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Abstract

Background: Vitamin D is a secosteroid with the elemental formula of C,;H44,O, and vitamin D, and Dj are its two
distinct forms. Cutaneous synthesis and diet are two main sources of delivering vitamin D. It is converted into its active
hormonal form to exert its biological actions and plays an important, pleiotropic role, as the diverse activities of vitamin
D are mediated through both genomic and non-genomic pathways. Aside from its traditional roles in the regulation of
mineral homeostasis, vitamin D has also been shown to mediate a number of additional non-genomic or “rapid” actions
at the non-transcriptional level in a variety of tissues. It has been shown to protect against endothelial dysfunction,
smooth vascular muscle cell proliferation and migration, and modulation of the immune system, as well as the
inflammatory response. Although some vitamin D is essential for cardiovascular health, excess may have detrimental
effects, particularly on elastogenesis and inflammation of the arterial wall. The detection of Vitamin D receptors in
almost all tissues of the body spurred wide interest in its physiological functions. The primary purpose of this review
was to provide an overview of the metabolism, mechanism of actions, homeostatic regulations, and non-calcitropic
roles of Vitamin D in the vasculature. Methodology: Literature search using the combination(s) of the following key
terms: “cardiovascular System,” “Metabolism,” “Non-calcitropic Role,” “Regulation,” and “Vitamin D” was used to identify
relevant studies that were used for this review. The search was restricted to articles written in English language, but
no time limit restriction was used. Out of the retrieved studies, only those the relevant information as assessed by the
authors were used to write this review.
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Introduction

A newborn with excessive birth weight is referred to
Historically, vitamin D (alphabetically named ‘D" as
the fourth known vitamin) was discovered by
McCollum ef al in 1922 from cod liver oil as the
substance that cured rickets. 12 Vitamin D is a
prohormone classified under a group of fat-soluble
molecules with the elemental formula of CoyHyO.. 3
Cutaneous synthesis and diet are two main sources of
delivering vitamin D, which has two distinct forms:
vitamins D, and D;. 45 Vitamin D; is a 28-carbon
molecule derived from ergosterol, whereas vitamin D;
is a 27-carbon molecule derived from cholesterol. ¢ In
a human being, 80 to 90% of the required vitamin D is

supplied by cutaneous synthesis in the form of
vitamin D3 7 In a classical sense, vitamin Dj3 is not a
true “vitamin” because it is produced from 7-
dehydrocholesterol. 89 It has been estimated that a 10-
minute sunlight exposure (solar UVB radiation
between wavelengths of 290 and 320nm, with peak
synthesis occurring within 295 and 297nm) of just the
uncovered hands and face suffices to produce
sufficient vitamin D3 (Fig. 1). 1011 Prolonged exposure
to sunlight would not produce toxic amounts of
vitamin D3 because of the photoconversion of pre-
vitamin Ds; to lumisterol and tachysterol and
photodegradation into other inactive metabolites such
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as b, 6-trans-vitamin D3, suprasterol 1, and suprasterol
2. 12Subsequently, under dark conditions and as pre-
vitamin Ds declines, lumisterol and tachysterol can
undergo reversible conversion back to pre-vitamin Ds,
which serves as a reservoir (Fig. 1). 313 The slow
conversion of previtamin D3 to vitamin D ensures
adequate supplies when the exposure is brief. 14
Therefore, only when exposure to sunlight is
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Figure 1: Vitamin D3 biosynthesis
Apart from exposure to sunlight, a smaller portion of
vitamin D (10.0% to 20.0% of circulating levels) is
ingested from the diet. 31718 Vitamin Ds; may be
absorbed better than vitamin D, 19 Vitamin D,, which is
mostly synthesized by invertebrates and plants after

exposure to ultraviolet radiation (Fig. 2),5 is most often
used in commercial products and to fortify foods. 17

These two vitamins differ chemically only in their side
chains. This difference alters their binding to the
vitamin D-binding protein and their metabolism. 1920
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Figure
2: Vitamin D biosynthesis.

Whether it is derived from the diet or synthesized
cutaneously, vitamin D requires two hydroxylation
reactions in the body to gain its full hormonal activity

inadequate does vitamin D3 become a vitamin in the
historical sense. In the blood, vitamin Dj; is
transported in the bounded form by binding primarily
to a protein known as vitamin D binding protein
(VDBP).* This protein selectively removes vitamin Ds
from the skin due to its low affinity it has for 7-
dehydrocholesterol, previtamin Ds, lumisterol, and
tachysterol. 1516
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(Fig. 4).20.22 The first biological activation occurs in the
liver, where vitamin D is converted to 25(OH)D
(calcidiol) by the enzyme vitamin Ds-25-hydroxylase
(25-OHase)(23). 25(OH)D is a biologically inactive
form and recirculates in the blood in free form
(<0.05%), and the rest is bound to serum proteins. 5
Recent studies have shown that vitamin D3 is
significantly more effective than vitamin D2 at
increasing serum 25(OH)D concentrations; 242
therefore, vitamin D3 is considered to be a better form
of supplementation. 267 However, excessive oral
supplementation of vitamin D can lead to toxicity by
raising plasma 25(OH)D concentrations that exceed
Vitamin D-Binding Protein (VDBP) binding capacity.
1228

The next step of the vitamin D bio-activation is the
hydroxylation of 25(OH)D to the active hormonal
form of 1, 25(OH).D (calcitriol) by 25-hydroxyvitamin
D-la-hydroxylase (1-OHase), which mainly occurs in
the epithelial cells of renal proximal convoluted
tubules (Fig. 3).1> Apart from renal, several other cell
types can express la-hydroxylase, enabling extrarenal
activation of circulating 25(OH)D to the active
hormonal form.29,30 These include skin cells,
monocytes/macrophages, placenta during
pregnancy, colon cells, endothelial cells, VSMCs,
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breast cells, pancreatic islets, and prostate cells. 3!
According to a widely accepted hypothesis, the local
conversion of 25(OH)D to 1, 25(OH).D seems to
determine tissue levels of 1, 25(OH);D in various
organs, 32 as well as acting in a paracrine/autocrine
fashion to regulate cell growth and differentiation. 22
Furthermore, only in the case of excessive local
production does 1, 25(OH):D spill over into the
general circulation. 3% Therefore, activity of renal 1a-
hydroxylase, unlike that of extrarenal 1a-hydroxylase,
2034 is under close modulation by a tight feedback
mechanism that keeps calcitriol levels within a narrow
range. 21 The strong bio-efficacy of 1, 25 (OH).D is also
controlled by countervailing 25-hydroxyvitamin Ds-
24-hydroxylase (24-OHase) enzyme, which leads to
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Figure 3: Vitamin D activation and inactivation

It is well known that vitamin D exerts pleiotropic
actions in multiple organs and tissues, ranging from
regulation of the immune system to that of mineral
metabolism. 4! It is generally assumed that most of the
vitamin D's action occurs through the binding of its
active metabolite, 1, 25(OH).D (calcitriol) to the
vitamin D receptor (VDR), although effects mediated
by other metabolites such as 25(OH)D and 24,
25(0OH);D are also possible. 1542 The VDR has two
variant isoforms, one with 424 amino acids (VDRm)
and the other with 427 amino acids (VDRn).4344
Liganded VDRn forms a heterodimeric complex with
Retinoid-X-Receptor (RXR) and either up-regulates or
down-regulates the expression of target genes
through binding to promoter sequences termed
vitamin D responsive elements (VDREs).% Classically,
the genomic effects of 1, 25(OH).D are thought to be

deactivation of 1, 25(OH).D or 25(OH)D and the
resulting vitamin D metabolites [e.g. 1, 24, 25(OH);D
or 24, 25(0OH),D] which are subsequently converted to
calcitroic acid and excreted via the urine (Fig. 3).35-37 It
is the most important mechanism by which the 1,
25(0OH) 2D-mediated €ndocrine or intracrine signal is
terminated in all target cells. 3¢ In general terms,
vitamin D metabolism is self-regulated through
negative feedback mechanisms, serum phosphate and
calcium, FGF-23, and PTH. 33 The vitamin D
intracrine system, in contrast, appears to be dependent
more on the availability of ample 25(OH)D substrate
to generate local 1, 25(0OH).D to lower the risk of
chronic diseases. 40
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mediated by its interaction with a nuclear vitamin D
receptor (VDRn)(Fig. 4), a member of the nuclear
receptor superfamily of ligand-activated transcription
factors. 4 The existence of a VDRm and its role in the
non-genomic actions of 1, 25(OH):D are also well-
accepted. %4 It is recognized that 1, 25(OH).D also
exerts non-genomic actions, in the main, as the
activation of signalling molecules, such as
phospholipase C and phospholipase A» (PLA»),
phosphatidylinositol-3 kinase (PI3K) and p2lras, and
the rapid generation of second messengers (Ca?*,
cAMP, fatty acids and IP3), accompanied by the
activation of protein kinases, such as Protein Kinase A
(PKA), src, Mitogen-Activated Protein Kinase
(MAPK)), Protein Kinase C (PKC) and Ca2*-calmodulin
kinase II (Fig. 4).48-50 The non-genomic actions also
include the opening of Ca?*and Cl- channels. 5!
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Figure 5: The molecular mechanism of actions of 1, 25(OH):D via both genomic and non-genomic actions.
Dotted arrows denote ligand binding to their receptors. Reversible arrows indicate protein-protein interaction. Arrows

with double lines indicate a kinase-substrate relationship.

