., 2014).
Therapy with glucocorticoids may lead to increased risk of fractures after
long time treatment. Studies showed that synthetic glucocorticoids have a
negative impact on bone cells in multiple ways and are known to affect
19

several types of bone cells. Reported effects of synthetic glucocorticoids in
the bone include for instance effects on osteoblast growth and viability and
interference with the action of cytokines (Chee et al., 2014; Ilias and
Ghayee, 2000). Association between therapies with glucocorticoids and
altered circulating vitamin D levels in patients has been reported
(Davidson et al., 2012; Skversky et al., 2011). Pregnane X receptor can be
activated by glucocorticoids (e.g. dexamethasone – a potent glucocorticoid)
resulting in decreased levels of circulating vitamin D (Holick, 2005;
Pascussi et al., 2005).
Decreased bone mineralisation has been shown to be due to vitamin D
deficiency. Many studies have indicated a link between treatment with antiepileptic drugs like carbamazepine and phenobarbital and an increased risk
for fractures (Petty et al., 2007). Treatment of tuberculosis disease with
rifampicin, an antibiotic drug, has also shown association with decreased
level of serum 25-hydroxyvitamin D3, leading to bone disorders. Other
studies have shown that therapies with antiretroviral drugs have an
inhibitory effect on the activation and deactivation of vitamin D
metabolizing enzymes (Cozzolino et al., 2003).

20

Aims of the present investigation

The overall aim was to study the metabolism of steroids, including vitamin
D, in different cells of the nervous system and to study the effects of
glucocorticoids on vitamin D metabolism in cells from the bone and the
CNS.
The specific aims were:
I

To examine the NSC-34 cells as a potential model in studies of
neuronal vitamin D metabolism and regulation of active
vitamin D levels in the CNS.

II

To investigate the effects of glucocorticoids on vitamin D
metabolism in Saos-2 cells and primary human osteoblasts
(hOB).

III

To study the cellular localization of CYP17A1 and 3β-HSD in
different cells of the nervous system and to investigate potential
effects on these enzymes by vitamin D.

IV

To study vitamin D metabolism in cells of the nervous system
and the effects of prednisolone, a glucocorticoid, on vitamin D
metabolism.

21

Experimental procedures

Materials
Unlabelled vitamin D, 1α-hydroxyvitamin D3, 25-hydroxyvitamin D3, 1α,25dihydroxyvitamin D3 and 24,25-dihydroxyvitamin D3 were purchased from
Santa Cruz Biotechnology Inc. Deuterated 24,25-dihydroxyvitamin D3
(26,26,26,27,27,27-d6) was obtained from Medical Isotopes (Pelham NH,
USA). 3H-Labeled 25-hydroxyvitamin D3 (25-hydroxy[23,24(n)-3H]
cholecalciferol) was obtained from Amersham Life Science. The vitamin D
analogues, EB1089 (seocalcitol) and tacalcitol were purchased from Tocris
Bioscience, Bristol, UK. CPA1 (25-Ncyclopropylamine compound 3), VIMI
(22-imidazole-1-yl derivative 2) and TS17 were generous gifts from
Professor Hector DeLuca,University of Wisconsin–Madison, Madison, WI
(Chiellini et al., 2012; Zhu et al., 2010). 25-Hydroxyvitamin D3-sulfate was
obtained from Toronto Research Chemicals, North York, Ontario, Canada.
Radiolabeled [1,2,6,7-3H(N)]- dehydroepiandrosterone (NET814), [1β3H(N)]-androst-4-ene-3,17-dione
(NET469)
and
[1,2,6,7-3H(N)]progesterone (NET381) were obtained from Perkin Elmer. Unlabelled
steroid hormones were purchased from Sigma. Cell culturing materials were
obtained from Life Technologies. The human VDR (vitamin D receptor)
expression vector was kindly provided by Dr. Leonard Freedman, Merck
Research Laboratories (West Point, PA, USA). The human RXR (retinoid X
receptor) and GR (glucocorticoid receptor) expression vectors were kind
gifts from Professor Ronald M. Evans, Howard Hughes Medical Institute,
The Salk Institute for Biological Studies (San Diego, CA, USA). The
luciferase reporter vector containing a human CYP24A1 promoter fragment
spanning from -482 upstream of the translation-initiation codon, containing
two VDRE (vitamin D responsive elements) was a generous gift from
Professor David Callen, University of Adelaide, Australia (Kumar et al.,
2010).

Cell culture
NSC-34 cells (mouse motor neuron-like hybrid cell line) were purchased
from CELLutions Biosystems Inc. (Toronto, Canada). NSC-34 cells were
cultured in Dulbecco's modified Eagle Medium (DMEM, containing 4.5 g/l
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glucose), supplemented with 10% fetal bovine serum (FBS) and 1%
antibiotics/antimycotics.
The human neuroblastoma SH-SY5Y cells (ATCC CRL-2266) were
purchased from the American Type Culture Collection (Manassas, VA,
USA). SH-SY5Y cells were cultured in DMEM, containing 1 g/l glucose
supplemented with antibiotics/antimycotics (1%) and, in most experiments,
with fetal bovine serum (10%).
The human osteosarcoma cell line Saos-2 (ATCC HTB-85) was obtained
from the American Type Culture Collection (Manassas, VA USA). Saos-2
cells were cultured in McCoy's 5A (modified) medium (high glucose, phenol
red, Lglutamine, bacto-peptone), supplemented with 1% antibiotics/
antimycotics and 10% FBS.
The primary human osteoblast-like cells (hOBs) were isolated from human
bone obtained from surgery as described in Paper II. The hOB primary cells
were then maintained in α-MEM supplemented with 10% fetal bovine serum
(FBS) and 1% antibiotics/antimycotics.
All the cell cultures were grown in 5% CO2 at +37 °C in 60- or 100-mm
tissue culture dishes. For experiments the cells were seeded and analysed in
6-well or 60-mm tissue cultures dishes.
Animal studies were approved by the Regional ethics committee for research
on animals in Uppsala (Sweden) and carried out in accordance with the
policy of the Society for Neuroscience. Rats (Sprague-Dawley) were
obtained from Charles River, Germany. Primary rat astrocytes and neuronenriched cells from rat cerebral cortex were prepared from brain tissue of
these animals as described below.

Preparation of neuron-enriched cortical cell cultures from rat
embryos
Primary cortical cell cultures from rat brain, containing neurons and glia at a
ratio of approximately 60/40, were prepared from embryos of pregnant
Sprague-Dawley rats, removed at embryonic day 17, as described
(Diwakarla et al., 2016; Kindlundh-Högberg et al., 2010; Nylander et al.,
2016). The obtained cortical cells were cultured on poly-L-lysine coated
plates for 2 weeks in Neurobasal media (which favors neuronal cell growth),
supplemented with B-27 (2%), glutamine (600 µM) and antibiotics/
antimycotics (1%), prior to experimentation. Media changes were performed
twice a week. The amount of neurons in these mixed cultures were
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determined by assay of microtubule-associated protein 2-positive cells
(Nylander et al., 2016).

