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Abstract

Vitamin D is a vital nutrient that plays a significant part in several physiological processes within the human
body, including calcium metabolism, bone health, immune function, and cell growth and differentiation. It
is obtained mainly through exposure to sunlight but can be acquired from certain foods and supplements as
well. Vitamin D deficiency (VDD) could be the risk factor for cardiovascular diseases (CVDs), such as heart
disease and stroke. In blood vitamin D low levels have been linked with an enhanced risk of developing
CVDs. However, it is unclear whether vitamin D levels are the leading cause or consequence of these
conditions. While some studies highlight that taking vitamin D supplements could decrease the risk of CVD;
however, more research is required to better understand the association between vitamin D and
cardiovascular health. In this review, we aimed to summarize the currently available evidence supporting the
association between vitamin D and CVDs and anesthesia considerations.
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Introduction And Background

Vitamin D (VD) is a fat-soluble vitamin that plays a significant role in several physiological processes within
the human body. It is primarily known for its role in maintaining bone health by promoting the absorption of
phosphorus and calcium from the diet, which are essential for bone growth and development [1-3]. VD is
also involved in several other functions, including immune system regulation, cell growth and
differentiation, muscle function, and cardiovascular health. VD is produced in the skin from exposure to
sunlight and can be acquired from certain foods and supplements [4,5]. There are two major types of VD: D2
(ergocalciferol) and D3 (cholecalciferol). Vitamin D2 is mostly found in plant-based sources such as
mushrooms, whereas vitamin D3 is produced in the skin in response to sunlight and found in animal-based
sources such as egg yolk and fatty fish [6,7].

Although VD deficiency (VDD) is rare in healthy individuals with enough sun exposure and a balanced diet,
it can occur in individuals with limited exposure to sunlight, darker skin color, or certain medical disorders
affecting VD metabolism. VDD is linked to an enhanced risk of several health conditions including bone
disorders, autoimmune diseases, and cardiovascular disease (CVD) [8-10]. As such, it is important for
individuals to maintain sufficient levels of VD through the intake of a balanced and varied diet, moderate
exposure to sunlight, and, in some cases, VD supplementation. However, before starting any supplement,
excessive VD intake can have harmful effects on health. A growing interest has recently been observed in the
possible role of VD in the avoidance of CVD [11].

Review
VD physiology and metabolism

Once VD is consumed, it is assimilated into chylomicrons that are then absorbed by the lymphatic system
and enter into circulation [12-15]. During digestion, vitamin D2 is bound to a VD-binding protein (VDBP)
and albumin [16,17]. VD is transferred to the liver, where it is transformed into 25(0OH)D via vitamin-D-25-
hydroxylase [15]. Within the kidney, it is transformed into 1,25(OH)2D via 25-hydroxyvitamin D-1a [15,18].
1,25(0OH)2D binds to VDBP in the blood, and then upon disassociation, it binds to the intracellular nuclear
VD receptor (VDR) to wield several physiologic functions while maintaining its own levels [14,15]. Although
1,25-hydroxycholecalciferol and 25-hydroxycholecalciferol are mainly produced in the kidneys and liver,
respectively, in the epidermis, the keratinocytes express 25-hydroxylase(CYP27A1) [19], 1,25-
hydroxycholecalciferol, and 1a-hydroxylase(CYP27B1) [20]. However, the skin’s ability to synthesize
1,25(0H)2 D3 is rare [21] because the skin itself is the target tissue [22]. As such, VD and its complex
interaction with calcium encourage keratinocyte differentiation [23].
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Although the highest concentrations of the VDR exist within cells engaged in calcium homeostasis [14,24],
VDR is found in all cells of the human body [13,14,24,25]. Several cells also perform 25(0OH)D1 alpha-
hydroxylase action (CYP27B1) that enables 1,25(0OH)2D elimination through the kidneys. The enzyme in
these tissues is controlled by certain factors-for example, stage of cell development and provocative
signaling molecules. In addition, the extra-renal tissues can degrade 1,25(0OH)2D [14]. The activation of VDR
by 1,25(0H)2D causes massive biological activations within these tissues through both genomic and
nongenomic pathways [13,14].It is known VD boosts the immune system and possesses sturdy
immunomodulatory capability. Numerous components associated with VD are found in the cardiovascular
system, signifying it plays a significant role in cardiovascular health. The extraskeletal functions of VD are
currently being measured as targets to decrease the risk of carcinoma, neurocognitive dysfunction,
autoimmune and other diseases, and death [14]. However, additional research is required [26].

