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Abstract

:

Vitamin D is the first item of drug expenditure for the treatment of osteoporosis. Its deficiency is a condition that affects not only older individuals but also young people. Recently, the scientific community has focused its attention on the possible role of vitamin D in the development of several chronic diseases such as cardiovascular and metabolic diseases. This review aims to highlight the possible role of vitamin D in cardiovascular and metabolic diseases. In particular, here we examine (1) the role of vitamin D in diabetes mellitus, metabolic syndrome, and obesity, and its influence on insulin secretion; (2) its role in atherosclerosis, in which chronic vitamin D deficiency, lower than 20 ng/mL (50 nmol/L), has emerged among the new risk factors; (3) the role of vitamin D in essential hypertension, in which low plasma levels of vitamin D have been associated with both an increase in the prevalence of hypertension and diastolic hypertension; (4) the role of vitamin D in peripheral arteriopathies and aneurysmal pathology, reporting that patients with peripheral artery diseases had lower vitamin D values than non-suffering PAD controls; (5) the genetic and epigenetic role of vitamin D, highlighting its transcriptional regulation capacity; and (6) the role of vitamin D in cardiac remodeling and disease. Despite the many observational studies and meta-analyses supporting the critical role of vitamin D in cardiovascular physiopathology, clinical trials designed to evaluate the specific role of vitamin D in cardiovascular disease are scarce. The characterization of the importance of vitamin D as a marker of pathology should represent a future research challenge.
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1. Introduction


The history of vitamin D started in 1919 when it was pointed out, by Huldschinsky, that children with rickets healed when exposed to ultraviolet light [1]. Since then, many things have changed, but while its role in the absorption of calcium and bone metabolism is now known, the other actions of vitamin D are still yet to be thoroughly investigated. The possible wide range of new therapeutic roles of vitamin D has opened up novel therapeutic perspectives. In fact, in addition to its role as a fat-soluble vitamin, vitamin D is also a prohormone. This unique feature is accompanied by the fact that vitamin D stores do not rely exclusively on dietary intake [2].



The vitamin D receptors (nuclear receptor—VDRs) are present in several tissues other than the intestine and bones, such as the brain, breast, prostate, lymphocytes, etc. Indeed, recent research showed that higher levels of vitamin D might protect against various pathologies: diabetes mellitus, osteoporosis, osteoarthritis, hypertension, cardiovascular diseases, metabolic syndrome, depression, various autoimmune diseases, neoplasms of the breast, prostate, and colon, etc. [3,4]. Therefore, it is essential to examine the actual bone and extra-bone therapeutic potential of vitamin D [5]. Current knowledge seems to show that the dosage of vitamin D should enter more into the clinical practice of preventive medicine to implement a correct oral integration in the case of deficiencies to improve the state of health [6]. With doses up to 100,000 IU/month for adults, vitamin D supplementation is clinically safe and physiologically reasonable, since these doses are consistent with physiological needs [7]. Monthly supplementation increases the serum concentration of vitamin D, but no significant effects on fractures, bone mineral density, and CVD have been highlighted so far [4,8]. Periodic evaluation of serum 25-OH-vitamin D (25 (OH) D) or 25-hydroxy-vitamin D, in addition to calcium and serum parathormone (PTH), can help optimize the serum levels of vitamin D for better disease prevention and treatment.



Despite controversies and uncertainties, the prevalence of vitamin D deficiency in patients is high, and treatment evaluations are needed [8]. In this review, we examined the role of vitamin D in different pathophysiological contexts and other disease settings.



Pathophysiological Bases of Vitamin D


Vitamin D is naturally obtained mainly from two possible sources, either sunlight or dietary intake. Vitamin D3 (cholecalciferol of animal origin) is the type of vitamin D produced in the skin (starting from 7-dehydrocholesterol after sun exposition) and nutrition (fatty fish, cod liver oil, etc.). Vitamin D2 (ergocalciferol) has a vegetable origin and is obtained from the ultraviolet irradiation of ergosterol, present in many mushrooms. The content of vitamin D2 in mushrooms and the lichen Cladina arbuscula increases with exposure to ultraviolet light. This process can be emulated by industrial ultraviolet lamps, increasing the levels of vitamin D2 produced by irradiated mushrooms.



Nevertheless, vitamin D2 is less efficient as a biological precursor to the final active form of the biologically active vitamin D, “1,25-dihydroxyvitamin or calcitriol”. Ergocalciferol (vitamin D2) has a worse pharmacokinetic profile than D3, and it can be contaminated during its microbial production. With this, vitamin D2 is potentially less effective and more toxic than cholecalciferol (vitamin D3) [9]. Consequently, cholecalciferol is by far the preferred form of supplementation in the world. The prohormone calcidiol, produced in the liver by hydroxylation of cholecalciferol (vitamin D3), is converted in the kidneys by the enzyme 25-hydroxy vitamin D3 1-alpha-hydroxylase in calcitriol, which is a biologically active secosteroid hormone of vitamin D3 (cholecalciferol).



Other authors recently correlated the effects of some statins and vitamin D levels in patients with coronary artery disease [10]. A recent meta-analysis showed that the integration of vitamin D, 1000 IU/day, can correct the high serum PTH levels present in overweight/obese patients, while, in the same patients, 4000 IU/day of vitamin D caused a significant increase in the serum levels of vitamin D (of 25-OHD) [11]. Similarly, the relationship between vitamin D/PTH in cardiovascular pathologies has been studied in numerous other reports in recent years. Recent works have shown the synchronicity of action between vitamin D and omega-3 fatty acids (EPA-eicosapentaenoic acid and DHA-doicosahexaenoic acid, which can be formed from the precursor AC-linolenic acid (ALA), known to be found in foods such as legumes, walnuts, soybean oil, salmon, tuna, bluefish, etc.) [12]. Vitamin D in its 25-hydroxycholecalciferol form (calcidiol or calcifediol), generated by hepatic transformation (enzyme 25-hydroxylase) of what is produced by the skin by solar radiation (cholecalciferol starting from its precursor 7-dehydrocholesterol), can also be absorbed by numerous cell types. In practice, all cells equipped with 1α-hydroxylase (an enzyme that synthesizes the biologically active vitamin D in the kidney, calcitriol) and equipped with the nuclear receptor of vitamin D (the receptor of vitamin D or calcitriol or NR1I1 of the VDRs gene is a nuclear receptor capable of activating various transcription factors). Therefore, these cells can independently produce their calcitriol without having to rely on replenishment through renal activation. In this way, many cells and tissues containing the enzyme 1α-hydroxylase can independently produce the biologically active form of vitamin D, “calcitriol”. This aspect has contributed to changing the way in which we understand the activities of vitamin D. Numerous cells are capable of extra-renal calcitriol self-production (breast, lung, prostate, skin, colon, pancreas, lymph nodes, adrenal gland, endothelium, cerebellum, and cerebral cortex, lymphocytes, macrophages, skin, etc.) (Table 1).



Calcitriol can also modulate the transcription of numerous genes (genomic response) and, in particular, those that operate in cell differentiation–proliferation such as c-myc, c-fos, and c-sis in the delicate balance between oncogenes (genes facilitating multiplication and the growth of neoplastic cells) and antioncogenes or tumor suppressor genes [13]. Other reports concern the modulation actions of neurotransmitters (antidepressant-anticonvulsant action) [14], regulatory actions for immunity [15], inflammation [16], microbiota [17], infections [18], making calcitriol a pleiotropic substance [19]. Calcitriol, as a secosteroid hormone, recalls the other steroid hormones (estradiol, progesterone, testosterone, cortisol, and aldosterone, etc.) with two fundamental actions: a slow one (slow genomic response) and a faster one (rapid non-genomic response), such as the control of calcium-phosphorus absorption. Both responses are mediated by VDRs’ nuclear receptors, similarly to steroid hormones. However, these VDRs are also present outside the nucleus (cytoplasm or inner face of the plasma) [20].



Through interaction with VDR cell receptors, circulating levels of calcitriol self-regulate its renal biosynthesis (high levels with negative feedback and vice versa), while low circulating parathormone (PTH) levels stimulate renal biosynthesis of calcitriol.



The VDR is part of the vast family of nuclear receptors (NR:), a superfamily of transcription factors [21]. The large family of nuclear receptors work as “sensor-ligands” capable of binding fat-soluble hormones such as steroids, retinoids, thyroid hormones, vitamin D, fatty acids, oxysterols, and numerous xenobiotics (from the Greek consisting of ξένος -η -ον “xènos-and -on” = foreigner and βίος “bìos” = life). Whether natural or synthetic, these substances are almost always lipophilic, exogenous, and can function both as a drug or a toxin (such as antibiotics, etc.). The nuclear receptor for steroids is also called a “xenobiotic sensor”, as it can interact with numerous xenobiotics. This receptor can crosstalk with the VDR by altering vitamin D metabolism, especially in the kidney, liver, and intestine [22]. The crosstalk between SXR and VDR may be responsible for the toxicity of various xenobiotics. The role of vitamin D in bone metabolism has long been known, and its deficiency can lead to reduced absorption of intestinal calcium. When the blood level of vitamin D is sufficient, the absorption rate of calcium in the intestine is 30–40%. Vice versa, if the vitamin level is low, the absorption drops to less than 10–15% [23]. Many RCTs have shown that vitamin D-calcium supplementation reduces the risk of bone fractures [24], but its role in health, tropism and muscle efficiency is also reported with postural improvement and reduced risk of falls, in contrasting elderly sarcopenia, visceral fat and improving the HOMA index [25].



Another critical aspect is discovering the vitamin D carrier protein [26], called vitamin D-binding protein (DBP). DBP is a protein (glycosylated alpha-globulin weighing ~ 58 kDa) which in humans is synthesized by liver parenchymal cells and secreted in the bloodstream. It is encoded by the CG (protein coding) gene. DBP is capable of shuttling the metabolites of vitamin D between the skin, liver, and kidneys and in all organs and tissues, and also intervenes in response to pathogens such as viruses and bacteria. Overall, 99% of the different lipophilic metabolites of vitamin D are transported in circulation by plasma proteins, the most important of which is vitamin D-binding protein (DBP), capable of binding with a high decreasing affinity 25 (OH) D/24.25 (OH) 2D/1,25 (OH) 2D. The 25 (OH) D linked to DBP (calcidiol or 25-hydroxycalciferol) is filtered by the kidneys, captured by the cells of the proximal tubules through endocytosis, and hydroxylated by ‘1-alpha-hydroxylase in the biologically active form of vitamin D (calcitriol). DBP is then subsequently degraded. The circulating complexes of the lipophilic metabolites of vitamin D linked to the carrier protein (DBP) have limited access to target cells and tissues, and therefore the biological activity of vitamin D is linked to the free portion of the vitamin. DBP has the fundamental task of buffering any high levels of free and biologically active vitamin D, thus avoiding any intoxication [27]. DBP polymorphisms are very frequent, so much so that more than 120 have been described (gene coding for GC/DBP). Still unknown are the possible consequences of DBP polymorphisms on the state of health/disease. Much is to be elucidated and standardized in the matter of dosage to better understand the pathophysiology of vitamin D. The half-life of DBP in human plasma is approximately 1.7 days. This is significantly shorter than the half-life of 25OHD (estimated in about 15 days with deuterium methods) [27]. The estimated daily production of DBP is around 700–900 mg/day for an adult person (10 mg/kg/day). In comparison, the body’s total albumin is approximately 280 g for a typical adult and 300 times greater than DBP. About 40% of albumin is intravascular, while the remaining 60% is interstitial (mainly muscles, adipose tissue, connective tissue, skin, etc.), with an average interstitial value of about 60–70% of the plasma value [27].



Recent findings still have not established whether calcifediol or calcitriol is the form of vitamin D of choice in clinical practice. Cholecalciferol has a more extended scientific positive history and is the most used form today in clinical practice [27]. Thanks to its pharmacokinetic properties, cholecalciferol guarantees exact dosing and prolonged administration, facilitating treatment adherence [27]. Other studies have highlighted that calcifediol is more potent and has a better intestinal absorption capacity, resulting in lower dosing and being efficacious in patients with liver failure or intestinal malabsorption [27].





2. Role of Vitamin D in Diabetes Mellitus, Metabolic Syndrome and Obesity


As mentioned, about 36 different types of cells are equipped with the enzyme 1-α-hydroxylase and are therefore capable of forming independently (without the need for renal activation) the hydroxylated form 1–25 of vitamin D (calcitriol) considered a real hormone. Pancreatic β cells (insulin-producing) are equipped with both the 1-α-hydroxylase and the VDR. This has opened up new pathophysiological frontiers, in particular between diabetes and vitamin D, as well as in other diseases’ pathophysiology, although so far, no substantial causal effect has been established. There is considerable evidence that suggests a role for vitamin D in the insulin secretion mechanism mediated by the vitamin D–calcium interaction. It has been shown both in vitro and in vivo that vitamin D is essential for regular insulin release in response to increased blood sugar and thus glucose tolerance [27]. Vitamin D deficiency causes a reduction in insulin secretion without altering glucagon secretion [27]. In subjects with vitamin D deficiency, vitamin D supplementation leads to improved insulin secretion and glucose tolerance (89). In humans, vitamin D supplementation improves insulin secretion in response to oral glucose in patients with mild or early type II diabetes, prediabetes, and healthy subjects, but not in well-established full-blown diabetes [28,29]. Studies do not support vitamin D supplementation as a prevention treatment for DM [30,31].