Preparation of astrocyte cultures from neonatal rat brain
Primary cultures of astrocytes were prepared from whole brains of newborn
rat pups (day 1-3) as described (Fex Svenningsen et al., 2011; McCarthy and
de Vellis, 1980). The obtained mixed cells were cultured in poly-L-lysine
coated flasks for 7-10 days in DMEM containing 1 g/l glucose,
supplemented with fetal bovine serum (10%), Lglutamine (0.3%) and
antibiotics/antimycotics (1%). After this time period, the cell culture flasks
were shaken at 200 rpm for 18 h in a 37°C shaker incubator to detach and
remove microglia and oligodendrocytes from the cultures, leaving the
strongly attached astrocytes.

Reverse transcriptase-polymerase chain reaction (RTPCR)
RT-PCR is a method that allows for the qualitative detection of gene
expression by producing cDNA from a specified RNA. Expression of
CYP2R1, CYP24A1, CYP27A1, CYP27B1 and VDR mRNA levels was
assayed in various cell types by RT-PCR as described in paper I and II. Total
RNA isolation from various cell cultures was performed using RNeasy Mini
kit, which was purchased from Qiagen, followed by reverse transcription of
RNA to cDNA using the manufacturer’s protocol as described (Almokhtar et
al., 2016).

Real-Time RT-PCR (qPCR)
Real-Time RT-PCR is a method that allows monitoring of the
quantification/amplification of DNA molecules during PCR reaction. Realtime RT-PCR was used to quantitate the expression levels of mRNA for
CYP24A1, CYP17A1 and 3β-HSD in various cell types and investigate the
effects of glucocorticoids on the expression levels of mRNA for vitamin D
metabolizing enzymes. In real-time RT-PCR experiments GAPDH
(glyceraldehyde-3-phosphate dehydrogenase) or TBP (TATA box binding
protein) was used as control (housekeeping) gene for normalization. The
RT-PCR analysis was performed with iQ SYBR Green Supermix (Bio-Rad)
using an iQ Real-Time PCR Detection System (Bio-Rad) in accordance with
the manufacturer's recommendations. The relative mRNA level was
calculated with the ΔΔ-Ct method with a stepwise diluted standard curve
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and expressed as -fold change compared to vehicle-treated cells, which are
treated with ethanol or dimethyl sulfoxide (DMSO) in order to compare with
the treated cells.

Assay of unlabelled compounds by high performance
liquid chromatography (HPLC)
High performance liquid chromatography is a method used to separate,
identify and quantify components in a mixture based on their varying ability
to adsorb onto the column under influence of the mobile phase flow. Straight
phase high performance liquid chromatography (SP-HPLC) was used to
identify the metabolites of vitamin D3. Additionally, the effect of
prednisolone on the amount of remaining substrate of 25-hydroxyvitamin D3
after incubation with cells was investigated. Also, the effects of
glucocorticoids on the formation of 24,25-dihydroxyvitamin D3 was
investigated as described in Paper II and IV. Retention times for each
compound of interest were determined by chromatography of authentic
reference compounds. The amounts of 24,25-dihydroxyvitamin D3 (24,25(OH)2D3) formed from 25-OH D3 were estimated from a standard curve
obtained from a series of injections with known amounts of pure 24,25-OH
D3. The identity of the product 24,25(OH)2D3 was confirmed by gas
chromatography tandem mass spectrometry (GC-MS/MS) as described in
Paper I (Almokhtar et al., 2016).

Assay of radioactive compounds by thin layer
chromatography (TLC)
TLC constitutes of a stationary phase made up of a piece of glass covered
with silica gel (stationary phase), where the sample is applied on the starting
point. The stationary phase is then placed into a beaker containing the
solvent mixture (mobile phase), which travels up the stationary phase using
capillary action. The different components ascend at various rates, leading to
separation. The TLC plates were scanned for localization and quantitation of
the radioactive products followed by exposure to iodine vapors (o/n) to
visualize the unlabeled steroids and comparison of Rf values for reference
compounds with the samples. A TLC radioscanner was used in order to
discover potential formation of hydrophobic and polar metabolites from 25hydroxyvitamin D3 (Paper I and IV). TLC was also used to analyse the
CYP17A1-mediated
conversions
of
progesterone
to
17αhydroxyprogesterone and androstenedione and the 3β-HSD-mediated
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conversion of DHEA to androstenedione (Paper III). Other steroid
metabolites were analysed by TLC as described in Paper III. Additionally,
TLC was used to discover the formation of 11-deoxycortisol after incubation
of Saos-2 cells with 17α-hydroxyprogesterone (Paper II).

Assay of radioactive compounds by scintillation counter
In order to analyse possible cellular formation of hydrophilic, water soluble
25-hydroxyvitamin D3 metabolites (e.g. sulfated 25-hydroxyvitamin D3),
radio-labeled 25-hydroxyvitamin D3 was incubated with NSC-34 cells. A
scintillation counter was used to detect and measure ionizing radiation using
the excitation effect of incident radiation on a scintillator material, and
detecting the resultant light pulses. In these experiments, we incubated 3Hlabeled 25-hydroxyvitamin D3 (0.2 mCi/ml) together with unlabeled 25hydroxyvitamin D3 (0.48 µM) and NSC-34 cells for 0 h and 48 h. The
incubation medium and cell extracts were collected and extracted with ethyl
acetate (1:3) and divided to organic phase and non-organic phase (H2Ophase). The volumes of organic and H2O phases were the same (1.5 ml) and
the phases were evaporated using N2 gas. The distribution of radioactivity
between the organic phase and the H2O phase was analysed by mixing 100
µl of each phase with 4 ml scintillation solution and radioactivity was
measured (CPM) for 5 min in a scintillation counter (Tri-Carb 4910 TR –
PerkinElmer).

