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Abstract: Vitamin D is known to elicit a vasoprotective effect, while vitamin D deficiency is a risk
factor for endothelial dysfunction (ED). ED is characterized by reduced bioavailability of a potent
endothelium-dependent vasodilator, nitric oxide (NO), and is an early event in the development of
atherosclerosis. In endothelial cells, vitamin D regulates NO synthesis by mediating the activity of
the endothelial NO synthase (eNOS). Under pathogenic conditions, the oxidative stress caused by
excessive production of reactive oxygen species (ROS) facilitates NO degradation and suppresses NO
synthesis, consequently reducing NO bioavailability. Vitamin D, however, counteracts the activity of
nicotinamide adenine dinucleotide phosphate (NADPH) oxidase which produces ROS, and improves
antioxidant capacity by enhancing the activity of antioxidative enzymes such as superoxide dismutase.
In addition to ROS, proinflammatory mediators such as TNF-α and IL-6 are risk factors for ED,
restraining NO and eNOS bioactivity and upregulating the expression of various atherosclerotic
factors through the NF-κB pathway. These proinflammatory activities are inhibited by vitamin D by
suppressing NF-κB signaling and production of proinflammatory cytokines. In this review, we discuss
the diverse activities of vitamin D in regulating NO bioavailability and endothelial function.
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1. Introduction

Vitamin D deficiency has been linked to many metabolic and cardiovascular diseases (CVD),
and therefore supplemental vitamin D has been used in the treatment and prevention of these diseases.
This fat-soluble vitamin is a steroid hormone that is endogenously produced in the skin of humans.
Initially, researchers have focused on a link between low levels of vitamin D and the occurrence of bone
disease, as vitamin D has been primarily known for its role in regulating calcium homeostasis and bone
metabolism. Data from the 2005–2006 National Health and Nutrition Examination Survey indicate
that vitamin D deficiency, defined as a serum 25-hydroxyvitamin D levels ≤ 20 ng/mL (50 nmol/L),
is common among adults aged 20 years and over in the United States (US), with 41.6% of adults
reporting a vitamin D deficiency [1]. This vitamin D deficiency epidemic can be attributable to factors
such as poor sunlight exposure, insufficient intake of vitamin-containing foods and malabsorption
syndromes such as Crohn’s disease and celiac disease [2].
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Preclinical studies have revealed that vitamin D exerts its physiological effects through the vitamin
D receptors (VDR) [3], and these receptors were found not only within bone but also within other
types of tissues such as skeletal muscle and vascular endothelial cells [4,5]. Emerging evidence in
recent studies investigating extraskeletal actions of vitamin D suggest that insufficient vitamin D
levels are linked to the development of CVD [6,7]. Endothelial dysfunction (ED) is a potent risk
factor for CVD and characterized by reduced bioavailability of vasodilators, particularly nitric oxide
(NO) [8]. ED is known to predispose blood vessels to the development of atherosclerosis and is an
important prognostic marker for CVD [9]. In recent years, observational studies have shown a plausible
relationship between endothelial function and vitamin D status. Zhang et al. reported that circulating
25-hydroxyvitamin D concentrations were inversely associated with ED assessed by brachial artery
flow-mediated dilation (FMD) in individuals with non-dialysis chronic kidney disease [10]. Similar
relationships between vitamin D status and endothelial function have been shown in normotensive
adult females in which endothelial vasodilator function was measured through reactive hyperemia
index (RHI), assessed by pulse arterial tonometry [11]. In addition, endothelial cells with an absence of
the endothelial VDR have shown impaired vasodilatory response to perfused acetylcholine (ACh) [5].
Thus, a growing body of research supports the link between vitamin D and endothelial function, and a
deficiency in serum vitamin D levels has been associated with CVD. Although there is ample evidence
suggesting the link between vitamin D and endothelial function, the exact underlying mechanisms by
which vitamin D may affect endothelial function is not yet completely understood. Thus, we review the
available literature and present the physiological roles of vitamin D in regulating endothelial function.