C

1. Effects of Vitamin D on Endothelial Cells of Blood
Vessels
The healthy endothelium responds to physical and
chemical signals by producing factors that regulate
vascular tone, cellular adhesion, thrombosis, smooth
muscle proliferation, and vessel wall inflammation. 52
In normal vascular physiology, nitric oxide (NO
plays a key role in maintaining the vascular tone
under laminar shear stress in a quiescent state by
inhibition of inflammation, cellular proliferation, and
thrombosis. > Prolonged exposure to cardiovascular
risk factors can ultimately exhaust the protective effect
of endogenous anti-inflammatory and antioxidant
systems within endothelial cells and thus contribute to
vascular disease by sustained endothelial activation. 5+
Endothelial activation is a switch from a quiescenf
state, mostly regulated by NO-mediated silencing of
cellular processes, to an activated endothelium
mediated by redox signaling. 5 Upon endothelial
activation:

A eNOS uncoupling occurs; ROS, such as HxO, will
diffuse into the endothelial cell. This leads to
expression of adhesive ligands (inclusive of von-

“ 1

p” denotes phosphorylation; “+” denotes enhancement
Willebrand factor (vWF) and P-selectin) on the
endothelium. Platelet adhesion also occurs through
binding of platelets via platelet-fibrinogen complexes
and intercellular adhesion molecule-1 (ICAM-1).
These adherent platelets secrete numerous bioactive
substances that alter the adhesive properties. 53
NF-xB dissociates from Ikp (a regulatory protein that
inhibits NF-xB by complexing with and trapping it in
the cytoplasm) and translocates into the cell nucleus.
Through interactions with CD40, platelets also release
interleukin-1 beta (IL-1P), which can stimulate
endothelial cells via NF-xB to release interleukins, IL-
6 and IL-8, and increase the expression of ICAM-1,
VCAM-1, P-selectin and E-selectin. As such, these
cytokines and tissue factor release fuel a feed-forward
chain reaction, which further decreases NO release. 5
The innate inflammatory process is triggered. The
prolonged interaction between ROS and NO sets up a
vicious circle, which results in further endothelial
activation and inflammation. 5357

Several experimental studies reveal ECs express VDRs
and can synthesize calcitriol because they express 1a-
hydroxylase. % The coexistence of these 2 crucial
elements of vitamin D metabolism strengthened the
hypothesis of an autocrine/intracrine mechanism of
vitamin D action as a modulator of endothelial
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functions. ¥ Vitamin D exerts protective effects on
endothelial activation/dysfunction through both
genomic and nongenomic mechanisms. It was
observed that the vitamin D interaction with VDR
caused the phosphorylation of p38, Akt, and ERK,
leading to eNOS activation and increased NO
formation (Fig. 5).¢0 This effect was dose-dependent,
VDR-mediated, and accompanied by a significant
increase in the level of phosphorylation of
intracellular kinases. ¢061 Vitamin D also works as an
antioxidant as it protects the endothelium from H;O;
oxidant injury through the activation of the
MEK/ERK-Sirt-1 axis. ¢ In vivo and in vitro
experiments have recently demonstrated that a
vitamin D analog (22-oxacalcitriol) significantly

suppressed the elevated expression of p22 (phox) and
NADPH oxidase subunit and improved endothelial
NO synthase coupling, thus reducing oxidative stress
in the endothelium. ¢ Moreover, vitamin D protected
ECs against H,O, oxidative stress, counteracting
superoxide anion generation and apoptosis and
blocking the extrinsic caspase cascade by positively
controlling the level of phospho-active extracellular
signal-regulated kinases. ¢ In a recent study, it has
also been seen that vitamin D protects human
endothelial cells from oxidative stress through
modulation between apoptosis and autophagy by
reducing apoptosis-related gene expression and
enhancing autophagy by activation of pro-autophagic
Beclin 1 and phosphorylation of ERK 1/2 and Akt. 65

Blood Lumin

Figure 5: Schematic representation of advanced glycation end-products associated with increased
oxidative stress induced endothelial activation and lipid peroxidation, formation of foamn cells, smooth
muscle migration, formation of fatty streak, thrombus and fibrous cap.

Vitamin D appears also to be implicated in the
modulation of the vascular tone via regulation of the
release of vasoconstrictor metabolites of arachidonic
acid called endothelium-derived contracting factors
(EDCFs)(66). Of note, vitamin D acutely modulated
vascular tone by reducing calcium influx into the ECs
and hence decreasing the production of EDCFs (Fig.
6).¢7. However, a recent study also recognized
calcium-independent mechanism through a direct
effect of vitamin D down-regulating the expression of
cyclooxygenase-1, the major source of EDCFs, in ECs.
68 In addition to their effects on vascular tone, vitamin
D effects on prostaglandin metabolism and signaling
appear to play important role in the inflammatory
component. It is noteworthy that calcitriol

significantly repressed the mRNA and protein
expression of cyclooxygenase-2 but upregulated the
expression of 15-hydroxyprostaglandin
dehydrogenase, the enzyme initiating prostaglandin
catabolism, thereby reducing the level of
prostaglandins and suppressing the production of
several proinflammatory cytokines. This could
successfully prevent the immune-mediated changes in
the ECs. ¢

Vitamin D treatment in vitro has been documented to
modulate levels of systemic inflammatory cytokines,
such as TNF-a and IL-6 as well as inhibit
lipopolysaccharide (LPS) induced activation and
vasodilatation of vascular endothelium (Fig. 6).70.
Equils et al, 7 also demonstrated an effect of 1,
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25(0OH)D on microbial antigen-induced EC
activation. According to their data, lipopolysaccharide
stimulation led to the release of proinflammatory
cytokines, which induced la-OHase activity and
consequently calcitriol expression. Calcitriol in turn
inhibited interleukin (IL)-6, IL-8, and RANTES
(regulated on activation, normal T cell expressed, and
secreted) expression through inhibition of nuclear
factor-xB (NF-xB) in an autocrine/paracrine fashion to
“switch off” the immune activation. 7! Talmor et a,l 72
demonstrated inhibitory effects of calcitriol on the
expression of ICAM-1, platelet EC adhesion molecule-
1, and IL-6 in ECs, effects mediated through NF-xB
and p38 MAPK. Moreover, multiple studies have
revealed that pretreatment with 1, 25(OH).D
significantly inhibited the TNF-a-induced expression
of E-selectin, vascular cell adhesion molecule-1, and
IL-8 on human coronary arterial ECs via inhibition of
NF-xB. 7374 Recent studies showed that the tumor
necrosis factor-a induced increase in protein levels of
ICAM-1 and VCAM-1 was significantly abolished
after incubation of human ECs with 1, 25(OH)D, an
effect independent of NF-xB activation. 7576 The
expression of CD40L and CD62P in platelets, the

Calcium ¢ Ca™
channel o

Endothelial cell

PECAM-1

E-selectin

POO0OO

expression of ICAM-1, VCAM-1, the urokinase
receptor (uPAR) and membrane type 1 matrix
metalloproteinase (MT1-MMP) in endothelial cells
and endothelial cell ROS generation were significantly
reduced through pre-incubation with 1, 25(OH),D. 7677
Finally, calcitriol may also act as a vascular protective
agent counteracting the deleterious effects of
advanced glycation end products on endothelial
function. 78 Calcitriol acting via VDR has been found
to decrease the expression of genes involved in
advanced  glycation end  products-activated
inflammatory pathway such as RAGE, IL-6, and IL-8
through an NF-xB-mediated mechanism. 7 1,
25(0OH);D has been seen to ameliorate the effects of
AGEs seen in diabetes mellitus on the endothelial cells
by blunting the AGEs-induced elevation of NF-xB-p65
DNA binding activity, a phenomenon related to an
increased expression of 1kB alpha as seen in an in vitro
study. 7 Confirming the in vitro data, several clinical
studies showed both an inverse relationship between
vitamin D levels and endothelial dysfunction and
favorable effects of the vitamin D replacement on
endothelial function. 718081

® nhibiton by Vitamin D

* Induction by Vitamin D

Figure 6: Vitamin D exerts protective effects on endothelial activation/dysfunction.
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Effects of Vitamin D on Vascular Smooth Muscle
Cells

The vascular smooth muscle cells (VSMCs) regulate
the active component of vascular tone by varying the
diameter of the arterial lumen under the control of
circulating hormones, paracrine substances, and
neurotransmitters. 8 The presence of VDRs in the
VSMCs, which also express an enzymatically active
la-hydroxylase, highlights the biological importance
of 1, 25(OH):D in the regulation of VSMC homeostasis
and function. &84 Antiproliferative effects of 1,
25(0OH);D on VSMCs have been demonstrated by
several studies. 8-87 1, 25(OH);D inhibits the
proliferative effects of both epidermal growth factor
and endothelin on VSMCs, the latter via decreasing
cyclin-dependent kinase 2 activity, which actually
regulates the cell cycle machinery. 88 Calcitriol also
inhibited proliferation by an acute influx of Ca2* into
the VSMCs (Fig. 7).8% The effects of 1, 25(OH).D on
VSMC migration appear to be divergent. At high
doses, calcitriol can induce VSMC migration, an effect
that involves both nongenomic (through activation of
the PI3K pathway) and genomic (through reducing
the expression of Pl-integrin receptors on the VSMC
surface) actions. %091 However, in physiological doses,
25(0OH)D and calcitriol inhibited VSMC migration and
proliferation by reducing the activity of vitamin D
binding protein, an effect mediated through the
attenuation of extracellular signal-regulated kinase
1/2 phosphorylation. 92 Other aspects of VSMC
biology besides proliferation and migration are also
affected by vitamin D. Vitamin D appears to exert
morphological  effects,  including  increased
elastogenesis and stabilization of the musculoelastic
multilayer of VSMCs, via regulation of the production
of proteins that are related to the vascular wall,
including myosin, collagen type 1, matrix
metalloproteinase-9, and elastin. % Furthermore, 1,
25(OH):D has been shown to enhance prostacyclin
production, a prostanoid that inhibits the aggravation
of atherosclerosis, in VSMCs via the cyclooxygenase
pathway. 9 1, 25(OH),D increased the superoxide
dismutase activity in VSMCs via stimulation of the
expression of IkB-a, thus reducing vascular cell-
mediated oxidation of low-density lipoprotein. 9%
Moreover, it improved the recovery of stressed
VSMCs and their viability via regulating heat-shock
protein 70 and possibly via increasing telomerase
activity. It has recently been shown that vitamin D;
supplementation improved telomerase maintenance

