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Vitamin D deficiency has been linked to many human diseases such as Alzheimer's disease (AD), Par-
kinson's disease (PD), multiple sclerosis (MS), hypertension and cardiovascular disease. A Vitamin D
phenotypic stability hypothesis, which is developed in this review, attempts to describe how this vital
hormone acts to maintain healthy cellular functions. This role of Vitamin D as a guardian of phenotypic

K‘_—’YWO.rdS-' stability seems to depend on its ability to maintain the redox and ca%t signalling systems. It is argued
‘C/‘tlaf“m D that its primary action is to maintain the expression of those signalling components responsible for
alclum

stabilizing the low resting state of these two signalling pathways. This phenotypic stability role is
facilitated through the ability of vitamin D to increase the expression of both Nrf2 and the anti-ageing
protein Klotho, which are also major regulators of Ca>" and redox signalling. A decline in Vitamin D
levels will lead to a decline in the stability of this regulatory signalling network and may account for why
so many of the major diseases in man, which have been linked to vitamin D deficiency, are associated
with a dysregulation in both ROS and Ca®* signalling.

Reactive oxygen species
Alzheimer's disease
Parkinson's disease
Schizophrenia

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

Vitamin D deficiency is a major world pandemic [1,2]. The first
clear indication that such a deficiency can cause disease emerged
when rickets was found to result from a decline in calcium (Ca®*)
uptake across the intestine caused by low levels in Vitamin D.
Subsequently, such Vitamin D deficiencies have been linked to
many other human diseases such as Alzheimer's disease (AD),
cancer, cardiovascular disease, hypertension, type II diabetes,
multiple sclerosis (MS), Parkinson's disease (PD) and various in-
flammatory disorders such as tuberculosis [3]. The role of vitamin D
in preventing rickets depends on its ability to increasing the
expression of Ca*>* pumps and buffers to facilitate the uptake of
Ca’* across the intestine as part of vitamin D's role in regulating
whole body Ca?>* homoeostasis. In the case of all the other diseases
mentioned above, there is no general consensus as to how Vitamin
D might function despite the overwhelming evidence of its
important health benefits.

In this review, I will develop the concept that Vitamin D may act
by maintaining the stability of intracellular signalling pathways.
This Vitamin D phenotypic stability hypothesis will be illustrated
through its role in regulating the cellular mechanisms responsible
for maintaining the Ca** and redox signalling pathways.
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2. Vitamin D biosynthesis, metabolism and mode of action

The active component of vitamin D is 1a,25-dihydroxyvitamin
D3 [10,25(0H);Ds3] that is formed by a series of reactions that
take place in a number of different tissues (Fig. 1). The first reaction
is driven by sunlight acting on the skin [4] to photolyze 7-
dehydrocholesterol to vitamin D3 (cholecalciferol), which is trans-
ferred to the liver where a hydroxyl group is added to the C-25
position by a vitamin D-25 hydroxylase (encoded by the CYP27A1
gene) to form 25-hydroxyvitamin D3 [25(OH)Ds] that is the im-
mediate precursor for active Vitamin D. This 25(0H)Ds is carried in
the blood to enter multiple cell types where a 25(0OH)D3-10-hy-
droxylase (encoded by the CYP27B1 gene) adds another hydroxyl
group to the 1 position to form the active hormone 1,25(0H),D3,
which will be referred to as Vitamin D that functions to regulate
many different cellular processes [5].

Vitamin D has both genomic and non-genomic actions. In the
case of the latter, Vitamin D may act through a membrane-
associated receptor, such as the rapid-response steroid-binding
protein (1,25D3-MARRS) receptor, to directly influence various
signalling pathways such as those operating through the phos-
phoinositides, Ca**, cyclic GMP and MAP kinase [6—8]. The
genomic action, which is responsible for phenotypic stability, de-
pends on Vitamin D binding to the vitamin D receptor (VDR) to
regulate gene transcription (Fig. 2). The VDR is a member of the
nuclear receptor family and is widely distributed in many different
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Fig. 1. Vitamin D formation and metabolism. Synthesis of 1,25-dihydroxyvitamin D3 [1,25(0OH),Ds] occurs through three steps carried out in separate tissues. 1. The sequence
begins in the skin with the UV-dependent photolysis of 7-dehydrocholesterol to Vitamin D3, which can also be obtained from the diet. 2. The next step occurs in the liver, where a
vitamin D-25 hydroxylase adds a hydroxyl group to Vitamin D3 to form 25(OH)Ds. 3. The final reaction occurs in the kidney and many other cell types where a 1a-hydroxylase adds
another hydroxyl group to form 1,25(0H),Ds. 4. The 1,a25(0H),Ds is the active hormone that has multiple signalling functions. 5. Both 1,25(0H),D3 and its precursor 25(0OH)Ds is
metabolized by a 24-hydroxylation step carried out by 1¢,25-(OH),D 24-hydroxylase (encoded by the CYP24A1) that convert them to 1,24,25(0H),D3 and 24,25(0H),D3 respectively.
Expression of CYP24A1 is enhanced by 1,25(0OH),D3 thus providing a negative feedback loop that regulates the level of this hormone.
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Fig. 2. Vitamin D receptor (VDR) activation. The vitamin D hormone 1,25-dihydroxyvitamin D3 [1,25(0H),D3] binds to the vitamin D receptor (VDR) that interacts with the
retinoid X receptor (RXR) to form the VDR/RXR heterodimer that binds to the vitamin D response element (VDRE). Once in place, the VDR initiates the expression of a large number
of genes located in many different cell types to express proteins that function in a number of cellular processes. Vitamin D also increases the expression of both Klotho and Nrf2 that
carry out many of its homoeostatic functions.
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cell types [9]. The VDR interacts with the retinoid X receptor (RXR)
to form a heterodimer that binds to the vitamin D response element
(VDRE). There are a large number of vitamin D-sensitive target
genes most of which are activated by Vitamin D, but there are some
that are repressed. The transcription of these genes contributes to
the control of many different cellular processes.

2.1. Vitamin D regulation of epigenetic mechanism

In keeping with its proposed role as a custodian of phenotypic
stability, Vitamin D regulates epigenetic mechanisms that maintain
the transcription of its target genes that contribute to its regulatory
network (Fig. 2) [10]. For example, the VDR/RXR dimer recruits
histone acetyltransferases (HATs) such as p300/CBP and steroid
receptor coactivators 1 and 2 (SRC-1 and SRC-2) that carry out the
acetylation reactions that opens up the chromatin structure to
facilitate transcription.

Vitamin D also regulates the methylation state of its gene pro-
motors. Methylation of the CpG islands located in such promotor
regions can silence many of the genes that are regulated by Vitamin
D. For example, the decline in SERCA2a activity in cardiovascular
disease may be caused by hypermethylation of its promotor region
[11]. Another example is the expression of Klotho, which is another
significant custodian of phenotypic stability that is silenced by
methylation [12,13]. In cervical cancer, such epigenetic silencing
enhances tumorigenesis due to the activation of Wnt signalling that
is normally inhibited by Klotho [13]. Such hypermethylation of
promotor regions increases during ageing and has been linked to the
onset of many diseases such as cancer, cardiovascular and neuro-
degenerative diseases [14]. For example, hypermethylation of pro-
motors in GABAergic neurons may contribute to the phenotypic
remodelling responsible for schizophrenia and bipolar disorder [15].
Given that many of these diseases have also been linked to Vitamin D
deficiency, itis not surprising to find that Vitamin D can modulate the
epigenetic landscape and this may contribute to its ability to main-
tain phenotypic stability. This regulation of the epigenome by
Vitamin D depends onits ability to induce the expression of a number
of key DNA demethylases such as JMJD3, LSD1 and LSD2 [16].

3. Vitamin D a guardian of signalling phenotypic stability

When cells differentiate, they usually stop proliferating and begin
to express cell-type-specific signalling mechanisms appropriate to
control their designated function. It is essential that such signalling
systems are maintained so that they can continue to deliver the sig-
nals appropriate for their particular function. There is increasing ev-
idence that vitamin D regulates the expression of many components
of different signalling pathways, such as those activated by insulin,
ETS, tumour necrosis factor (TNF), ErB, cytokines, TGFf1, Hedgehog,
Notch and Wnt [8,17—19]. In addition, vitamin D can regulate the
expression of components that operate in processes such as the cell
cycle, autophagy, apoptosis, actin remodelling, cell adhesion, axon
guidance and endocytosis [17,20]. Such a role as a custodian of
phenotypic stability will be developed further by considering how it
regulates the closely related Ca?* and redox signalling pathways.