VD testing

The plasma/serum level of 25(OH)D is a normally accepted biological marker of VD status. Regarding several
other metabolites, 25(OH)D reflects appropriate dietary VD status, having the longest half-life of between
two and three weeks. Vitamin D3 (cholecalciferol) has a half-life of 24 hours, and 1,25(0H)2D has a half-life
of only four hours [27].

In circulation, the elevated percentage of 1,25(0OH)2D and 25(OH)D bound to VDBP is 80% to 90%, whereas,
for albumin, it is 10% to 20%, although an insignificant amount is not bound (0.2% to 0.6% of 1,25(0H)2D
and 0.02% to 0.05% of 25(0H)D) [27]. No agreement exists on the ideal levels of 25(OH)D, according to two
official reports issued by the Institute of Medicine [28] and the US Endocrine Society [29]. A concentration of
25(0H)D above 30 ng/mL is appropriate, as per the US Endocrine Society guidelines, whereas the cut-off
value provided by the Institute of Medicine is 20 ng/mL [30].

Several techniques are used to test serum 25(0OH)D. Liquid chromatography-tandem mass spectrometry is
the gold standard because it can distinguish 25(0OH)D2 and 25(OH)D3. Two techniques, radioimmunoassay
and chemiluminescence, are extensively used along with the enzyme-linked immunosorbent assay [27]. The
recommended dietary intake daily is between 400 and 1,000 IU [29]. Vitamin D2 (ergocalciferol) is the
presumed measure in the diet, different from vitamin D3 (cholecalciferol) because of its insignificant affinity
for VDBP. This is why supplementations do not lead to elevated VD serum concentrations within the blood
[30].

VD and the cardiovascular system

The effects of VD on cardiovascular health can be measured by its emerging and classic cardiovascular risk
determinants or its direct effects on the cardiovascular system [31]. An increasing volume of evidence has
emphasized the association between VD and the cardiovascular system (Figure I).
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FIGURE 1: Major hypothetical mechanisms underlying the association
between vitamin D and cardiovascular disease

RAAS = renin-angiotensin-aldosterone system.

With permission from [32].

Fibroblasts, vascular endothelial and smooth muscle cells, and cardiomyocytes express the VDR and 1a-
hydroxylase which is present in these cells , facilitating the production of active form of VD [33]. It has been
demonstrated by experimental models that VD has numerous cardiovascular effects, such as
antihypertrophic properties, cardiomyocyte proliferation inhibition, stimulation of proliferation of smooth
muscle cells, endothelial growth factor expression, and inhibition of natriuretic peptide emission and the
renin-angiotensin-aldosterone system [34]. The activation of VDR through calcitriol or its analogs can
directly hinder the expression of angiotensin I and the local production of angiotensin II in the myocardium,
kidney tissue, and renal arteries [35]. Furthermore, VD is found to stimulate the expression of angiotensin-
converting enzyme-2, which is the enzyme that breaks down angiotensin II into angiotensin 1-7. It further
counteracts the excessive level of angiotensin II and, therefore, fosters the antihypertensive, antifibrotic,
and anti-inflammatory functions of angiotensin 1-7 [36]. Finally, the immune cells requiring VDR can have a
direct effect on miR-106b-5p emissions. This could enhance renin production by acting upon
juxtaglomerular cells, hence implying that inflammation is a major factor regarding renin-driven
hypertension [37].