2. Basic Physiology of Vitamin D and the Endothelium

The majority of vitamin D in the body is obtained through the sunlight-initiated biosynthesis
in the skin. When the skin is exposed to the sun, a cholesterol precursor, 7-dehydrocholesterol,
is converted to previtamin D3 and vitamin D3 (cholecalciferol) by ultraviolet B (UVB) radiation
and thermal stimulation, respectively [12]. Less than 30% of vitamin D can be obtained through
diet [13]. Vitamin D found in foods can exist in two forms: Vitamin D2 (ergocalciferol), found
in vegetable sources such as sun-dried mushrooms; and vitamin D3, found mostly in oil-rich fish.
Both vitamin D2 and D3 go through hydroxylation twice to become the biologically active form, namely
1α,25-dihydroxyvitamin D3 (1α,25(OH)2D3 or calcitriol) [14]. The first phase of hydroxylation occurs
in the liver in which vitamin D is converted to calcidiol [25(OH)D] by 25-hydroxylase, and the second
phase of hydroxylation, catalyzed by 1α-hydroxylase, occurs mainly in the kidney, which produces
1α,25(OH)2D3 from 25(OH)D; 1α,25(OH)2D3 then exerts biological actions by binding to nuclear VDR
or plasma membrane VDR. The principal biological actions of 1α,25 (OH)2D3 are mediated by the
nuclear VDR through which 1α,25(OH)2D3 controls gene expression. The ligand-bound nuclear VDR
translocate into the nucleus and form homodimers or heterodimers with the retinoid X receptor (RXR).
After this nuclear dimerization, the homodimers or VDR-RXR heterodimers bind to specific enhancer
elements found in the promoter region of vitamin D-regulated genes, referred to as vitamin D response
elements (VDRE), thus activating the expression of specific target genes [15]. The genomic action of
vitamin D is involved in expression of over 200 genes, the functional activities which play essential
roles in various physiological processes including homeostatic control of bone metabolism, immune
cell growth, and regulation of vascular tone [5,16,17]. Activation of the plasma membrane VDR can
elicit an intracellular signal transduction pathway independent of the VDRE [18,19], although most
biological actions of calcitriol are attributed to activation of the nuclear VDR given that the nuclear
VDR effectively responds to 1α,25 (OH)2D3 at sub-nanomolar concentrations [20]. Vitamin D has been
implicated in various biological activities within the body, and as such, VDR have been found in most
tissues and cells [21]. The most well-known action of vitamin D is associated with the homeostasis of
calcium and bone mineralization, with vitamin D and VDR primarily functioning to promote calcium
absorption in the intestines [22]. Vitamin D is an essential component necessary for the development,
growth, and mineralization of bone during the formative years of childhood; however, vitamin D
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continues to play a crucial role maintaining optimal bone health throughout the lifespan in adults of
all ages [23].

Both genomic and non-genomic actions of vitamin D are mediated by the VDR, and ligand-activated
VDRs are involved in physiological processes through regulation of transcriptional activity of target
genes or activation of intracellular second messengers [24,25]. While vitamin D plays important roles
in various cellular functions, the action of vitamin D can be inhibited by a number of factors such as
reduced biosynthesis of vitamin D, a lack of vitamin D hydroxylases in the cells, and reduced VDR
content; thus, the impaired vitamin D action may contribute to the development of many chronic
diseases including osteoporosis, diabetes, atherosclerosis, ED, and cancer [26]. A simplified schematic
diagram of the basic physiology of vitamin D is shown in Figure 1.
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Figure 1. Basic physiology of vitamin D action. Humans obtain vitamin D mainly through endogenous
production of previtamin D3 and vitamin D3 in the skin, followed by subsequent conversions in the liver
and kidney. When exposed to the sun, 7-dehydrocholesterol converts to previtamin D3 and vitamin D3

by ultraviolet B (UVB) radiation and heat, respectively, in the skin. A small amount of vitamin D can be
present in natural food as vitamin D2 and D3. Vitamin D2/D3 go through hydroxylation two times in
the liver (vitamin D2/D3 → 25 (OH) D3) and the kidney (25 (OH) D3→ 1α,25 (OH)2D3) to become a
biologically active form of vitamin D3, 1α,25 (OH)2D3;1α,25 (OH)2D3 exerts its biological actions by
binding to the nuclear vitamin d receptor (VDR), which associates with a retinoid x receptor (RXR)
in the nucleus. The VDR/RXR heterodimers bind to the vitamin D response element (VDRE) in the
promoter region of vitamin D-regulated genes and initiate expression of various genes. VDR is also
found in the plasma membrane, and the liganded plasma membrane VDR activates an intracellular
signaling transduction involved in many physiological actions.