The first recognized homoeostatic function of Vitamin D was its
regulation of whole body Ca?* homoeostasis by promoting Ca®*
absorption by the kidney and the intestine. Vitamin D acts by
increasing the expression of the main components responsible for
epithelial Ca?* transport such as TRPV5, TRPV6, calbindin D-9k,
calbindin D-28k, Na*/Ca®* exchanger (NCX) and plasma membrane
Ca®*-ATPase 1b (PMCA1b) [21—25]. A defect in these Vitamin D-
dependent Ca®?* homoeostatic mechanisms causes rickets in in-
fants and osteomalacia in adults [26,27]. Vitamin D deficiency is
now recognized as a major risk factor in many other human

diseases. However, there is no explanation as to why Vitamin D
deficiency contributes to so many diseases. The primary focus of
this review is to develop the hypothesis that Vitamin D acts as a
custodian of phenotypic stability by maintaining the integrity of
cell signalling pathways. It will be argued that a decline in the
stability of signalling systems, such as the Ca®>* and redox path-
ways, may explain why Vitamin deficiency is such a major risk
factor in the development of so many diseases.

When considering this custodial action of vitamin D, it is
important to include the activity of the nuclear factor-erythroid-2-
related factor 2 (Nrf2) and Klotho, because their expression is
regulated by Vitamin D (Fig. 2). Both Klotho, which has been
implicated in ageing and Nrf2 are included in the hypothesis because
they also function to maintain the stability of cell signalling path-
ways. The vitamin D signalling stability hypothesis proposes that
Vitamin D, working in conjunction with Klotho and Nrf2, creates an
extensive regulatory network that acts as a custodian to ensure the
normal function of both the ROS and Ca®" signalling pathways.

3.1. Vitamin D and the nuclear factor-erythroid-2-related
factor 2 (Nrf2)

Vitamin D controls the expression of Nrf2 [28,29], which is a
redox-sensitive transcription factor that activates many genes that
encode antioxidant and detoxifying enzymes [30—32] (Fig. 2). The
transcriptional activity of Nrf-2 is regulated by a number of mecha-
nisms that determines its nuclear import/export balance and its
degradation [33—35] (Fig. 3). In the absence of cell stress and reactive
oxygen species (ROS), the Nrf2 binds to Kelch-like ECH-associated
protein 1 (Keap1), which represses Nrf2 activity and is associated
with the ubiquitin ligase Cullin 3 that ubiquitinates Nrf2 resulting in
its degradation by the proteasome. When ROS levels rise in response
to cell stress, the Keap1 is oxidized and is no longer capable of binding
Nrf2, which allows the free Nrf2 to enter the nucleus to increase the
expression of many different genes. The release of Nrf2 from Keap-1
can also be induced by a number of agents such as carnosic acid (CA)
(derived from the herb rosemary), curcumin (derived from turmeric),
dimethyl fumarate (DMF), quercetin (fruits and vegetables), resver-
atrol (red grapes) and sulforaphane (contained in broccoli, Brussel
sprouts and cabbage) [36—38]. This nuclear entry of Nrf2 can also be
enhanced following its phosphorylation by a number of protein ki-
nases such as casein kinase I, the MAP kinases (ERK1/2, JNK and p38)
and protein kinase C (PKC).

Nrf2 acts by binding to the antioxidant response element (ARE) to
enhance the expression of a large number of genes. Nrf2 can increase
the expression of Fos and JUN, which then increase the expression of
both VDR and RXRa, that enhances the ability of cells to respond to
low levels of vitamin D [30]. Nrf2 also increases the expression of
many antioxidant and detoxifying enzymes such as catalase, gluta-
mate cysteine ligase (GCL) that synthesizes the redox buffer GSH,
glutathione S-transferase, haemoxygenase 1 (HO1), NAD(P)H
quinone oxidase 1 (NQO1), peroxyredoxins, SOD1, SOD2 and thio-
redoxin (TRX). Nrf2 also acts to increase the expression of sulfir-
edoxins that act to reduce the oxidized peroxyredoxins [39,40]. Nrf2
can also influence Ca?* signalling by regulating the expression of Bcl-
2 [40,41], which acts by inhibiting the activity of the InsP3R [42].

The transcriptional activity of Nrf2 can be enhanced by valproate
(VPA) and lithium (Li*) [43—45], which are highly effective in treat-
ing bipolar disorder. Valproate acts by inhibiting histone deacetylase
(HDAC), which suggests that histone acetylation has an important
role in maintaining cellular antioxidant levels in line with the role of
Vitamin D in regulating the epigenetic landscape as described earlier
(Fig. 2). The export of Nrf2 from the nucleus, which thus terminates
its transcriptional activity, is regulated by glycogen synthase kinase-
3B (GSK-3B) [46]. VPA and Li* were found to act synergistically in
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providing a neuroprotective affect and this is of considerable interest
as these two drugs are often used in combination to treat bipolar
patients that are resistant to either drug alone [44].

There is considerable evidence to suggest that alterations in
Nrf2 activity may contribute to numerous diseases [37] many of
which have been linked to Vitamin D deficiency, which further
emphasizes the importance of considering Nrf2 as it is a key
component of the Vitamin D regulatory network.

3.2. Klotho

The expression of Klotho, which is an anti-ageing gene, is regu-
lated by Vitamin D [47,48]. Disruption of the Klotho gene in mice in-
duces premature ageing associated with multiple defects such as
growth retardation, osteoporosis, cognitive defects, skin atrophy,
osteopenia, hyperphosphatemia, endothelial dysfunction, Parkinso-
nian gaitand impaired hearing [49—52]. These ageing-like symptoms
displayed by Klotho ™/~ mice were reversed when Klotho expression
was re-induced [53]. A variant of Klotho, known as KL-VS, has also
been associated with human ageing. Individuals that are homozy-
gous for the KL-VS alleles have a reduced life span [54]. However,
those individuals with the heterozygous genotype have enhanced
longevity [54,55]. This human KL-VS variant also has an effect on
coronary artery disease [56], hypertension [57 | and osteoporosis [58].
Further support for a link to human ageing is the observation that the
plasma level of Klotho decreases with age after 40 years [59].

Klotho is a transmembrane protein that contains a large extra-
cellular domain and a much smaller cytosolic domain. Following its
cleavage by ADAM 10 and ADAM17, the external domain is shed and
functions as a humoral factor to influence a number of signalling
pathways and cellular processes (Fig. 2):

o It can inhibit the insulin/IGF1 [50] and Wnt signalling pathways
[60]. The ability of Klotho to suppress ageing and oxidative

stress may depend on the inhibition of insulin/IGF1 that results
in the activation of FOXO that up-regulates the expression of
antioxidant enzymes such as mitochondrial manganese-
superoxide dismutase (SOD2) and catalase [61].
e Klotho can influence a number of intracellular signalling path-
ways such as the p53/p21, cyclic AMP and protein kinase C (PKC)
pathways [52].
In the kidney, Klotho facilitates the action of FGF23 by acting as a
coreceptor with the FGF receptor [62].
It acts as a glycosidase to regulate the activity of ion channels
such as the TRPV5 channel (Fig. 2) [63,64] and the renal outer
medullary potassium channel 1 (ROMK1) [65].
Klotho may act to protect the cardiovascular system by regu-
lating the NO synthase [66] responsible for generating
endothelium-derived nitric oxide (NO) [66,67], which acts to
regulates vasomotor tone.
Klotho can suppress ageing and oxidative stress by increasing
the expression of peroxiredoxins (Prx-2 and Prx-3) and thio-
redoxin reductase 1 (Trxrd-1) that act together to reduce ROS
[68]. In Klotho mutant mice, there is a severe decline in cogni-
tion and this was associated with an increase in oxidative stress
[69]. In addition, there was a decline in the expression of Bcl-2,
which would act to enhance the release of internal Ca®* [42]. By
contrast, Individuals heterozygous for the KL-VS genetic variant
were found to have enhanced cognition and this was associated
with increased serum levels of Klotho [70].
Klotho acts to regulate the communication between neurons
and oligodendrites during myelin formation and may thus have
important implications for understanding multiple sclerosis
[71].