Transient transfection and reporter assay
There are two methods of transfection, stable and transient. Transient
transfection is used for gene expression studies or small-scale protein
production. Stable transfection is used for large-scale protein production or
gene therapy. Transient transfection provides results more rapidly than its
stable counterpart.
Transient transfection and luciferase reporter assay were used to analyse the
effect of 1α,25-dihydroxyvitamin D3 and prednisolone on CYP24A1
promoter activity. Saos-2 cells were transfected with a human CYP24A1
luciferase reporter construct together with expression vectors for GR or
VDR and RXR, using the Lipofectamine reagent (Invitrogen) in 6- or 12well plates. Cells were plated one day before transfection. Then the culture
medium was replaced with DMEM without antibiotics/antimycotics for 1
hour, followed by transfection with Lipofectamine according to the
manufacturers instructions. The cells were transiently transfected with
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expression vectors for VDR and RXR, or GR, together with the luciferase
reporter construct containing a CYP24A1 promoter fragment and a βgalactosidase plasmid to control for transfection efficiency. The total volume
of the entire transfection mixture was 200µL in each well. This mixture was
left approximately 8 hours. Thereafter, the cells were treated with vehicle
control (ethanol), 1α,25-dihydroxyvitamin D3 or prednisolone and was
incubated for approximately 48 h. Luciferase activity was measured using a
TD-20/20 luminometer (Turner designs). β-Galactosidase activity was
measured by incubation with ONPG (ο-nitrophenyl-β-galactoside) in 0.1 M
sodium phosphate buffer containing β-mercaptoethanol and magnesium
chloride and assay of absorbance at 420 nm. Luciferase reporter activity was
expressed as relative light units (RLU) divided by β- galactosidase activity
(expressed as Abs 420 nm).

Western blotting (Immunoblotting)
Immunoblotting is a method that facilitates analysis of individual proteins in
a protein mixture. Immunoblotting has the ability to separate proteins based
on size and charge. Antibody binding was detected using a SuperSignal
West Pico Chemiluminescent Substrate kit (Thermo Fisher).
Immunoblotting was used to detect protein expression of 3β-HSD in various
cell cultures (paper III).

Statistical analysis
Analysis of statistical significance was performed using Student’s t-test. P
values < 0.05 were considered statistically significant.

Other methods
Assay of protein concentrations in cell homogenates, to prepare samples for
immunoblotting and to determine specific enzyme activity expressed per mg
protein and hour, was performed using a BCA assay kit (Thermo Fisher)
according to the manufacturer’s instructions (Paper III).
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Results and discussion

Motor neuron-like NSC-34 cells as a new model for the
study of vitamin D metabolism in the brain (Paper I)
Vitamin D levels have been linked to several disorders of the nervous
system, e g schizophrenia and Parkinson’s disease. Little is however known
about the mechanisms for vitamin D action in neurons and other brain cells
and its connection(s) to disease. Therefore, we examined the NSC-34 cell
culture for potential interest in studies of neuronal vitamin D metabolism
and regulation of active vitamin D levels in the CNS. We found that these
cells express mRNA for 25-hydroxylating as well as 1α-hydroxylating and
24-hydroxylating enzymes. Also, NSC-34 cells express mRNA for VDR
(vitamin D receptor). The results of these experiments are summarized in
Table 1.
Table 1. Expression of vitamin D-related genes in the NSC-34 cell line determined
by semi-quantitative RT-PCR.

Vitamin D3 hydroxylase genes
CYP2R1
CYP27A1
CYP27B1
CYP24A1
VDR

NSC-34 cell line
+
+
+
+
+

(+) Specifies expression

Our data indicate that NSC-34 cells have significant production of 24,25dihydroxyvitamin D3, enzymatically formed by CYP24A1. In incubations
with 25-hydroxyvitamin D3 we found time-dependent conversion into a
product with chromatographical properties in HPLC identical to 24,25dihydroxyvitamin D3 as compared with the authentic reference compound
(Figure 4). The identity of this product was confirmed by GC-MS/MS.
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Figure 4. HPLC chromatograms showing analysis of conversion of 25hydroxyvitamin D3 (25D3) into 24,25-dihydroxyvitamin D3 (24.25D3) in NSC-34
cells. (A) Chromatogram of authentic standards for 25-hydroxyvitamin D3 and
24,25-dihydroxyvitamin D3. (B) Chromatogram of extracted sample from NSC-34
cells incubated with 25-hydroxyvitamin D3 (0.48 µM) for 0 h. (C) Chromatogram of
extracted sample from NSC-34 cells incubated with 25-hydroxyvitamin D3 (0.48
µM) for 48 h. For details on incubation procedures see Experimental procedures in
paper I.
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We could not detect enzymatic activities responsible for production of active
vitamin D metabolites in the NSC-34 cells despite observing mRNA for
enzymes involved in such activation. This suggests that local brain
formation of 1α,25-dihydroxyvitamin D3 may not be quantitatively
important. However, NSC-34 may not display all the properties of neurons
in vivo. Despite its expression of mRNAs for many vitamin D-related genes,
these cells may have lost some of their neuronal functions as is the case with
some other cell lines. It is also possible that significant amounts of 1α,25dihydroxyvitamin D3 or 25-hydroxyvitamin D3 are formed in some neurons
but not in others, or that they are formed in non-neuronal cells.
In the current study, we obtained information on the metabolism of vitamin
D compounds in NSC-34 cells. Experiments were carried out using HPLC in
the presence of ketoconazole, a well-known general inhibitor of CYP450
enzymes and more specific CYP24A1 inhibitors CPA1, VIMI and TS17
(Chiellini et al., 2012; Zhu et al., 2010). We found that production of 24,25dihydroxyvitamin D3 was inhibited by approximately 60%, 98% and 50%
respectively, by these more specific inhibitors.
Furthermore, CYP24A1 mRNA levels were up-regulated by treatment of
NSC-34 cells with 1α,25-hydroxyvitamin D 3. Also, we carried out
experiments where NSC-34 cells were treated with EB1089 (seocalcitol)
or tacalcitol. Both of these compounds are synthetic vitamin D
analogues, regulating their target genes via effects on the vitamin D
receptor (Kochupillai, 2008). Treatment of cell cultures with tacalcitol or
EB1089 significantly increased CYP24A1 mRNA levels, indicating that
both of these substances can regulate CYP24A1 gene expression in NSC34 cells (Figure 5).
In NSC-34 cells, we observed a decrease in the levels of 25-hydroxyvitamin
D3, 1α,25-dihydroxyvitamin D3 or vitamin D3 after incubation, when
analysed using HPLC. Since the experiments were conducted in conditions
that can rule out autoxidation or other cell-independent decay, we believe
that these observations are the result of metabolic activity. Some of the
decrease in 25-hydroxyvitamin D3 level may correspond to CYP24A1mediated conversion into 24,25-dihydroxyvitamin D3, but the formation of
this metabolite is not large enough to explain the substantial decrease in 25hydroxyvitamin D3 concentrations. As for vitamin D it is not considered to
be a substrate for CYP24A1 (Mensah-Nyagan et al., 2008; Zwain and Yen,
1999). We could not detect polar metabolites such as sulfates that are known
to be formed in some other tissues (DeLuca et al., 2013). From the present
experiments we cannot exclude potential presence of CYP24A1-dependent
metabolites other than 24,25-dihydroxyvitamin D3.
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B

C

Figure 5. Treatment with 1α,25-dihydroxyvitamin D3 and vitamin D analogues
increases CYP24A1 mRNA levels in NSC-34 cells for 24 h. Cells were treated with
10 nM of (A) 1α,25-dihydroxyvitamin D3 (1.25D3) dissolved in DMSO. Untreated
cells received DMSO. Cells were treated with 20 nM of (B) EB1089 or (C)
tacalcitol dissolved in 99% ethanol. Untreated cells received 99% ethanol. After 24
h of treatment, mRNA was extracted and the mRNA levels were determined using
real-time RT-PCR. The mRNA levels are shown as fold change compared to
untreated cells. Data are given as mean ± standard deviation (n = 3–6). *Statistically
significant difference (P < 0.05).