The vascular endothelium is composed of a single lining of endothelial cells, standing as a barrier
between blood and tissues throughout the entire vascular system. In 1980, Furchgoot and Zawadzki
first demonstrated that endothelial cells were essential for vasodilation induced by ACh, a potent
endothelium-dependent vasodilator [27]. Since then, the endothelium has been known to play a
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pivotal role in regulating vascular homeostasis and hemodynamics. A dysfunctional endothelium is
strongly linked to the pathogenesis of various CVDs including diabetes, hypertension, atherosclerosis,
and peripheral artery diseases [28–30]. In the presence of humoral, neural, and mechanical stimuli,
the endothelium releases various vasodilatory substances including NO, prostacyclin, C-type natriuretic
peptide, and endothelium-derived hyperpolarizing factors (EDHF) as well as vasoconstrictors, such as
reactive oxygen species (ROS), angiotensin 2, and endothelin-1 [31–33]. A critical balance between
these vasodilators and vasoconstrictors is paramount for the regulation of a healthy vascular tone.
Any disruption in this balance could lead to impairments in endothelial function, promoting an
unhealthy vascular phenotype that could predispose augmented vasoconstriction, formation of plaque,
vascular inflammation, and atherosclerosis [33]. Among these substances, NO is a primary vasoactive
substance that works as a potent vasodilator in addition to other vasoprotective properties such as
protection from vessel inflammation and lesion formation [34]. NO is synthesized from L-arginine by
endothelial NO synthase (eNOS) in the endothelium [35]. The endothelium-derived NO acts on adjacent
vascular smooth muscle cells in a paracrine manner and induces vascular muscle relaxation through the
activation of soluble guanylate cyclase (sGC), which, in turn, leads to an increased production of cyclic
guanosine monophosphate (cGMP) and a decrease in intracellular calcium concentrations [36–38].
In addition to its potent vasodilatory effect, NO has been proposed to have vasoprotective properties
in which NO protects the vessel from developing atherosclerosis by inhibiting platelet adherence and
aggregation, and leukocyte activation [39–41]. Therefore, reduced bioavailability and bioactivity of NO
are primary characteristics of ED. The major contributors of ED include a reduction in the activity of
eNOS that results in impaired NO production, as well as oxidative stress caused by excess free radical
production that can lead to quenching of NO and reduced NO bioavailability [42].

3. Effect of Vitamin D on Regulation of Nitric Oxide (NO) Bioavailability

The role of vitamin D in regulating eNOS dependent NO synthesis is shown in Figure 2. The VDRs,
essential for vitamin D action, are expressed in virtually all tissues including endothelial cells, vascular
smooth muscle cells, and cardiomyocytes [43]. The ligand-bound VDR works as a transcriptional
factor, regulating the expression of specific genes, via binding to the VDRE in the promotor region of
target genes [3]. It has been suggested that vitamin D and VDRs could play a key role in regulating
NO synthesis via eNOS bioactivity [5,44].

In a pre-clinical study, mice with the absence of endothelial VDR expression displayed reduced
bioavailability of NO due to impaired expression of the NO synthesizing enzyme, eNOS, within
the endothelium (2). Similarly, when the endothelial-specific VDR was knocked out, reduction in
eNOS expression and impaired ACh-induced vasorelaxation were observed in the aorta of mice [5].
The impaired eNOS production capability was recovered by vitamin D treatment in a few laboratory
experiments. Martínez-Miguel et al. reported that endothelial cells treated with 10 nM of 1α,25
(OH)2D3 significantly increased NO production as well as protein abundance and bioactivity of
eNOS. Furthermore, this upregulation of NO and eNOS by 1α,25 (OH)2D3 treatment was directly
dependent upon VDR activation, as effects were not detected in the absence of the endothelial VDR [45].
These findings were subsequently tested in an in vivo experiment in which normal Wistar rats treated
with 400 ng/kg 1α,25(OH)2D3, via intraperitoneal injection, showed the similar upregulation of NO
and eNOS protein contents in aorta tissues [45]. In addition, the absence of VDR gene has been shown
to result in decreased L-arginine bioavailability due to increased arginase-2 expression. This catabolic
enzyme is known to compete with eNOS for L-arginine and hydrolyze the substrate to ornithine and
urea [44].