and prevented peripheral blood mononuclear cells'
senescence. %

In accordance with the aforementioned in vitro data, a
16-week clinical trial showed that a 2000 IU daily
vitamin D3 supplement counterbalanced the
progression of arterial stiffness, as estimated by the
carotid-femoral pulsed-wave velocity. % Vitamin D
also regulates the expression of profibrotic and
antifibrotic factors (98). Plasminogen activator
inhibitor-1, which is produced by a broad range of
cells such as vascular ECs and VSMCs, % is considered
an inflammatory response gene that is associated with
increased risk for thrombosis and atherosclerosis.
100101 Activated vitamin D analogs (calcitriol and
paricalcitol) have been reported to suppress
plasminogen activator inhibitor-1 by blocking NF-«xB
activation. 87102 Additionally, vitamin D has been
found to regulate the expression of antifibrotic factors.
It was demonstrated that exposing mesenchymal
multipotent cells to 1, 25(OH):D increased through
VDR-mediated genomic effects the expression of bone
morphogenetic protein-2 and BMP7 (transforming
growth factor-p1 antagonists), matrix
metalloproteinase-8 (a collagen breakdown inducer),
and follistatin (an inhibitor of the profibrotic factor
myostatin) and decreased the expression of collagen I
and III, which define a fibrotic process. %103

Data on the role of vitamin D in vascular calcification
are conflicting (Fig. 7).104105 In vitro experiments
support that VSMCs undergo calcification when
treated with 1, 25(OH):D through three pathways:
stimulation of calcium influx. 19107 interference with
the basic cellular housekeeping machinery, 1% and
activation of protein kinase-mediated pathways (Fig.
7).90108 Once activated, these signal transducers, in
concert with cytokines and growth factors, including
angiotensin II, induce cell dedifferentiation, promote
cell migration, and increase oxidative stress, thereby
leading to the structural disintegration and stiffening
of the arterial wall. 1%® On the other hand, the
protective effects of calcitriol and other VDR agonist
on vascular calcification have also been recognized in
vitro. % Among the proposed mechanisms is
upregulation of the expression of matrix Gla protein
and osteopontin by VSMCs, which are both potent
inhibitors of vascular calcification. 199110 Moreover, a
recent study showed that VDR agonists (both calcitriol
and maxacalcitol) suppressed the TNF-a-induced
expression of the runx2, osteocalcin, and MMP-2
genes in VSMCs.111 It is important to note that the
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protective or harmful effect of active vitamin D on
vascular calcification remains a contentious issue,
presumably because of the differences in the

EC
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experimental model or the dose, or type of active
vitamin D used. 112-114
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Figure 7: Schematic representation illustrating the actions of vitamin D in vasculature.

Effects of vitamin D on immune cells and
atherosclerosis

Several subsets of T cells, such as naive, T helper (Th)1,
Th2, T regulatory cells, Th17, and B cells, along with
leucocytes and transformed monocytes, are present
within atherosclerotic lesions. 115 Interestingly, the Th1
subtype primarily drives the inflammatory response
in the atherogenesis process by producing cytokines
such as interferon-y, TNF-q, IL-6, and IL-12, which are
known to be proatherogenic. 116117 Although the exact
role of IL-17 and its producing Th17 cells has not been
fully addressed, recent studies have demonstrated the
existence of IL-17A* cells within atherosclerotic
lesions, suggesting a potential role in atherosclerosis.
118 Actually, the IL-17A-dependent response was
found to occur in parallel with the Th1-dominant and
unfavorable immune response during the atherogenic
process. % On the other hand, Th2 by secreting
antiatherogenic cytokines such as IL-5, IL-10, and IL-
13 neutralizes the Thl effect. 119 It has been
demonstrated that 1, 25(OH).D shifts the immune
response away from a Thl and toward a Th2 profile,
thus promoting an antiatherogenic immune profile. 120
Furthermore, treatment of T cells in vitro with 1,
25(0OH):D suppressed the development of Th17 and
inhibited IL-17 production via a posttranscriptional
mechanism (Fig. 8).12 It has been shown that vitamin
D is carried by low-density lipoprotein particles and is
internalized by various cells, including monocytes,
through the low-density lipoprotein receptor either in
its active form or as 25(OH)D. Once monocytes

migrate transendothelially and are transformed into
foam cells, 25(OH)D is accumulated in the

subendothelial space or in the atherosclerotic plaque
and may be converted to its active form by la-
hydroxylase, which is expressed by monocyte derived
cells. 122123 [n turn, 1, 25(0OH),D may alter macrophage
gene expression, influencing the expression of a
variety of factors that are implicated in the
atherosclerosis process (eg, type I collagen, vascular
endothelial growth factor, matrix metalloproteinases,
and elastin) by ECs and VSMCs. % The physiological
role of vitamin D-VDR in the maintenance of
antithrombotic homeostasis has been confirmed with
VDR knockout mice. 124 Interestingly, 1, 25(OH).D
supplementation  suppressed cholesteryl ester
formation and enhanced cholesterol efflux in
macrophages compared with vitamin D-D-depleted
cells, suggesting facilitation of cholesterol egress in the
presence of 1, 25(OH).D. 12 Moreover, 1, 25(0OH).D
acting as a natural endoplasmic reticulum stress
reliever was found to induce an M1 antiatherogenic
macrophage/monocyte phenotype over M2 (with
increased cholesterol uptake and deposition) and to
decrease mRNA expression of the monocyte adhesion
molecules PSGL-1, f(1)-integrin, and B(2)-integrin,
resulting in an increase of monocyte adhesion to
activated endothelium. 26 Moreover, 1, 25(0OH).D
dose-dependently inhibited the production of IL-6
and TNF-a by monocytes, an effect exerted at a
posttranscriptional level, and possibly contributed to
the  aforementioned  suppression of  Thl
proatherogenic immune response. 127 In addition to
their immunoregulatory effects, monocytes are
implicated in the development of atherothrombotic
lesions by regulating coagulant and anticoagulant
factors. It has been demonstrated that vitamin D, via
VDR, up-regulates the expression of the anticoagulant
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glycoprotein thrombomodulin and down-regulates
the expression of a critical coagulation factor, tissue
factor, in human peripheral monocytes. 12 Moreover,
NF-xB appears to play a crucial role in mediating
many of the beneficial effects of vitamin D. However,
other signaling pathways, either genomic or
nongenomic, appear to be implicated (Fig. 8).% In
summary, the beneficial action of vitamin D on

endothelial dysfunction, VSMC proliferation and
migration, and calcification, as well as on the
inflammatory/immune process of atherosclerosis, is
well documented in the literature, even though the
signal mechanisms by which these responses are
elicited need to be fully characterized.
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Figure 8: The metabolism and actions of vitamin D in cells and tissues that are implicated directly and

indirectly in the atherogenic process.

Role of Vitamin D in the Renin Angiotensin
System

In an experimental studies, inhibition of 1, 25(OH).D
synthesis led to an increase in renin expression,
accompanied by increased plasma angiotensin II
levels, hypertension, and cardiac hypertrophy. 129
whereas 1, 25(OH):D injection led to renin
suppression in the juxtaglomerular apparatus,
independently of parathyroid hormone and calcium
metabolism. 130-132 On a molecular level, calcitriol
binds to the VDR and subsequently blocks formation
of the CRE-CREB-CBP complexes in the promoter
region of the renin gene, reducing its level of

expression (Fig. 9).129131133 These data suggest that
vitamin D analogs and supplements may potentially
be agents for controlling renin production and blood
pressure. Corroborating this hypothesis, Fryer et al
(134) evaluated the effects of paricalcitol and
calcitriol on renin expression in C57/BL6 mice and
showed that paricalcitol produces significant dose-
dependent reductions in renin/ GAPDH expression

and calcitriol produced renin suppression.
Moreover, Zhou et al 13 demonstrated regulation of
the renin-angiotensin system through

supplementation of 1, 25(OH).D in 1-a hydroxylase
knockout mice free of enzyme. Taken together, the
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associations found in clinical studies and the
supporting mechanistic studies make it plausible
that vitamin D deficiency could indeed contribute to
an inappropriately activated RAAS, as a mechanism
for progression of cardiovascular disease. 131
Conversely, vitamin D metabolites may exert several
renoprotective effects such as suppression of the
renin-angiotensin-aldosterone system,
antiproteinuric effects, as well as anti-inflammatory
and immunomodulatory properties with up-
regulation of regulatory T cells (Tregs) that protect
against autoimmunity. 136138 Interactions between
vitamin D and other RAAS components have been
studied as well. There is cross talk between
mineralocorticoid receptor used by aldosterone and
vitamin D agonists could potentially exist, but this
has not been studied so far. 132 Vitamin D analogues
may also have cardioprotective effects in association

with suppression of renin in the kidney and heart.
139,140

‘ Angictensinocgen ‘

\ D
| Angictensin | |

| Angiotensin Il |

N

Vaso- MNa and H;O
constriction retention

S

| Hypertension |

Figure 9: The effects of vitamin D on the renin-
angiotensin system. 1, 25-dihydroxyvitamin D
suppresses renin gene expression, thereby inhibiting the
renin-angiotensin system.