To our knowledge this is the first description of vitamin D-related gene
expression or metabolic activity in motor neuron-like NSC-34, a cell line
that has mostly been used to evaluate effects on neurons by toxic agents
(Cashman et al., 1992). The present results indicate that the NSC-34 cell line
should be an interesting new model for study of regulation of active vitamin
D levels in the nervous system.
Although active vitamin D forms are believed to exist in brain cells, the
identity of metabolites as well as their individual concentrations and
distributions within mammalian brain are not known (Eyles et al., 2013).
Immunological studies have indicated presence of vitamin D metabolising
enzymes in brain tissue but unfortunately there is little or no quantitative
data on formation and elimination of active vitamin D in CNS cells. It is also
not clear what role transport of vitamin D compounds via the blood brain
barrier may play in controlling the levels of active 1α,25-dihydroxyvitamin
D3 in the brain.
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Effects of glucocorticoids on vitamin D3 24hydroxylase (CYP24A1) in Saos-2 cells and primary
human osteoblasts (Paper II)
Treatment with synthetic glucocorticoids may result in osteoporosis and an
increased risk of fractures. Although the actions of vitamin D and
glucocorticoids play important roles for bone function and in the
development of osteoporosis, much remains unclear regarding the effects of
these compounds in cells of the bone (Atkins et al., 2007; Chee et al., 2014;
Ilias and Ghayee, 2000; Panda et al., 2004). In the current study, the human
osteosarcoma Saos-2 cell line and primary human osteoblasts (hOB) were
found to express mRNA for CYP2R1, CYP27B1, CYP24A1 and CYP27A1
was only found in the Saos-2 cell line. CYP24A1-dependent 24hydroxylation of 25-hydroxyvitamin D3 was expressed in both cell cultures.
In order to investigate the effect of glucocorticoids on mRNA expression of
CYP24A1 in both cell cultures, qPCR was used. The results show inhibition
of CYP24A1 mRNA levels by several glucocorticoids in Saos-2 cells
(Figure 6). The results in hOB cells was about the same. In hOB cells we
also observed increased levels of CYP24A1 mRNA in cultures treated with
25-hydroxyvitamin D3 compared to cells treated with vehicle.

Figure 6. Treatment with glucocorticoids decreases CYP24A1 mRNA levels in
Saos-2 cells. Cells were treated for (A) 24 h or (B) 48 h with 10 µM of cortisol,
dexamethasone or prednisolone dissolved in ethanol. Untreated cells received
ethanol as vehicle. After treatment, mRNA was extracted and the mRNA levels
were determined using Real-Time RT-PCR. The mRNA levels are shown as fold
change compared to untreated cells, vehicle. Data are given as mean ± standard
deviation (n = 4-10). *Statistically significant difference (P < 0.05).

Despite the presence of CYP2R1 and CYP27B1 mRNA expressions, no
enzymatic activities of 25-hydroxylase or 1α-hydroxylase were found in any
of the cell cultures. However, in incubations with 25-hydroxyvitamin D3 we
observed time-dependent formation of 24,25-dihydroxyvitamin D3 in Saos-2
and hOB cells using HPLC. This was confirmed using GC–MS/MS. In order
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to investigate the effect of glucocorticoids on formation of 24,25dihydroxyvitamin D3, 24-hydroxylase activity in cultures treated with
prednisolone was measured. The results indicated that this glucocorticoid
inhibits formation of 24,25-dihydroxyvitamin D3.
In the current investigation, prednisolone showed the strongest effects out of
the different glucocorticoids tested. In addition to the glucocorticoids that
are used in therapy, we also detected some effect on CYP24A1 expression
by cortisol, the most potent endogenous glucocorticoid. Since cortisol is
known to affect a number of metabolic events in the body, these
observations may reflect a normal physiological regulation of vitamin D
levels in osteoblasts. If cortisol is important as a physiological regulator of
vitamin D metabolism in osteoblasts this hormone may either reach the bone
via the circulation or be synthesised locally. We performed experiments to
study if glucocorticoids are formed locally in Saos-2 cells. We carried out
experiments to assay potential CYP21A2- and CYP11B1-mediated activities
using radiolabeled 17α-hydroxyprogesterone. Analysis by TLC showed
formation of a compound with the same Rf value as 11-deoxycortisol.
Incubations showed a rate of about 4% conversion into this metabolite after
48 h of incubation (Figure 7). Our results did not show detectable formation
of cortisol in these cells. However, the experiment indicates formation of 11deoxycortisol, a steroid that has glucocorticoid activity and is able to bind to
the glucocorticoid receptor (Katsu et al., 2016).
We also studied the effects of 1α,25-dihydroxyvitamin D3 and prednisolone
on the CYP24A1 expression in Saos-2 cells with a human CYP24A1
promoter-luciferase reporter gene. Incubation with 1α,25-dihydroxyvitamin
D3 and co-transfection with VDR resulted in stimulation of the CYP24A1
promoter-luciferase construct compared to vehicle-treated control in Saos-2
cells (Figure 8A). Furthermore, incubation with prednisolone in GRtransfected cell cultures resulted in significant suppression of the CYP24A1
promoter construct, about 50% compared with vehicle-treated controls
(Figure 8B). From studies in other cell types it is known that 1α,25dihydroxyvitamin D3 up-regulates the CYP24A1 gene to maintain
appropriate cellular levels of active vitamin D3 (Henry, 2011; Jones et al.,
2012). In the current study, we showed suppression by glucocorticoids on
CYP24A1 mRNA expression, CYP24A1-mediated metabolism and
CYP24A1 promoter activity in osteoblast-like Saos-2 cells.
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Figure 7. Thin layer chromatography (TLC) analysis of conversion of 17"hydroxyprogesterone into 11-deoxycortisol and unknown product in Saos-2 cells.
TLC was carried out as described in paper II. The figure shows chromatograms of
analysis of incubations with radiolabeled 3H-17"-hydroxyprogesterone (2 µCi/ml)
and unlabelled 17"-hydroxyprogesterone (2 µg/ml) for 0 h (A) and 48 h (B). The
unknown product in (B) could not be identified from its RF-value, which was not
similar to the RF-value for any of the reference steroid compounds.