When considering the action of Vitamin D, therefore, it is
essential to include the role of Klotho and Nrf2 that carry out many
of the actions that have been attributed to Vitamin D. The
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importance of considering these three regulators together is
emphasized by their close inter-relatedness. In addition to the role
of Vitamin D in controlling the expression of Klotho and Nrf2,
Klotho feeds back to inhibit the 25(OH)Ds-1a-hydroxylase
responsible for the synthesis of Vitamin D (Fig. 2) [47,72], whereas
Nrf2 increase the expression of Fos and Jun that feedback to in-
crease the expression of both the VDR and the RXR that mediate
Vitamin D's transcriptional activity [73].

3.3. Vitamin D and redox signalling

The internal environment of cells is normally highly reduced,
which is critical for normal cell function and survival. Any shift from
a reduced to an oxidized state leads to oxidative stress and
dysfunction of multiple cellular processes. A large number of pro-
teins, which are sensitive to oxidation, have been referred to as the
redox proteome [ 74]. Cells have evolved a sophisticated mechanism
of intracellular signalling that is based on a localized formation of
reactive oxygen species (ROS) [75,76], which is a collective term
that refers to those oxygen species such as superoxide (03°),
hydrogen peroxide (H,0,) and peroxynitrite (ONOO™) that act to
modify members of the redox proteome, in the same way that
protein functions are altered through reversible phosphor-
ylation—dephosphorylation reactions.

There are two main sites of ROS formation: the plasma mem-
brane and the mitochondria (Fig. 4). External signals such as cy-
tokines, growth factors and hormones activate receptors coupled to
PtdIns 3-kinase (PI 3-K) to produces PtdIns3,4,5P3 (PIP3) that then
stimulates NADPH oxidase (NOX) to generate O, which is trans-
formed to H,0; by superoxide dismutase (SOD).

Another important activator of NOX is the receptor for advanced
glycation end-product (RAGE), which senses signalling molecules
such as the advanced glycation end products (AGEs), high mobility
group box 1 (HMGB1), amyloid beta (AB), lysophosphatidic acid
(LPA), phosphatidylserine, C3a and S100 Ca®*-binding proteins
(Fig. 4). RAGE levels are enhanced in a number of diseases states
such as cardiovascular disease, Alzheimer's diseases (AD), diabetes,
osteoarthritis, and various tumours [77,78]. Many of these diseases
are associated with RAGE-induced inflammation so it is significant
that Vitamin D may act to modulate RAGE expression [79].

Formation of ROS by the mitochondria is a consequence of its
role in energy metabolism. Most of the electrons that enter the
electron transport chain are transferred to oxygen in an orderly
manner, but there is always a 1-2% leakage during which an
electron is transferred directly to oxygen to form O3, which is then
converted to H,O, by SOD (Fig. 4). Opening of the mitochondrial
Karp channels by diazoxide reduces ROS formation [80,81]. The
resulting hyperpolarization of the mitochondrial membrane po-
tential will reduce both mitochondrial Ca®* uptake and the
resulting increase in ROS production and this may explain the
beneficial effects of diazoxide in neurodegenerative diseases such
as AD [81] and multiple sclerosis (MS) [80].

A key element of the normal ROS signalling pathway is its
reversibility [82]. Once an oxidized protein has carried out its sig-
nalling function, it has to be rapidly reduced to switch it back into
an inactive state (Fig. 4). Vitamin D acting in conjunction with
Klotho and Nrf2 regulates expression of many of the antioxidant
systems that prevent oxidative stress by removing ROS and also by
reversing the oxidative changes that occur during normal ROS
signalling. Vitamin D regulates expression of the y-glutamyl
transpeptidase (y-GT), which contributes to the synthesis of GSH
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[83]. It down-regulates the NOX that generates ROS [84] while
upregulating the SOD that rapidly converts 05  to HyO, [85].
Vitamin D also increases the activity of G6PD, glutamate cysteine
ligase (GCLC) and glutathione reductase (GR) to increase the for-
mation of the major redox buffer GSH [86,87]. Up-regulating the
expression of the glutathione peroxidase (Gpx) drives the conver-
sion of H,0, to water [85].

34. Vitamin D and Ca®* signalling

Vitamin D may play an important role in maintaining intracel-
lular Ca** homoeostasis by regulating the expression of many of
the Ca®* signalling components that act to reduce the level of Ca®*
(Fig. 4) [88]. For example, Vitamin D can reduce the expression of
the L-type Cayl.2 and Cayl.3 channels [89] and can increase
expression of the PMCA and NCX1 that extrude Ca** and the cal-
bindin D-9k, calbindin D-28k and parvalbumen that buffer Ca®*
[21,23,24,90]. In dendritic cells, administering vitamin D acts to
increase the expression of NCX that extrudes Ca’* from the cell
[91]. Expression of the entry channels TRPV5 and TRPV6 is
increased and this has a specific role in promoting the trans-
epithelial flux of Ca®* in the kidney and intestine.

A significant feature of redox and Ca®* signalling is the recip-
rocal interaction that occurs between these two systems (Fig. 4). For
example, HpO, can enhance the sensitivity of Ca** release by
inositol 1,4,5-trisphosphate receptors (InsP3Rs) [92—96] and rya-
nodine receptors (RYRs) [97,98] to increase the release of Ca®* from
the endoplasmic reticulum (ER). In addition, oxidation can induce
an elevation in cytosolic Ca>* by inhibiting the PMCA pumps [99)].
In contrast, ROS acts to inhibit Ca®>* entry through voltage-operated
Ca?* channels such as the T-type channels [100].

Just as redox signalling amplifies Ca** signalling, an elevation of
Ca®* can enhance redox signalling. For example, a persistent
elevation in Ca®* can strongly promote mitochondrial ROS forma-
tion. When Ca®* builds up within the mitochondrion, it increases
mitochondrial metabolism resulting in an increased formation of
03" and H;0,. In addition, 05 formation within the mitochondria
can act synergistically with Ca’* to open the mitochondrial
permeability transition pore (mPTP) to trigger apoptosis. Another
action of Ca®* is to stimulate NOS to increase the formation of NO
that contributes to the generation of ONOO™ (Fig. 4).

In summary, guardianship of the redox and Ca®* signalling
phenotypes by vitamin D, working together with Nrf2 and Klotho,
seems to depend on expression of those components that maintain
the low resting state of these two signalling pathways. It will be
argued below that dysregulation of these two signalling pathways
may play a major role in both ageing and in many of the diseases
linked to Vitamin D deficiency.

4. Vitamin D deficiency in ageing and human disease

A deficiency in Vitamin D has been linked to many human dis-
eases [3,22,101—-103]. There are multiple polymorphisms of the
VDR gene and some of these have been associated with various
disorders including autoimmune diseases and cancer. A charac-
teristic of many of these diseases is that they are age-related in that
they begin to emerge later in life. The ageing process, which is still
not properly understood, seems to be driven by a number of pro-
cesses that result in a gradual decline in the transcriptional
mechanisms responsible for maintaining the cellular processes and
signalling mechanisms that constitute each specific cellular
phenotype [104]. The fact that this gradual phenotypic erosion
occurs simultaneously in cells within different tissues suggests that
there may be some commonality in the mechanism driving the
ageing process.

An important consequence of the changes in gene transcription
and phenotypic stability that occurs during ageing is a decline in
the maintenance of mitochondrial energy metabolism and anti-
oxidant defences [105]. Ernesto Carafoli and his colleagues have
stressed how mitochondria play a very significant role in the dys-
regulation of Ca®* signalling that occurs in a number of human
diseases [106,107]. Alterations in mitochondrial energy metabolism
coupled to a reduction of oxidant defences that occur during
Vitamin D deficiency may act together to increase ROS formation
and may be one of the universal drivers of age-related diseases. The
way in which Vitamin D deficiency and a concomitant decline in
both Klotho and Nrf2 function contributes to many diseases may be
explained through the ability of these custodial systems to main-
tain the stability of the ROS and Ca®* signalling systems described
earlier.

There is a decline in the level of Vitamin D and Klotho during
ageing and this may be related to the age-related decline in the
ability of human skin to synthesize Vitamin D [108]. Vitamin D
deficiency may contribute to the ageing process through dysregu-
lation of cell signalling pathways such as those regulated by
mTORC1 and the Ca®* and redox cell signalling pathways. Dysre-
gulation of Ca®* signalling, which is closely linked to mitochondrial
dysfunction and ROS formation, has been implicated in ageing
[109].