In addition to the genomic action of vitamin D, non-genomic actions of vitamin D through the
membrane VDR may upregulate intracellular eNOS activity via the intracellular calcium-dependent
pathway. The eNOS is classified as a calcium-dependent enzyme [46], and it has been shown that an
increased intracellular calcium concentration is critical for increase in NO biosynthesis and induction of
vasodilation via eNOS [47]. It has been demonstrated in previous in vitro studies that 1α,25 (OH)2D3
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administration increased intracellular calcium content through the formation of intracellular second
messengers, such as cyclic adenosine monophosphate (cAMP), diacylglycerol (DAG), and inositol
trisphosphate (IP3) [48]. These signaling molecules are potent activators of protein kinase A (PKA)
and protein kinase C (PKC), which trigger calcium release from intracellular stores and calcium uptake
through the voltage-sensitive calcium channels in the plasma membrane [49,50]. An increase in the
intracellular calcium concentration promotes the formation of calcium/calmodulin (CaM) complex
which plays an essential role to activate eNOS [51]. Furthermore, vitamin D may activate eNOS
activity in a phosphatidylinositol 3-kinase (PI3K)/protein kinase B (Akt)-dependent fashion. It has
been demonstrated that 1α,25 (OH)2D3 treatment results in activation of the PI3K/Akt pathway in
skeletal muscle cells [52,53]. The PI3K/Akt pathway has been shown to induce phosphorylation of
serine-1177 to upregulate eNOS activity [54].
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Figure 2. Role of vitamin D and vitamin D receptor (VDR) in regulating nitric oxide (NO) bioavailability.
Ligand-bound VDR plays an important role in regulating NO synthesis via alterations in eNOS activity.
Activation of plasma membrane VDR upregulates the activity of endothelial NO synthase (eNOS),
a calcium dependent enzyme, by upregulating the formation of intracellular second messengers
including adenylyl cyclase (AC), diacylglycerol (DAG) and inositol trisphosphate (IP3), which in
turn result in calcium influx through the voltage-sensitive calcium channel (VSCC) in the plasma
membrane and the sarcoplasmic reticulum and through the ip3 receptor/calcium channel (IP3CC)
in the sarcoplasmic reticulum. The increased intracellular calcium concentrations facilitate the
calcium-calmodulin (CaM) pathway to activate eNOS. In addition, plasma membrane VDR triggers
eNOS activation through phosphorylation of serine-1779 (human serine 1177) on eNOS by activating
the phosphoinositide 3-kinase (PI3K)/ protein kinase b (Akt) pathway. Furthermore, genetic action of
vitamin D via the nuclear VDR promotes eNOS expression, which synthesizes NO from L-arginine,
and suppresses arginase-2 (AG2) expression, which inhibits eNOS activity by hydrolyzing the substrate
for NO synthesis (arginine) to ornithine and urea. Increased NO production promotes angiogenesis by
upregulating gene expression of matrix metalloproteinase 2 (MMP-2) which improves endothelial cell
(EC) migration and proliferation capacity. In addition, NO mediates angiogenetic activity of the cell
via upregulation of vascular endothelial growth factor (VEGF) and fibroblast growth factor (FGF) and
suppression of the angiogenesis inhibitor, angiostatin.
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Vitamin D has been shown to induce endothelial migration and proliferation, thereby potentially
promoting angiogenesis [55]: Vitamin D-induced NO production is, in part, accountable for this
physiological process [56,57]. Pro-angiogenic actions of NO have been demonstrated in in vitro and
ex vivo experiments which showed that NO prompts the formation of capillary-like structures in
human umbilical endothelial cells (HUVEC) and human coronary artery in a 3D matrix [58–60].
Potential mechanism underlying the role of NO in angiogenesis involves NO-mediated endothelial
cell migration and proliferation [61]. It is worth noting that vitamin D has shown to improve the
endothelial cell migration and proliferation by upregulating gene expression of matrix metalloproteinase
2 (MMP-2), an extracellular matrix dissolving factor [56,57]. Furthermore, the increased MMP-2
expression was attributable to increase in NO production in HUVEC and porcine aortic endothelial
cells, as the endothelial cell migration and proliferation were abolished by eNOS inhibition with
n(ω)-nitro-L-arginine methyl ester (L-NAME) [57,62]. This finding suggests that vitamin D-induced
angiogenic activities of endothelial cells are mediated by eNOS-dependent NO production. In addition,
NO-mediated formation of new blood vessels involves upregulation of gene expression of angiogenic
growth factors including vascular endothelial growth factor (VEGF) and fibroblast growth factor (FGF)
and suppression of angiostatin, an endogenous antagonist of angiogenesis [63–65].