Effects of Vitamin D on the Heart
Vitamin D Receptor (VDR) and la-hydroxylase
knockout mice with normalized calcium levels display

a cardiac phenotype characterized by myocardial
hypertrophy, increased contractility, and impaired
systolic function. 129135141-143 These abnormalities can
be reversed by blocking the RAS. 37 This suggests that
increased RAS activation is mainly responsible for
myocardial damage in these knockout models. In line
with these ideas, Li et al 1 and Yuan et al 133 also
demonstrated that 1, 25(OH).D is a negative regulator
of renin and, in concert with much older data
suggesting that vitamin D exerts direct effects on (or
maybe via) the cardiomyocytes. 4 A clinically
significant association between vitamin D deficiency
and heart disease is supported by several case reports
of children with rickets who suffered from
cardiomyopathies but could be successfully cured by
vitamin D and calcium supplementation. 145146
Detailed studies in cultured cardiomyocytes showed
profound antihypertrophic and antiproliferative
actions of vitamin D metabolites (Fig. 10).147-149 The
VDR itself was shown to be regulated by the
occurrence of cardiac hypertrophy per se, suggesting
that not only does circulating vitamin D dictate
vitamin D signaling, but also VDR expression may be
of importance. 13 Furthermore, contractility and
electrophysiology of the heart may be significantly
modulated by vitamin D effects on myocardial
calcium handling. 145151-153 7, 25(OH),D also induces
an accelerated relaxation of cardiomyocytes, which
may improve the diastolic function of the heart. 15
Apart from this, vitamin D metabolites regulate

myocardial extracellular matrix turnover by
modulating the expression of matrix
metalloproteinases and  tissue inhibitors of

metalloproteinases. 154155 Other proposed vitamin D
effects on the myocardium, such as regulation of
energy metabolism or myosin expression, still require
further in-depth studies (Fig. 10).145 Detailed analyses
of specific CV events among diabetic hemodialysis
patients showed that low 25(OH)D levels were
particularly associated with sudden cardiac death. 156
Hence, a poor vitamin D status indicates an increased
CV risk, but it remains to be determined whether
vitamin D deficiency is the cause or the consequence.
In this context, the possibility of reverse causation
should be considered, that is, the fact that heart
disease-associated limitations in sunlight exposure
may underlie the association of vitamin D deficiency
and CV risk. 157-160
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Figure 10: Proposed vitamin D effects on the heart

Vitamin D and the Autonomic Nervous System

Interestingly, activated 1, 25(OH):D has been shown
to coordinate biosynthesis of neurotransmitters in
brain areas that regulate cardiovascular activity. 161,162
Specifically, the mid-brain and brainstem, in which
neurons for the ANS are located in have been shown
to have an extremely high concentration of VDR, thus
leading to the hypothesis that vitamin D plays a
specific, non-calcium-related role in regulating the
ANS (Fig. 11).161-164 Several observational studies and
meta-analyses of these studies have demonstrated
striking associations between vitamin D deficiency
and patient-level outcomes, including CVD and CVD-
related death, namely sudden arrhythmic death, in
both healthy populations and in the high-risk CKD
population. 156165-168 Conversely, in healthy humans,
increasing vitamin D levels with 4 weeks of high-dose
vitamin Ds  supplementation (10,000 IU

cholecalciferol) was associated with a significant
improvement in cardiac ANS balance, specifically
enhancing cardioprotective vagal activity, in response
to an external stressor. 169170 Krause, 171 demonstrated
that exposure to short-term artificial sunlight
heliotherapy not only increased serum 25(OH)D levels
and control of mineral metabolism, but significantly
increased measurements of cardioprotective vagal
activity, which were severely depressed at baseline.
Taken together, these data suggest that vitamin D
deficiency directly influences CVD and CVD-related
mortality risk by mediating activity of the ANS
outside the realm of generic mineral metabolism (Fig.
11). Plus, vitamin D supplementation appears to
possess genomic and nongenomic mechanisms that
may influence activity of the ANS, presenting an
attractive therapeutic option.
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Figure 11: Hypothesized implication of vitamin D deficiency on cardiovascular risk via interaction with the
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Conclusion and remarks

Aside from role in calcium and phosphate
homeostasis, vitamin D is important in many
physiological and pathological processes relevant to
cardiovascular system. 1, 25(OH);D influences the
migration, proliferation, gene expression of VSMCs,
elastogenesis, cytokines, profibrotic,
proinflammatory pathways and
immunomodulation through the VDR dependent
mechanism (Fig. 12). Plus, it may influence blood
pressure by functioning as an endogenous inhibitor
of the RAAS. Interestingly, calcitriol can permeate

the blood-brain barrier and bind to vitamin D
receptors located within the cardiovascular centres.
Thus, it is essential for the development and
maintenance of a healthy cardiovascular function.
However, VDD is associated with increased risk of
cardiovascular disease, and this may be due to the
relationship between low vitamin D levels and
obesity,  diabetes  mellitus,  dyslipidaemia,
endothelial ~ dysfunction, and  hypertension.
Therefore, vitamin D may well be relevant for
therapeutic purposes.

Page 12 |

Kanem J Med Sci 2025; 19(1): 1-21



Review Article

Leta Melaku et al

6?3 ( Liver synthesis )
2 S(OH)D ‘Jl al synthe'

1?5.(6

1,25(0H),0.)<
(OH)D CYP27B1 u/

l VDR activation

1 ZS(OH)Z
i Heterodimerization

Nucleus

DNA binding and
recruitment of
co-modulators /R

oA

d

DNA -

\\ Target cell

Transcriptional
regulation of
anticancer
target genes

[ Proliferation:
* Increase in p21 and p27 expression
* Decrease in CDKs, cyclins, MYC and
\ RB expression

B c"’xpo;tos-is:

* Increase in BAX
7 * Decrease in BCL-2
* Increased sensitivity to radiation and

\_ chemotherapy

/ Differentiation:
* Myeloid leukaemia cells differentiate into
monocytes
* Increased expression of differentiation
factors such as caesin, adhesion proteins,

125(0H),D;)

(calcitriol)

and E-cadherin

L

lipids, PSA, prostate differentiation factor

“’/inﬂammation:
* Inhibition of expression of COX2, PG

\—4

receptors, stress kinase and NF-xB signalling
Increased 15-PCDH and MAPKPS expression /

Invasnon and metastasis:

—

activator, 06 integrin and B4 integrin

Anglogenesns

/) \—— | Decreased HIF10, VEGF IL-8, tenascin C

> \.and PGE, levels

Figure 12: A schematic diagram describing the mechanism and application of the vasculoprotective effect

of Vitamin D.

Abbreviations

1, 25(0OH)2D - 1,25-Dihydroxyvitamin D (calcitriol)
25(0OH)D - 25-Hydroxy Vitamin D (calcidiol)
AGE - Advanced Glycation End-products

CV risk - Cardiovascular Risk

CVD - cardiovascular disease

CKD - chronic kidney disease

ECs - Endothelial Cells

FGF-23 - Fibroblast Growth Factor-23
ICAM-1 - Intercellular Adhesion Molecule 1
NF-xB - Nuclear Factor-«xB

NADPH oxidase - Nicotinamide Adenine
Dinucleotide Phosphate Oxidase

PTH - Parathyroid Hormone

RAAS - Renin-Angiotensin-Aldosterone System
TNF-a - Tumor Necrosis Factor-a

UVB - Ultraviolet B

VCAM-1 - Vascular Cell Adhesion Molecule 1
VDD - Vitamin D deficiency

VDRm - Membrane Vitamin D Receptor
VDRn - Nuclear Vitamin D Receptor

VSMCs - Vascular Smooth Muscle Cells
Declarations

Ethics Approval and Consent to Participate: Not
applicable.

Consent For Publication: Not applicable.
Availability of Data and Materials: The datasets
used and analyzed during the current study are
available from the corresponding author on
reasonable request.

Competing Interests: The author declares that there
is no conflict of interest regarding the publication of
this paper.

Funding: Nil support in financial or any other
manner

Authors' Contributions: LM and BE had
participated in the design of the study, data
analyses, and manuscript preparation; and the
authors could have read and approved the final
manuscript.

Acknowledgements: The Author is grateful to the
College of Health Sciences Research and

,,\

* Decreased expression of MMP9, plasmmogen

. lncreased TIMP1 and E-cadherin expression)

~
\

Page 13 |

Kanem J Med Sci 2025; 19(1): 1-21



Review Article

Leta Melaku et al

Community Office of Arsi University, as well as
researchers whose documents were used in the
preparation of the review.

References

1. Funk C. On the chemical nature of the
substance which cures polyneuritis in birds induced
by a diet of polished rice. ] Physiol. 1911; 43:395-400.
2. McCollum E, Simmonds N, Becker J, Shipley P.
An experimental demonstration of the existence of a
vitamin that promotes calcium deposition. ] Biol
Chem. 1922; 53:293-8.

3. Wacker M, Holick M. Vitamin D —Effects on
skeletal and extraskeletal health and the need for
supplementation. Nutrients. 2013; 5:111-48.

4. Heath K, Elovic E. Vitamin D Deficiency
Implications in the rehabilitation setting. Am J Phys
Med Rehab. 2006; 85:916-23.

5. Shinchuk L, Holick M. Vitamin D and
rehabilitation: Improving functional outcomes. Nutr
Clin Pract. 2007; 22:297-304.

6. Ahmed M, Shoker A. Vitamin D metabolites:
protective versus toxic properties: Molecular and
cellular perspectives. NephrolRev. 2010; 2:19-26.

7. Munns C, Shaw N, Kiely M, Specker B, Thacher
T, Ozono K, et al. Global consensus
recommendations on prevention and management
of nutritional rickets. ] Clin Endocrinol Metab. 2016;
101:394-415.

8. Holick M, McNeill S, MacLaughlin ], Holick S,
Clark M, Potts J. Physiologic implications of the
formation of previtamin D3 in skin. Trans Assoc Am
Phys. 1979; 92:54-63.

9. Holick M, Richtand N, McNeill S, Holick S,
Frommer ], Henley ], et al Isolation and
identification of previtamin D3 from the skin of rats
exposed to ultraviolet irradiation. Biochemistry.
1979; 18:1003-8.