Figure 8.
(A) Effect of 10 nM 1,25 dihydroxyvitamin D3 (1,25 D3) on a CYP24A1 promoter–
luciferase reporter gene in Saos-2 cells overexpressing VDR and RXR. Saos-2 cells
were transfected with a human CYP24A1 luciferase reporter vector and vectors
expressing VDR and RXR and cultured in the presence or absence of 1,25 D3.
Controls were treated with vehicle.
(B) Effect of 10 µM prednisolone on a CYP24A1 promoter–luciferase reporter gene
in Saos-2 cells overexpressing GR. Saos-2 cells were transfected with a human
CYP24A1 luciferase reporter vector and a vector expressing GR and cultured in the
presence or absence of prednisolone. Controls were treated with vehicle.
Transfection was carried out with Lipofectamine 2000 as described in paper II. Data
are given as mean ± standard deviation (n = 3). *Statistically significant difference
(P < 0.05).

Two previous studies reported that treatment with glucocorticoids increase
the CYP24A1 expression, results that are contrary to the findings reported
here (Dhawan and Christakos, 2010; Kurahashi et al., 2002). The reason for
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this discrepancy is not clear. The studies by these authors on CYP24A1
expression were in cells or tissues of rat or mouse origin, whereas the cell
types used in the present study are human. It may be speculated that effects
of glucocorticoids on CYP24A1 expression could vary between species and
in tissues.

Expression and regulation of CYP17A1 and 3βhydroxysteroid dehydrogenase in cells of the nervous
system: potential effects of vitamin D on brain
steroidogenesis (Paper III)
In this study we examined the expression of 3β-HSD and CYP17A1, two
enzymes essential for production of sex steroids in the CNS (Figure 9), and
the potential role for vitamin D in their regulation. Contradictory results
have been reported concerning the relative importance of different cell types
in the nervous system for expression of these two enzymes.

Figure 9. Overview of enzymes in steroidogenesis.

Human neuroblastoma SH-SY5Y cells, primary rat astrocytes and rat
neuron-enriched cerebral cortex cells were incubated with 3H-labeled
progesterone and 3H-labeled DHEA respectively. Thereafter, TLC analysis
was performed to study CYP17A1-mediated conversions of progesterone to
17α-hydroxyprogesterone and androstenedione and the 3β-HSD-mediated
conversion of DHEA to androstenedione (Figure 10 and 11). CYP17A1 was
found to be present in all three of the cell cultures. This enzyme possesses
two types of enzyme activities, a hydroxylase activity and a 17,20-lyase
activity,
converting
17α-hydroxypregnenolone
and
17αhydroxyprogesterone into DHEA and androstenedione, respectively, by
splitting the side-chain off the steroid nucleus (Figure 9).
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Figure 10. TLC analysis of conversion of progesterone into 17αhydroxyprogesterone and androstenedione in incubations with astrocytes for (A) 0
and (B) 48 h.

Figure 11. TLC analysis of conversion of DHEA into androstenedione and 7αhydroxy-DHEA in incubations with astrocytes for (A) 0 and (B) 48 h.

17OH-progesterone and androstenedione were produced from progesterone
in all three cell cultures at similar rates, 30-40 and 30-60 pmol/mg protein/h
respectively. 3β-HSD activity was measured by analysing the conversion of
DHEA into androstenedione. The formation of androstenedione from DHEA
was approximately 82-120 pmol/mg protein/h. The current results indicate
expression of 3β-HSD mainly in astrocytes, whereas expression of
CYP17A1 was found in both astrocytes and in cultures with a majority of
neurons. In SH-SY5Y cells and neuron-enriched cerebral cortex cells, the
3β-HSD activity was below the limit of detection (≤5 pmol/mg protein/h).
Results of immunoblotting support the data from assay of enzyme activity
showing expression of 3β-HSD protein in astrocytes but not in SH-SY5Y
cells. A weak band for this protein was also observed in neuron-enriched rat
cerebral cortex, indicating low but detectable expression.
Primary neurons may survive for a limited time without the presence of
supporting glial cells, but are dependent on astrocytes for long time survival
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(Gottschling et al., 2016; Sobieski et al., 2015). Therefore we used neuronenriched mixed cultures. Neuron-enriched cultures are co-cultures
containing both glia and neurons but with a majority of the latter cells.
Taken together, our current data suggest that neurons are not involved in 3βHSD reactions. The results do not support two previous studies reporting
that 3β-HSD is expressed in rat brain mainly in neurons (Schumacher et al.,
2004) and in tadpole brain by both neurons and glial cells (Bruzzone et al.,
2010). The results are, however, in agreement with other reports showing
expression of 3β-HSD in astrocytes in human, rat and dog brain (Luchetti et
al., 2014; Micevych et al., 2007; Sinchak et al., 2003; Yarim and Kabakci,
2002).
The active vitamin D hormone 1α,25-dihydroxyvitamin D3 regulates the
expression of a great number of genes via the vitamin D receptor (VDR) that
is expressed in cells of virtually all tissues (Eyles et al., 2013; Lundqvist et
al., 2010). Previous studies have shown that vitamin D can influence gene
expression and hormone production of steroidogenic enzymes in human
adrenocortical NCI-H295R cells as well as in ovarian, breast and prostate
cells (Lundqvist et al., 2011; Merhi et al., 2014). There is, however, little
information about possible vitamin D mediated regulatory effects on genes
and enzymes of the steroidogenesis in the brain.
The three cell cultures were treated with 10 nM of 1α,25-dihydroxyvitamin
D3, to study its effect on the CYP17A1-mediated hydroxylase activity and
the 3β-HSD activity. The results show suppression of CYP17A1 activity by
about 20% in SH-SY5Ycells and astrocytes. The CYP17A1 activity in
neuron-enriched cerebral cortex cells was not significantly influenced by
treatment with 1α,25-dihydroxyvitamin D3. The 3β-HSD activity in
astrocytes was significantly suppressed by 20% in cells treated with 10 nM
1α,25-dihydroxyvitamin D3.
Real time RT-PCR was used to investigate the effects of 10 nM 1α,25dihydroxyvitamin D3 on the expression of mRNA for CYP17A1 in SHSY5Y cells and astrocytes. For astrocytes treated with 1α,25dihydroxyvitamin D3 the mRNA levels of CYP17A1 and 3β-HSD were
markedly suppressed (60-70%) compared with vehicle-treated control cells
(Table 2). For human SH-SY5Y cells, the treatment showed no effect on the
3β-HSD expression whereas the mRNA levels of CYP17A1 decreased by
approximately 50%. In neuron-enriched rat cerebral cortex cells the 3β-HSD
and CYP17A1 mRNA levels were very low and we could not detect any
effect by treatment with 1α,25-dihydroxyvitamin D3.
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Table 2. Effects of 1,25(OH)2D3 on enzyme activities and mRNA expression of
CYP17A1 and 3β-HSD.