4.1. Vitamin D and mTOR

One of the proteins that have been linked to ageing and the
diseases associated with ageing is the mechanistic target of rapa-
mycin (mTOR) [110—112]. The catalytic mTOR subunit interacts
with different subunits to form two separate complexes: mTOR
complex 1 (mTORC1) and mTOR complex 2 (mTORC2). Most in-
formation is available for mTORC1 that can be activated by a
number of signalling pathways such as growth factors (e.g. insulin/
IGF-1), nutrients (e.g. amino acids) and the cellular energy status
that is reflected through the ATP/AMP ratio acting through AMPK.
These input signals act through the TSC1/TSC2 dimer, which func-
tions as a GTPase activating protein (GAP), to inhibit the GTPase
Rheb. When bound to GTP, the Rheb activates mTOR1 that has
multiple output signals that regulate protein and lipid synthesis,
autophagy, inflammation and glycolysis. Dysregulation of this
mTORC1 signalling pathway resulting in enhanced mTORC1 activ-
ity has been associated with ageing and many diseases such as
Alzheimer's disease, cancer, obesity and type II diabetes [110,113].
Since the same diseases have been linked to Vitamin D deficiency, it
is not surprising to find that another significant custodial role of
Vitamin D and Klotho is to regulate the activity of the PI3K/Akt/
mTOR pathway.

Klotho may reduce ageing by inhibiting the insulin/IGF-1 sig-
nalling pathway that is one of the major mechanisms for stimu-
lating mTORCT1 activity (Fig. 2). Similarly, Vitamin D also can reduce
the activity of the PI3K/Akt/mTOR components of this pathway
[114]. For example, a Vitamin D analog 1,25-dihydroxyvitamin D3-
3-bromoacetate (BE) exerts a marked immunosuppressive effect on
T cells taken from patients with psoriasis or rheumatoid arthritis
(RA) by decreasing the phosphorylation of both Akt and mTOR
[115]. This inhibitory activity of Vitamin D depends on two mech-
anisms. Firstly, Vitamin D acts to increase the expression of PTEN,
which functions as a tumour suppressor to inhibit the PI3K/Akt/
mTOR pathway [114—116]. Secondly, Vitamin D increases the
expression of DNA-damage-inducible transcript 4 (DDIT4), which
acts to inhibit the activity of mTORC1 [117].

Regulation of the PI3K/Akt/mTOR pathway by Vitamin D will
also have an impact on autophagy. There is increasing evidence that
Vitamin D can enhance autophagy [20,118]. In addition to its
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regulation of mTORC1 as outlined above, Vitamin D can also
enhance autophagy by increasing the expression of AMPK and
Beclin-1 that regulate autophagy independently of mTOR [119].
Vitamin D can also modulate autophagy through its regulation of
ROS, which can influence many of the autophagic regulatory
pathways [120,121]. For example, the ROS that develops during
hepatic ischaemia-reperfusion injury induces autophagy that can
be reversed by treatment with N-acetylcysteine (NAC) [122]. The
autophagic pathway is altered in Parkinson's disease (PD) and this
may result from an accumulation of abnormal proteins, because
one of the functions of autophagy is to remove damaged molecules
such as those that have been oxidized [120].

4.2. Vitamin D deficiency in the age-related decline of cognition

The role of Ca®>* dysregulation in ageing, which has long been
recognized especially in neurons [123,124], is illustrated by the
gradual decline in cognition that occurs in hippocampal neurons
[125]. Memory formation depends on the process of long-term
potentiation (LTP) driven by local elevations of Ca?t within the
dendritic spines that arise from trains of action potentials. In
ageing, these action potential trains are terminated prematurely
by the development of a slow after hyperpolarization (SAHP) that
depend on a build-up of Ca®* that activates SK potassium chan-
nels [125] (Fig. 5). This inactivating Ca®* signal, which depends on
the opening of L-type voltage-dependent Ca’* channels that
provides trigger Ca®* to activate ryanodine receptors (RYRs), in-
hibits memory in two ways: the sAHP curtails spiking activity
necessary for LTP, whereas the increase in Ca>* stimulates calci-
neurin to induce the long-term depolarization (LTD) that erases
memories [125,126]. The development of this sSAHP during ageing
depend on alterations in both Ca®* and ROS signalling that can be
directly attributed to Vitamin D deficiency. An increase in ROS
signalling accounts for sensitization of the RYRs that can be
reversed by treating neurons with the antioxidant dithiothreitol
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(DTT) [127]. The onset of the sAHP is also driven by an increase in
the expression of L-type channels, which is normally suppressed
by Vitamin D [89], and the decrease in the PMA Ca** pump [128]
and buffers, all of which are associated with Vitamin D deficiency.
The central role of vitamin D deficiency in this neuronal dysre-
gulation of Ca®* can be reversed by treating neurons with vitamin
D that dramatically reduces the sAHP [129]. When tested on
ageing rats, Vitamin D was found to enhance hippocampal syn-
aptic function and, more significantly, it could prevent the decline
in cognition [130]. Such observations are consistent with the
finding that a deficiency in Vitamin D predicts a decline in human
cognition that occurs with ageing [131].

Such activation of the RYRs by L-type Ca?* channels, which is
responsible for this age-related decline in cognition, is a significant
feature of Alzheimer's disease (AD) as discussed later (Fig. 6) [132].

4.3. Vitamin D control of cell proliferation and cancer.

There is strong evidence linking Vitamin D deficiency to many
different cancers [3, 102,103,133—135]. Mortality rates from a va-
riety of cancers (colon, breast and prostate) are higher in regions
where there is less UV irradiation [22]. In addition, Vitamin D can
have anticancer effects in model systems of breast, ovary, lung and
prostate cancers [133,136—138]. Vitamin D together with Klotho
and Nrf2 seem to act by reducing cell proliferation, angiogenesis
and metastasis.

4.3.1. Cell proliferation

There is increasing evidence that a dysregulation of Ca®* sig-
nalling contributes to both the proliferation and subsequent
metastasis of cancer cells [139—143]. The increase in cancer that
occurs during Vitamin D deficiency would be consistent with its
role in maintaining Ca®>* homoeostasis. Vitamin D can also inhibit
cell proliferation by reducing the expression of cyclin D and by
promoting the expression of the CDK inhibitors such as p21 and
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Fig. 5. Age-related memory loss. During ageing, there is a gradual decline in memory associated with an increase in the amplitude of the slow after hyperpolarization (sAHP).
During action potentials, the L-type Ca>* channel opens and the entry of external Ca>* is amplified by Ca** release from the ryanodine receptors (RYRs). The increase in Ca®* causes
memory loss through two effects. 1. It acts to open SK K channels to induce the sAHP that results in spike failure and a decline in long-term potentiation (LTP) resulting in memory
loss. 2. It activates calcineurin to induce long-term depression (LTD) and memory loss. The dysregulation that occurs with ageing seems to depend on an enhanced sensitivity of the
RYR resulting from an increase in ROS because the memory loss can be reversed by treatment with the antioxidant dithiothreitol (DTT) (Bodhinathan et al. [127]) or vitamin D

(Brewer et al. [129]).
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p27 (Fig. 2) [144,145]. In certain cancers (colon, ovarian and
leukaemia), Vitamin D can also induce the expression of growth-
arrest and DNA-damage-inducible protein 45 (GADD45) that sup-
presses cell proliferation during periods of DNA repair [146].

Vitamin D can induce the differentiation of a wide range of
cancer cells such as colon, breast, prostate, squamous cell carci-
noma, osteosarcoma, and acute myeloid leukaemia (AML) cancer
cells [138]. The ability of Vitamin D operating together with car-
nosic acid to enhance the differentiation of AML cancer cells de-
pends upon the activation of Nrf2 [30]. The ability of curcumin to
inhibit the proliferation of breast cancer cells may depend on its
activation of Nrf2 (Fig. 3) [147]. Vitamin D and Nrf2 acted together
to stimulate y-glutamylcysteine synthetase (yGCSh) to produce a
large increase in the level of the antioxidant GSH. Such suppression
of ROS signalling by Vitamin D [86] is significant because many
growth factors increase the production of H,O, that facilitates
growth factor signalling by inhibiting PTEN that inhibits the hy-
drolysis of PIP; thereby setting up a positive-feedback loop, since
the formation of PIP; is responsible for stimulating the production
of Hy05 (Fig. 4). Excess ROS levels may also enhance the ERK/MAPK
signalling pathway because the tyrosine protein phosphatases that
reverse these pathways are also inhibited by H0,.