Metabolic syndrome (X syndrome, insulin resistance syndrome, or Reaven’s syndrome) is a series of interdependent risk factors that determine an increase in cardiovascular disease and mortality. In this condition, several metabolic anomalies are distinguished, such as central (visceral) obesity, dyslipidemia, insulin resistance, high blood pressure, and endothelial dysfunction. The metabolic syndrome consists of cardiovascular risk factors that synergize, increasing the atherogenic risk [32]. The expression of VDRs has also been identified by employing mRNAs in visceral adipose tissue and subcutaneous adipose tissue in both lean and obese subjects, which implies a likely regulatory role in the physiology of adipose tissue. Recent studies [33,34] highlight the role of vitamin D in adipogenesis (formation of mature adipocytes), in lipogenesis (synthesis and storage of fatty acids), and lipolysis (hydrolysis of triglycerides), as well as having an anti-inflammatory role, demonstrated in vitro and in animals, with the modulation of proinflammatory cytokines and adipokines [35,36,37]. Obesity is often associated with a reduction in circulating levels of vitamin D (it is seized by fat due to its lipophilia). This chronic deficiency could be involved in the development of insulin resistance. Several studies have shown both a positive correlation with the Quantitative Insulin Sensitivity Check Index (QUICKI), used as an insulin sensitivity indicator, and a negative correlation with the Homeostasis Model Assessment (HOMA) index, used for the degree of insulin resistance [38,39]. The controversy regarding the vitamin D–metabolic syndrome–insulin resistance relationship is an open and much-debated issue. Some studies do not seem to support this hypothesis, unlike others [40,41]. Recently, in a double-blind, randomized clinical trial (RCT) [41], albeit on a modest sample (44 patients enrolled for 3 months), insulin resistance, glucose homeostasis, and metalloproteases (MMP-9) were evaluated in obese subjects (BMI: 30–40 kg/m2) with a deficiency of vitamin D (25 (OH)-D: ≤50 nmol/L; ≤20 ng/mL) in which, with double-blind randomization, a high dose of vitamin D3 (50,000 U/week) was administered for 3 months together with a weight loss diet. The primary endpoints were morning fasting glucose, insulin resistance and insulin sensitivity (HOMA-IR and QUICKI), and metalloproteinases (MMP-9). The secondary endpoints were weight changes (BMI), and calcium-phosphorus metabolism, circulating vitamin D levels, calcium/phosphorus, and parathyroid hormone (PTH), also observing the possible exposure to the sun and the intake of particular foods. The final data of the study seem to indicate that the improvement in circulating levels of vitamin D (patients treated with vitamin D supplementation) resulted in a significantly greater reduction in both body weight and MMP-9 compared to the placebo group, despite the low-calorie diet being the same in the two groups. According to the authors [41], these findings are sufficient to justify wider RCT and further studies. Conflicting evidence is the main problem, as meta-analyses yield different results, failing to show a significant effect from vitamin D supplementation [42,43].



Finally, the role of vitamin D has also been reported in a possible predisposition to developing autoimmune diseases such as type I diabetes, where three key genes seem to be involved (DHCR7, CYP2R1, CYP27B1) [44]. These three genes regulate vitamin D (25 (OH) D) metabolism and are likely involved in the risk of developing type 1 diabetes. All this could establish a possible genetic etiological role of vitamin D in a predisposition to type 1 diabetes as well as in other autoimmune disorders such as multiple sclerosis, Crohn’s disease, and rheumatoid arthritis. Finally, vitamin D also seems to have the ability to block α-glucosidase, alone or in synergy with vitamins B1 and B2, with effects greater than acarbose, and this would validate its possible usefulness in the diabetic population [45,46,47].




3. Role of Vitamin D in Atherosclerosis


Atherosclerosis is the leading cause of cardiovascular mortality. It depends on the interaction of numerous cellular factors, types (immune system with T/B cells, monocytes/macrophages, endotheliocytes, smooth muscle cells, etc.), and notoriously hypertension, diabetes, dyslipidemias, obesity, and metabolic syndrome are considered the main risk factors. Atherogenesis is a complex and widely investigated biological process that evolves in different stages, of which chronic endothelial inflammation is undoubtedly an initial trigger. Recently, the possible role of chronic vitamin D 25 (OH) D deficiency, lower than 20 ng/mL (50 nmol/L), has emerged among the new risk factors investigated. In addition to its known role in bone metabolism (calcium/phosphorus), its possible role in cardiovascular health has been highlighted [48]. Vitamin D deficiency is present in almost 50% of the world’s population, and this figure has led many authors [8,49] to hypothesize a possible correlation with the increase in cardiovascular disease. The different mechanisms underlying this inverse relationship are based on the fact that vitamin D is directly involved in the atherosclerotic inflammatory processes and the VDRs are present in all the cells involved in atherogenesis (endotheliocytes, smooth muscle cells, immune cells, etc.). The hormonal role of vitamin D in controlling cell growth-migration-differentiation, in modulating the immune response, in inflammation and fibrosis, etc., could play a crucial part from the initial endothelial phlogistic activation phase to the vulnerability of atheroma. The hormonal action of the biologically active form of the steroidal vitamin D (1,25 (OH) 2D or calcitriol) or its analogues (hepatic metabolite or calcifediol (25OHD), etc.), biologically less active and with a shorter half-life, are linked to the action on the VDRs, known receptors in the nucleus of the cell capable of interacting directly with DNA by regulating its transcription. However, the exciting discovery that the VDRs are also localized in the caveoles of the cellular plasma membrane, in particular that of the endothelial cells, has also revealed a fast and direct (non-genomic) action of vitamin D [50]. Some authors [51] report, regarding human endothelial cells, that due to a lack of endothelial receptor activation, VDRs determine an endothelial proinflammatory state (via NF-κB signalling) with an increase in the leukocyte-endothelial cell interaction (upregulation of VCAM-1, ICAM -1 and IL-6, alteration of the rolling of mononucleate cells, etc.) capable of promoting atherogenesis. Other authors [52] cells demonstrate how vitamin D stimulates nitric oxide production in endothelial cells (NO). The relationship between vitamin D and calcifications of smooth muscle cells has been investigated [53], both in vitro and in vivo in animals with provoked terminal renal failure, highlighting that only calcitriol (1,25-dihydroxycholecalciferol) and not an analogue (para-calcitriol) determines, when incubated in cell cultures, the calcification of smooth muscle cells. This mechanism could be linked to the increase in RANKL/osteoproteregerine (OPG) expression. The activation of RANKL, in turn, triggers the hyper-transcription of nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB), a nuclear transcription factor capable of regulating the production of many proinflammatory cytokines. The vascular hyper-calcification observed in the animal was independent of the blood parathormone (PTH), and calcium-phosphorus values and calcitriol and the analogue para-caltriol determined a reduction in PTH. This study, therefore, indicated that vascular calcification was somewhat independent of the blood values of calcium/phosphorus and PTH [54], but connected to the RANKL activation pathway [55]. These notions are known in clinical practice where, in patients with chronic renal insufficiency, calcitriol (the biologically active form of vitamin D) is used to reduce secondary hyperparathyroidism, but this can lead to a greater risk of vascular calcification, and the use of para-calcitriol has shown better survival results [56]. Therefore, vascular calcifications do not seem to depend on the values of the calcium/phosphataemia [57], but are influenced by the Receptor activator of nuclear factor-kappa-Β ligand (RANKL) activation pathway belonging to the tumor necrosis factor (TNF) super-family.



Vitamin D ultimately intervenes on inflammation with various mechanisms such as inhibition of the prostaglandin/cyclooxygenase pathway, up-regulation of anti-inflammatory cytokines, reduction in adhesion molecules, reduction in the activation of metalloproteinase-9 (MMP-9 or gelatinase), and the downregulation of the renin-angiotensin system (RAS) [58,59]. The link between vitamin D and endothelial damage is identified above all in the proinflammatory nuclear factor (NF-κB) present in all cell types [58]. Epidemiological studies have shown that vitamin D deficiency can be considered a marker of cardiovascular risk [60] related to atherogenesis [61] and the consequences of acute cardiovascular events [58]. Chronic vitamin D deficiency can also trigger secondary hyperparathyroidism, increased insulin resistance (impaired pancreatic β cell function) with increased risk of metabolic syndrome, and type II diabetes mellitus (calcitriol regulates the genes involved in insulin production in the pancreas) [62]. Furthermore, vitamin D decreases the formation of foamy cells inhibiting the absorption of cholesterol from macrophages [63]. Chronic deficiency of serum 25-hydroxyvitamin D vitamin (calcidiol) has been associated with metabolic syndrome and low HDL cholesterol [64]. Vascular and endothelial smooth muscle cells, having both VDRs and the enzyme 1-α-hydroxylase, can independently produce calcitriol from calcidiol [61]. In addition, vitamin D is involved in regulating the growth/proliferation of smooth muscle cells and cardiomyocytes [61]. Vitamin D inhibits the proliferation of vascular smooth muscle cells by the acute influx of calcium into the cell. Still, renal failure increases the risk of calcification of smooth muscle cells [65]. Among the cardiovascular protective effects of vitamin D, we must include those already mentioned: anti-inflammatory effects, the inhibition of the proliferation of smooth muscle cells, the suppression of pro-atherogenic T lymphocytes, the preservation of the normal endothelial function [66], and the protection against glycation products [67]. Chronic vitamin D deficiency is associated with increased parietal vascular stiffness and, more generally, with sub-clinical atherosclerosis. Clinical trials addressing the role of vitamin D in atherosclerosis are still limited. Overall, the conflicting results yielded from experimental studies show no beneficial effects from vitamin D repletion or supplementation [68,69].



A new frontier of vascular research is addressing the effect of vitamin K and, in our regard, the synergic effect of vitamin D with vitamin K in the inhibition of vascular calcification (Figure 1). Recent clinical trials have not shown a beneficial effect of vitamin K in association with vitamin D concerning calcification in patients with CVD and type II diabetes [70]. These trials have various limitations, such as patient types included in the study, such as those with chronic kidney disease, drugs used by the patients at the time of the trial, and the short intervention period [71].




4. Role of Vitamin D in Essential Hypertension


Low plasma levels of vitamin D have been associated with an increased prevalence of hypertension [72,73] and, in particular, diastolic hypertension [73,74]. Clinical studies have shown an inverse relationship between calcitriol levels (1,25 (OH) 2D3) and values of blood pressure/renin activity in people with normal blood pressure levels [75]. The association between the polymorphisms of the vitamin D receptors (VDRs) and the risk of developing high blood pressure has also been reported [76]. The demonstration that sunlight can reduce blood pressure values by increasing circulating vitamin D, thus explaining the geographical-racial diversity of hypertensive disease, has also been highlighted [77]. Vitamin D supplementation reduces blood pressure [78] by decreasing the activity of renin-angiotensin II in patients with hyperparathyroidism [79]. Orthostatic hypotension, especially in elderly patients (risk of falls), has also been related to the chronic deficiency of vitamin D [80,81]. Vitamin D receptors are found both in vascular and endothelial smooth muscle and in cardiomyocytes, and this could be implicated in the involvement of cardiovascular adaptation mechanisms to orthostatism [82]. In some human studies, vitamin D concentration was associated with blood pressure levels in normotensive and hypertensive subjects [83]. Clinical trials with vitamin D supplementation showed a reduction in blood pressure in hypertensive and elderly patients [84,85]. A significant and inverse correlation between 25 (OH) vitamin D and blood pressure [86] was also observed in 12,000 subjects in the National Health and Nutrition Examination Survey III (NHANES III)). Additionally, Burgaz’s meta-analysis, including 18 studies, confirmed the existence of this association [87]. On the contrary, other studies do not endorse the association between vitamin D deficiency and increased susceptibility to high blood pressure [88,89]. A cause–effect relationship was established between vitamin D deficiency and high blood pressure. The Mendelian study (D-CarDia-study) extended to over 140,000 individuals of European origin divided into groups based on the type of gene coding for the protein (DBP: vitamin D-binding protein) that regulates the blood concentrations of vitamin D. The study revealed that for every 10% increase in vitamin D blood levels, blood pressure decreases and the risk of becoming hypertensive drops by 8.1%. We have previously mentioned the importance of DBP in regulating the free, biologically active portion of vitamin D and that DBP polymorphisms are very frequent, such that more than 120 have been described to date (gene coding for GC/DBP) [90]. Still, other studies, such as the ARIC study, underline the racial differences between white and black people by reimagining the role of DBP polymorphisms but reconfirming the relationship between vitamin D and coronary artery disease or even a 30% increase in the risk of PAD regardless of their ethnicity [91]. A recent meta-analysis [92] further underlines the relationship between VDR polymorphisms and increased susceptibility to hypertension [93,94]. The VDRs are encoded by a large gene (>100 kb) located on chromosome 12q12–14 and has two promoter regions and eight coding exons (2–9) and six untranslated exons (1a-1f). As mentioned in the analysis of the sequence of this gene, numerous biallelic polymorphic sites have been identified, generally for point mutations, capable of determining different cellular effects for greater or lesser transcription, an altered post-transcriptional/transductive activity, or even final modifications of the gene product (tertiary structure) [95]. The first studies on the polymorphisms of VDRs were aimed at their relationship with osteoporosis, and today the most studied are CDX2, FoKl, Apal, Taql, and Bsml, and among them, those most connected to cardiovascular pathologies and hypertension are FoKl and Bsml [92]. Ultimately, although the various studies do not agree on the role of DBP polymorphisms or VDRs, the link between chronic vitamin D deficiency and peripheral vascular pathology must be further investigated. An updated meta-analysis on clinical trials highlighted that vitamin D supplementation had no significant effects on hypertension in the general population [83]. Patients with low levels of vitamin D were not addressed, and future studies must fill this gap.