CYP17A1
mediated
activity
(% of
control)

3β-HSD
mediated
activity
(% of
control)

CYP17A1
mRNA
expression
(% of
control)

3β-HSD
mRNA
expression
(% of
control)

Astrocytes
Control (vehicle)
1,25OH2D3

100
80±30

100
80±10*

100
29±9*

100
36±7*

SH-SY5Y
Control (vehicle)
1,25OH2D3

100
80±10*

ND
ND

100
56±11*

100
92±11

Neuron-enriched
cerebral cortex
cells
Control (vehicle)
1,25OH2D3

100
105 (100110)

ND
ND

100
77 (69-102)

§
§

* Statistically significant compared to control. ND, not detectable;
§ At the limit of detection.
Modified from the Comprehensive summary of the thesis of Ida Emanuelsson, 2017.

1,25 D3 suppressed the mRNA level of 3β-HSD and CYP17A1 much more
than the enzyme activities. The reason for the discrepancy between the
stronger vitamin D-mediated effects on mRNA levels compared with the
enzyme activity remains to be established. It is possible that these steroids
may undergo several additional metabolic reactions in brain cells, perhaps
more efficiently than those catalysed by CYP17A1 or 3β-HSD. To examine
alternative pathways for metabolism of androstenedione and DHEA, we
carried out experiments to study the effect of 1α,25-dihydroxyvitamin D3 on
CYP19A1 (aromatase), CYP7B1 and 17β-hydroxysteroid dehydrogenase.
However, no vitamin D-regulating effects on these enzyme activities could
be observed. It is possible, however, that unknown metabolic events could
play a role.
The current results strongly suggest that both astrocytes and neurons are
responsible for CYP17A1 expression. Thus, expression of CYP17A1 and
conversion of progesterone into the CYP17A1-mediated products 17αhydroxyprogesterone and androstenedione were found in cell cultures of rat
astrocytes as well as in neuron-enriched cerebral cortex cells. The rates of
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formation of the CYP17A1-mediated products were comparable in these two
different cell cultures. Additionally, undifferentiated and differentiated
human SH-SY5Y cells expressed mRNA for CYP17A1 and efficient
CYP17A1-mediated enzyme activity. Other studies have reported different
results on CYP17A1 expression in cell types from the CNS (Cascio et al.,
2000; Do Rego et al., 2007; Hojo et al., 2004; Manca et al., 2012; Mellon
and Deschepper, 1993; Zwain and Yen, 1999). Potential species differences
in expression of CYP17A1 and 3β-HSD cannot be excluded.

Vitamin D metabolism in the nervous system: potential
effects of glucocorticoids (Paper IV)
In paper I, we reported that the mouse motor neuron-like hybrid cell line
NSC-34 expresses mRNA for CYP24A1 as well as the CYP24A1-mediated
enzyme activity producing 24,25-dihydroxyvitamin D3 (Almokhtar et al.,
2016). The current study extends this finding by investigating the
mechanisms for vitamin D3 metabolism in NSC-34 cells and possible
vitamin D3 metabolism also in neuron-enriched mixed cells from rat cerebral
cortex. Further, potential drug-mediated regulation of vitamin D3
metabolism in cells of the nervous system was studied by analysing the
effects of prednisolone, a synthetic glucocorticoid, on the expression of
CYP24A1 and metabolism of 25-hydroxyvitamin D3.
Potential metabolism of vitamin D3 compounds was studied in primary cells
from rat embryonic cortex. Both HPLC and semi-quantitative RT-PCR were
used in these experiments. No enzymatically produced metabolites e.g. 25hydroxyvitamin D3, 1α,25-dihydroxyvitamin D3 or 24,25-dihydroxyvitamin
D3 could be detected by HPLC analysis. RT-PCR experiments indicated that
CYP27B1 mRNA is expressed in cells from rat embryonic cortex.
Similarly, as previously found with NSC-34 cells, substantial timedependent decrease was observed in cellular levels of the substrates 25hydroxyvitamin D3, 1α,25 hydroxyvitamin D3 and vitamin D3, respectively,
when incubated with cells from rat embryonic cortex (Figure 12). To
exclude the possibility of autoxidation or other non-biological modification
or degradation of the added steroids, we carried out control experiments
using media without cells but with the same amount of substrates incubated
under identical conditions. In these negative controls there was no change in
levels of added vitamin D3 compounds even after two days of incubation in
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37 °C. These results indicate that the observed decreased levels of added
substrate are due to undergoing metabolic processes in the cells.

Figure 12. Amount of substrate remaining after incubation of embryonic neuronenriched cortical rat cells with 25-hydroxyvitamin D3 (25OH D3), 1",25dihydroxyvitamin D3 (1.25OH D3) and vitamin D3 for 0 h, 24 h and 48 h
respectively. The amounts of vitamin D compounds were measured using straightphase HPLC as described in paper IV. Error bars represent the standard deviation of
the means of three experiments.

Ketoconazole, a synthetic general cytochrome P450 inhibitor, was used in
experiments with cells from rat embryonic cortex that were incubated with
25-hydroxyvitamin D3 alone (as control) or with a mixture of 25hydroxyvitamin D3 and ketoconazole. The results showed no significant
effect of ketoconazole on 25-hydroxyvitamin D3 metabolism compared to
control. The lack of inhibiting effect of ketoconazole on 25-hydroxyvitamin
D3 metabolism in primary cells from rat brain cortex, indicates that this
metabolism does not involve cytochrome P450 enzymes.
Hydrophilic metabolites such as sulfates are reported to be formed from
vitamin D3 in some tissues (Coldwell et al., 1987; Yamada et al., 1989). In
order to study possible formation of hydrophilic, water soluble vitamin D3
metabolites (e.g. sulfated 25-hydroxyvitamin D3), radioactively labeled 25hydroxyvitamin D3 was incubated with NSC-34 cells and with primary cells
from rat brain cortex. The results from analyses using scintillation counter
indicate very low 3H- labeled compounds in the H2O-phase compared to the
organic phase in NSC-34 cell culture after incubation. These results do not
suggest formation of hydrophilic, water soluble metabolites after incubation
of 3H-labeled 25-hydroxyvitamin D3 with NSC-34 cells. The results were
slightly different in experiment with primary rat brain cortex cells. With
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these cells there was a small increase of radioactivity in the H2O-phase.
These results indicate a possible formation of small amounts of watersoluble compound. However, this increase is not high enough to explain the
substantial decrease of 25-hydroxyvitamin D3 substrate upon incubation.
25-hydroxyvitamin D3 metabolism was also analysed by TLC. TLC analysis
of incubation extracts can detect both hydrophilic and hydrophobic
compounds, which might not be observed in HPLC analysis due to their
retention times. Formation of hydrophobic metabolites, such as 25hydroxyvitamin D3 esters, could be excluded from the results of the TLC
experiment. However, as shown in Figure 13 a major unknown product was
detected, with a Rf value that does not correspond to any of the references
for vitamin D3 metabolites. (Fig 13B).