The anti-proliferative action of Vitamin D also depends on its
suppression of the Wnt/B-catenin signalling pathway [60,148].
Klotho also acts as a tumour suppressor through its ability to inhibit
the IGF-1 [149] and Wnt pathways [13,60]. In colon cancer cells,
Vitamin D induces the expression of DICKKOPF-1 (DKK-1), which
inhibits the Wnt pathway [150], and it reduces the expression of
the transcription factor B-catenin [151]. The inhibition of colon
cancer cell proliferation by Vitamin D also depends on the activity
of the calcium sensing receptor (CaSR) [152], which functions as a
tumour suppressor. Expression of the CaSR is enhanced by Vitamin
D [153—155]. As described earlier, Vitamin D can also reduce cell
proliferation by inhibiting the PI3K/Akt/mTOR signalling pathway
[114—117].

4.3.2. Angiogenesis

Tumour growth is very dependent on angiogenesis to provide
the blood supply to the developing tumour. Vitamin D may act to
reduce the proliferation of the endothelial cells required to form
new blood vessels [22,133]. In animal models, the growth of solid
tumours is suppressed by vitamin D [156,157]. Vitamin D reduces
the expression of the vascular endothelial growth factor (VEGF),
which is essential to drive endothelial cell proliferation [137].

4.3.3. Metastasis

During metastasis, degradation of the extracellular matrix en-
ables cancer cells to break away from the original tumour to invade
secondary sites. In animal models, vitamin D significantly inhibits
prostate cancer metastasis [136]. Vitamin D plays an essential role
in maintaining the cell—cell adhesion system by controlling the
expression of E-cadherin and some of the other adhesion compo-
nents such as Zonula occludens -1 (ZO-1), ZO-2 and vinculin. The
stability of the E-cadherin depends on its interaction with B-cat-
enin, which has dual functions in that it not only acts as a tran-
scription factor to drive proliferation (as described above) but it
also acts to stabilize E-cadherin. Vitamin D also reduces the ability
of migrating cells to invade and develop a secondary tumour by
inhibiting secretion of the matrix metalloproteinase 2 and 9 (MMP-
2 and MMP-9), that degrade components of the extracellular ma-
trix such as collagen [137]. The migration of tumour cells is driven
by an increase in Ca®* signalling [142]. The ability of Vitamin D to
maintain normal Ca** homoeostasis may explain how it can pre-
vent metastasis.

5. Vitamin D and neurodegenerative diseases

There are an increasing number of studies indicating that a
deficiency in vitamin D may contribute to the onset of neurode-
generative diseases such as Alzheimer's disease (AD), autism,
depression, Parkinson's disease (PD), schizophrenia and multiple
sclerosis (MS) [158,159]. Neurons strongly express the vitamin D
receptor (VDR) and VDR polymorphisms have been associated with
PD [160], AD [161—164] and have been linked to an age-related
decline in cognition. Increased Ca®>* and redox signalling, which
is a feature of these neurodegenerative diseases [159,165], may
reflect a decline in the proposed role of Vitamin D as a guardian of
these signalling pathways.

5.1. Vitamin D and Alzheimer's disease (AD)

Alzheimer disease (AD) is a progressive neurodegenerative
disorder caused by an initial period of memory loss followed by
neuronal cell death and dementia. These changes are induced by
extracellular f-amyloid (AB) deposits that disrupt neuronal sig-
nalling pathways to reduce cognition. The Ca®* hypothesis con-
siders that the loss of memory depends on an upregulation of
neuronal Ca* signalling [ 166—171]. One of the fascinating aspects
of this relationship between Ap and Ca?* is its reciprocity-as out-
lined below AP acts to increase the level of Ca®t, which then
feedsback to increase the formation of Ap [170,172—175]. Inhibiting
the RYR2 with dantrolene that reduces their contribution to the
Ca?* signal was found to markedly reduce the formation of AD
[175]. The existence of this positive feedback loop offers a possible
explanation to account for the onset of AD, which is still a mystery.
On the basis of the phenotypic stability hypothesis developed
earlier, it is conceivable that the sporadic onset of AD may depend
on Vitamin D deficiency that leads to the initial dysregulation of
Ca* that then triggers this positive feedback loop to drive the
progression of the disease process. Evidence for such a dysregula-
tion of Ca?* is evident from the studies on age-dependent memory
loss described earlier (Fig. 5). The marked elevation in the sAHP,
which is driven by an abnormal elevation of Ca>* that is reduced by
Vitamin D treatment, is an example of the sort of Ca®* signal that
might explain the onset of AD.

The AB protein can elevate intracellular Ca®* levels through
different mechanisms [176,177]. It can bind to the cellular prion
protein (PrP%), which is coupled to mGIuR5 to increase the for-
mation of InsP; to release internal Ca®* [178]. AP can also activate
the calcium-sensing receptor (CaSR) on the plasma membrane to
increase the formation of InsP3 (Fig. 6) [179—181]. An important
role for InsP3Rs in the pathogenesis of AD has also emerged from
studies on the effects of presenilin mutations in familial Alz-
heimer's disease (FAD). Such presenilin mutations enhance the
activity of InsP3Rs resulting in an increase in Ca®* signalling in
both human cells and mouse neurons [182]. This proposed
contribution of the InsP3R in the Ca®* dysregulation is consistent
with the observation that caffeine can protect against the cogni-
tive decline in AD. There is increasing evidence that caffeine can
reduce the risk of developing AD in studies on both humans and
transgenic mice [183,184]. This protective action of caffeine may
depend on its ability to markedly inhibit Ca®* release by the
InsP3R (Fig. 6) [185,186].

The Ap-induced elevation in Ca** may contribute to AD path-
ogenesis by activating the mitochondria to increase the generation
of ROS [187—192]. A decline in the NADH-dependent regulation of
GSH levels accounts for the age-dependent elevation of ROS
especially in diseases such as AD [193]. The enhanced ROS for-
mation would further increase Ca?* signalling through the sensi-
tization of both the InsP3Rs and RYRs (Fig. 6) [194]. ROS-
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dependent dysregulation of Ca®* release by neuronal RYRs, which
is triggered by entry of Ca®* through the L-type Ca®* channels, is a
feature of age-related memory loss as described earlier (Fig. 5)
[127]. Such L type Ca®* channel activation of Ca®* release from
RYRs also plays a significant role in AD pathology [132,175]. In
addition, ROS inhibits the activity of the NMDARs that are
responsible for the pulses of Ca?* that initiate memory formation
[195,196]. ROS formation may also depend on AP activating the
RAGE receptor to induce the neuroinflammation that is a signifi-
cant factor in the neurodegeneration resulting in memory loss
[197,198]. The expression of RAGE is markedly enhanced in the
brain of AD patients. The G82S polymorphism of RAGE has been
linked to AD and results in a faster deterioration in the decline of
cognition [199]. The RAGE receptors will increase oxidative stress
by activating the NADPH oxidase (NOX) that induces ROS forma-
tion (Fig. 6) [200,201].

This dysregulation of both the Ca** and ROS signalling pathways
as a result of the AP oligomers acting on both the neurons and
microglia (Fig. 6) may result in the persistent elevation in the
resting level of Ca** into the 300 nM range. When Ca®* is measured
in the spines and dendrites of cortical pyramidal neurons of
transgenic mice, there was a higher than normal resting level in
those neurons located close to amyloid deposits [202]. Similarly,
the resting level of Ca®* in the cortical neurons of 3xTg-AD animals
was 247 nmol/L, which was twice that found in the non-Tg controls
(110 nmol/L) [203]. This persistent elevation in the resting level of
Ca®* may act to induce long-term depression (LTD) to continuously
erase memories shortly after they are formed during the wake
period [194,204]. A persistent elevation of Ca?* may also influence
cognition by activating the protein phosphatase 1 (PP1) to enhance
the activity of striatal-enriched protein tyrosine phosphatase
(STEP), which reduces the activity of the MAPK signalling pathway
responsible for memory consolidation [205].