Transcriptional activity of vitamin D is seen to be effective in increasing eNOS gene expression,
thereby upregulating NO production. The upregulated NO production may not only improve
endothelial function but may also promote endothelial cell angiogenic activities. The VDR is a key
mediator of this process. Although there are currently no data supporting a direct link between
non-genomic action of vitamin D and the bioactivity of NO and eNOS, the potential mechanisms
of the non-genomic effect of vitamin D on eNOS activity and NO production may be elucidated by
investigations into the role of vitamin D in regulating intracellular calcium contents and the eNOS
activating signaling pathway.

4. Anti-Oxidant Capacity of Vitamin D Reduces Oxidative Stress-Induced Endothelial
Dysfunction

Oxidative stress is reflected by a disturbance in the balance between the production of ROS
and antioxidative defenses. The overproduction of ROS coupled with inadequate scavenging by
antioxidants can adversely affect several biological processes, such as signal transduction, through
the oxidation of proteins, lipids, and DNA [66]. The various layers of the vasculature, including the
endothelium, smooth muscle cells, and adventitia, are major sources of ROS production, with the
predominant intracellular sources of ROS being the mitochondrial respiratory chain and the ROS
producing enzymes: Uncoupled NOS, NAPDH oxidases, and xanthine oxidase [67–69]. The various
forms of ROS include the superoxide anion radical (O2

−), hydrogen peroxide (H2O2), and hydroxyl
radical (•OH). NO and peroxynitrite (ONOO−) are considered reactive nitrogen species (RNS) [70].
Under normal physiological conditions, ROS are produced as products of metabolism and therefore
play a significant role in mediating signal transduction and homeostasis. In the vasculature, ROS can
regulate vascular smooth muscle cell (VSMC) contraction and relaxation as well as VSMC formation
via VEGF [71–73]. In contrast, under pathological conditions, such as obesity and diabetes, increased
ROS production outbalances the antioxidative defense and detrimentally influences cells leading to
the pathogenesis of numerous pathological conditions including ED, insulin resistance, atherosclerosis,
congestive heart failure, cancer, cardiomyopathy, and ischemic heart disease [74–76]. As ROS can
negatively influence many physiological systems, it is not surprising that there are defense systems
in place to protect from ROS-induced damage. Among the various antioxidants that can scavenge
free radicals and thereby regulate the cellular oxidative environment are superoxide dismutase (SOD),
glutathione peroxidase (GPx), and catalase (CAT), ascorbic acid (AA) and α-tocopherol, and reduced
glutathione (GSH) [77] (Figure 3).

Reduced NO bioavailability is a major indicator of impaired endothelial function and is often
the result of heightened oxidative stress. In the endothelium, O2

− rapidly reacts with NO to generate
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ONOO−, which may cause oxidative damage to proteins, lipids, and DNA [78]. It is noteworthy
that the O2

−-NO reaction determines the bioavailability of NO as the biomolecular reaction between
O2
− and NO is three to four times faster than the dismutation of O2

− by the antioxidant, SOD [79].
Furthermore, ONOO− has been shown to induce the conformational disruption of the eNOS protein
and consequently results in uncoupled eNOS that further decreases NO production and exacerbates
the increased O2

− production [80]. Moreover, O2
− can contribute to the reduced NO synthesis

by uncoupling eNOS, reducing eNOS protein expression, upregulating the formation of the eNOS
inhibitor, asymmetric dimethylarginine (ADMA), and decreasing the bioavailability of the NOS cofactor,
6R-tetrahydrobiopterin (BH4) [81]. Based on the current findings in experimental studies, O2

− and
ONOO− seem to be predominant free radicals that mediate oxidative stress-induced suppression of
NO availability and eNOS activity.
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Figure 3. Antioxidant effect of vitamin D and endothelial function. In pathophysiological conditions,
overproduction of reactive oxygen species (ROS), such as superoxide anion (O2

−), hydrogen peroxide
(H2O2), hydroxyl radical (•OH), and peroxynitrite (ONOO−), outbalances antioxidative defenses and
causes oxidative stress, which is implicated to development of endothelial dysfunction. In the cell,
ROS are produced by various intracellular sources including mitochondria, nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase (NOX), xanthine oxidase (XO), and uncoupled endothelial
nitric oxide synthase (eNOS). Vitamin D elicits antioxidant effects through upregulating expression of
antioxidative enzymes including superoxide dismutase (SOD), glutathione peroxidase (GPx), catalase
(CAT), ascorbic acid (AA), α-tocopherol, and glutathione (GSH) that can scavenge the free radicals.
In addition, the genetic action of vitamin D triggers the expression of nuclear respiratory factor 2 (Nrf2),
a key transcriptional factor that suppresses ROS production from its various sources and upregulates
the expression of the antioxidative enzymes.