5. Role of Vitamin D in Peripheral Arteriopathies and Aneurysmal Pathology


Generally, the obstructive or dilating arterial diseases of the large-medium arteries are classified as peripheral arterial diseases (PAD), without considering the cerebral and coronary circulatory pathology. The problem of peripheral arterial disease is relevant for world health, as over 200 million people are estimated to be suffering from this disease worldwide [96], with the doubling of this prevalence expected by 2040 [97]. Some recent evidence shows that this disease represents a global risk in low- and high-income countries, and it is often underestimated and poorly managed [98,99]. Patients with PAD have an approximately three times greater risk of cardiovascular mortality despite the current rich availability of drug therapies [100], and in this context, all that can be done to improve the understanding of this pathology is certainly useful. The pathophysiology is multifactorial due to the frequent coexistence of several factors that synergistically contribute to the development and/or progression of PAD [101]. In addition to the known risk factors (smoking, cholesterol levels, diabetes, hypertension, metabolic syndrome, etc.), new genomic and epigenomic factors [102] have been highlighted. In particular, ten genes have proven to be particularly relevant as possible new biomarkers (NNMT, LUM, ITLN1, CFD, TSPAN8, SERPINA5, MMP28, GPC3, GDF10, and FDXR) [103,104]. The discovery of the presence of receptors for vitamin D in the vascular system has led researchers to investigate a possible role in the pathophysiology of peripheral arterial diseases [105]. The issue of vitamin D deficiency in the general population (50%) is well known, and further studies such as Higler’s [106], in which 195 studies published over the period 1990–2011 were reviewed, with over 168,000 cases highlighted the distinct geographical differences regarding vitamin D blood values among the peoples of North America (higher values) compared to Europe, the Middle East, and Africa, or even the differences between the individual European nations [107], and this was related both to race and the availability of sunlight. Another noteworthy element is the reduction with age in the synthesis capacity of vitamin D in the skin, due to sunlight and the progressive decrease in VDRs’ muscle receptors in the elderly with the possible implication of sarcopenia [108]. As a result, older adults suffer from lesser vitamin D availability compared to young individuals, as the skeletal muscle gradually loses VDRs with age. Many studies [88,109,110,111,112,113,114,115,116,117,118] show a strong correlation between the reduced levels of circulating vitamin D and the presence of peripheral arterial disease, although other studies have not validated this possibility. It should be noted that the cut-off for hypovitaminosis D was very different in the different studies (range <17.8 ng/mL to <30 ng/mL), and this can represent a factor of confusion and contradiction between the various findings as well as the different geographies of the populations involved. Data from the first National Health and Nutrition Examination Survey (NHANES with 4.864 participants over the period 1999–2002) showed that patients with PAD had lower plasma levels of vitamin D. Additionally, the second National Health and Nutrition Examination Survey (2001–2004) showed a significant prevalence (>80%) of PAD in patients that had the lowest values of vitamin D [119]. The recent meta-analysis of six observational studies also showed that patients with PAD had lower vitamin D values than those without PAD (controls group) [120]. Vitamin D levels appeared to be reduced in the more advanced stages of vasculopathy. Other studies have also highlighted the relationship between greater Ankle Brachial Index (ABI) reduction and lower circulating vitamin D levels [121,122]. Ultimately, the chronic decrease in vitamin D levels in patients with PAD can depend on several factors, such as the lower capacity of solar photosynthesis with skin ageing, the reduction with age in VDRs, nutritional deficits, race, reduced sun exposure, etc.



The various biological actions of vitamin D on the vessel wall are attributable to its effects on one hand on the calcium-phosphorus metabolism, and on the other on the renin-angiotensin system (RAS), which is known to regulate blood pressure, circulating plasma volume and the tone of the arterial muscle [123,124], accompanied by the ability to increase NO [125] production, which in turn can regulate the renin-angiotensin system (RAS) [126] and the immune system.



The role of vitamin D has also been studied in aneurysmal dilated arterial disease. The progressive degeneration of the arterial wall secondary to a chronic inflammatory process can determine the slow decline and remodeling of the extracellular matrix, the release of elastin peptides, etc. All of these are pathogenic mechanisms of progressive arterial dilation [101,127]. Abdominal aortic aneurysms affect 4–8% of men, and approximately 1.5% of cases in both males and females after 60 years of age remain asymptomatic until rupture, which is an emergency with a high mortality rate (80–90%). We know that, for example, abdominal aortic aneurysms affect about 20 million people worldwide and that with the increase in the average age, there will be a further increase in their prevalence in the near future. Additionally, recent proteomics studies identified possible new predictive biomarkers such as plasma bleomycin hydrolase (BH) and others to help identify subjects with an abdominal aneurysm at greater risk of rupture [128]. In the literature, there are numerous reports of chronic hypovitaminosis D being associated with a high incidence of abdominal aortic aneurysms, although there are other studies that do not support this hypothesis [129,130].



An example is the randomized observational study by Wong et al. [131] on a large group of 4233 older adults (age 70–88 aa). It pointed out that low vitamin D values are indeed associated with larger aneurysms. Another study, but on a small sample (11 patients), demonstrated how the selective activation of the VDRs with the paricalcitol interferes with inflammation-mediated by calcineurin. Another proteomic-redox study highlighted the possible role of carbonylation of specific serum proteins (serum retinol-binding protein (RBP), vitamin D-binding protein (DBP), fibrinogen α-chain HNE (protein-bound 4- hydroxy-2-nonenal)) particularly present in patients with abdominal aortic aneurysm compared to controls, implying that these proteins are essential in the management of oxidative stress. Other interesting aspects are based on the in vitro observation that the activation of the endothelial VDRs with calcitriol (1,25-dihydroxycholecalciferol) inhibits both the activation of angiotensin II and the production of proinflammatory and angiogenetic endothelial chemokines caused by leukocyte–endotheliocyte interaction and, as verification, the abolition of VDRs negates this effect of calcitriol [132]. There is still debate as to whether free vitamin D levels (not related to carrier proteins) are more important than those currently considered to be more reliable biomarkers than the actual state of vitamin D [133].



Future studies may clarify these important aspects. Some studies have highlighted aspects concerning the role of vitamin D in the “atherosclerotic plaque” [134], in which the interesting correlation between low circulating levels of vitamin D and atheroma was underlined. These studies investigated whether the evolution of atheroma could reduce the expression of the VDRs, an aspect not yet fully clarified. Dendritic cells (DC) are a class of immune system cells capable of capturing and exposing the antigen. In partnership with the monocytes/macrophage system, they have had considerable attention in recent years due to their role in atherogenesis. The interaction via the VDRs of these vascular wall dendritic cells would have an important regulatory role in the atherogenic process [135,136]. Other aspects still being discussed are the relationship between vitamin D deficiency and statin therapy induced musculoskeletal disorders, and type of statin relative to circulating levels of vitamin D [137,138]. These observations are based on the fact that statins can reduce cholesterol levels and 7-dehydrocholesterol (provitamin D3), the cutaneous precursor of vitamin D.



Ultimately, the role of vitamin D in the immune system seems to be fundamental in atherogenesis and the development of related diseases (PAD, etc.). It has modulating effects on innate and adaptive immunity (it favors innate and inhibits adaptive immunity), namely the ability to promote the expression of antiatherogenic monocytes-macrophages [139], and its anti-inflammatory-immunomodulating activity in systemic inflammation [58]. In particular, the immunosuppressive activity of vitamin D is mediated by the reduction in inflammatory cytokines (interleukin (IL-2,6), interferon ϒ (IFN-ϒ), tumour necrosis factor (TNF), etc.). The immunomodulating activity is mediated both by the enhancement of regulatory T cells (important in autoimmunity) and in the induction of the transcription of FOXP3 (forkhead box P3 or scurfin), important in the control of regulatory T cells [140]. The Atherosclerosis Prevention in Pediatric Lupus Erythematosus (APPLE) study showed, with a 3-year follow-up, a slower progression of carotid atherosclerosis (CIMT: carotid intimate medial thickness) in patients treated with atorvastatin and with vitamin D levels ≥ 20 ng/mL compared to those who had vitamin D values ≤ 20 ng/mL (295) and also a greater reduction in PCR-ultra-sensitivity (hsPCR: high-sensitivity C-reactive protein) [141].




6. Genetic and Epigenetic Role of Vitamin D


As already mentioned, the key points in the metabolism of vitamin D are hepatic 25-hydroxylation (mitochondrial and microsomal) by the cytochrome P450 enzyme (family 2-subfamily R member 1-CYP27A1) and subsequently, at the renal level, 1–25-hydroxylation by the cytochrome P450 enzyme (cytochrome p450 27B1-CYP27B1) with the formation of biologically active vitamin D (calcitriol), which acts at the level of VDRs (nuclear-cytosolic, located in humans on chromosome 12q12-q14), similarly to a steroid receptor. Genetic studies have clarified the genomic action of vitamin D for its transcriptional regulation capacity, which occurs through a fundamental, intermediate step of formation of a heterodimer with retinoid X receptor (RXR). Subsequently, the genomic action is carried out on the DNA sequence called vitamin D response element (VDRE) in the region of promoter genes regulated by vitamin D [142]. We have already mentioned the different VDR polymorphisms that can account for the different circulating rates of vitamin D. Today we know that about 3% of the human genome is influenced by vitamin D [143]. Epigenetics can be defined as the set of inheritable changes in gene expression not caused by changes in the DNA sequence, therefore changes that end up influencing the phenotype without altering the genotype. We can imagine epigenetics as a sort of interface between our genome and the world outside the cell capable of perceiving any changes, which, if repeated or chronic, can eventually change the gene expression and pass it on to the descendants without altering the nucleotide sequence of a gene, only its activity [143]. Therefore, an epigenetic signal is a possible external factor such as lifestyle, stress, nutrient deficiency, obesity [144]. Among the different epigenetic mechanisms capable of modifying gene expression, the modification of histones (basic proteins constituting the chromatin and organized to form the nucleosome in groups of 8 units) and histone methylation are the most important mechanisms. Histone acetylation/deacetylation (HAT: histone acetyltransferase; HDAC: histone deacetylase) in dynamic equilibrium determine the activation or deactivation of transcription (histone acetylation generally correlates with transcriptional activation, effect “ON “). The primary epigenetic effects of vitamin D are linked precisely to the ability to promote chromatin reading and transcription through histone modifications (acetylation). It has been shown that the VDRs-RXR dimer can interact directly with HAT by inducing transcriptional activation [145,146]. Most chromatin sites of action of vitamin D are present in the region of chromosome 6, which hosts the human leukocyte antigen (HLA) or major histocompatibility complex (MHC) cluster, which is essential in the immune response, and this underlines the epigenetic immune activity of vitamin D [147]. Some in vitro studies [148] show that 2 months of 10 µg/50 µg daily supplementation of vitamin D3 (Cholecalciferol) determines a significant regulation of 291 genes. In contrast, higher doses (500 µg/day) in young subjects under 35 determine significant changes in 99 circulating mononuclear cell genes (PBMC: Peripheral Blood Mononuclear Cell) compared to placebo. Even boluses of vitamin D (2000 μg every 28 days, 3 times—vitamin D-bolus intervention trial) in a healthy subject showed that slight increases in serum vitamin D levels could significantly modify hundreds of sites within the human leukocyte epigenome [149]. The epigenomic mechanism of methylation is mainly meant to inhibit gene expression and genomic integrity with surveillance of any “parasite sequences” (viruses, etc.). Cytosine methylation maintains chromatin in a condensed form, blocking the transcription process. Severe vitamin D deficiency appears to be associated with methylation changes in leukocyte DNA [150] and circulating levels of vitamin D related to the degree of DNA methylation.




7. The Role of Vitamin D in Cardiac Remodelling and Disease


The link between vitamin D and cardiovascular function, as partially described previously, involves the renin-angiotensin system (RAS). Increased renin kidney levels and higher plasma angiotensin II and aldosterone levels are detectable in VDR -/- mice [151]. Administration of 1,25-OH D can reverse this, acting as a negative regulator of the renin gene transcription [152]. In the literature, excessive RAS activation has been extensively shown to cause hypertension and cardiac hypertrophy [153]. Mice with VDR -/- and with lack of 1-alpha-hydroxylase show both of these alterations, and as before, they can be readily reversed with vitamin D supplementation [154].



Moreover, vitamin D deficiency causes not only cardiomyocyte hypertrophy but also increased myocardial collagen deposition [155]. This is due to RAS activation on the one hand and VDR impairment on the other [156,157]. Mice with VDR deletion develop myocardial hypertrophy regardless of hypertension, excess RAS activation, or hypocalcemia [158]. This independent effect of vitamin D is further supported by the fact that hyperparathyroidism and hypercalcemia correction does not improve such cardiac abnormalities [154]. Another important finding is the association between vitamin D and Ca2+ management in cardiomyocytes, which seems to have a beneficial effect, leading to increased systolic and diastolic heart function [159]. Vitamin D deficiency is also correlated with cardiac steatosis, and VDR gene knockout mice display increased interstitial fibrosis with overexpression of collagen (1α1, 3α1) and matrix metalloproteinase (MMP-2), leading to cardiomyopathy and HF [160]. These alterations are attenuated with vitamin D supplementation [161].