There are an increasing number of studies indicating that a
deficiency in Vitamin D may contribute to the onset of Alzheimer's
disease (AD) [163,206—208]. The decline in cognition that occurs
normally in older adults may also be linked to Vitamin D deficiency
[164,210—212]. The level of Vitamin D in AD patients is lower than
that in controls and enhanced dietary Vitamin D intake lowers the
risk of developing AD in a study of older women [213,214]. A clinical
trial is in progress to test whether Vitamin D can alleviate some of
the degenerative processes associated with AD [215]. Since AD
seem to be caused by abnormal elevations in Ca®*, I shall develop
the idea that the deleterious effect of Vitamin D deficiency may be
explained by a decrease in its normal role as a custodian of Ca®* and
ROS homoeostasis (Fig. 4).

The enzymes responsible for both vitamin D formation and
degradation are present in the brain and neurons also express the
vitamin D receptor (VDR) [158,209]. VDR polymorphisms have
been associated with age-related decline in cognition and are also a
risk factor for AD [161,163,216]. Vitamin D may protect the brain by
regulating the expression of those toolkit components responsible
for maintain ROS and Ca?* levels (Fig. 6). For example, vitamin D
stimulates the expression of Ca>* pumps (PMCA and NCX) and Ca®*
buffers such as CB and parvalbumin [21,23,24]. Neuronal levels of
CB are known to be reduced in AD [217]. Mice expressing mutant
APP also display a decline in the level of CB especially in the dentate
gyrus region of the hippocampus, which functions in learning and
memory [218]. While these proposed Vitamin D mechanisms for
lowering the level of Ca?* remain to be determined, it is clear that
Vitamin D can curb the influx of external Ca** by reducing the
expression of L-type voltage-sensitive channels, which are mark-
edly elevated in rat hippocampal neurons [89].

The deleterious effect of vitamin D deficiency in AD is enhanced
by a decline in the expression of its two collaborators Nrf2 and

Klotho. The level of Nrf2 is markedly reduced in the brain of patient
with AD [219]. Cognition in AD transgenic mice was markedly
improved following vector-mediated expression of Nrf2 in the
hippocampus [220]. Nrf2 may act to reduce the symptoms of AD by
maintaining the cellular level of the redox buffer GSH, which is a
critical factor in preventing AD [221]. Nrf2 and Klotho also act to
maintain the level of Bcl-2 that inhibits the ability of InsPs; to
activate the InsP3 receptors (Fig. 4) thereby reducing the level of
Ca* [42]. Klotho may also play a role in AD. The levels of Klotho in
the CSF of patients with AD are lower than those in age-matched
controls [222]. In the senescence-accelerated mouse prone-8
(SAMP8) mouse, a decline in the expression of Klotho has been
linked to symptoms of AD, including a decline in cognition and an
accumulation of amyloid-f1-43 [223]. Compounds that enhance the
expression of Klotho have been developed as possible therapies for
AD [224].

In summary, any reduction in vitamin D, Nrf2 and Klotho levels
will result in a decline in the phenotypic stability of signalling
systems resulting in elevated neuronal Ca** and ROS levels and this
could contribute to the onset of AD. It is conceivable that this
dysregulation of Ca®* initiates the formation of the pathological Ap
oligomers to trigger the AB/Ca®* positive feedback loop responsible
for the onset of AD. Such a scenario is entirely consistent with the
fact the Vitamin D deficiency is such a strong risk factor for AD.

5.2. Vitamin D and Parkinson's disease (PD)

Parkinson's disease (PD) is a neurodegenerative disease char-
acterized by degeneration and death of the dopaminergic (DA)
neurons located in the substantia nigra pars compacta (SNc). The
single most important risk factor for PD is ageing. There is
increasing evidence that PD is linked to a deficiency in vitamin D
[208,225,226]. The VDR is strongly expressed in the dopaminergic
neurons and VDR polymorphisms have been associated with PD
[160,227,228].

The SNc neurons are particularly vulnerable to Ca?* and
oxidative stress that arise from the repetitive surges in Ca?* that
occur every few seconds during the operation of the dopaminergic
neuronal pacemaker mechanism. Oxidative stress in the locus
coeruleus and substantia nigra is reduced by a local infusion of
Vitamin D [229,230], which may alleviate the deleterious effects of
ROS by increasing expression of y-glutamyl transpeptidase that
synthesizes the redox buffer glutathione (GSH) [83]. This is another
example of how Vitamin D may protect neurons by maintaining the
ROS and Ca?* signalling pathways. The pacemaker activity of these
neurons results in the repetitive activation of the Cay 1.3 L-type
channels that generate regular pulses of Ca®* every second that are
amplified by release of internal Ca** from the ryanodine receptors
(RYR) [231,232] (Fig. 7). During Vitamin D deficiency, the Cay 1.3 L-
type channels will be particularly active because the expression of
this channel is reduced by Vitamin D [89]. During the course of each
transient, Ca®* is handled by the plasma membrane Ca’" pump
(PMCA), the Na*/Ca®* exchanger (NCX), the cytosolic buffers such
as calbindin and mitochondria. These buffers play a relatively mi-
nor role because their concentration in these SNc neurons is very
low relative to other neurons [232]. Consequently, the mitochon-
dria are under particular pressure because they have to deal with
the constant uptake of Ca’>* and the associated increase in mito-
chondrial ROS formation. When vitamin D levels are low, the Ca®*
and ROS levels begin to rise and will contribute to the death of
these SNc neurons.

Support for this calcium and ROS hypothesis of PD has emerged
from the finding that many PD susceptibility genes (PINK1, Parkin
and DJ-1) [233,234] function to regulate mitochondrial Ca** and
ROS dynamics. The redox-sensitive protein DJ-1 induces the
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migration of Nrf2 into the nucleus where it activates the expression
of many antioxidant and detoxifying enzymes [235] (Fig. 7).
Another redox-sensitive protein that is mutated in AD is the E3
ubiquitin ligase Parkin, which is a neuroprotective protein that is
crucial for the survival of SNc neurons. One of the functions of
Parkin is to ubiquitinate Parkin interacting substrate (PARIS) that is
then subjected to proteasomal degradation. The activity of Parkin is
reduced by ROS allowing PARIS to accumulate and enter the nu-
cleus where it acts as a potent repressor of peroxisome-
proliferator-activated receptor y (PPARY) coactivator-1a, (PGC-1a),
which can regulate a number of different processes. One of the
actions of PGC-1a is to stimulate the expression of proteins
involved in mitochondrial biogenesis and respiration. A decrease in
the activity of this system will contribute to oxidative stress and the
onset of neuronal cell death. Another action of PGC-1a is to stim-
ulate the expression of both Nrf1 and Nrf2 that maintain the levels
of both antioxidants and detoxifying enzymes to protect against the
deleterious effects of ROS. A decrease in the activity of these sys-
tems, which can be traced back to a ROS-dependent decline in the
activity of Parkin and DJ-1, will contribute to the onset of the
neuronal cell death that occurs during PD. Vitamin D may act to
reduce the onset of PD by maintaining the normal low resting levels
of ROS and Ca?* thus reducing the pressure on the mitochondria.

5.3. Vitamin D and schizophrenia

Schizophrenia is a severe psychiatric condition brought about by
changes in brain rhythms that drive processes such as perception,
memory and consciousness. These changes in brain rhythms are
caused by defects in fast-spiking parvalbumin-expressing
GABAergic inhibitory interneurons, which often occur during
development [236] that results in a decline in the brain rhythm
synchronization that is a feature of schizophrenia.

One of the causes of the alterations in neural circuitry seems to
be the inflammation resulting from viral infections during preg-
nancy. Such neuroinflammation induces oxidative stress, which has
been implicated in schizophrenia [236—239]. This increase in
oxidation reduces the activity of NMDA receptors (NMDARs) and is
the basis of the NMDAR hypofunction hypothesis of schizophrenia
[240—243]. The ROS responsible for oxidizing the NMDARs depends
on the formation of both 03" and nitric oxide (NO). The generation
of NO by nitric oxide synthase (NOS) is facilitated by the nitric oxide
synthase 1 adaptor protein (NOS1AP). The NOS1AP gene has been
identified as a schizophrenia susceptibility gene [244]. The NO and
05" then interact to form peroxynitrite (ONOO™), which is much
more reactive than the two parent molecules [245]. The ONOO™
nitrosylates the NMDAR to reduce channel open probability
resulting in a decline in the gating of Ca?*. Another cause of NMDAR
hypofunction in schizophrenia is a decline in the level of p-serine,
which is a co-agonist that acts together with glutamate to open
NMDAR channels. The decline in p-serine is also caused by ROS that
reduces the activity of the serine racemase (SR) responsible for
generating p-serine [246,247]. The expression of p-amino acid ox-
idase (DAAO) is markedly increased in the brains of patients with
schizophrenia, which will also contribute to the decline in p-serine.
During inflammation, the excessive O; formation in these inhibi-
tory neurons results in NMDAR hypofunction, which is responsible
for the onset of schizophrenia [236,245,248].