Observational studies have indicated that there is an association between insufficient vitamin D
levels and increased oxidative stress or reduced antioxidant capacity [82,83]. A few in vivo and in vitro
experiments have indicated biochemical links between the genetic effect of vitamin D and oxidative
stress. In a study using diabetic rats, vitamin D injection three times per week for 10 weeks at a dose
of 0.2 µg/kg resulted in reduced expression of the ROS synthesizing enzyme NAPDH oxidase in the
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aorta [84]. The inhibitory effect of vitamin D on NADPH oxidase expression has been reported in the
hepatocytes of diabetic mice treated with vitamin D injection for 2.5 months at a dose of 800 IU/kg [85].
In addition, Polidoro et al. reported that vitamin D treatment protected HUVEC from H2O2-induced
oxidative stress and associated apoptosis by inhibiting O2

− generation through the mitogen-activated
protein kinases (MAPK) pathway [86]. Additionally, Kanikarla-Marie et al. have also demonstrated that
1α,25 (OH)2D3 treatment ameliorated oxidative stress by improving antioxidant capacity in HUVEC
under hyperketonemia [87]. In this experiment, HUVEC displayed a significant increase in ROS
production when exposed to high concentration of ketone bodies. However, 1α,25 (OH)2D3 treatment
suppressed the ROS over-production in a dose dependent manner, which was attributable to enhanced
synthesis of the antioxidant enzyme GSH. The 1α,25 (OH)2D3 treated HUVEC showed upregulation
of glutamate cysteine ligase (GCL) gene expression, a key regulatory enzyme for GSH synthesis.
When the GCL catalytic subunit (GCLC) was knocked down by GCLC specific siRNA, the increase in
GSH and the suppressed ROS production were dampened. Furthermore, this antioxidative action of
1α,25(OH)2D3 was blunted in the absence of VDR [87]. Similarly, the positive association between
plasma vitamin D concentrations and GSH bioavailability were observed in humans with type 2
diabetes (T2D) [88]. In addition, vitamin D improved antioxidative capacity through the upregulation
of nuclear factor erythroid 2-related factor 2 (Nrf2) in diabetic mice [89], a major antioxidant system
that regulates the expression of various ROS detoxifying and antioxidant enzymes including NF-kB,
hemeoxygenase-1, ubiquitin/PKC-ζ-interacting protein A170, peroxiredoxin 1, the heavy and light
chain of ferritin, catalase, and thioredoxin [90–95] (Figure 3). The antioxidative potential of vitamin
D has been proposed in avascular cells. For instance, vitamin D treatment upregulated antioxidant
production and inhibited ROS production in the retinal pigment epithelium (RPE) [96]. In a cell culture
study by Tohari et al. the RPE treated with H2O2 displayed significant increases in ROS activity and
cell death and reduction of gene expression of antioxidants including SOD, CAT, and GPx. However,
1α,25 (OH)2D3 treatment eliminated the detrimental effect of H2O2-induced oxidative stress on the
antioxidant synthesis and ROS formation in the RPE [96] (Figure 3). In addition, 1α,25 (OH)2D3

treatment has been shown to ameliorate the increased accumulation of ONOO− in neural cells cultured
under diabetic conditions [97].

Reduced vitamin D action in the body is linked to increased ROS production and weakened
antioxidative capacity, which may cause ED via inhibited eNOS and NO synthesis. This ROS-induced
damage to NO and eNOS synthesis has been shown to be reduced with vitamin D treatment through
upregulation of antioxidants and downregulation of ROS production. However, some of these benefits
of vitamin D treatment need to be examined in the endothelium.

5. Anti-Inflammatory Effects of Vitamin D and Endothelial Function

Sustained inflammation for prolonged periods of time (from months to years), named chronic
inflammation, is known to cause tissue damage and is associated with the pathogenesis of
atherosclerosis, ED, and CVD [98]. The chronic inflammation process is mediated by various factors
including cell-derived proinflammatory cytokines such as tumor necrosis factor (TNF)-α, interleukin
(IL)-1 and IL-6 [99].