10. Knutsen K, Brekke M, Gjelstad S,
Lagerlov P. Vitamin D status in patients with
musculoskeletal pain, fatigue and headache: A
cross-sectional descriptive study in a multi-ethnic
general practice in Norway. Scand ] Prim Health.
2010; 28:166-71.

11. Dilworth F, Scott I, Green A, Strugnell S,
Guo Y, Roberts E, et al. Different mechanisms of
hydroxylation site selection by liver and kidney
cytochrome p450 species (cyp27 and cyp24)
involved in vitamin D metabolism. ] Biol Chem.
1995; 270:16766-74.

12. Holick M. Vitamin D deficiency: what a pain it
is. Mayo Clin Proc. 2003; 78:1457-9.

13.  Deluca H. History of the discovery of vitamin

D and its active metabolites. Bonekey Rep. 2014;
3:479.

14. Zhang R, He D, Zhou B, Zhu Y, Zhao D,
Huang L, et al. Analysis of vitamin D status in men
highly exposed to sunlight. Biomed Environ Sci.
2015; 28:913-6.

15. Haussler M, Haussler C, Whitfield G, Hsieh ],
Thompson P, Barthel T, et al. The nuclear vitamin D
receptor controls the expression of genes encoding
factors which feed the ““Fountain of Youth”™ to
mediate healthful aging. ] Steroid Biochem Mol Biol.
2010; 121:88-97.

16. Barvencik F, Amling M. Vitamin D metabolism
of the bone. Orthopade. 2015; 44:686-94.

17. Reuss-Borst M. Metabolic bone disease
osteomalacia. Z Rheumatol. 2014; 73:316-22.

18. Wolpowitz D, Gilchrest B. The vitamin D
questions: how much do you need and how should
you get it? ] Am Acad Dermatol. 2006; 54:301-17.

19. Holick M. Vitamin D deficiency. N Engl ] Med.
2007; 357:266-81.

20. Holick M. Vitamin D: a millennium
perspective. ] Cell Biochem. 2003; 88:296-307.
21. Al Mheid 1, Patel R, Tangpricha V,

Quyyumi A. Vitamin D and cardiovascular disease:
is the evidence solid? European Heart Journal. 2013;
34:3691-8.

22. Holick M, Garabedian M. Vitamin D:
photobiology, metabolism, mechanism of action,
and clinical applications. In: Primer on the metabolic
bone diseases and disorders of mineral metabolism.
6th ed. Washington, DC, USA: American Society for
Bone and Mineral Research; 2006. p. 129-37.

23. Daroux M, Shenouda M, Bacri ],
Lemaitre V, Vanhille P, Bataille P. Vitamin D2 versus
vitamin D3 supplementation in hemodialysis
patients: a comparative pilot study. ] Nephrol. 2013;
26:152-7.

24. Tripkovic L, Lambert H, Hart K, Smith C, Bucca
G, Penson S, et al. Comparison of vitamin D2 and
vitamin D3 supplementation in raising serum 25-
hydroxyvitamin D status: a systematic review and
meta-analyses. Am J Clin Nutr. 2012; 95:1357-64.

25. Logan V, Gray A, Peddie M, Harper M,
Houghton L. Long term vitamin D3
supplementation is more effective than vitamin D2
in maintaining serum 25-hydroxyvitamin D status
over the winter months. Br ] Nutr. 2013; 109:1082-8.
26. Houghton L, Vieth R. The case against
ergocalciferol (vitamin D2) as a vitamin supplement.
Am J Clin Nutr. 2006; 84:694-7.

27. Lee ], O'Keefe J, Bell D, Hensrud D, Holick M.

Page 14 |

Kanem J Med Sci 2025; 19(1): 1-21



Review Article

Leta Melaku et al

Vitamin D deficiency an important, common, and
easily treatable cardiovascular risk factor? ] Am Coll
Cardiol. 2008; 53:1949-56.

28. Jones G. Pharmacokinetics of vitamin D toxicity.
Am ] Clin Nutr. 2008; 88:5825-65.

29. Hewison M, Zehnder D, Bland R, Stewart P.
lalpha-hydroxylase and the action of vitamin D. ]
Mol Endocrinol. 2000; 25:141-8.

30. Prosser D, Jones G. Enzymes involved in
the activation and inactivation of vitamin D. Trends
Biochem Sci. 2004;29:664-73.

31.  Norman A. From Vitamin D to hormone D:
Fundamentals of the vitamin D endocrine system are
essential for good health. Am ] Clin Nutr. 2008;
88:4915-499S.

32.  Peterlik M, Cross H. Vitamin D and calcium
deficits predispose to multiple chronic diseases. Eur
] Clin Invest. 2005; 35:290-304.

33. Kerr D. Hypercalcemia and metastatic
calcification. Cardiovasc Res. 1997; 36:293-7.

34. Holick M. Evolutionary biology and pathology
of vitamin D. ] Nutr Sci Vitaminol (Tokyo). 1992;,79-
83.

35. Bikle D, Adams ], Christakos S. Vitamin D:
Production, Metabolism, Mechanism of Action, and
Clinical Requirements. American Society for Bone
and Mineral Research. 2008;141-9.

36. Bikle D. Vitamin D metabolism and function in
the skin. Mol Cell Endocrinol 347: 80-89. 2011;
347:80-9.

37. Bouillon R, Carmeliet G, Verlinden L, van Etten
E, Verstuyf A, Luderer H. Vitamin D and human
health: lessons from vitamin D receptor null mice.
Endocr Rev. 2008; 29:726-76.

38. St-Arnaud R. CYP24A1-deficient mice as
a tool to uncover a biological activity for vitamin D
metabolites hydroxylated at position 24. ] Steroid
Biochem Mol Biol. 2000; 121:254-6.

39. Sutton A, MacDonald P. Vitamin D:
More than a “bona fide” hormone. Mol Endocrinol.
2003; 17:777-91.

40. Haussler M, Whitfield G, Kaneko I, Haussler C,
Hsieh D, Hsieh J, et al. Molecular Mechanisms of
Vitamin D Action. Calcif Tissue Int. 2012.

41. Razzaque M. The dualistic role of vitamin D in
vascular calcifications. Kidney Int. 2011; 79:708-14.
42. Szpirer ], Szpirer C, Riviere M, Levan G, Marynen
P, Cassiman J, et al. The Sp1 transcription factor gene
(SP1) and the 1,25-dihydroxyvitamin D3 receptor
gene (VDR) are colocalized on human chromosome
arm 12q and rat chromosome 7. Genomics. 1991;
11:168-73.

43. Crofts L, Hancock M, Morrison N, Eisman ].
Multiple promoters direct the tissue-specific
expression of novel N-terminal variant human
vitamin D receptor gene transcripts. Proc Natl Acad
Sci USA. 1998; 95:10529-34.

44. Sunn K, Cock T, Crofts L, Eisman ],
Gardiner E. Novel N-terminal variant of human
VDR. Mol Endocrinol. 2001; 15:1599-609.

45. Witfield G, Hsieh ], Juritka P, Selznik S,
Haussler C, Macdonald P, et al. Genomic actions of
1, 25-dihydroxyvitamin D3. ] Nutr. 1995; 125:1690S-
1694S.

46. Fleet ]. Rapid, membrane-initiated actions of 1, 25
dihydroxyvitamin D: What are they and what do
they mean? ] Nutr. 2004;134:3215-8.

47. Dwivedi P, Hii C, Ferrante A, Tan J, Der
C, Omdahl J, et al. Role of MAP kinases in the 1, 25-
dihydroxyvitamin D3-induced transactivation of the
rat cytochrome P450C24 (CYP24) promoter. Specific
functions for ERK1/ERK2 and ERKS5. J Biol Chem.
2002; 277:29643-53.

48. Nutchey B, Kaplan J, Dwivedi P, Omdahl J,
Ferrante A, May B, et al. Molecular action of 1, 25-
dihydroxyvitamin D3 and phorbol ester on the
activation of the rat cytochrome P450C24 (CYP24)
promoter: Role of MAP kinase activities and
identification of an important transcription factor
binding site. Biochem J. 2005; 389:753-62.

49. Dwivedi P, Gao X, Tan ], Evdokiou A, Ferrante
A, Morris H, et al. A role for the phosphatidylinositol
3-kinase — Protein kinase C zeta—Spl pathway in
the 1, 25-dihydroxyvitamin D3 induction of the 25-
hydroxyvitamin D3 24-hydroxylase gene in human
kidney cells. Cell Signal. 2010; 22:543-52.

50. Doroudi M, Schwartz Z, Boyan B. Membrane-
mediated actions of 1, 25-dihydroxy vitamin D3: A
review of the roles of phospholipase A2 activating
protein and Ca (2+)/calmodulin-dependent protein
kinase II. J Steroid Biochem Mol Biol. 2015; 147:81-4.
51. Norman A. Minireview: Vitamin D receptor:
New assignments for an already busy receptor.
Endocrinology. 2006; 147:5542-8.

52. Nakagami H, Kaneda Y, Ogihara T, Morishita R.
Endothelial dysfunction in hyperglycemia as a
trigger of atherosclerosis. Curr Diabetes Rev. 2005;
1:59-63.

53. Jackson S. Arterial thrombus-Insidious,
unpredictable, and deadly. Nat Med. 2011; 17:1423-
36.

54. Celermajer D, Sorensen K, Bull C, Robinson ],
Deanfield J. Endothelium dependent dilation in the
systemic arteries of asymptomatic subjects relates to

Page 15 |

Kanem J Med Sci 2025; 19(1): 1-21



Review Article

Leta Melaku et al

coronary risk factors and their interaction. ] Am Coll
Cardiol. 1994; 24:1468-74.

55. Dalan R, Liew H, Alvin-Tan W, Chew D, Leow
M. Vitamin D and the endothelium: basic,
translational and clinical research updates. IJC
Metabolic and Endocrine. 2014; 4:4-17.