There are a number of epidemiological studies that have linked
low vitamin D levels to schizophrenia [249] and this association has
been supported by a number of studies on animal models
[250,251]. Low maternal Vitamin D levels in rats impair brain
development resulting in large scale structural changes that
resemble those seen in schizophrenia [159,252]. In schizophrenia,
gene polymorphisms have been described in the enzymes

responsible for the synthesis of GSH [253,254]. Such defects in GSH
synthesis may explain the decreased GSH levels found in the pre-
frontal cortex from patients with schizophrenia and other psychi-
atric diseases such as major depressive disorder and bipolar
disorder [255,256]. The denitrosylation reaction, which functions
to reverse the nitrosylation reaction that reduces the activity of the
NMDAR, depends on the antioxidants GSH and TRX. The hypothesis
of vitamin D acting as a guardian of the ROS signalling pathways is
thus entirely consistent with what is known about the signalling
defects responsible for schizophrenia [204,257]. Antioxidants such
as GSH and NAC, which act to reduce ROS activity, offer a novel
pharmacological approach to controlling schizophrenia and other
psychiatric conditions such as bipolar disorder (BPD)
[253,258,259].

6. Vitamin D and cardiovascular disease

Hypertension and cardiovascular diseases have been linked to
vitamin D deficiency [102,103,260—264]. Protection of the cardio-
vascular system by vitamin D occurs at multiple levels and is
highlighted by its role in guarding the stability of the ROS and Ca®*
signalling systems that are dysregulated in hypertension, cardiac
hypertrophy, congestive heart failure (CHF) and atrial arrhythmias.

6.1. Hypertension

The renin—angiotensin system (RAS) plays a major role in
regulating blood pressure. One of the primary actions of vitamin D
is to curb the renin-angiotensin system to prevent the hypertension
that is a major risk factor for heart disease. In patients with type 2
diabetes, the associated hypertension was improved following
vitamin D supplementation [265].

Secretion of renin by renin-producing granular cells is
controlled by the cyclic AMP signalling pathway and Vitamin D acts
by preventing the cyclic AMP response element-binding protein
(CREB) from binding to the renin gene promotor [266]. In mice,
deletion of either the enzyme 25(0H),D3 1a-hydroxylase (step 3 in
Fig. 1) or the VDR resulted in an increase in the renin-angotensin
system, hypertension and the onset of cardiac hypertrophy
[267—269]. These abnormalities could be corrected by treating the
knockout mice with Vitamin D [269] and vitamin D supplementa-
tion markedly increased the survival of patients suffering from
cardiovascular diseases [263].

The excessive release of renin and the resulting increase in
angiotensin Il can have multiple effects on some of the key com-
ponents of the cardiovascular system. One of the actions of angio-
tensin Il is to increase the formation of endothelin-1 (ET-1), which
is a potent vasoconstrictor and thus contributes to angiotensin II-
induced hypertension [270,271]. This vasoconstrictor action of
angiotensin Il is markedly enhanced by the fact that it activates the
surface NOX1 that increases ROS formation (Fig. 4) [270,272], which
would stimulate Ca?* signalling and the subsequent smooth mus-
cle contraction enhances hypertension. Such a mechanism is sup-
ported by the observation that vitamin D can reduce enhanced ROS
levels in the renal arteries of hypertensive patients by inhibiting the
NOX enzyme that generates ROS and by increasing the SOD-1
enzyme that metabolizes ROS [84].

Smooth muscle tone, which determines blood pressure, is also
regulated by the endothelial cells that release both relaxing and
contracting factors. In hypertension, the release of contracting
factors is increased due to an up-regulation of endothelial Ca®*
signalling. In the arteries of Vitamin D deficient rats, there is an
increase in the basal tone of the mesenteric arteries. In addition,
dilation of the arteries by endothelial-derived NO was greatly
reduced, which would further contribute to the elevation of blood



pressure [273]. Vitamin D can normalize smooth muscle tone by
reducing the entry of the Ca®* that is driving the excessive release
of contracting factors [274]. Klotho may also play a role, because its
expression is markedly reduced in the spontaneously hypertensive
rat (SHR) [275]. A role for Klotho in regulating hypertension was
confirmed by the observation that the gene delivery of Klotho
stopped the progression of hypertension. Klotho increases the
formation of the relaxing factor nitric oxide (NO), [66,67,276].
Klotho also protects endothelial cells against angiotensin-induced
ROS formation by increasing the activity of manganese superox-
ide dismutase (Mn-SOD) [276].

6.2. Cardiac hypertrophy and congestive heart failure (CHF)

The hypertension associated with vitamin D deficiency is driven
by an increase in the levels of angiotensin Il and ET-1, which are
responsible for activating cardiac hypertrophy and congestive heart
failure (CHF) [277]. In the presence of these two hormones, which
operate through the InsP3/Ca®* signalling system, there are subtle
changes in the spatial and temporal properties of the individual
Ca®* transients that drive contraction. The idea is that perinuclear
InsP3Rs function as coincident detectors that respond to both InsP3
and the brief Ca?* transients that induce contraction to create a
nuclear Ca®* microdomain responsible for driving the transcrip-
tional processes that initiate hypertrophy [278,279] (Fig. 8). There is
now considerable experimental evidence to show that InsP3Rs can
indeed function to enhance nuclear Ca®* transients to control hy-
pertrophy [280—285].

Vitamin D deficiency will promote hypertrophy by increasing
Ca’*signalling at a number of levels. In particularly, there is a
decrease in the expression of both SERCA and phospholamban
(PLN) that contributes to an increased Ca®* transient amplitude and
a decline in the recovery phase [286]. Some of these changes are
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brought about by an increased formation of angiotensin Il and ET-1
and increased activity of the ROS/Ca?* duo that then enhances the
Ca®* signalling events that initiate the processes of hypertrophy
that results in CHF [287,288]. The angiotensin Il and ET-1 not only
act to increase Ca®*, but they also increase ROS levels by stimu-
lating NOX at the plasma membrane [289—291] (Fig. 8). ROS acts by
increasing the activity of the ion channels (Nay1.5 sodium channel,
Cay1.2 channels and RYR2) and pumps (SERCA) that contribute to
the Ca®*cycling events that occur during each heartbeat. In addi-
tion, ROS can also act indirectly by increasing the activity of protein
kinases such as PKA and CaMKII3. that act normally to regulate
cardiac activity [291]. These increased ROS and Ca®* signalling
processes contribute to the alterations in gene transcription that
result in hypertrophy [288]. The cardiac hypertrophy in spontane-
ously hypertensive rats is reduced by Vitamin D [292] and Vitamin
D supplementation can also markedly improve the outcome of
patients suffering from heart failure [293].

6.3. Atrial arrhythmias

There is a relationship between vitamin D deficiency and atrial
fibrillation (AF) [294—296]. There are indications that excessive
activation of type 2 InsP3Rs may account for the onset of AF. The
InsP3/Ca®" signalling pathway has a major role in modulating the
contraction of atrial cells [297—300]. Under normal conditions,
these InsP3R2s play little role in the activation process, but if these
atrial cells are stimulated in the presence of ET-1, which is increased
during vitamin D deficiency, there is an increase in atrial arrhyth-
mias [298]. Increases in InsP3 are also responsible for the arrhyth-
mogenic action of ET-1 in ventricular cardiac myocytes [301].

Klotho, which is strongly expressed within the sinoatrial (SA)
node, may also play an important role in maintaining the rhyth-
mical activity of the heart [302]. In mice that lack Klotho, there is an
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Fig. 6. Dysregulation of Ca?* and redox signalling in Alzheimer's disease (AD). Memories are formed when glutamate initiates brief high concentration Ca** pulses (1000 nM) to
induce memory formation through long-term potentiation (LTP). The calcium hypothesis of AD suggests that the formation of A oligomers brings about an overall increase in Ca*
signalling that results in a permanent elevation in the resting level of Ca>* to 300 nM that then erases memories soon after they are formed by inducing long-term depression (LTD).