Dysfunctional endothelium has been observed in patients with chronic inflammatory diseases
such as psoriasis and rheumatoid arthritis [100]. A systematic review of 20 studies of ED in psoriasis
has shown that endothelial function, measured by FMD, was significantly impaired in patients with
psoriasis in the majority of studies [101]. Similarly, Bergholm et al. found that patients with rheumatoid
arthritis displayed ED, measured by forearm vasodilatory responses to intra-arterial infusion of ACh.
After treatment with anti-inflammatory drug such as prednisone, the impaired vasodilatory response
was ameliorated along with reduced inflammatory markers, such as TNF-α [102].

Kristen et al. have reported that lower serum 25 (OH) D concentrations were associated with ED,
assessed by FMD, in healthy middle-aged/older adults; this was, in part, mediated by upregulation
of proinflammatory transcription factor NF-κB pathway and the expression of proinflammatory
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cytokine, IL-6 [103]. Furthermore, the impaired brachial artery FMD was recovered by treatment with
a NF-κB inhibitor (i.e., salsalate) to a greater extent in subjects with lower serum 25 (OH) D levels [104].
The NF-κB pathway has been proposed to play a critical role in regulating the proinflammatory-mediated
ED [104–106] (Figure 4). NF-κB is an important transcriptional factor involved in regulatory gene
expression which is responsible for cell adhesion, proliferation, inflammation, and redox status [107].
Activation of the NF-κB pathway results in translocation of the NF-κB heterodimer to the nucleus
where it promotes the expression of proinflammatory molecules such as IL-6, TNF-α, monocyte
chemoattractant protein 1 (MCP-1), and receptor for advanced glycation end products (AGE) [108,109].
TNF-α has been shown to impair endothelium-dependent NO-mediated vasodilation through the
activation of the c-Jun N-terminal kinase (JNK) pathway which inhibits eNOS activation and upregulates
O2
− production via xanthine oxidase in endothelial cells. Furthermore, TNF-α is known to further

activate the NF-κB activity, consequently triggering other inflammatory cytokines [110]. In addition,
MCP-1 is known to act as a signaling mediator during the progression of TNF-α-mediated ED [111],
but also independently exerts detrimental effects on endothelial function by inducing the invasion of
monocytes into the endothelial cells [112] (Figure 4).
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Figure 4. Vitamin D, inflammation, and endothelial dysfunction. The chronic inflammation process
contributes to developing endothelial dysfunction through proinflammatory cytokine activity. Ligand
bound vitamin D receptor (VDR) activation suppresses gene expression of nuclear factor-κB (NF-κB) and
tumor necrosis factor (TNF)-α receptors 2 and 4 (TNFRs). The NF-κB is a key transcription factor that
promotes expression of various proinflammatory mediators including advanced glycation end products
(AGEs), interleukin (IL)-1 and 6, TNF-α, and monocyte chemoattractant protein-(MCP)-1 which are
implicated in endothelial dysfunction. Among these proinflammatory cytokines, TNF-α activates
the c-Jun N-terminal kinase (JNK) pathway that inhibits endothelial NO synthase (eNOS) activity,
consequently resulting in reduction of nitric oxide (NO) bioavailability. In addition, the upregulated
JNK pathway induces the formation of superoxide anion O2− from oxygen (O2) through upregulating
xanthine oxidase (XO) activity, which further impairs endothelial function via inducing oxidative stress
in the cell. Furthermore, TNF-α bound TNFRs trigger the translocation of NF-κB to the nucleus to
promote the expression of proinflammatory mediators.
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Emerging evidence indicates that vitamin D may play an important role in modulating
inflammation [113,114], and an adequate vitamin D level in the blood is crucial for maintaining
the optimal anti-inflammatory response in humans [115]. A few in vitro studies have suggested the
potential cellular mechanisms underlying the anti-inflammatory actions of vitamin D in endothelial
cells. In cell culture studies, 1α,25 (OH)2D3 exerts anti-inflammatory effects through suppressed
activation of the NF-κB pathway and TNF-α activity and the release of IL-6 in human endothelial
cells [116,117]. Similar biochemical actions have been reported in inflammatory cells. In murine
macrophages, 1α,25 (OH)2D3 treatment suppressed the NF-κB translocation to the nucleus resulting
in reduced expression of TNF-α [118]. Furthermore, human monocytes treated with 1α,25 (OH)2D3