These experimental models find confirmation in population-based studies [162]. Vitamin D deficiency is strongly correlated with hypertension and left ventricle hypertrophy (LVH) [163]. In particular, insufficient exposure to the sun and consequent vitamin D deficiency has been associated with LVH and Fabry’s cardiomyopathy [164]. Although dilated cardiomyopathy (DMC) is mainly idiopathic, studies have investigated its correlation with vitamin D due to maternal deficiency. In this case, maternal vitamin D deficiency caused hypocalcemia, and consequent hypoparathyroidism was the cause of impaired cardiac function, DCM, and ultimately HF [165,166]. These infants with rickets and cardiac impairment greatly benefited from vitamin D and calcium supplementation, further confirming the importance and the role of this vitamin [167,168]. Vitamin D has also been used as a predictor for CV mortality in heart failure [169].



Additionally, vitamin D receptor (VDR) polymorphism and expression have also been used as potential risk factors for cardiovascular diseases such as cardiomyopathy and HF [170]. Overall, vitamin D is associated with cardiovascular events, as shown by an analysis of patients with MI which almost all had low vitamin D plasma levels [171]. More importantly, vitamin D deficiency is associated with poor patient outcomes with acute coronary syndrome (ACS) [172]. This is partially due to the inverse relationship between hyperlipidemia and vitamin D. Low levels of vitamin D coincide with hyperlipidemia and hyper-homocysteine [173]. Atherosclerosis and pro-inflammatory state play a fundamental role in cardiac disease genesis as addressed previously [174,175]. Taken together, all of these diseases lead the way to heart failure (HF), and thus vitamin D deficiency is associated directly and indirectly with this path [176]. The therapeutic role of vitamin D in heart diseases and HF was highlighted in the VINDICATE study, and those studies with controversial results may be due to genetic VDR variation and implication [177,178]. Lastly, vitamin D has also been associated with rhythm abnormalities and atrial fibrillation (AF) [179]. Vitamin D deficiency and extensive left atrial fibrosis increase AF incidence and AF recurrence [180]. This association, however, is not independent and is always accompanied by either HF or coronary artery bypass, and further investigations are necessary [181,182]. As mentioned before, current clinical trials and meta-analyses do not confer cardiovascular protective properties to vitamin D [183]. No significant correlation has been highlighted between vitamin D and left ventricle functions and/or atrial fibrillation in the general population or post-operative settings [184,185,186].




8. Conclusions


Studies view vitamin D increasingly as a hormone, confirming its implication in multiple chronic pathologies (atherosclerosis, diabetes, metabolic syndrome, heart disease, immune, etc.). Not only that, but its well-known regulatory function on bone metabolism is also today a burgeoning sector of research worldwide. As of today, observational studies, meta-analyses, and clinical trials are scarce and full of limitations. Doubt remains as whether vitamin D deficiency can be used as a marker of pathology or is a pathology itself. Findings from the molecular level up to the clinical level do not overlap and frequently disagree. Trials are contradictory as to which type of vitamin D is best suited for supplementation.



There are conflicting results between observational studies regarding VDR activators in patients with end-stage renal disease and increased vascular calcification [187]. A comparative study showed that calcitriol and paricalcitol in doses for correcting secondary hyperparathyroidism had protective effects against aortic calcification, while higher doses stimulated aortic calcification [187]. This to say that the correct dosage of calcitriol could protect against disease-induced vascular calcification, but further efforts are needed [187].



The role of vitamin D in pathologies that represent cardiovascular risk factors did not support vitamin D as a prevention strategy [30,31]. Diabetes mellitus, metabolic syndrome, and obesity correlate with vitamin D deficiency, but no beneficial effects from supplementation have been observed [42,43]. In fact, despite a large amount of positive preclinical evidence, clinical trials and comparative meta-analyses also rejected vitamin D supplementation in atherosclerosis, cardiac remodeling, hypertension, and peripheral arteriopathies [83,84,100].



Given the current state of the art, much is to be done. Larger, longer, and better-designed studies are needed to understand the gap between preclinical and clinical studies. Addressing the implications related to vitamin D is important for the well-being of a large population.







Author Contributions


M.I. and A.C., original concept; M.I., A.C., C.I. and M.C., writing the article; M.C., P.I., D.C., E.C., F.P., C.V. and A.D. critical revision of the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Deluca, H.F. History of the discovery of vitamin D and its active metabolites. Bonekey Rep. 2014, 3, 479. [Google Scholar] [CrossRef] [PubMed]

	



Looker, A.C.; Dawson-Hughes, B.; Calvo, M.S.; Gunter, E.W.; Sahyoun, N.R. Serum 25-hydroxyvitamin D status of adolescents and adults in two seasonal subpopulations from NHANES III. Bone 2002, 30, 771–777. [Google Scholar] [CrossRef]

	



Bikle, D.D. Vitamin D metabolism, mechanism of action, and clinical applications. Chem. Biol. 2014, 21, 319–329. [Google Scholar] [CrossRef]

	



Khaw, K.T.; Stewart, A.W.; Waayer, D.; Lawes, C.M.M.; Toop, L.; Camargo, C.A., Jr.; Scragg, R. Effect of monthly high-dose vitamin D supplementation on falls and non-vertebral fractures: Secondary and post-hoc outcomes from the randomised, double-blind, placebo-controlled ViDA trial. Lancet Diabetes Endocrinol. 2017, 5, 438–447. [Google Scholar] [CrossRef]

	



Holick, M.F. Vitamin D: Importance in the prevention of cancers, type 1 diabetes, heart disease, and osteoporosis. Am. J. Clin. Nutr. 2004, 79, 362–371. [Google Scholar] [CrossRef]

	



Giustina, A.; Bouillon, R.; Binkley, N.; Sempos, C.; Adler, R.A.; Bollerslev, J.; Dawson-Hughes, B.; Ebeling, P.R.; Feldman, D.; Heijboer, A.; et al. Controversies in Vitamin D: A Statement from the Third International Conference. JBMR Plus 2020, 4, e10417. [Google Scholar] [CrossRef] [PubMed]

	



Heaney, R.P.; Davies, K.M.; Chen, T.C.; Holick, M.F.; Barger-Lux, M.J. Human serum 25-hydroxycholecalciferol response to extended oral dosing with cholecalciferol. Am. J. Clin. Nutr. 2003, 77, 204–210. [Google Scholar] [CrossRef]

	



Holick, M.F.; Binkley, N.C.; Bischoff-Ferrari, H.A.; Gordon, C.M.; Hanley, D.A.; Heaney, R.P.; Murad, M.H.; Weaver, C.M.; Endocrine, S. Evaluation, treatment, and prevention of vitamin D deficiency: An Endocrine Society clinical practice guideline. J. Clin. Endocrinol. Metab. 2011, 96, 1911–1930. [Google Scholar] [CrossRef]

	



Vieth, R.; Chan, P.C.; MacFarlane, G.D. Efficacy and safety of vitamin D3 intake exceeding the lowest observed adverse effect level. Am. J. Clin. Nutr. 2001, 73, 288–294. [Google Scholar] [CrossRef]

	



Zarei, B.; Mousavi, M.; Mehdizadeh, S.; Mehrad-Majd, H.; Zarif, M.; Erfanian, Z.; Moradi, A. Early Effects of Atorvastatin on Vitamin D and Parathyroid Hormone Serum Levels Following Acute Myocardial Infarction. J. Res. Pharm. Pract. 2019, 8, 7–12. [Google Scholar] [CrossRef]

	



Lotito, A.; Teramoto, M.; Cheung, M.; Becker, K.; Sukumar, D. Serum Parathyroid Hormone Responses to Vitamin D Supplementation in Overweight/Obese Adults: A Systematic Review and Meta-Analysis of Randomized Clinical Trials. Nutrients 2017, 9, 241. [Google Scholar] [CrossRef]

	



Yang, J.; Zhu, S.L.; Lin, G.X.; Song, C.; He, Z. Vitamin D enhances omega-3 polyunsaturated fatty acids-induced apoptosis in breast cancer cells. Cell Biol. Int. 2017, 41, 890–897. [Google Scholar] [CrossRef]

	



Abu el Maaty, M.A.; Wolfl, S. Vitamin D as a Novel Regulator of Tumor Metabolism: Insights on Potential Mechanisms and Implications for Anti-Cancer Therapy. Int. J. Mol. Sci. 2017, 18, 2184. [Google Scholar] [CrossRef]

	



Yazdi, S.A.M.; Abbasi, M.; Yazdi, S.M.M. Epilepsy and vitamin D: A comprehensive review of current knowledge. Rev. Neurosci. 2017, 28, 185–201. [Google Scholar] [CrossRef]

	



Cutolo, M.; Plebani, M.; Shoenfeld, Y.; Adorini, L.; Tincani, A. Vitamin D Endocrine System and the Immune Response in Rheumatic Diseases. Vitam. Horm. 2011, 86, 327–351. [Google Scholar]

	



Dadrass, A.; Mohamadzadeh Salamat, K.; Hamidi, K.; Azizbeigi, K. Anti-inflammatory effects of vitamin D and resistance training in men with type 2 diabetes mellitus and vitamin D deficiency: A randomized, double-blinded, placebo-controlled clinical trial. J. Diabetes Metab. Disord. 2019, 18, 323–331. [Google Scholar] [CrossRef] [PubMed]

	



Malaguarnera, L. Vitamin D and microbiota: Two sides of the same coin in the immunomodulatory aspects. Int. Immunopharmacol. 2020, 79, 106112. [Google Scholar] [CrossRef]

	



Zisi, D.; Challa, A.; Makis, A. The association between vitamin D status and infectious diseases of the respiratory system in infancy and childhood. Hormones 2019, 18, 353–363. [Google Scholar] [CrossRef]

	



Christakos, S.; Dhawan, P.; Verstuyf, A.; Verlinden, L.; Carmeliet, G. Vitamin D: Metabolism, Molecular Mechanism of Action, and Pleiotropic Effects. Physiol. Rev. 2016, 96, 365–408. [Google Scholar] [CrossRef]

	



Mizwicki, M.T.; Norman, A.W. The Vitamin D Sterol-Vitamin D Receptor Ensemble Model Offers Unique Insights into Both Genomic and Rapid-Response Signaling. Sci. Signal. 2009, 2, re4. [Google Scholar] [CrossRef]

	



Bookout, A.L.; Jeong, Y.; Downes, M.; Yu, R.T.; Evans, R.M.; Mangelsdorf, D.J. Anatomical profiling of nuclear receptor expression reveals a hierarchical transcriptional network. Cell 2006, 126, 789–799. [Google Scholar] [CrossRef]

	



Zhou, C.; Verma, S.; Blumberg, B. The steroid and xenobiotic receptor (SXR), beyond xenobiotic metabolism. Nucl. Recept. Signal. 2009, 7, e001. [Google Scholar] [CrossRef] [PubMed]

	



Khazai, N.; Judd, S.E.; Tangpricha, V. Calcium and vitamin D: Skeletal and extraskeletal health. Curr. Rheumatol. Rep. 2008, 10, 110–117. [Google Scholar] [CrossRef] [PubMed]

	



Group, D. Patient level pooled analysis of 68 500 patients from seven major vitamin D fracture trials in US and Europe. BMJ 2010, 340, b5463. [Google Scholar] [CrossRef]

	



Lee, J.H.; Kim, S.; Kim, M.K.; Yun, B.H.; Cho, S.; Choi, Y.S.; Lee, B.S.; Seo, S.K. Relationships between 25(OH)D concentration, sarcopenia and HOMA-IR in postmenopausal Korean women. Climacteric 2018, 21, 40–46. [Google Scholar] [CrossRef] [PubMed]

	



Cooke, N.E.; Haddad, J.G. Vitamin-D Binding-Protein (Gc-Globulin). Endocr. Rev. 1989, 10, 294–307. [Google Scholar] [CrossRef]

	



Daiger, S.P.; Schanfield, M.S.; Cavalli-Sforza, L.L. Group-specific component (Gc) proteins bind vitamin D and 25-hydroxyvitamin D. Proc. Natl. Acad. Sci. USA 1975, 72, 2076–2080. [Google Scholar] [CrossRef]

	



Nur-Eke, R.; Ozen, M.; Cekin, A.H. Pre-Diabetics with Hypovitaminosis D Have Higher Risk for Insulin Resistance. Clin. Lab. 2019, 65. [Google Scholar] [CrossRef]

	



Grammatiki, M.; Karras, S.; Kotsa, K. The role of vitamin D in the pathogenesis and treatment of diabetes mellitus: A narrative review. Hormones 2019, 18, 37–48. [Google Scholar] [CrossRef]

	



Zheng, J.S.; Luan, J.; Sofianopoulou, E.; Sharp, S.J.; Day, F.R.; Imamura, F.; Gundersen, T.E.; Lotta, L.A.; Sluijs, I.; Stewart, I.D.; et al. The association between circulating 25-hydroxyvitamin D metabolites and type 2 diabetes in European populations: A meta-analysis and Mendelian randomisation analysis. PLoS Med. 2020, 17, e1003394. [Google Scholar] [CrossRef]

	



Pittas, A.G.; Dawson-Hughes, B.; Sheehan, P.; Ware, J.H.; Knowler, W.C.; Aroda, V.R.; Brodsky, I.; Ceglia, L.; Chadha, C.; Chatterjee, R.; et al. Vitamin D Supplementation and Prevention of Type 2 Diabetes. N. Engl. J. Med. 2019, 381, 520–530. [Google Scholar] [CrossRef]

	



Mombelli, G.; Pavanello, C.; Castelnuovo, S.; Bosisio, R.; Simonelli, S.; Pazzucconi, F.; Sirtori, C.R. Indicators of Cardiovascular Risk in Metabolic Syndrome: Long Term Follow-up in Italian Patients. Curr. Vasc. Pharmacol. 2017, 15, 248–256. [Google Scholar] [CrossRef]

	