Figure 13. Thin layer chromatography (TLC) showing analysis of conversion of 25hydroxyvitamin D3 into an unknown product in NSC-34 cells as described in paper
IV. Chromatogram of extracted sample after incubations with 25-hydroxyvitamin D3
(4.8 µM), together with radiolabeled 3H 25(OH) D3 (0.2 µCi/ml) for 0 h (A) and 48
h (B). The unlabeled steroids were exposed to iodine vapors, facilitating their
visualization in order to compare their Rf values with the radioactive metabolite.
The Rf-value for the unknown product is 0.13. Rf values for 25-hydroxyvitamin D3,
1,25-dihydroxyvitamin D3, vitamin D3 and 24,25- dihydroxyvitamin D3 in this
system are 0.27, 0.15, 0.5 and 0.17, respectively. Rf values for cholesterol and
cholesterol acetate are 0.49 and 0.88, respectively.

In our experiments with HPLC analysis, no 25-hydroxyvitamin D3
metabolites, other than 24,25-dihydroxyvitamin D3, could be detected in
NSC-34 cells. The rate of 24,25-dihydroxyvitamin D3 production is not of
the magnitude that it can explain the substantial consumption of 25hydroxyvitamin D3 observed in incubations with the cells. The production of
the 25-hydroxyvitamin D3 metabolite detected by TLC, however, represents
about 70 % of the total incubated radioactivity. The formation of this
metabolite may explain the extensive consumption of 25-hydroxyvitamin D3
upon incubation with NSC-34 cells. The identity of this major metabolite
remains to be established.
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We have previously established that the CYP24A1 enzyme is expressed in
NSC-34 cells and that 1",25-dihydroxyvitamin D3 induces CYP24A1
mRNA expression (Almokhtar et al., 2016). Because 25-hydroxyvitamin D3
is used as substrate in the current cell incubations, we considered it of
interest to analyse the effect of this compound on levels of CYP24A1
mRNA. Treatment of NSC-34 cells with 25-hydroxyvitamin D3 induced the
CYP24A1 mRNA expression. The results from our previous study on NSC34 cells indicate that these cells do not express 1"-hydroxylase activity
(Almokhtar et al., 2016). This finding leads us to believe that the induction
of CYP24A1 is an effect of 25-hydroxyvitamin D3 alone and not due to
endogenous formation of 1",25-dihydroxyvitamin D3.
Dexamethasone, a synthetic therapeutic glucocorticoid, has previously been
shown to influence vitamin D hydroxylase expression in bone cells (Wegler
et al., 2016). In the current study, the effects of prednisolone treatment on
CYP24A1 enzyme activity and mRNA levels were measured in NSC-34
cells. HPLC analyses of the cell culture medium indicate that prednisolone
increases formation of 24,25-dihydroxyvitamin D3 and slightly decreases the
levels of the substrate 25-hydroxyvitamin D3 remaining after incubation.
The prednisolone treatment induced the CYP24A1 mRNA expression about
twofold (Figure 14). The results are consistent with an up-regulation of 25hydroxyvitamin D3 metabolism by prednisolone in NSC-34 cells.

Figure 14. Treatment with prednisolone in presence of 25-hydroxyvitamin D3
increases CYP24A1 mRNA levels in NSC-34 cells. Cells were treated for 48 h with
10 µM of prednisolone dissolved in 99% ethanol. Untreated cells received 4.8 µM of
25-hydroxyvitamin D3 (25 D3) dissolved in 99% ethanol (control) for 48 h. After 48
h of treatment, mRNA was extracted and the mRNA levels were determined using
real-time RT-PCR. The mRNA levels are shown as fold change compared to
untreated cells. Data are given as mean ± standard deviation (n=3–6). *Statistically
significant difference (P < 0.05).
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To evaluate if prednisolone might affect the levels of 25-hydroxyvitamin D3
substrate remaining after incubation, experiments were carried out also with
primary cells from rat cortex. The results indicate that prednisolone
decreases the amount of 25-hydroxyvitamin D3 remaining in similarity with
results obtained with NSC-34 cells. Thus, prednisolone appears to increase
25-hydroxyvitamin D3 metabolism also in primary cells from rat brain
cortex. Other studies using other cell lines have indicated effects of
glucocorticoids on CYP24A1 expression but the results vary between
different cell types (Dhawan and Christakos, 2010; Kurahashi et al., 2002;
Wegler et al., 2016). The data of the current work indicate that
glucocorticoids may have different effect in different cells. Whereas the data
on rodent brain cells suggest stimulation of vitamin D metabolism, our
results on human bone cells clearly show suppression of CYP24A1. At
present it is not clear if this is a cell-specific effect or if it is dependent on
the species from which the cells originate.
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Conclusions

In this thesis, gene regulation and enzyme activity in cell cultures were
analysed in order to investigate the effects of steroids in cells of the CNS
and bone. The investigation included studies on the effects of
glucocorticoids on vitamin D enzymes. The results obtained in this thesis
give rise to the following conclusions:
Murine motor neuron-like NSC-34 cells were found to express mRNA for
all vitamin D metabolising enzymes and VDR (vitamin D receptor). These
cells produce the CYP24A1-mediated metabolite 24,25-dihydroxyvitamin
D3. In addition, results indicate metabolism of several vitamin D3
compounds by these cells. The mRNA levels of CYP24A1 were upregulated by treatment with 1α,25-hydroxyvitamin D3, and the vitamin D
analogues EB1089 and tacalcitol. Our results suggest that NSC-34 cells
could be a novel model for studies of neuronal vitamin D metabolism and its
regulation by endogenous and exogenous compounds.
Human osteosarcoma Saos-2 cells and primary osteoblasts (hOB) were
found to express mRNA for all enzymes required in vitamin D3 metabolism.
Both cell types can perform 24-hydroxylation and produce the 24,25dihydroxyvitamin D3 metabolite from 25-hydroxyvitamin D3. Treatment
with glucocorticoids (for example cortisol and prednisolone) down regulated
expression of CYP24A1 in both cell cultures. The results of experiment with
Saos-2 cells indicated formation of 11-deoxycortisol, a steroid with
glucocorticoid activity. Effects of glucocorticoids on the vitamin D system
may contribute to the adverse effects observed on bone health in long-term
treatment with glucocorticoids.
Neuron-enriched cells from rat cerebral cortex, primary rat astrocytes and
human neuroblastoma SH-SY5Y cells were found to express CYP17A1,
whereas only astrocytes expressed 3β-HSD. 1α,25-Dihydroxyvitamin D3
suppressed both CYP17A1-mediated enzyme activity and CYP17A1 mRNA
levels in SH-SY5Y cells and astrocytes. 1α,25-Dihydroxyvitamin D3
suppressed 3β-HSD in astrocytes, both the enzyme activity and mRNA
levels. The results suggest that vitamin D-mediated regulation of CYP17A1
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and 3β-HSD, particularly on the transcriptional level, may play a role in the
nervous system.
NSC-34 cells and primary neuron-enriched cells from rat brain cortex
showed a substantial time-dependent decrease in levels of 25hydroxyvitamin D3 upon incubation. In NSC-34 cells, a major unknown
metabolite formed from 25-hydroxyvitamin D3 was detected. Results from
incubations with both these cell cultures suggest that prednisolone may
increase 25-hydroxyvitamin D3 metabolism in neuronal cells. Potential
effects of glucocorticoids on the vitamin D metabolism in brain cells may be
associated to the reported adverse effects of glucocorticoid treatment in the
CNS.
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Svensk sammanfattning / Summary in
Swedish