suppressed the detrimental effects of TNF-α by inhibiting the expression of its receptors, TNF receptor
(TLR)-2 and TLR-4, indicating a potential reduction of proinflammatory cytokine expression from
monocytes [119]. Similar results have been reported in human studies, in that monocytes from type 2
diabetic (T2D) patients displayed significantly higher levels of pro-inflammatory cytokines including
TNF-α, IL-6, and IL-1 compared to monocytes from a healthy control group; however, treatment with
1α,25 (OH)2D3 suppressed the expression of the proinflammatory cytokines [120]. Results of an in vivo
animal study carried out in diabetic rats demonstrated that hepatic expression of pro-inflammatory
mediators such as NF-κB and MCP-1 were significantly higher in diabetic rats compared to healthy
controls; however, vitamin D treatment in diabetic rats significantly lowered hepatic expression of the
pro-inflammatory mediators [121].

Various chronic inflammatory diseases feature ED, and the activation of the NF-κB pathway
as well as proinflammatory cytokines, such as TNF-α, IL-6, and IL-1, have been shown to exert
detrimental influences on endothelial function. Anti-inflammatory properties of vitamin D ameliorate
the damaging action of inflammation on endothelial function, as vitamin D has been shown to suppress
the NF-κB activity and the expression of proinflammatory cytokines (Figure 4). Nevertheless, more data
are needed to clarify whether the improved endothelial function after vitamin D treatment occurs
through inhibition of inflammation.

6. Review of Clinical Trials: The Effect of Vitamin D Supplementation on Endothelial Function

In recent decades, the efficacy of vitamin D supplementation on improving endothelial function
has been investigated in several randomized controlled trials. These studies were conducted on diverse
populations including healthy individuals and patients with chronic diseases such as recent history of
stroke, coronary artery disease, myocardial infarction, T2D, chronic kidney disease, and peripheral
artery disease [53,122–126]. In addition to differences in the study populations, methodological
variance exists across these studies with regard to the type and doses of vitamin D, the form of
the supplementation, and the interventional duration. The most commonly used vitamin D was
ergocalciferol, while a few studies used cholecalciferol and paricalcitol. These studies exclusively used
oral vitamin D supplementation but utilized different forms of supplementation including capsules,
tablets, solution, and fortified biscuits. Vitamin D doses ranged from 1000 IU/day to over 7000 IU/day
and the duration of supplementation ranged from eight weeks at the shortest to 52 weeks at the
longest [127–129]. Results from these studies, in conclusion, were inconsistent, and the efficacy of
vitamin D in improving endothelial function appeared to be influenced by various factors such as the
pathological condition of participating groups, dose of vitamin D, and the duration of supplementation.
Previous findings suggested that higher doses of, or sustained vitamin D supplementation, may be
effective in improving the endothelial function in patients with T2D or chronic kidney disease. Sudden
et al. have shown that a single dose of 100,000 IU of ergocalciferol induced a significant increase in
endothelial function, assessed via FMD, eight weeks after the administration in patients with T2D [130].
Furthermore, a single dose of 300,000 IU of cholecalciferol supplementation was effective for improving
brachial artery FMD eight weeks after the administration in non-diabetic patients with chronic kidney
disease [131]. Similarly, the improvement of brachial artery FMD was detected in chronic kidney
disease patients after receiving a weekly dose of 50,000 IU of cholecalciferol for 12 weeks [132]. On the
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other hand, those beneficial effects of vitamin D administration were not detected at the lower doses
in the same disease conditions [133,134]. Furthermore, a majority of the studies were conducted for
12–16 weeks and only one study supplemented the participants with vitamin D for a year. It is possible
that improved endothelial function may be detected if the sufficient vitamin D concentration was
maintained for a long period time.

7. Conclusions

In the present literature review, we aimed to provide insight into the role of vitamin D in regulating
endothelial function. The previous preclinical studies have supported the biochemical links between
the genomic effect of vitamin D and regulation of endothelial function, which involves regulation of the
bioavailability and bioactivity of the predominant endothelium-derived vasodilator, NO. In contrast,
the available evidence is insufficient to conclude the efficacy of vitamin D supplementation for
improvement of endothelial function in humans, although there is some evidence of benefit with
very high dose vitamin D supplementation. Evidence is lacking regarding the use of lower dose
supplementation for longer durations, such as one year or longer. Therefore, future studies with longer
supplement duration with a wide range of vitamin D doses are needed to determine the efficacy,
optimal dosing, and optimal duration of vitamin D supplementation to improve endothelial function
in humans.
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