Chang, E.; Kim, Y. Vitamin D decreases adipocyte lipid storage and increases NAD-SIRT1 pathway in 3T3-L1 adipocytes. Nutrition 2016, 32, 702–708. [Google Scholar] [CrossRef]

	



Felicidade, I.; Sartori, D.; Coort, S.L.M.; Semprebon, S.C.; Niwa, A.M.; D’Epiro, G.F.R.; Biazi, B.I.; Marques, L.A.; Evelo, C.T.; Mantovani, M.S.; et al. Role of 1alpha,25-Dihydroxyvitamin D3 in Adipogenesis of SGBS Cells: New Insights into Human Preadipocyte Proliferation. Cell. Physiol. Biochem. 2018, 48, 397–408. [Google Scholar] [CrossRef]

	



Pramono, A.; Jocken, J.W.E.; Blaak, E.E. Vitamin D deficiency in the aetiology of obesity-related insulin resistance. Diabetes Metab. Res. Rev. 2019, 35, e3146. [Google Scholar] [CrossRef]

	



Zhu, J.; Bing, C.; Wilding, J.P.H. Vitamin D receptor ligands attenuate the inflammatory profile of IL-1beta-stimulated human white preadipocytes via modulating the NF-kappaB and unfolded protein response pathways. Biochem. Biophys. Res. Commun. 2018, 503, 1049–1056. [Google Scholar] [CrossRef]

	



Karkeni, E.; Bonnet, L.; Marcotorchino, J.; Tourniaire, F.; Astier, J.; Ye, J.; Landrier, J.F. Vitamin D limits inflammation-linked microRNA expression in adipocytes in vitro and in vivo: A new mechanism for the regulation of inflammation by vitamin D. Epigenetics 2018, 13, 156–162. [Google Scholar] [CrossRef]

	



Pannu, P.K.; Zhao, Y.; Soares, M.J. Reductions in body weight and percent fat mass increase the vitamin D status of obese subjects: A systematic review and metaregression analysis. Nutr. Res. 2016, 36, 201–213. [Google Scholar] [CrossRef]

	



Di Nisio, A.; De Toni, L.; Sabovic, I.; Rocca, M.S.; De Filippis, V.; Opocher, G.; Azzena, B.; Vettor, R.; Plebani, M.; Foresta, C. Impaired Release of Vitamin D in Dysfunctional Adipose Tissue: New Cues on Vitamin D Supplementation in Obesity. J. Clin. Endocrinol. Metab. 2017, 102, 2564–2574. [Google Scholar] [CrossRef]

	



Mahmood, S.F.; Idiculla, J.; Joshi, R.; Josh, S.; Kulkarni, S. Vitamin D Supplementation in Adults with Vitamin D Deficiency and Its Effect on Metabolic Syndrome—A Randomized Controlled Study. Int. J. Vitam. Nutr. Res. 2016, 86, 121–126. [Google Scholar] [CrossRef]

	



Aliashrafi, S.; Ebrahimi-Mameghani, M.; Jafarabadi, M.A.; Lotfi-Dizaji, L.; Vaghef-Mehrabany, E.; Rafie-Arefhosseini, S. Effect of high dose vitamin D supplementation in combination with weight loss diet on Glucose homeostasis, insulin resistance and matrix metalloproteinases in obese subjects with vitamin D deficiency: A double blind placebo-controlled randomized clinical trial. Appl. Physiol. Nutr. Metab. 2019. [Google Scholar] [CrossRef]

	



Autier, P.; Mullie, P.; Macacu, A.; Dragomir, M.; Boniol, M.; Coppens, K.; Pizot, C.; Boniol, M. Effect of vitamin D supplementation on non-skeletal disorders: A systematic review of meta-analyses and randomised trials. Lancet Diabetes Endocrinol. 2017, 5, 986–1004. [Google Scholar] [CrossRef]

	



Biondi, P.; Pepe, J.; Biamonte, F.; Occhiuto, M.; Parisi, M.; Demofonti, C.; Baffa, V.; Minisola, S.; Cipriani, C. Oral calcidiol is a good form of vitamin D supplementation. Clin. Cases Miner. Bone Metab. 2017, 14, 207–208. [Google Scholar] [CrossRef] [PubMed]

	



Cooper, J.D.; Smyth, D.J.; Walker, N.M.; Stevens, H.; Burren, O.S.; Wallace, C.; Greissl, C.; Ramos-Lopez, E.; Hypponen, E.; Dunger, D.B.; et al. Inherited variation in vitamin D genes is associated with predisposition to autoimmune disease type 1 diabetes. Diabetes 2011, 60, 1624–1631. [Google Scholar] [CrossRef]

	



Peng, X.; Zhang, G.; Zeng, L. Inhibition of alpha-glucosidase by vitamin D3 and the effect of vitamins B1 and B2. Food Funct. 2016, 7, 982–991. [Google Scholar] [CrossRef]

	



Martinez-Lapiscina, E.H.; Mahatanan, R.; Lee, C.H.; Charoenpong, P.; Hong, J.P. Associations of serum 25(OH) vitamin D levels with clinical and radiological outcomes in multiple sclerosis, a systematic review and meta-analysis. J. Neurol. Sci. 2020, 411, 116668. [Google Scholar] [CrossRef]

	



Atkinson, S.A.; Fleet, J.C. Canadian recommendations for vitamin D intake for persons affected by multiple sclerosis. J. Steroid. Biochem. Mol. Biol. 2020, 199, 105606. [Google Scholar] [CrossRef]

	



Lavie, C.J.; Lee, J.H.; Milani, R.V. Vitamin D and cardiovascular disease will it live up to its hype? J. Am. Coll. Cardiol. 2011, 58, 1547–1556. [Google Scholar] [CrossRef]

	



Danik, J.S.; Manson, J.E. Vitamin D and cardiovascular disease. Curr. Treat. Options Cardiovasc. Med. 2012, 14, 414–424. [Google Scholar] [CrossRef]

	



Ni, W.; Watts, S.W.; Ng, M.; Chen, S.; Glenn, D.J.; Gardner, D.G. Elimination of vitamin D receptor in vascular endothelial cells alters vascular function. Hypertension 2014, 64, 1290–1298. [Google Scholar] [CrossRef]

	



Bozic, M.; Alvarez, A.; de Pablo, C.; Sanchez-Nino, M.D.; Ortiz, A.; Dolcet, X.; Encinas, M.; Fernandez, E.; Valdivielso, J.M. Impaired Vitamin D Signaling in Endothelial Cell Leads to an Enhanced Leukocyte-Endothelium Interplay: Implications for Atherosclerosis Development. PLoS ONE 2015, 10, e0136863. [Google Scholar] [CrossRef]

	



Martinez-Miguel, P.; Valdivielso, J.M.; Medrano-Andres, D.; Roman-Garcia, P.; Cano-Penalver, J.L.; Rodriguez-Puyol, M.; Rodriguez-Puyol, D.; Lopez-Ongil, S. The active form of vitamin D, calcitriol, induces a complex dual upregulation of endothelin and nitric oxide in cultured endothelial cells. Am. J. Physiol. Endocrinol. Metab. 2014, 307, E1085–E1096. [Google Scholar] [CrossRef]

	



Cardus, A.; Panizo, S.; Parisi, E.; Fernandez, E.; Valdivielso, J.M. Differential effects of vitamin D analogs on vascular calcification. J. Bone Miner. Res. 2007, 22, 860–866. [Google Scholar] [CrossRef]

	



Panizo, S.; Cardus, A.; Encinas, M.; Parisi, E.; Valcheva, P.; Lopez-Ongil, S.; Coll, B.; Fernandez, E.; Valdivielso, J.M. RANKL increases vascular smooth muscle cell calcification through a RANK-BMP4-dependent pathway. Circ. Res. 2009, 104, 1041–1048. [Google Scholar] [CrossRef]

	



Guerrero, F.; Montes de Oca, A.; Aguilera-Tejero, E.; Zafra, R.; Rodriguez, M.; Lopez, I. The effect of vitamin D derivatives on vascular calcification associated with inflammation. Nephrol. Dial. Transplant. 2012, 27, 2206–2212. [Google Scholar] [CrossRef]

	



Dobrez, D.G.; Mathes, A.; Amdahl, M.; Marx, S.E.; Melnick, J.Z.; Sprague, S.M. Paricalcitol-treated patients experience improved hospitalization outcomes compared with calcitriol-treated patients in real-world clinical settings. Nephrol. Dial. Transplant. 2004, 19, 1174–1181. [Google Scholar] [CrossRef]

	



Teng, M.; Wolf, M.; Lowrie, E.; Ofsthun, N.; Lazarus, J.M.; Thadhani, R. Survival of patients undergoing hemodialysis with paricalcitol or calcitriol therapy. N. Engl. J. Med. 2003, 349, 446–456. [Google Scholar] [CrossRef]

	



Kunadian, V.; Ford, G.A.; Bawamia, B.; Qiu, W.; Manson, J.E. Vitamin D deficiency and coronary artery disease: A review of the evidence. Am. Heart J. 2014, 167, 283–291. [Google Scholar] [CrossRef]

	



Mozos, I.; Marginean, O. Links between Vitamin D Deficiency and Cardiovascular Diseases. Biomed. Res. Int. 2015, 2015, 109275. [Google Scholar] [CrossRef]

	



Pilz, S.; Gaksch, M.; O’Hartaigh, B.; Tomaschitz, A.; Marz, W. The role of vitamin D deficiency in cardiovascular disease: Where do we stand in 2013? Arch. Toxicol. 2013, 87, 2083–2103. [Google Scholar] [CrossRef]

	



Wang, T.J.; Pencina, M.J.; Booth, S.L.; Jacques, P.F.; Ingelsson, E.; Lanier, K.; Benjamin, E.J.; D’Agostino, R.B.; Wolf, M.; Vasan, R.S. Vitamin D deficiency and risk of cardiovascular disease. Circulation 2008, 117, 503–511. [Google Scholar] [CrossRef]

	



Lee, J.H.; O’Keefe, J.H.; Bell, D.; Hensrud, D.D.; Holick, M.F. Vitamin D deficiency an important, common, and easily treatable cardiovascular risk factor? J. Am. Coll. Cardiol. 2008, 52, 1949–1956. [Google Scholar] [CrossRef] [PubMed]

	



Oh, J.; Weng, S.; Felton, S.K.; Bhandare, S.; Riek, A.; Butler, B.; Proctor, B.M.; Petty, M.; Chen, Z.; Schechtman, K.B.; et al. 1,25(OH)2 vitamin d inhibits foam cell formation and suppresses macrophage cholesterol uptake in patients with type 2 diabetes mellitus. Circulation 2009, 120, 687–698. [Google Scholar] [CrossRef] [PubMed]

	



Maki, K.C.; Rubin, M.R.; Wong, L.G.; McManus, J.F.; Jensen, C.D.; Marshall, J.W.; Lawless, A. Serum 25-hydroxyvitamin D is independently associated with high-density lipoprotein cholesterol and the metabolic syndrome in men and women. J. Clin. Lipidol. 2009, 3, 289–296. [Google Scholar] [CrossRef] [PubMed]

	



Davies, M.R.; Hruska, K.A. Pathophysiological mechanisms of vascular calcification in end-stage renal disease. Kidney Int. 2001, 60, 472–479. [Google Scholar] [CrossRef] [PubMed]

	



Dong, J.; Wong, S.L.; Lau, C.W.; Lee, H.K.; Ng, C.F.; Zhang, L.; Yao, X.; Chen, Z.Y.; Vanhoutte, P.M.; Huang, Y. Calcitriol protects renovascular function in hypertension by down-regulating angiotensin II type 1 receptors and reducing oxidative stress. Eur. Heart J. 2012, 33, 2980–2990. [Google Scholar] [CrossRef] [PubMed]

	



Al Mheid, I.; Patel, R.S.; Tangpricha, V.; Quyyumi, A.A. Vitamin D and cardiovascular disease: Is the evidence solid? Eur. Heart J. 2013, 34, 3691–3698. [Google Scholar] [CrossRef]

	



Sokol, S.I.; Srinivas, V.; Crandall, J.P.; Kim, M.; Tellides, G.; Lebastchi, A.H.; Yu, Y.; Gupta, A.K.; Alderman, M.H. The effects of vitamin D repletion on endothelial function and inflammation in patients with coronary artery disease. Vasc. Med. 2012, 17, 394–404. [Google Scholar] [CrossRef]

	



Witham, M.D.; Dove, F.J.; Khan, F.; Lang, C.C.; Belch, J.J.; Struthers, A.D. Effects of vitamin D supplementation on markers of vascular function after myocardial infarction--a randomised controlled trial. Int. J. Cardiol. 2013, 167, 745–749. [Google Scholar] [CrossRef]

	



Bartstra, J.W.; Draaisma, F.; Zwakenberg, S.R.; Lessmann, N.; Wolterink, J.M.; van der Schouw, Y.T.; de Jong, P.A.; Beulens, J.W.J. Six months vitamin K treatment does not affect systemic arterial calcification or bone mineral density in diabetes mellitus 2. Eur. J. Nutr. 2021, 60, 1691–1699. [Google Scholar] [CrossRef]

	



Roumeliotis, S.; Mallamaci, F.; Zoccali, C. Endothelial Dysfunction in Chronic Kidney Disease, from Biology to Clinical Outcomes: A 2020 Update. J. Clin. Med. 2020, 9, 2359. [Google Scholar] [CrossRef]

	



Murni, I.K.; Sulistyoningrum, D.C.; Oktaria, V. Association of vitamin D deficiency with cardiovascular disease risk in children: Implications for the Asia Pacific Region. Asia Pac. J. Clin. Nutr. 2016, 25, S8–S19. [Google Scholar] [CrossRef]