D-vitamin är ett fettlösligt vitamin som antingen kan intas från födan bl.a.
fet fisk eller äggula eller bildas i huden då den bestrålas av solljus. Vitamin
D indelas i två typer, vitamin D2 (växter) och vitamin D3 (djur, människor).
Vitamin D3 i sig har inte någon effekt, utan måste aktiveras i kroppen i två
steg. Första aktiveringssteget sker i levern och bildar kalcidiol (25hydroxyvitamin D3), sedan sker andra aktiveringssteget i njuren och bildar
det aktiva vitamin D-hormonet kalcitriol (1,25-hydroxyvitamin D3). Aktivt
vitamin D3 har många viktiga effekter; bland de viktigaste är effekten på
benhälsan genom att underlätta kalciumabsorptionen från tarmarna och
normal benbildning. Vitamin D3 är avgörande för upprätthållandet av
normala kalciumnivåer, vilket är viktigt även för att musklerna ska kunna
arbeta på rätt sätt. Studier har funnit att brist på vitamin D3 ökar risken för
störningar av många av kroppens fysiologiska processer såsom
hormonbalans och immunförsvaret. Samband har påvisats mellan vitamin Dbrist och skelettsjukdomar, såsom rakit och benskörhet, olika cancerformer
och immunsjukdomar. Ytterligare studier har visat samband mellan vitamin
D3 och hjärnan, där brist under utvecklingen kan vara en riskfaktor för flera
neurodegenerativa störningar och utveckling av hjärnsjukdomar t.ex.
schizofreni, autism och Parkinsons sjukdom.
Steroidhormoner, liksom D-vitamin, härrör från kolesterol och kan delas in i
tre grupper, glukokortikoider (t.ex. kortisol), mineralokortikoider (t.ex.
aldosteron) och könshormoner (t.ex. testosteron och östradiol). Androgener
och östrogener spelar en viktig roll vid reproduktion och utveckling av
sekundära könskarakteristika hos män respektive kvinnor. Den aktiva
formen av vitamin D3, 1,25-dihydroxyvitamin D3, karakteriseras som ett
steroidhormon eftersom den använder en receptor-medierad interaktion med
målgenerna. CYP450 är en familj av enzymer, som är proteiner vars
funktion är såsom biologiska katalysatorer i kroppen, vilka påskyndar
kemiska reaktioner som är inblandade i bildning och nedbrytning av
läkemedel och kroppsegna ämnen. CYP450-enzymer är involverade i många
fysiologiska reaktioner såsom aktivering och inaktivering av vitamin D,
gallsyrabiosyntes och steroidsyntes. Kolesterol är en viktig källa för bildning
av bl.a. steroidhormoner och vitamin D och finns rikligt i hjärnan. Kolesterol
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är avgörande för många processer i kroppen. Trots att levern är
huvudorganet för att syntetisera kolesterol, har många andra kroppsvävnader
också denna förmåga.
I denna avhandling undersöktes om NSC-34 celler kunde representera en
modell för hjärnceller och användas i studier av neuronal vitamin Dmetabolism och reglering av aktiva D-vitaminhalter i CNS. Resultaten
visade att dessa celler uttrycker mRNA för enzymerna, som är inblandade i
vitamin D aktivering och inaktivering samt för vitamin D-receptorn (VDR).
Det visade sig att dessa celler även bildar den CYP24A1-producerade
metaboliten 24,25-dihydroxyvitamin D3. CYP24A1 är ett enzym vars
funktion är att inaktivera det aktiva vitamin D3-hormonet. Dessutom tyder
resultaten på metabolism och reglering av flera vitamin D3-föreningar i
dessa celler. mRNA-nivåerna för CYP24A1 uppreglerades vid behandling
med 1,25-hydroxivitamin D3 och vitamin D-analogerna EB1089 och
tacalcitol (syntetiska ämnen med strukturella likheter med vitamin D).
Resultaten tyder på att NSC-34-celler kan vara en ny modell för studier av
neuronal vitamin D-metabolism och dess reglering av endogena och exogena
föreningar. Resultat från experiment med NSC-34 celler och primära
neuronrika celler från rått-hjärncortex visade en signifikant tidsberoende
minskning av 25-hydroxyvitamin D3 halter vid inkubering. Experiment med
radioaktivt 25-hydroxyvitamin D3 kunde påvisa en ny tidigare okänd
metabolit som kan vara orsaken till substratminskningen. Läkemedlet
prednisolon visade en hämmande effekt på substratminskningen i båda
celltyperna men ökat mRNA uttryck av CYP24A1 i NSC-34 celler.
Effekterna av glukokortikoider på vitamin D-metabolismen i humana
benceller studerades också. Bencellerna visade uttryck av mRNA för alla
enzymer som krävs i vitamin D3-metabolismen. Dessutom kan de producera
metaboliten 24,25-dihydroxyvitamin D3 från 25-hydroxyvitamin D3.
Behandling med glukokortikoider (till exempel kortisol och prednisolon)
visade en nedreglerande effekt på mRNA-uttrycket för CYP24A1-genen i
bencellerna. Utöver detta påvisades bildning av glukokortikoiden 11deoxykortisol. I avhandlingen studerades dessutom uttrycket av CYP17A1
och 3β-HSD i humana neuroblastom-celler, primära rått-astrocyter och
primära neuronrika celler från rått-hjärncortex från nervsystemet. Effekter av
vitamin D3 på dessa enzymer undersöktes. Resultaten tyder på att vitamin Dmedierad reglering av CYP17A1 och 3β-HSD, speciellt på mRNA-nivå, kan
spela en viktig roll i nervsystemet. Sammanfattningsvis kan resultaten i
denna avhandling bidra till bättre förståelse av vitamin D-metabolismen och
effekterna av glukokortikoider i hjärnan och skelettet.
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