AP oligomers can also enhance the formation of ROS that also acts to increase the level
its normal low resting levels.

of Ca?*. Vitamin D reduces the risk of AD by acting to maintain Ca>* and redox signalling at
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increased rate of sudden heart death resulting from a dysfunction
of the pacemaker activity of the SA node.

7. Vitamin D in adaptive immunity and autoimmune diseases

Vitamin D can modulate both adaptive and innate immunity. A
deficiency in Vitamin D has been linked to a number of autoim-
mune diseases such as rheumatoid arthritis, autoimmune diabetes,
multiple sclerosis (MS) and inflammatory bowel disease [303]. In
animal models, many of these diseases can be prevented by
administering Vitamin D [304,305]. Autoimmunity arises when T
helper-1 (Th1) cells are misdirected against self-proteins [303].
Vitamin D acts to represses the proliferation of these Th1 cells and
also reduced the secretion of IL-2 and IFNy [306,307]. It can also
reduce B cell proliferation and their differentiation to plasma cells
[308]. Vitamin D also acts to increase the activity of the regulatory T
cells (Tregs), which play an important role in maintaining immu-
nological self-tolerance [303].

Vitamin D regulates immunity by inhibiting differentiation of
the antigen-presenting dendritic cells (DCs) and their ability to
stimulate T cells [309—311]. One of the actions of Vitamin D is to
inhibit IL-12 [309,312], which helps to promote the development of
the Th1 cells described earlier. Vitamin D may also reduce
macrophage-mediated inflammatory processes by repressing the
expression of cyclooxygenase-2 (COX-2) and increasing expression
of thioesterase superfamily member 4 (THEM4), which is a negative
regulator of Akt [313]. Just how Vitamin D acts to maintain the
normal function of the dendritic cells is not clear, but there are
indications that it may depend on its role as a guardian of the Ca®*
and ROS signalling pathways. The fact that the antioxidant NAC,
which can act to elevate GSH levels, can inhibit dendritic cells is
consistent with the fact that there may be an elevation of ROS when
Vitamin D levels are low [314]. The Ca®* signalling pathway plays a
role in regulating the response of dendritic cells to antigens [91,315]
and to ligands that activate the TLRs [316]. The TLR-induced Ca%*
signal in dendritic cells was markedly reduced by administering
Vitamin D, which acted by increasing the expression of NCX that
extrudes Ca®* from the cell [91]. This increase in the expression of a
Ca®* extrusion mechanism is an example of how Vitamin D pre-
vents excessive Ca®>* signalling. Through this ability to maintain
Ca®* homoeostasis, Vitamin D exerts a strong immunosuppressive
effect and this could explain how it acts to reduce a number of
autoimmune diseases such as multiple sclerosis (MS).

7.1. Vitamin D and multiple sclerosis (MS)

Multiple sclerosis (MS) is an inflammatory demyelinating dis-
ease that affects the central nervous system (CNS). The cause of MS
is not known, but it has all the hallmarks of an autoimmune disease
that results in damage to the oligodendrocytes that are responsible
for forming the myelin sheath, which enables neurons to conduct
action potentials.

This active demyelination and neurodegeneration in MS is
exacerbated by oxidative stress [317,318] resulting from NOX acti-
vation, which generate ROS (Fig. 4) [319]. The increase in ROS will
result in damage of the mitochondria to generate further ROS
[318,320]. This buildup of ROS can reduce the efficiency of gluta-
mate transporters, resulting in raised glutamate concentrations
that enhances excitotoxic damage [321] and the inevitable increase
in Ca®* will combine to activate the permeability transition pore
(PTP) resulting in apoptosis [320].

There is increasing evidence that decreased exposure to light is
an important risk factor in MS [322,323]. The incidence of MS is
lowest at the equator and increases progressively as one moves
towards the poles. High circulating levels of vitamin D have been

shown to lower the risk of MS [324]. In mesencephalic dopami-
nergic neurons, ROS-induced neurotoxicity can be alleviated by
vitamin D that acts by increasing the level of GSH [325].

There is increasing genetic evidence to suggest that a decline in
Vitamin D activity is linked to MS [326,327] through its immuno-
regulatory function [249,328,329]. In a mouse model of MS [auto-
immune encephalomyelitis (EAE)], administration of Vitamin D
was found to improve the inflammatory symptoms typical of MS
[330—332].

An exception to the inverse relationship between exposure to
sunlight and the incidence of MS has been uncovered in Sardinia. A
large proportion of the population in this Mediterranean island
suffer from MS. Furthermore, they have normal high levels of
Vitamin D, which thus challenged the hypothesis of a link between
sunlight exposure and MS. However, subsequent studies revealed
that the MS patients in Sardinia have reduced expression of the Ifng
gene that encodes Interferon-y (IFN-v) [333]. The action of Vitamin
D is markedly affected by this reduction in Ifng gene activity,
because IFN-y plays a role in the expression of the VDR.

All the above evidence suggests that MS may be caused by
inflammation and oxidative stress and the latter may be exacer-
bated by low levels of vitamin D and Nrf2. With regard to the latter,
it has been argued that the symptoms of MS might be reduced by
using fumaric acid esters such as dimethyl fumarate (DMF)
[36,318], which act to stimulate the Nrf2 antioxidant pathway
(Fig. 3). In German-speaking countries, fumaric acid esters (FAEs)
are already in use to treat psoriasis [318].

8. Vitamin D in innate immunity and infectious disease

Vitamin D has an important role in the innate immune response
and its deficiency is linked to a number of infectious diseases such
as tuberculosis, septicaemia, influenza, pneumonia and periodontal
disease [3,334,335]. Adequate levels of vitamin D are required to
initiate antimicrobial responses [336,337]. Indeed, one of the initial
responses is to increase the expression of both 25(0H),;D3-1a-hy-
droxylase (encoded by the CYP27B1 gene) and the VDR [337]. The
former enhances the local production of vitamin D (Fig. 1) that then
acts in an autocrine/paracrine manner through the VDR to increase
the formation of antimicrobial peptides such as cathelicidin and
defensin beta 4 (DEFB4) that act to facilitate the Kkilling of
mycobacteria.

8.1. Tuberculosis

Tuberculosis, which is a classic example of how a deficiency in
vitamin D can reduce the host's defense to a microbial infection, is
an infectious disease caused by Mycobacterium tuberculosis. A
component of innate immunity is the phagocytosis and elimination
of invading organisms by the phagolysosome [338]. For example,
the M. tuberculosis, which is responsible for tuberculosis, interfers
with the membrane trafficking processes responsible for convert-
ing the maturing phagosome into the phagolysosome. This
“phagosme maturation arrest” enables M. tuberculosis to survive
and accounts for its persistence in the human population [338].

Patients with tuberculosis have low serum levels of Vitamin D
when compared to healthy controls [339] and Vitamin D supple-
mentation can have therapeutic benefits [340,341] in that it can
increase macrophage phagocytosis of M. tuberculosis and it can
increase expression of the antimicrobial peptide cathelicidin [342].
Susceptibility to tuberculosis has been linked to single nucleotide
polymorphisms in the VDR thus emphasizing the role of Vitamin D
in maintaining an effective immune defence against M. tuberculosis
[343].
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9. Conclusion

The Vitamin D phenotyopic stability hypothesis attempts to
explain why its deficiency contributes to the development of so
many chronic disease states. Many of these diseases are often
associated with alterations in both Ca** and redox signalling, both
of which are regulated by Vitamin D operating together with Klotho
and Nrf2. The basis of this stability hypothesis, therefore, is that any
reduction in Vitamin D levels will contribute to the development of
these disease states as a result of elevated Ca** and redox levels. It
is conceivable that the elevation of Ca®* caused by Vitamin D
deficiency may be responsible for the onset of many of these dis-
eases. For example, such a mechanism may explain the onset of
sporadic Alzheimer's disease where a reciprocal feedback loop
exists between the generation of Ca*" and the amyloid proteins.
The studies on age-dependent memory loss, which is driven by an
elevation in Ca** caused by Vitamin D deficiency, provides evi-
dence of how such Ca®* dysregulation could trigger the onset of AD.
This relationship between Vitamin D deficiency and the decline in
memory raises the interesting possibility that Vitamin D deficiency
may be a significant determinant in driving the ageing process.
There is every reason to suspect that maintaining normal Vitamin D
levels could prove efficacious in reducing the rate of aging and the
onset of these diseases by preventing the dysregulation of the Ca®*
and redox signalling pathways.
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