56. Ghosh S, Karin M. Missing pieces in the NF-kB
Puzzle. Cell. 2002;109: S81-96.

57. Deanfield ], Halcox ], Rabelink T. Endothelial
function and dysfunction: testing and clinical
relevance. Circulation. 2012;115:1285-95.

58. Merke ], Milde P, Lewicka S, Hugel U,
Klaus G, Mangelsdorf D, et al. Identification and
regulation of 1, 25-dihyroxy vitamin D3 receptor
activity and biosynthesis of 1, 25-dihyroxyvitamin
D3. Studies in cultured bovine aortic endothelial
cells and human dermal capillaries. J Clin Invest.
1989; 83:1903-15.

59. Zehnder D, Bland R, Chana R, Wheeler D, Howie
A, Williams M, et al. Synthesis of 1, 25-
dihydroxyvitamin D3 by human endothelial cells is
regulated by inflammatory cytokines: A novel
autocrine determinant of vascular cell adhesion. ]
Am Soc Nephrol. 2002; 13:621-9.

60. Molinari C, Uberti F, Grossini E, Vacca G, Carda
S, Invernizzi M, et al. 1, 25-dihydroxycholecalciferol
induces nitric oxide production in cultured
endothelial cells. Cell Physiol Biochem. 2011; 27:661-
8.

61. Queen L, Ji Y, Xu B, Young L, Yao K,
Wyatt A, et al. Mechanisms underlying beta2-
adrenoceptor-mediated nitric oxide generation by
human umbilical vein endothelial cells. ] Physiol.
2006;576(2):585-94.

62. Polidoro L, Properzi G, Marampon F, Gravina G,
Festuccia C, Di Cesare E, et al. Vitamin D protects
human endothelial cells from H202 oxidant injury
through the Erk/Erk-Sirt-laxis activation. ]
Cardiovasc Transl Res. 2013; 6:221-31.

63. Hirata M, Serizawa K, Aizawa K, Yogo K, Tashiro
Y, Takeda S, et al. 22-Oxacalcitriol prevents
progression of endothelial dysfunction through
antioxidative effects in rats with type 2 diabetes and
early-stage nephropathy. Nephrol Dial Transplant.
2013; 28:1166-74.

64. Walski M, Chlopicki S, Celary-Walska R,
Frontczak-Baniewicz M. Ultrastructural alterations
of endothelium covering advanced atherosclerotic
plaque in human carotid artery visualised by
scanning electron microscope. ] Physiol Pharmacol.
2002;53(1):713-23.

65. Uberti F, Lattuada D, Morsanuto V, Nava

U, Bolis G, Vacca G, et al. Vitamin D protects Human
Endothelial Cells from oxidative stress through
autophagic and survival pathways. ] Clin
Endocrinol Metab [Internet]. 2013; Available from:
http:/ /dx.doi.org/10.1210/jc.2013-2103

66. Vanhoutte P, Feletou M, Taddei S. Endothelium-
dependent contractions in hypertension. Br ]
Pharmacol. 2005; 144:449-58.

67. Wong M, Delansorne R, Man R,
Vanhoutte P. Vitamin D derivatives acutely reduce
endothelium-dependent contractions in the aorta of
the spontaneously hypertensive rat. Am J Physiol
Heart Circ Physiol. 2008;295:H289-96.

68. Wong M, Man R, Vanhoutte P. Calcium-
independent phospholipase A (2) plays a key role in
the endothelium-dependent contractions to
acetylcholine in the aorta of the spontaneously
hypertensive rat. Am ] Physiol Heart Circ Physiol.
2010;298:H1260-6.

69. Krishnan A, Feldman D. Molecular pathways
mediating the anti-inflammatory effects of calcitriol:
implications for prostate cancer chemoprevention
and treatment. Endocr Relat Cancer. 2010;17: R19-
38.

70. Equils O, Naiki Y, Shapiro A, Michelsen K, Lu D,
Adams ], et al. 1, 25-Dihydroxyvitamin D inhibits
lipopolysaccharide-induced immune activation in
human endothelial cells. Clin Exp Immunol. 2006;
143:58-64.

71. Jablonski K, Chonchol M, Pierce G, Walker A,
Seals D. 25-hydroxyvitamin D deficiency is
associated with inflammation-linked vascular
endothelial dysfunction in middle-aged and older
adults. Hypertension. 2011; 57:63-9.

72. Talmor Y, Bernheim J, Klein O, Green ], Rashid
G. Calcitriol blunts proatherosclerotic parameters
through NFkappaB and p38 in vitro. Eur J Clin
Invest. 2008; 38:548-54.

73. Suzuki Y, Ichiyama T, Ohsaki A, Hasegawa S,
Shiraishi M, Furukawa S. Anti-inflammatory effect
of 1lalpha,25-dihydroxyvitamin D (3) in human
coronary arterial endothelial cells: implication for
the treatment of Kawasaki disease. ] Steroid Biochem
Mol Biol. 2009; 113:134-8.

74. Kudo K, Hasegawa S, Suzuki Y, Hirano
R, Wakiguchi H, Kittaka S, et al. 1, 25-
Dihydroxyvitamin D (3) inhibits vascular cellular
adhesion molecule-1 expression and interleukin-8
production in human coronary arterial endothelial
cells. ] Steroid Biochem Mol Biol. 2012; 132:290-4.
75. Martinesi M, Bruni S, Stio M, Treves C. 1, 25-
Dihydroxyvitamin D3 inhibits tumor necrosis factor-

Page 16 |

Kanem J Med Sci 2025; 19(1): 1-21



Review Article

Leta Melaku et al

alpha induced adhesion molecule expression in
endothelial cells. Cell Biol Int. 2006; 30:365-75.

76. Stach K, Kilsch A, Nguyen X, Elmas E,
Kralev S, Lang S, et al. 1, 25-Dihydroxyvitamin D3
attenuates platelet activation and the expression of
VCAM-1 and MT1-MMP in human endothelial cells.
Cardiology. 2011; 118:107-15.

77. Collins T, Read M, Neish A, Whitley M, Thanos
D, Maniatis T. Transcriptional regulation of
endothelial cell adhesion molecules: NF-kappa B
and cytokine-inducible enhancers. FASEB J.
1995;9:899-909.

78. Talmor Y, Golan E, Benchetrit S,
Bernheim J, Klein O, Green J, et al. Calcitriol blunts
the deleterious impact of advanced glycation and
products on endothelial cells. Am ] Physiol Renal
Physiol. 2008;294: F1059-1064.

79. Zitman-Gal T, Golan E, Green ], Bernheim ]J,
Benchetrit S. Vitamin D receptor activation in a
diabetic-like environment: potential role in the
activity of the endothelial pro-inflammatory and
thioredoxin pathways. J Steroid Biochem Mol Biol.
2012; 132:1-7.

80. Tarcin O, Yavuz D, Ozben B, Telli A, Ogunc A,
Yuksel M, et al. Effect of vitamin D deficiency and
replacement on  endothelial function in
asymptomatic subjects. ] Clin Endocrinol Metab.
2009; 94:4023-30.

81. Harris R, Pedersen-White J, Guo D,
Stallmann-Jorgensen I, Keeton D, Huang Y, et al.
Vitamin D3 supplementation for 16 weeks improves
flow-mediated dilation in overweight african-
american adults. Am ] Hypertens. 2011; 24:557-62.
82.Dao H, Essalihi R, Bouvet C, Moreau P. Evolution
and  modulation of age-related  medial
elastocalcinosis: impact on large artery stiffness and
isolated systolic hypertension. Cardiovasc Res. 2005;
66:307-17.

83. Kawashima H. Receptor for 1, 25-
dihydroxyvitamin D in a vascular smooth muscle
cell line derived from rat aorta. Biochem Biophys Res
Commun. 1987; 146:1-6.

84. Somjen D, Weisman Y, Kohen F, Gayer B,
Limor R, Sharon O, et al. 25-Hydroxyvitamin D3-
lalpha-hydroxylase is expressed in human vascular
smooth muscle cells and is upregulated by
parathyroid hormone and estrogenic compounds.
Circulation. 2005; 111:1666-71.

85. MacCarthy E, Yamashita W, Hsu A, Ooi B. 1,25-
Dihydroxyvitamin D3 and rat vascular smooth
muscle. Hypertension. 1989; 13:954-9.

86. Mitsuhashi T, Morris R, Ives H. 1, 25-

dihydroxyvitamin D3 modulated growth of vascular
smooth muscle cells. ] Clin Invest. 1991; 87:1889-95.
87. Wu-Wong J, Nakane M, Ma ]. Effects of vitamin
D analogs on the expression of plasminogen
activator inhibitor-1 in human vascular cells.
Thromb Res. 2006; 118:709-14.

88. Chen S, Law C, Gardner D. Vitamin D-dependent
suppression of endothelin-induced vascular smooth
muscle cell proliferation through inhibition of CDK2
activity. J Steroid Biochem Mol Biol. 2010; 118:135-
41.

89. Davies M, Hruska K. Pathophysiological
mechanisms of vascular calcification in end-stage
renal disease. Kidney Int. 2001; 60:472-9.

90. Rebsamen M, Sun ], Norman A, Liao J. 1, 25-
dihydroxyvitamin D3 induces vascular smooth
muscle cell migration via activation of
phosphatidylinositol 3-kinase. Circ Res. 2002; 91:17-
24,

91. Tukaj C, Trzonkowski P, Pikula M,
Hallmann A, Tukaj S. Increased migratory
properties of aortal smooth muscle cells exposed to
calcitriol in culture. ] Steroid Biochem Mol Biol. 2010;
121:208-11.

92. Raymond M, Désormeaux A, Labelle A, Soulez
M, Soulez G, Langelier Y, et al. Endothelial stress
induces the release of vitamin D-binding protein, a
novel growth factor. Biochem Biophys Res
Commun. 2005; 338:1374-82.