	



Nigwekar, S.U.; Thadhani, R. Vitamin D receptor activation: Cardiovascular and renal implications. Kidney Int. Suppl. 2013, 3, 427–430. [Google Scholar] [CrossRef]

	



Almirall, J.; Vaqueiro, M.; Bare, M.L.; Anton, E. Association of low serum 25-hydroxyvitamin D levels and high arterial blood pressure in the elderly. Nephrol. Dial. Transplant. 2010, 25, 503–509. [Google Scholar] [CrossRef]

	



Kristal-Boneh, E.; Froom, P.; Harari, G.; Ribak, J. Association of calcitriol and blood pressure in normotensive men. Hypertension 1997, 30, 1289–1294. [Google Scholar] [CrossRef]

	



Wang, L.; Ma, J.; Manson, J.E.; Buring, J.E.; Gaziano, J.M.; Sesso, H.D. A prospective study of plasma vitamin D metabolites, vitamin D receptor gene polymorphisms, and risk of hypertension in men. Eur. J. Nutr. 2013, 52, 1771–1779. [Google Scholar] [CrossRef]

	



Krause, R.; Buhring, M.; Hopfenmuller, W.; Holick, M.F.; Sharma, A.M. Ultraviolet B and blood pressure. Lancet 1998, 352, 709–710. [Google Scholar] [CrossRef]

	



Witham, M.D.; Ireland, S.; Houston, J.G.; Gandy, S.J.; Waugh, S.; MacDonald, T.M.; Mackenzie, I.S.; Struthers, A.D. Vitamin D Therapy to Reduce Blood Pressure and Left Ventricular Hypertrophy in Resistant Hypertension Randomized, Controlled Trial. Hypertension 2014, 63, 706–712. [Google Scholar] [CrossRef]

	



Kimura, Y.; Kawamura, M.; Owada, M.; Oshima, T.; Murooka, M.; Fujiwara, T.; Hiramori, K. Effectiveness of 1,25-dihydroxyvitamin D supplementation on blood pressure reduction in a pseudohypoparathyroidism patient with high renin activity. Intern. Med. 1999, 38, 31–35. [Google Scholar] [CrossRef]

	



McCarroll, K.G.; Robinson, D.J.; Coughlan, A.; Healy, M.; Kenny, R.A.; Cunningham, C. Vitamin D and orthostatic hypotension. Age Ageing 2012, 41, 810–813. [Google Scholar] [CrossRef]

	



Soysal, P.; Yay, A.; Isik, A.T. Does vitamin D deficiency increase orthostatic hypotension risk in the elderly patients? Arch. Gerontol. Geriat. 2014, 59, 74–77. [Google Scholar] [CrossRef] [PubMed]

	



Wadhwania, R. Is Vitamin D Deficiency Implicated in Autonomic Dysfunction? J. Pediatr. Neurosci. 2017, 12, 119–123. [Google Scholar] [CrossRef]

	



Zhang, D.; Cheng, C.; Wang, Y.; Sun, H.; Yu, S.; Xue, Y.; Liu, Y.; Li, W.; Li, X. Effect of Vitamin D on Blood Pressure and Hypertension in the General Population: An Update Meta-Analysis of Cohort Studies and Randomized Controlled Trials. Prev. Chronic. Dis. 2020, 17, E03. [Google Scholar] [CrossRef] [PubMed]

	



Rendina, D.; De Filippo, G.; Strazzullo, P. Should vitamin D status be assessed in patients with congestive heart failure? Nutr. Metab. Cardiovas. 2010, 20, 627–632. [Google Scholar] [CrossRef] [PubMed]

	



Pfeifer, M.; Begerow, B.; Minne, H.W.; Nachtigall, D.; Hansen, C. Effects of a short-term vitamin D-3 and calcium supplementation on blood pressure and parathyroid hormone levels in elderly women. J. Clin. Endocr. Metab. 2001, 86, 1633–1637. [Google Scholar] [PubMed]

	



Scragg, R.; Sowers, M.F.; Bell, C. Serum 25-hydroxyvitamin D, ethnicity, and blood pressure in the third national health and nutrition examination survey. Am. J. Hypertens. 2007, 20, 713–719. [Google Scholar] [CrossRef] [PubMed]

	



Burgaz, A.; Orsini, N.; Larsson, S.C.; Wolk, A. Blood 25-hydroxyvitamin D concentration and hypertension: A meta-analysis. Am. J. Hypertens. 2011, 29, 636–645. [Google Scholar] [CrossRef]

	



Gu, J.W.; Liu, J.H.; Xiao, H.N.; Yang, Y.F.; Dong, W.J.; Zhang, Q.B.; Liu, L.; He, C.S.; Wu, B.H. Relationship between plasma levels of 25-hydroxyvitamin D and arterial stiffness in elderly Chinese with non-dipper hypertension: An observational study. Medicine 2020, 99, e19200. [Google Scholar] [CrossRef]

	



Qi, D.; Nie, X.L.; Wu, S.L.; Cai, J. Vitamin D and hypertension: Prospective study and meta-analysis. PLoS ONE 2017, 12, e0174298. [Google Scholar] [CrossRef]

	



Chishimba, L.; Thickett, D.R.; Stockley, R.A.; Wood, A.M. The vitamin D axis in the lung: A key role for vitamin D-binding protein. Thorax 2010, 65, 456–462. [Google Scholar] [CrossRef]

	



Michos, E.D.; Misialek, J.R.; Selvin, E.; Folsom, A.R.; Pankow, J.S.; Post, W.S.; Lutsey, P.L. 25-hydroxyvitamin D levels, vitamin D binding protein gene polymorphisms and incident coronary heart disease among whites and blacks: The ARIC study. Atherosclerosis 2015, 241, 12–17. [Google Scholar] [CrossRef]

	



Zhu, Y.B.; Li, Z.Q.; Ding, N.; Yi, H.L. The association between vitamin D receptor gene polymorphism and susceptibility to hypertension: A meta-analysis. Eur. Rev. Med. Pharmacol. 2019, 23, 9066–9074. [Google Scholar]

	



Berry, D.; Hypponen, E. Determinants of vitamin D status: Focus on genetic variations. Curr. Opin. Nephrol. Hypertens. 2011, 20, 331–336. [Google Scholar] [CrossRef]

	



Jolliffe, D.A.; Walton, R.T.; Griffiths, C.J.; Martineau, A.R. Single nucleotide polymorphisms in the vitamin D pathway associating with circulating concentrations of vitamin D metabolites and non-skeletal health outcomes: Review of genetic association studies. J. Steroid. Biochem. 2016, 164, 18–29. [Google Scholar] [CrossRef]

	



Lins, T.C.L.; Nogueira, L.R.; Lima, R.M.; Gentil, P.; Oliveira, R.J.; Pereira, R.W. A multiplex single-base extension protocol for genotyping Cdx2, FokI, BsmI, ApaI, and TaqI polymorphisms of the vitamin D receptor gene. Genet. Mol. Res. 2007, 6, 316–324. [Google Scholar]

	



Cooke, J.P.; Chen, Z. A compendium on peripheral arterial disease. Circ. Res. 2015, 116, 1505–1508. [Google Scholar] [CrossRef]

	



Criqui, M.H.; Aboyans, V. Epidemiology of Peripheral Artery Disease. Circ. Res. 2015, 116, 1509–1526. [Google Scholar] [CrossRef]

	



Fowkes, F.G.R.; Rudan, D.; Rudan, I.; Aboyans, V.; Denenberg, J.O.; McDermott, M.M.; Norman, P.E.; Sampson, U.K.A.; Williams, L.J.; Mensah, G.A.; et al. Comparison of global estimates of prevalence and risk factors for peripheral artery disease in 2000 and 2010: A systematic review and analysis. Lancet 2013, 382, 1329–1340. [Google Scholar] [CrossRef]

	



Weinberg, M.D.; Lau, J.F.; Rosenfield, K.; Olin, J.W. Peripheral artery disease. Part 2: Medical and endovascular treatment. Nat. Rev. Cardiol. 2011, 8, 429–441. [Google Scholar] [CrossRef]

	



Ankle Brachial Index, C.; Fowkes, F.G.; Murray, G.D.; Butcher, I.; Heald, C.L.; Lee, R.J.; Chambless, L.E.; Folsom, A.R.; Hirsch, A.T.; Dramaix, M.; et al. Ankle brachial index combined with Framingham Risk Score to predict cardiovascular events and mortality: A meta-analysis. JAMA 2008, 300, 197–208. [Google Scholar] [CrossRef]

	



Golledge, J. Abdominal aortic aneurysm: Update on pathogenesis and medical treatments. Nat. Rev. Cardiol. 2019, 16, 225–242. [Google Scholar] [CrossRef]

	



Kullo, I.J.; Leeper, N.J. The genetic basis of peripheral arterial disease: Current knowledge, challenges, and future directions. Circ. Res. 2015, 116, 1551–1560. [Google Scholar] [CrossRef]

	



Bubenek, S.; Nastase, A.; Niculescu, A.M.; Baila, S.; Herlea, V.; Lazar, V.; Paslaru, L.; Botezatu, A.; Tomescu, D.; Popescu, I.; et al. Assessment of gene expression profiles in peripheral occlusive arterial disease. Can. J. Cardiol. 2012, 28, 712–720. [Google Scholar] [CrossRef] [PubMed]

	



Bogucka-Kocka, A.; Zalewski, D.P.; Ruszel, K.P.; Stepniewski, A.; Galkowski, D.; Bogucki, J.; Komsta, L.; Kolodziej, P.; Zubilewicz, T.; Feldo, M.; et al. Dysregulation of MicroRNA Regulatory Network in Lower Extremities Arterial Disease. Front. Genet. 2019, 10, 1200. [Google Scholar] [CrossRef]

	



Van de Luijtgaarden, K.M.; Voute, M.T.; Hoeks, S.E.; Bakker, E.J.; Chonchol, M.; Stolker, R.J.; Rouwet, E.V.; Verhagen, H.J.M. Vitamin D Deficiency may be an Independent Risk Factor for Arterial Disease. Eur. J. Vasc. Endovasc. 2012, 44, 301–306. [Google Scholar] [CrossRef]

	



Hilger, J.; Friedel, A.; Herr, R.; Rausch, T.; Roos, F.; Wahl, D.A.; Pierroz, D.D.; Weber, P.; Hoffmann, K. A systematic review of vitamin D status in populations worldwide. Br. J. Nutr. 2014, 111, 23–45. [Google Scholar] [CrossRef]

	



Pludowski, P.; Grant, W.B.; Bhattoa, H.P.; Bayer, M.; Povoroznyuk, V.; Rudenka, E.; Ramanau, H.; Varbiro, S.; Rudenka, A.; Karczmarewicz, E.; et al. Vitamin D Status in Central Europe. Int. J. Endocrinol. 2014. [Google Scholar] [CrossRef]

	



Scimeca, M.; Centofanti, F.; Celi, M.; Gasbarra, E.; Novelli, G.; Botta, A.; Tarantino, U. Vitamin D Receptor in Muscle Atrophy of Elderly Patients: A Key Element of Osteoporosis-Sarcopenia Connection. Aging Dis. 2018, 9, 952–964. [Google Scholar] [CrossRef]

	



Amer, M.; Narotsky, D.L.; Qayyum, R. 25-Hydroxyvitamin D and Ankle-Brachial Blood Pressure Index in Adults without Peripheral Artery Disease. Clin. Transl. Sci. 2014, 7, 391–395. [Google Scholar] [CrossRef]

	



Rapson, I.R.; Michos, E.D.; Alonso, A.; Hirsch, A.T.; Matsushita, K.; Reis, J.P.; Lutsey, P.L. Serum 25-hydroxyvitamin D is associated with incident peripheral artery disease among white and black adults in the ARIC study cohort. Atherosclerosis 2017, 257, 123–129. [Google Scholar] [CrossRef]

	



Krishna, S.M. Vitamin D as A Protector of Arterial Health: Potential Role in Peripheral Arterial Disease Formation. Int. J. Mol. Sci. 2019, 20, 4907. [Google Scholar] [CrossRef] [PubMed]

	



Yuan, J.; Jia, P.; Hua, L.; Xin, Z.; Yang, J.K. Vitamin D deficiency is associated with risk of developing peripheral arterial disease in type 2 diabetic patients. BMC Cardiovasc. Disor. 2019, 19, 1–7. [Google Scholar] [CrossRef] [PubMed]

	



Suthar, O.P.; Mathur, S.; Gupta, V.; Agarwal, H.; Mathur, A.; Singh, P.; Sharma, S.L. Study of Correlation of Serum Vitamin D Levels with Arterial Stiffness and Cardiovascular Morbidity in Elderly Individuals of Western Rajasthan. J. Assoc. Physicians India 2018, 66, 18–21. [Google Scholar]

	



Fahrleitner, A.; Dobnig, H.; Obernosterer, A.; Pilger, E.; Leb, G.; Weber, K.; Kudlacek, S.; Obermayer-Pietsch, B.M. Vitamin D deficiency and secondary hyperparathyroidism are common complications in patients with peripheral arterial disease. J. Gen. Intern. Med. 2002, 17, 663–669. [Google Scholar] [CrossRef]

	



Demkova, K.; Kozarova, M.; Malachovska, Z.; Javorsky, M.; Tkac, I. Osteoprotegerin concentration is associated with the presence and severity of peripheral arterial disease in type 2 diabetes mellitus. Vasa 2018, 47, 131–135. [Google Scholar] [CrossRef]

	



Mazidi, M.; Wong, N.D.; Katsiki, N.; Mikhailidis, D.P.; Banach, M. Dietary patterns, plasma vitamins and Trans fatty acids are associated with peripheral artery disease. Lipids Health Dis. 2017, 16, 1–8. [Google Scholar] [CrossRef]

	



Rai, V.; Agrawal, D.K. Role of Vitamin D in Cardiovascular Diseases. Endocrin. Metab. Clin. 2017, 46, 1039. [Google Scholar] [CrossRef]

	



Liew, J.Y.; Sasha, S.R.; Ngu, P.J.; Warren, J.L.; Wark, J.; Dart, A.M.; Shaw, J.A. Circulating vitamin D levels are associated with the presence and severity of coronary artery disease but not peripheral arterial disease in patients undergoing coronary angiography. Nutr. Metab. Cardiovas. 2015, 25, 274–279. [Google Scholar] [CrossRef]

	



Melamed, M.L.; Muntner, P.; Michos, E.D.; Uribarri, J.; Weber, C.; Sharma, J.; Raggi, P. Serum 25-hydroxyvitamin D levels and the prevalence of peripheral arterial disease: Results from NHANES 2001 to 2004. Arterioscler. Thromb. Vasc. Biol. 2008, 28, 1179–1185. [Google Scholar] [CrossRef]

	



Nsengiyumva, V.; Fernando, M.E.; Moxon, J.V.; Krishna, S.M.; Pinchbeck, J.; Omer, S.M.; Morris, D.R.; Jones, R.E.; Moran, C.S.; Seto, S.W.; et al. The association of circulating 25-hydroxyvitamin D concentration with peripheral arterial disease: A meta-analysis of observational studies. Atherosclerosis 2015, 243, 645–651. [Google Scholar] [CrossRef]

	



McDermott, M.M.; Liu, K.A.; Ferrucci, L.; Tian, L.; Guralnik, J.; Kopp, P.; Van Horn, L.; Liao, Y.H.; Green, D.; Kibbe, M.; et al. Vitamin D status, functional decline, and mortality in peripheral artery disease. Vasc. Med. 2014, 19, 18–26. [Google Scholar] [CrossRef] [PubMed]

	



Kazemisaleh, D.; Kiani, K.; Sadeghi, M.; Roohafza, H.; Dianatkhah, M.; Sarrafzadegan, N. The relationship between serum vitamin D levels and ankle-brachial index in patients with metabolic syndrome. ARYA Atheroscler. 2018, 14, 11–16. [Google Scholar] [CrossRef] [PubMed]

	



Li, Y.C. Vitamin D regulation of the renin-angiotensin system. J. Cell. Biochem. 2003, 88, 327–331. [Google Scholar] [CrossRef] [PubMed]

	



Yuan, W.; Pan, W.; Kong, J.; Zheng, W.; Szeto, F.L.; Wong, K.E.; Cohen, R.; Klopot, A.; Zhang, Z.; Li, Y.C. 1,25-dihydroxyvitamin D3 suppresses renin gene transcription by blocking the activity of the cyclic AMP response element in the renin gene promoter. J. Biol. Chem. 2007, 282, 29821–29830. [Google Scholar] [CrossRef]

	



Molinari, C.; Uberti, F.; Grossini, E.; Vacca, G.; Carda, S.; Invernizzi, M.; Cisari, C. 1alpha,25-dihydroxycholecalciferol induces nitric oxide production in cultured endothelial cells. Cell. Physiol. Biochem. 2011, 27, 661–668. [Google Scholar] [CrossRef]

	



Rachid, M.A.; da Silva Camargos, E.R.; Marzano, L.A.S.; da Silva Oliveira, B.; Ferreira, R.N.; Martinelli, P.M.; Teixeira, A.L.; Miranda, A.S.; Simoes, E.S.A.C. Effect of blockade of nitric oxide in heart tissue levels of Renin Angiotensin System components in acute experimental Chagas disease. Life Sci. 2019, 219, 336–342. [Google Scholar] [CrossRef]

	



Le Page, A.; Khalil, A.; Vermette, P.; Frost, E.H.; Larbi, A.; Witkowski, J.M.; Fulop, T. The role of elastin-derived peptides in human physiology and diseases. Matrix Biol. 2019, 84, 81–96. [Google Scholar] [CrossRef]

	



Henriksson, A.E.; Lindqvist, M.; Sihlbom, C.; Bergstrom, J.; Bylund, D. Identification of Potential Plasma Biomarkers for Abdominal Aortic Aneurysm Using Tandem Mass Tag Quantitative Proteomics. Proteomes 2018, 6, 43. [Google Scholar] [CrossRef]

	



Lutsey, P.L.; Rooney, M.R.; Folsom, A.R.; Michos, E.D.; Alonso, A.; Tang, W. Markers of vitamin D metabolism and incidence of clinically diagnosed abdominal aortic aneurysm: The Atherosclerosis Risk in Communities Study. Vasc. Med. 2018, 23, 253–260. [Google Scholar] [CrossRef]

	



Takagi, H.; Umemoto, T.; Alice, G. Vitamins and abdominal aortic aneurysm. Int. Angiol. 2017, 36, 21–30. [Google Scholar] [CrossRef]

	



Wong, Y.Y.; Flicker, L.; Yeap, B.B.; McCaul, K.A.; Hankey, G.J.; Norman, P.E. Is hypovitaminosis D associated with abdominal aortic aneurysm, and is there a dose-response relationship? Eur. J. Vasc. Endovasc. Surg. 2013, 45, 657–664. [Google Scholar] [CrossRef]

	



Martorell, S.; Hueso, L.; Gonzalez-Navarro, H.; Collado, A.; Sanz, M.J.; Piqueras, L. Vitamin D Receptor Activation Reduces Angiotensin-II-Induced Dissecting Abdominal Aortic Aneurysm in Apolipoprotein E-Knockout Mice. Arterioscler. Thromb. Vasc. Biol. 2016, 36, 1587–1597. [Google Scholar] [CrossRef]

	



Chun, R.F.; Peercy, B.E.; Orwoll, E.S.; Nielson, C.M.; Adams, J.S.; Hewison, M. Vitamin D and DBP: The free hormone hypothesis revisited. J. Steroid Biochem. Mol. Biol. 2014, 144 Pt A, 132–137. [Google Scholar] [CrossRef]

	



Carbone, F.; Satta, N.; Burger, F.; Roth, A.; Lenglet, S.; Pagano, S.; Lescuyer, P.; Bertolotto, M.; Spinella, G.; Pane, B.; et al. Vitamin D receptor is expressed within human carotid plaques and correlates with pro-inflammatory M1 macrophages. Vasc. Pharmacol. 2016, 85, 57–65. [Google Scholar] [CrossRef]

	



Halper, J. Basic Components of Vascular Connective Tissue and Extracellular Matrix. Adv. Pharmacol. 2018, 81, 95–127. [Google Scholar] [CrossRef]

	



Cybulsky, M.I.; Cheong, C.; Robbins, C.S. Macrophages and Dendritic Cells: Partners in Atherogenesis. Circ. Res. 2016, 118, 637–652. [Google Scholar] [CrossRef]

	



Ertugrul, D.T.; Yavuz, B.; Cil, H.; Ata, N.; Akin, K.O.; Kucukazman, M.; Yalcin, A.A.; Dal, K.; Yavuz, B.B.; Tutal, E. STATIN-D study: Comparison of the influences of rosuvastatin and fluvastatin treatment on the levels of 25 hydroxyvitamin D. Cardiovasc. Ther. 2011, 29, 146–152. [Google Scholar] [CrossRef]

	



Gupta, A.; Thompson, P.D. The relationship of vitamin D deficiency to statin myopathy. Atherosclerosis 2011, 215, 23–29. [Google Scholar] [CrossRef]

	



Yin, K.; You, Y.; Swier, V.; Tang, L.; Radwan, M.M.; Pandya, A.N.; Agrawal, D.K. Vitamin D Protects Against Atherosclerosis via Regulation of Cholesterol Efflux and Macrophage Polarization in Hypercholesterolemic Swine. Arterioscler. Thromb. Vasc. Biol. 2015, 35, 2432–2442. [Google Scholar] [CrossRef]

	



Cutolo, M. Vitamin D and autoimmune rheumatic diseases. Rheumatology 2009, 48, 210–212. [Google Scholar] [CrossRef]

	



Robinson, A.B.; Tangpricha, V.; Yow, E.; Gurion, R.; McComsey, G.; Schanberg, L.E. Vitamin D Deficiency is Common and Associated with Increased C-Reactive Protein In Children with Lupus: An Atherosclerosis Prevention in Pediatric Lupus Erythematosus Substudy. Arthritis Rheum. 2013, 65, S1141. [Google Scholar] [CrossRef]

	



Pike, J.W.; Meyer, M.B. The Vitamin D Receptor: New Paradigms for the Regulation of Gene Expression by 1,25-Dihydroxyvitamin D-3. Rheum. Dis. Clin. N. Am. 2012, 38, 13–27. [Google Scholar] [CrossRef]

	



Carlberg, C.; Seuter, S.; de Mello, V.D.; Schwab, U.; Voutilainen, S.; Pulkki, K.; Nurmi, T.; Virtanen, J.; Tuomainen, T.P.; Uusitupa, M. Primary vitamin D target genes allow a categorization of possible benefits of vitamin D(3) supplementation. PLoS ONE 2013, 8, e71042. [Google Scholar] [CrossRef]

	



Angelini, F.; Pagano, F.; Bordin, A.; Milan, M.; Chimenti, I.; Peruzzi, M.; Valenti, V.; Marullo, A.; Schirone, L.; Palmerio, S.; et al. The Impact of Environmental Factors in Influencing Epigenetics Related to Oxidative States in the Cardiovascular System. Oxid. Med. Cell. Longev. 2017, 2017, 2712751. [Google Scholar] [CrossRef]

	



Meyer, M.B.; Benkusky, N.A.; Pike, J.W. 1,25-Dihydroxyvitamin D3 induced histone profiles guide discovery of VDR action sites. J. Steroid Biochem. Mol. Biol. 2014, 144 Pt A, 19–21. [Google Scholar] [CrossRef]

	



Nurminen, V.; Neme, A.; Seuter, S.; Carlberg, C. The impact of the vitamin D-modulated epigenome on VDR target gene regulation. Biochim. Biophys. Acta Gene Regul. Mech. 2018, 1861, 697–705. [Google Scholar] [CrossRef]

	



Aranow, C. Vitamin D and the immune system. J. Investig. Med. 2011, 59, 881–886. [Google Scholar] [CrossRef]

	



Carlberg, C.; Seuter, S.; Nurmi, T.; Tuomainen, T.P.; Virtanen, J.K.; Neme, A. In vivo response of the human epigenome to vitamin D: A Proof-of-principle study. J. Steroid Biochem. Mol. Biol. 2018, 180, 142–148. [Google Scholar] [CrossRef]

	



Seuter, S.; Neme, A.; Carlberg, C. Epigenome-wide effects of vitamin D and their impact on the transcriptome of human monocytes involve CTCF. Nucleic Acids Res. 2016, 44, 4090–4104. [Google Scholar] [CrossRef]

	



Zhu, H.; Wang, X.; Shi, H.; Su, S.; Harshfield, G.A.; Gutin, B.; Snieder, H.; Dong, Y. A genome-wide methylation study of severe vitamin D deficiency in African American adolescents. J. Pediatr. 2013, 162, 1004–1009. [Google Scholar] [CrossRef]

	



Li, Y.C.; Kong, J.; Wei, M.; Chen, Z.F.; Liu, S.Q.; Cao, L.P. 1,25-Dihydroxyvitamin D(3) is a negative endocrine regulator of the renin-angiotensin system. J. Clin. Invest. 2002, 110, 229–238. [Google Scholar] [CrossRef] [PubMed]

	



Li, Y.C.; Qiao, G.; Uskokovic, M.; Xiang, W.; Zheng, W.; Kong, J. Vitamin D: A negative endocrine regulator of the renin-angiotensin system and blood pressure. J. Steroid Biochem. Mol. Biol. 2004, 89–90, 387–392. [Google Scholar] [CrossRef] [PubMed]

	



Tishkoff, D.X.; Nibbelink, K.A.; Holmberg, K.H.; Dandu, L.; Simpson, R.U. Functional vitamin D receptor (VDR) in the t-tubules of cardiac myocytes: VDR knockout cardiomyocyte contractility. Endocrinology 2008, 149, 558–564. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, C.; Lu, F.; Cao, K.; Xu, D.; Goltzman, D.; Miao, D. Calcium-independent and 1,25(OH)2D3-dependent regulation of the renin-angiotensin system in 1alpha-hydroxylase knockout mice. Kidney Int. 2008, 74, 170–179. [Google Scholar] [CrossRef] [PubMed]

	



Weishaar, R.E.; Kim, S.N.; Saunders, D.E.; Simpson, R.U. Involvement of vitamin D3 with cardiovascular function. III. Effects on physical and morphological properties. Am. J. Physiol. 1990, 258, E134–E142. [Google Scholar] [CrossRef] [PubMed]

	



Nibbelink, K.A.; Tishkoff, D.X.; Hershey, S.D.; Rahman, A.; Simpson, R.U. 1,25(OH)2-vitamin D3 actions on cell proliferation, size, gene expression, and receptor localization, in the HL-1 cardiac myocyte. J. Steroid Biochem. Mol. Biol. 2007, 103, 533–537. [Google Scholar] [CrossRef]

	