93. Norman P, Powell J. Vitamin D, shedding light
on the development of disease in peripheral arteries.
Arterioscler Thromb Vasc Biol. 2005; 25:39-46.

94. Wakasugi M, Noguchi T, Inoue M, Kazama Y,
Tawata M, Kanemaru Y, et al. Vitamin D3 stimulates
the production of prostacyclin by vascular smooth
muscle cells. Prostaglandins. 1991; 42:127-36.

95. Tukaj S, Trzonkowski P, Tukaj C. Regulatory
effects of 1, 25-dihydroxyvitamin D3 on vascular
smooth muscle cells. Acta Biochim Pol. 2012; 59:395-
400.

96. Zhu H, Guo D, Li K, Pedersen-White ]J,
Stallmann-Jorgensen I, Huang Y, et al. Increased
telomerase activity and vitamin D supplementation
in overweight African Americans. Int ] Obes (Lond).
2012; 36:805-9.

97. Dong Y, Stallmann-Jorgensen I, Pollock
N, Harris R, Keeton D, Huang Y, et al. A 16-week
randomized clinical trial of 2000 international units’
daily vitamin D3 supplementation in black youth:
25-Hydroxyvitamin D, adiposity, and arterial
stiffness. 2010; 95:4584-91.

98. Artaza J, Norris K. Vitamin D reduces the

Page 17 |

Kanem J Med Sci 2025; 19(1): 1-21



Review Article

Leta Melaku et al

expression of collagen and key profibrotic factors by
inducing an antifibrotic phenotype in mesenchymal
multipotent cells. ] Endocrinol. 2009; 200:207-21.

99. Kassi E, Adamopoulos C, Basdra E,
Papavassiliou A. Role of Vitamin D in
Atherosclerosis. Circulation. 2013; 128:2517-253.
100. Libby P, Ridker P, Maseri A. Inflammation and
atherosclerosis. Circulation. 2002; 105:1135-43.

101. Ha H, Oh E, Lee H. The role of plasminogen
activator inhibitor 1 in renal and cardiovascular
diseases. Nat Rev Nephrol. 2009; 5:203-11.

102. Chen Y, Kong J, Sun T, Li G, Szeto F, Liu W, et
al. 1, 25-Dihydroxyvitamin D3 suppresses
inflammation-induced expression of plasminogen
activator inhibitor-1 by blocking nuclear factor-xB
activation. Arch Biochem Biophys. 2011; 507:241-7.
103. Simon A, Chironi G, Megnien ]. Relevance of
screening symptomfree population for coronary and
noncoronary calcification burden. Hypertension.
2010; 55:840-1.

104. Inoue T, Kawasaki H. 1, 25-Dihydroxyvitamin
D3 stimulates 45Ca2+- uptake by cultured vascular
smooth muscle cells. Biochem Biophys Res
Commun. 1988; 152:1388-94.

105. Jono S, Nishizawa Y, Shioi A, Morii H. 1, 25-
Dihydroxyvitamin D3 increases in vitro vascular
calcification by modulating secretion of endogenous
parathyroid hormone-related peptide. Circulation.
1998; 98:1302-6.

106. Shan J, Li B, Taniguchi N, Pang P. Inhibition of
membrane L-type calcium channel activity and
intracellular calcium concentration by 24R, 25-
dihydroxyvitamin D3 in vascular smooth muscle.
Steroids. 1996;61:657-63.

107. Ix J, Barrett-Connor E, Wassel C,
Cummins K, Bergstrom ], Daniels L, et al. The
associations  of fetuin-A  with  subclinical
cardiovascular disease in community-dwelling
persons: the Rancho Bernardo Study. ] Am Coll
Cardiol. 2011; 58:2372-9.

108. Yamamoto T, Kozawa O, Tanabe K, Akamatsu
S, Matsuno H, Dohi S, et al. 1, 25-dihydroxyvitamin
D3 stimulates vascular endothelial growth factor
release in aortic smooth muscle cells: role of p38
mitogen-activated protein kinase. Arch Biochem
Biophys. 2002; 398:1-6.

109. Zittermann A, Schleithoff S, Koefer R. Putting
cardiovascular disease and vitamin D insufficiency
into perspective. Br ] Nutr. 2005;94:483-92.

110. Zitman-Gal T, Green ], Pasmanik-Chor
M, Oron-Karni V, Bernheim J, Benchetrit S. Vitamin
D and vascular smooth muscle cells: gene

modulation following exposure to a diabetic like
environment. | Diabetes Metab. 2012;3:1-9.

111. Aoshima Y, Mizobuchi M, Ogata H,
Kumata C, Nakazawa A, Kondo F, et al. Vitamin D
receptor activators inhibit vascular smooth muscle
cell mineralization induced by phosphate and TNF-
a. Nephrol Dial Transplant. 2012;27:1800-6.

112. Braam L, Hoeks A, Brouns F, Hamulyéak
K, Gerichhausen M, Vermeer C. Beneficial effects of
vitamins D and K on the elastic properties of the
vessel wall in postmenopausal women: a follow-up
study. Thromb Haemost. 2004;91:373-80.

113. Razzaque M, Lanske B.
Hypervitaminosis D and premature aging: lessons
learned from Fgf23 and Klotho mutant mice. Trends
Mol Med. 2006;12:298-305.

114. Memon F, El-Abbadi M, Nakatani T,
Taguchi T, Lanske B, Razzaque M. Does Fgf23-
klotho activity influence vascular and soft tissue
calcification through regulating mineral ion
metabolism? Kidney Int. 2008;74:566-70.

115. Holick M, Binkley N, Bischoff-Ferrari H,
Gordon C, Hanley D, Heaney R. Evaluation,
treatment, and prevention of vitamin D
deficiency: an Endocrine Society clinical practice
guideline. ] Clin Endocrinol Metab. 2011;96:1911-
30.

116. Stemme S, Faber B, Holm ], Wiklund O,
Witztum J, Hansson G. T lymphocytes from human
atherosclerotic plaques recognize oxidized low
density lipoprotein. Proc Natl Acad Sci U S A.
1995,92:3893-7.

117. Robertson A, Hansson G. T cells in
atherogenesis: for better or for worse? Arterioscler
Thromb Vasc Biol. 2006;26:2421-32.

118. Smith E, Prasad K, Butcher M, Dobrian
A, Kolls J, Ley K, et al. Blockade of interleukin-17A
results in reduced atherosclerosis in apolipoprotein
E-deficient mice. Circulation. 2010;121:1746-55.

119. Young ], Libby P, Schonbeck U.
Cytokines in the pathogenesis of atherosclerosis.
Thromb Haemost. 2002;88:554-67.

120. Hewison M. Vitamin D and the immune
system: new perspectives on an old theme. Rheum
Dis Clin North Am. 2012;38:125-39.

121. Chang S, Chung Y, Dong C. Vitamin D
suppresses Th17 cytokine production by inducing
C/EBP homologous protein (CHOP) expression. |
Biol Chem. 2010;285:38751-5.

122. Teramoto T, Endo K, Ikeda K, Kubodera
N, Kinoshita M, Yamanaka M, et al. Binding of
vitamin D to low-density-lipoprotein (LDL) and

Page 18 |

Kanem J Med Sci 2025; 19(1): 1-21



Review Article

Leta Melaku et al

LDL receptor-mediated pathway into cells. Biochem
Biophys Res Commun. 1995;215:199-204.

123. Gottfried E, Rehli M, Hahn ], Holler E,
Andreesen R, Kreutz M. Monocyte-derived cells
express CYP27A1 and convert vitamin D3 into its
active metabolite. Biochem Biophys Res Commun.
2006;349:209-13.

124. Aihara K, Azuma H, Akaike M, Ikeda 'y,
Yamashita M, Sudo T, et al. Disruption of nuclear
vitamin D receptor gene causes enhanced
thrombogenicity in mice. J Biol Chem.
2004;279:35798-802.

125. Riek A, Oh ], Bernal-Mizrachi C. 1,
25(0OH)2 vitamin D suppresses macrophage
migration and reverses atherogenic cholesterol
metabolism in type 2 diabetic patients. ] Steroid
Biochem Mol Biol. 2013;136:309-12.

126. Riek A, Oh ], Sprague ], Timpson A, de
las Fuentes L, BernalMizrachi L, et al. Vitamin D
suppression of endoplasmic reticulum stress
promotes an antiatherogenic
monocyte/macrophage phenotype in type 2 diabetic
patients. ] Biol Chem. 2012;287:38482-94.

127. Miiller K, Haahr P, Diamant M, Rieneck
K, Kharazmi A, Bendtzen K. 1, 25-Dihydroxyvitamin
D3 inhibits cytokine production by human blood
monocytes at the post-transcriptional level.
Cytokine. 1992;4:506-12.

128. Koyama T, Shibakura M, Ohsawa M,
Kamiyama R, Hirosawa S. Anticoagulant effects of
lalpha,25-dihydroxyvitamin D3 on  human
myelogenous leukemia cells and monocytes. Blood.
1998;92:160-7.

129. LiY, Kong J, Wei M, Chen Z, Liu S, Cao
L. 1, 25-Dihydroxyvitamin D3 is a negative
endocrine regulator of the renin-angiotensin system.
J Clin Investig. 2002;110:229-38.

130. Kong ], Qiao G, Zhang Z, Liu S, Li Y.
Targeted vitamin D receptor expression in
juxtaglomerular cells suppresses renin expression
independent of parathyroid hormone and calcium.
Kidney Int. 2008;74:1577-81.

131. Garcia V, Martini L. Vitamin D and
Cardiovascular Disease. Nutrients. 2010;2:426-37.
132. de Borst M, Vervloet M, ter Wee P, Navis

G. Cross talk between the Renin-Angiotensin-
Aldosterone System and Vitamin D-FGF-23-klotho
in Chronic Kidney Disease. ] Am Soc Nephrol.
2011;22:1603-9.