Chen, S.; Glenn, D.J.; Ni, W.; Grigsby, C.L.; Olsen, K.; Nishimoto, M.; Law, C.S.; Gardner, D.G. Expression of the vitamin d receptor is increased in the hypertrophic heart. Hypertension 2008, 52, 1106–1112. [Google Scholar] [CrossRef]

	



Chen, S.; Law, C.S.; Grigsby, C.L.; Olsen, K.; Hong, T.T.; Zhang, Y.; Yeghiazarians, Y.; Gardner, D.G. Cardiomyocyte-specific deletion of the vitamin D receptor gene results in cardiac hypertrophy. Circulation 2011, 124, 1838–1847. [Google Scholar] [CrossRef]

	



Green, J.J.; Robinson, D.A.; Wilson, G.E.; Simpson, R.U.; Westfall, M.V. Calcitriol modulation of cardiac contractile performance via protein kinase C. J. Mol. Cell Cardiol. 2006, 41, 350–359. [Google Scholar] [CrossRef]

	



Glenn, D.J.; Cardema, M.C.; Gardner, D.G. Amplification of lipotoxic cardiomyopathy in the VDR gene knockout mouse. J. Steroid Biochem. Mol. Biol. 2016, 164, 292–298. [Google Scholar] [CrossRef]

	



Lai, C.C.; Liu, C.P.; Cheng, P.W.; Lu, P.J.; Hsiao, M.; Lu, W.H.; Sun, G.C.; Liou, J.C.; Tseng, C.J. Paricalcitol Attenuates Cardiac Fibrosis and Expression of Endothelial Cell Transition Markers in Isoproterenol-Induced Cardiomyopathic Rats. Crit. Care Med. 2016, 44, e866–e874. [Google Scholar] [CrossRef]

	



Seker, T.; Gur, M.; Ucar, H.; Turkoglu, C.; Baykan, A.O.; Ozaltun, B.; Harbalioglu, H.; Yuksel Kalkan, G.; Kaypakli, O.; Kuloglu, O.; et al. Lower serum 25-hydroxyvitamin D level is associated with impaired myocardial performance and left ventricle hypertrophy in newly diagnosed hypertensive patients. Anatol. J. Cardiol. 2015, 15, 744–750. [Google Scholar] [CrossRef]

	



Ameri, P.; Canepa, M.; Milaneschi, Y.; Spallarossa, P.; Leoncini, G.; Giallauria, F.; Strait, J.B.; Lakatta, E.G.; Brunelli, C.; Murialdo, G.; et al. Relationship between vitamin D status and left ventricular geometry in a healthy population: Results from the Baltimore Longitudinal Study of Aging. J. Intern. Med. 2013, 273, 253–262. [Google Scholar] [CrossRef]

	



Drechsler, C.; Schmiedeke, B.; Niemann, M.; Schmiedeke, D.; Kramer, J.; Turkin, I.; Blouin, K.; Emmert, A.; Pilz, S.; Obermayer-Pietsch, B.; et al. Potential role of vitamin D deficiency on Fabry cardiomyopathy. J. Inherit. Metab. Dis. 2014, 37, 289–295. [Google Scholar] [CrossRef]

	



Yilmaz, O.; Olgun, H.; Ciftel, M.; Kilic, O.; Kartal, I.; Iskenderoglu, N.Y.; Laloglu, F.; Ceviz, N. Dilated cardiomyopathy secondary to rickets-related hypocalcaemia: Eight case reports and a review of the literature. Cardiol. Young 2015, 25, 261–266. [Google Scholar] [CrossRef]

	



Venugopalan, G.; Navinath, M.; Pradeep, B.; Sobia, N.; Chandan Jyoti, D.; Nitish, N.; Dey, A.B. Hypocalcemic Cardiomyopathy Due to Vitamin D Deficiency in a Very Old Man. J. Am. Geriatr. Soc. 2015, 63, 1708–1709. [Google Scholar] [CrossRef]

	



Bansal, B.; Bansal, M.; Bajpai, P.; Garewal, H.K. Hypocalcemic cardiomyopathy-different mechanisms in adult and pediatric cases. J. Clin. Endocrinol. Metab. 2014, 99, 2627–2632. [Google Scholar] [CrossRef]

	



Polat, V.; Bozcali, E.; Uygun, T.; Opan, S.; Karakaya, O. Low vitamin D status associated with dilated cardiomyopathy. Int. J. Clin. Exp. Med. 2015, 8, 1356–1362. [Google Scholar]

	



Gruson, D.; Ferracin, B.; Ahn, S.A.; Zierold, C.; Blocki, F.; Hawkins, D.M.; Bonelli, F.; Rousseau, M.F. 1,25-Dihydroxyvitamin D to PTH(1-84) Ratios Strongly Predict Cardiovascular Death in Heart Failure. PLoS ONE 2015, 10, e0135427. [Google Scholar] [CrossRef]

	



Leon Rodriguez, D.A.; Carmona, F.D.; Gonzalez, C.I.; Martin, J. Evaluation of VDR gene polymorphisms in Trypanosoma cruzi infection and chronic Chagasic cardiomyopathy. Sci. Rep. 2016, 6, 31263. [Google Scholar] [CrossRef]

	



Anderson, J.L.; May, H.T.; Horne, B.D.; Bair, T.L.; Hall, N.L.; Carlquist, J.F.; Lappe, D.L.; Muhlestein, J.B.; Intermountain Heart Collaborative Study Group. Relation of vitamin D deficiency to cardiovascular risk factors, disease status, and incident events in a general healthcare population. Am. J. Cardiol. 2010, 106, 963–968. [Google Scholar] [CrossRef] [PubMed]

	



De Metrio, M.; Milazzo, V.; Rubino, M.; Cabiati, A.; Moltrasio, M.; Marana, I.; Campodonico, J.; Cosentino, N.; Veglia, F.; Bonomi, A.; et al. Vitamin D plasma levels and in-hospital and 1-year outcomes in acute coronary syndromes: A prospective study. Medicine 2015, 94, e857. [Google Scholar] [CrossRef] [PubMed]

	



Glueck, C.J.; Jetty, V.; Rothschild, M.; Duhon, G.; Shah, P.; Prince, M.; Lee, K.; Goldenberg, M.; Kumar, A.; Goldenberg, N.; et al. Associations between Serum 25-hydroxyvitamin D and Lipids, Lipoprotein Cholesterols, and Homocysteine. N. Am. J. Med. Sci. 2016, 8, 284–290. [Google Scholar] [CrossRef] [PubMed]

	



Gupta, G.K.; Agrawal, T.; Rai, V.; Del Core, M.G.; Hunter, W.J., 3rd; Agrawal, D.K. Vitamin D Supplementation Reduces Intimal Hyperplasia and Restenosis following Coronary Intervention in Atherosclerotic Swine. PLoS ONE 2016, 11, e0156857. [Google Scholar] [CrossRef]

	



Gondim, F.; Caribe, A.; Vasconcelos, K.F.; Segundo, A.D.; Bandeira, F. Vitamin D Deficiency Is Associated with Severity of Acute Coronary Syndrome in Patients with Type 2 Diabetes and High Rates of Sun Exposure. Clin. Med. Insights Endocrinol. Diabetes 2016, 9, 37–41. [Google Scholar] [CrossRef]

	



Meems, L.M.; Brouwers, F.P.; Joosten, M.M.; Lambers Heerspink, H.J.; de Zeeuw, D.; Bakker, S.J.; Gansevoort, R.T.; van Gilst, W.H.; van der Harst, P.; de Boer, R.A. Plasma calcidiol, calcitriol, and parathyroid hormone and risk of new onset heart failure in a population-based cohort study. ESC Heart Fail. 2016, 3, 189–197. [Google Scholar] [CrossRef]

	



Robbins, J.; Petrone, A.B.; Gaziano, J.M.; Djousse, L. Dietary vitamin D and risk of heart failure in the Physicians’ Health Study. Clin. Nutr. 2016, 35, 650–653. [Google Scholar] [CrossRef]

	



Schroten, N.F.; Ruifrok, W.P.; Kleijn, L.; Dokter, M.M.; Sillje, H.H.; Lambers Heerspink, H.J.; Bakker, S.J.; Kema, I.P.; van Gilst, W.H.; van Veldhuisen, D.J.; et al. Short-term vitamin D3 supplementation lowers plasma renin activity in patients with stable chronic heart failure: An open-label, blinded end point, randomized prospective trial (VitD-CHF trial). Am. Heart J. 2013, 166, 357–364.e2. [Google Scholar] [CrossRef]

	



Belen, E.; Aykan, A.C.; Kalaycioglu, E.; Sungur, M.A.; Sungur, A.; Cetin, M. Low-Level Vitamin D Is Associated with Atrial Fibrillation in Patients with Chronic Heart Failure. Adv. Clin. Exp. Med. 2016, 25, 51–57. [Google Scholar] [CrossRef]

	



Canpolat, U.; Aytemir, K.; Hazirolan, T.; Ozer, N.; Oto, A. Relationship between vitamin D level and left atrial fibrosis in patients with lone paroxysmal atrial fibrillation undergoing cryoballoon-based catheter ablation. J. Cardiol. 2017, 69, 16–23. [Google Scholar] [CrossRef]

	



Liu, X.; Wang, W.; Tan, Z.; Zhu, X.; Liu, M.; Wan, R.; Hong, K. The relationship between vitamin D and risk of atrial fibrillation: A dose-response analysis of observational studies. Nutr. J. 2019, 18, 73. [Google Scholar] [CrossRef]

	



Wu, M.; Xu, K.; Wu, Y.; Lin, L. Role of Vitamin D in Patients with Heart Failure with Reduced Ejection Fraction. Am. J. Cardiovasc. Drugs 2019, 19, 541–552. [Google Scholar] [CrossRef]

	



Barbarawi, M.; Kheiri, B.; Zayed, Y.; Barbarawi, O.; Dhillon, H.; Swaid, B.; Yelangi, A.; Sundus, S.; Bachuwa, G.; Alkotob, M.L.; et al. Vitamin D Supplementation and Cardiovascular Disease Risks in More Than 83000 Individuals in 21 Randomized Clinical Trials: A Meta-analysis. JAMA Cardiol. 2019, 4, 765–776. [Google Scholar] [CrossRef]

	



Pandit, A.; Mookadam, F.; Boddu, S.; Aryal Pandit, A.; Tandar, A.; Chaliki, H.; Cha, S.; Lee, H.R. Vitamin D levels and left ventricular diastolic function. Open Heart 2014, 1, e000011. [Google Scholar] [CrossRef]

	



Cerit, L.; Kemal, H.; Gulsen, K.; Ozcem, B.; Cerit, Z.; Duygu, H. Relationship between Vitamin D and the development of atrial fibrillation after on-pump coronary artery bypass graft surgery. Cardiovasc. J. Afr. 2017, 28, 104–107. [Google Scholar] [CrossRef]

	



Alonso, A.; Misialek, J.R.; Michos, E.D.; Eckfeldt, J.; Selvin, E.; Soliman, E.Z.; Chen, L.Y.; Gross, M.D.; Lutsey, P.L. Serum 25-hydroxyvitamin D and the incidence of atrial fibrillation: The Atherosclerosis Risk in Communities (ARIC) study. Europace 2016, 18, 1143–1149. [Google Scholar] [CrossRef]

	



Mathew, S.; Lund, R.J.; Chaudhary, L.R.; Geurs, T.; Hruska, K.A. Vitamin D receptor activators can protect against vascular calcification. J. Am. Soc. Nephrol. 2008, 19, 1509–1519. [Google Scholar] [CrossRef]








[image: Life 11 00452 g001 550] 





Figure 1. Representative image reporting the synergism between vitamin D and vitamin K. The imbalance between vitamin D and K in the blood results in a dysfunction whereby the excess calcium takes a route towards the soft tissues rather than the one leading to the bones, promoting vascular calcification. (BMP = bone Gla protein; MGP = matrix Gla protein; BMD = bone mineral density). 






Figure 1. Representative image reporting the synergism between vitamin D and vitamin K. The imbalance between vitamin D and K in the blood results in a dysfunction whereby the excess calcium takes a route towards the soft tissues rather than the one leading to the bones, promoting vascular calcification. (BMP = bone Gla protein; MGP = matrix Gla protein; BMD = bone mineral density).



[image: Life 11 00452 g001]







[image: Table] 





Table 1. Table reporting the presence of 1-α-hydroxylase and vitamin D receptor (VDR) in different apparatus/system.
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	Apparatus/System
	1-α-Hydroxylase
	Vit D Receptor (VDR)





	Endocrine
	
	



	pancreatic β cells (insulin)
	+
	+



	Parathyroid Cells
	+
	+



	Thyroid/adrenal/pituitary cells
	−
	+



	Cardiovascular
	
	



	Myocardiocytes/Endothelium
	+
	+



	Smooth muscle cells
	−
	+



	Skeletal Muscle
	
	



	Cartilage, chondrocytes, osteoblast
	+
	+



	Skeletal muscle fibres
	−
	+



	Gastro-Intestinal
	
	



	GALT (Gut Associated Lymphoid Tissue)
	+
	+



	Esophagus-stomach-intestine
	−
	+



	Liver
	−
	+



	Genitourinary
	
	



	Prostate
	+
	+



	Testis, ovary, uterus
	−
	+



	Breast-placental/Decidual
	+
	+



	Nervous
	
	



	Neurons-Glia
	+
	+



	Blood and Immune
	
	



	Macrophages, monocytes, lymphocytes (B-T) dendritic cells
	+
	+



	Bone marrow
	+
	+



	Thymus
	−
	+



	Integumentary
	
	



	Keratinocytes
	+
	+



	Hair follicle cells
	−
	+



	Adipocytes
	−
	+
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