133. Yuan W, Pan W, Kong J, Zheng W, Szeto
F, Wong K, et al. 1, 25-dihydroxyvitamin D3
suppresses renin gene transcription by blocking the

activity of the cyclic AMP response element in the
renin gene promoter. ] Biol Chem. 2007;282:29821-
30.

134. Fryer R, Rakestraw P, Nakane M, Dixon
D, Banfor P, Koch K, et al. Differential inhibition of
renin mRNA expression by paricalcitol and calcitriol
in C57/BL6 mice. Nephron Physiol. 2007;106:76-81.
135. Zhou C, LuF, Cao K, Xu D, Goltzman D,
Miao D. Calcium-independent and 1, 25(OH)2D3-
dependent regulation of the renin-angiotensin
system in lalpha-hydroxylase knockout mice.
Kidney Int. 2008;74:170-9.

136. Doorenbos C, von den Born J, Navis G.
Possible renoprotection by vitamin D in renal
disease: beyond mineral metabolism. Nat Rev
Nephrol. 2009;5:691-700.

137. Melamed M, Astor B, Michos E. 25-
hydroxyvitamin D levels, race, and the progression
of kidney disease. ] Am Soc Nephrol. 2009;20:2631-
9.

138. Prietl B, Pilz S, Wolf M. Vitamin D
supplementation and regulatory T cells in
apparently healthy subjects: vitamin D treatment for
autoimmune diseases? Isr Med Assoc J. 2010;12:136-
9.

139. Bodyak N, Ayus ], Achinger S,
Shivalingappa V, Ke Q, Chen Y, et al. Activated
vitamin D attenuates left ventricular abnormalities
induced by dietary sodium in Dahl salt-sensitive
animals. Proc Natl Acad Sci USA. 2007;104:16810-5.
140. Kong J, Kim G, Wei M, Sun T, Li G, Liu
S, et al. Therapeutic effects of vitamin D analogs on
cardiac hypertrophy in spontaneously hypertensive
rats. Am ] Pathol. 2010;177:622-31.

141. Simpson R, Hershey S, Nibbelink K.
Characterization of heart size and blood pressure in
the vitamin D receptor knockout mouse. J Steroid
Biochem Mol Biol. 2007;103:521-4.

142. Tishkoff D, Nibbelink K, Holmberg K.
Functional vitamin D receptor (VDR) in the t-tubules
of cardiac myocytes: VDR knockout cardiomyocyte
contractility. Endocrinology. 2008;149:558-64.

143. Xiang W, Kong J, Chen S, Cao L, Qiao G,
Zheng W, et al. Cardiac hypertrophy in vitamin D
receptor knockout mice: Role of the systemic and
cardiac renin-angiotensin systems. Am ] Physiol
Endocrinol Metab. 2005;288:E125-32.

144. Wu J, Garami M, Cheng T, Gardner D. 1,
25(OH)2 vitamin D3, and retinoic acid antagonize
endothelin-stimulated hypertrophy of neonatal rat
cardiac myocytes. ] Clin Invest. 1996;97:1577-88.
145. Pilz S, Tomaschitz A, Drechsler C.

Page 19 |

Kanem J Med Sci 2025; 19(1): 1-21



Review Article

Leta Melaku et al

Vitamin D deficiency and myocardial diseases. Mol
Nutr Food Res. 2010;54:1103-13.

146. Brown J, Nunez S, Russell M.
Hypocalcemic rickets and dilated cardiomyopathy:
case reports and review of the literature. Pediatr
Cardiol. 2009;30:818-23.

147. Nibbelink K, Tishkoff D, Hershey S,
Rahman A, Simpson R. 1, 25(OH)2-vitamin D3
actions on cell proliferation, size, gene expression,
and receptor localization, in the HL-1 cardiac
myocyte. ] Steroid Biochem Mol Biol. 2007;103:533-
7.

148. O'Connell T, Simpson R. 1, 25-
dihydroxyvitamin D3 regulation of myocardial
growth and c-myc levels in the rat heart. Biochem
Biophys Res Commun. 1995;213:59-65.

149. O’Connell T, Berry J, Jarvis A. 1, 25-
dihydroxyvitamin D3 regulation of cardiac myocyte
proliferation and hypertrophy. Am ] Physiol.
1997;272:H1751-8.

150. Chen S, Glenn D, Ni W. Expression of the
vitamin d receptor is increased in the hypertrophic
heart. Hypertension. 2008;52:1106-12.

151. Green J, Robinson D, Wilson G. Calcitriol
modulation of cardiac contractile performance via
protein kinase C. ] Mol Cell Cardiol. 2006;41:350-9.
152. Selles J, Bellido T, Boland R. Modulation
of calcium uptake in cultured cardiac muscle cells by
1, 25-dihydroxyvitamin D3. J Mol Cell Cardiol.
1994;26:1539-99.

153. Santillan G, Vazquez G, Boland R.
Activation of a beta-adrenergic sensitive signal
transduction pathway by the secosteroid hormone
1,25-(OH)2-vitamin D3 in chick heart. ] Mol Cell
Cardiol. 1999;31:1095-104.

154. Rahman A, Hershey S, Ahmed S. Heart
extracellular matrix gene expression profile in the
vitamin D receptor knockout mice. ] Steroid Biochem
Mol Biol. 2007;103:416-9.

155. Timms P, Mannan N, Hitman G.
Circulating MMP9, vitamin D and variation in
TIMP-1 response with VDR genotype: mechanisms
for inflammatory damage in chronic disorders?
QJM. 2002;95:787-96.

156. Drechsler C, Pilz S, Obermayer-Pietsch B.
Vitamin D deficiency is associated with sudden
cardiac death, combined cardiovascular events, and
mortality in haemodialysis patients. Eur Heart J.
2010;31:2253-61.

157. Garcia-Canton C, Bosch E, Ramirez A.
Vascular calcification and 25-hydroxyvitamin D
levels in non-dialysis patients with chronic kidney

disease stages 4 and 5. Nephrol Dial Transplant.
2011;26:2250-6.

158. Li X, Speer M, Yang H. Vitamin D
receptor activators induce an anticalcific paracrine
program in macrophages: requirement of
osteopontin. Arterioscler Thromb Vasc Biol.
2010;30:321-6.

159. de Boer I, Kestenbaum B, Shoben A. 25-
hydroxyvitamin D levels inversely associate with
risk of developing coronary artery calcification. ] Am
Soc Nephrol. 2009;20:1805-12.

160. London G, Guerin A, Verbeke F. Mineral
metabolism and arterial functions in end-stage renal
disease: potential role of 25-hydroxyvitamin D
deficiency. ] Am Soc Nephrol. 2007;18:613-20.

161. DeLuca H. Overview of general
physiologic features and functions of vitamin D. Am
J Clin Nutr. 2004;80:51689-96.

162. Garcion E, Wion-Barbot N, Montero-
Menei C, Berger F, Wion D. New clues about vitamin
D functions in the nervous system. TRENDS
Endocrinol Metabolism. 2002;13:100-5.

163. Norman A, Okamura W, Bishop J, Henry
H. Update on biological actions of 125(0OH)2 vitamin
D3 (rapid effects) and 24R,25(OH)-vitamin D3. Mol
Cell Endocrinol. 2002;197:1-13.

164. Thayer ], Yamamoto S, Brosschot J. The
relationship of autonomic imbalance, heart rate
variability, and cardiovascular disease risk factors.
Int J Cardiol. 2010;141.

165. Scragg R, Camargo C, Simpson R.
Relation of serum 25-hydroxyvitamin D to heart rate
and cardiac work (from the National Health and
Nutrition Examinations Surveys). Am ] Cardiol.
2010;105:122-8.

166. Kandula P, Dobre M, Schold ], Schreiber
M, Mehrotra R, Navaneethan S. Vitamin D
supplementation in chronic kidney disease: a
systematic =~ review and  meta-analysis  of
observational studies and randomized controlled
trials. Clin ] Am Soc Nephrol. 2011;6:50-62.

167. Thadhani R, Appelbaum E, Pritchett Y,
Chang Y, Wenger ], Tamez H. Vitamin D therapy
and cardiac structure and function in patients with
chronic kidney disease: the PRIMO randomized
controlled trial. JAMA. 2012;307:674-84.

168. Wang L, Song Y, Manson ], Pilz S, Marz
W, Michaelsson K, et al. Circulating 25-hydroxy-
vitamin D and risk of cardiovascular disease: a meta-
analysis of prospective studies. Circ Cardiovasc
Qual Outcomes. 2012;5:819-29.

Page 201

Kanem J Med Sci 2025; 19(1): 1-21



Review Article

Leta Melaku et al

169. Mann M, Exner D, Hemmelgarn B, Turin
T, Sola D, Ahmed S. Impact of gender on the cardiac
autonomic response to angiotensin II. J Apply
Physiol. 2012;112:1001-7.

170. Wang A, Fang F, Chan K, Wen Y, Qing S,
Chan I, et al. Effect of paricalcitol on left ventricular
mass and function in CKD - the OPERA trial. ] Am
Soc Nephrol. 2014;25:175-86.

171. Krause R. Vitamin D and UV exposure in
chronic  kidney disease. = Dermatoendocrinol.

2013;5:109-16.

Page 21 |

Kanem J Med Sci 2025; 19(1): 1-21



	Abstract
	1. Effects of Vitamin D on Endothelial Cells of Blood Vessels
	2. Effects of Vitamin D on Vascular Smooth Muscle Cells
	2. Role of Vitamin D in the Renin Angiotensin System
	2. Vitamin D and the Autonomic Nervous System
	Abbreviations
	Ethics Approval and Consent to Participate: Not applicable.