In addition, VD controls the expression of specific metalloproteinases and metalloproteinase inhibitors that
encourage the development of heart failure [38]. Despite the direct impact, VD could have an indirect impact
on the cardiovascular system via its influence on the cardiovascular risk determinants. The deficiency of VD
is related to the development of hypertension [31,39], Type 2 Diabetes Mellitus, and dyslipidemia [31,40].
Finally, there is growing evidence highlighting the anti-inflammatory role it plays in hindering the
activation of tumor necrosis factor-alpha and nuclear factor kappa B, as well as by promoting interleukin-10,
which are all recognized as significant contributors to CVD [41]. Overall, these observations significantly
support VD involvement in the progression as well as development of CVD and its possible effect on short-
and long-term cardiovascular consequences [32].

Atherosclerosis

Atherosclerosis occurs due to an interplay between hereditary and environmental factors. The most common
determinants that encourage the development of atherosclerosis are elevated low-density lipoproteins
(LDLs) in the bloodstream, as well as hypertension [42]. Currently, various findings demonstrate an
association between VD and atherosclerosis plaque development, probably mediated through immune
response modulation [43]. These interactions are elucidated through the expression of VDR, CYP27B1, and
CYP27A1 hydroxylases in immune cells. VD activation is linked to the latter, which plays an important role
as a paracrine/autocrine modulator for atherosclerotic plaque pathobiology [44]. Active VD affects immune
cells such as macrophages and dendritic cells. VD specifically induces the transition of monocytes into
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macrophages, resulting in cellular obligation toward the M1 phenotype. The M1 phenotype is accountable
for generating immunosuppressant cytokines, such as prostaglandin E2, and for suppressing the expression
of Toll-like receptors (TLR) such as TLR2, TLR4, and TLR9. As a result of the downregulation of class II main
histocompatibility complex antigens at the cell surface, there is a reduction in pro-inflammatory cytokines
synthesis [45].

VD has a regulatory effect on adaptive immune cells, specifically on B lymphocytes, inhibiting their
propagation, their development into plasma cells, and immunoglobulin production [46]. Regarding T
lymphocytes, VD represses the pro-inflammatory responses, dependent upon Th1 and Th17, while
promoting the immunomodulatory activities of Th2, Treg, and Tr1 [47]. In addition, a study revealed the
interaction between VD and VDR signaling can decrease scavenger receptor expression on macrophage
surfaces in individuals with diabetes. This mechanism can prevent the accumulation of LDL cholesterol in
foam cells, ultimately mitigating the risk of vascular atherosclerosis [48]. VDR activation also triggers an
anti-atherosclerotic mechanism by inhibiting the expression of nuclear factor kappa-light-chain-enhancer
of the activated B cells (NF-kB) gene. This results in the downregulation of pro-inflammatory as well as
prothrombogenic cytokines, such as interleukin-6, and the upregulation of interleukin-10 and
thrombomodulin. By inhibiting foam cell formation, this modulation of endothelial function suppresses
vascular calcifications and thwarts the formation of atherosclerotic plaques [49]. Another study, conducted
on pigs, indicated how sufficient intracellular concentrations of VD can downregulate NF-kB expression by
preventing kariopherin-A4 from stimulating NF-kB expression [50]. The major characteristics of these
paracrine/autocrine pathways depend upon their independence from systemic levels of PTH, calcium, and
1,25-dihydroxylcalciferol. Hence, the lack of dependence on classical regulatory mechanisms may account
for the inconclusive findings from clinical trials, assessing the cardiovascular effects of VD supplementation.
Taken together, these factors justify the observed association between VDR expression and the burden of
atherosclerotic plaques in vivo. Among transgenic rats overexpressing 24-hydroxylase, which deactivates
1,25-OH VD, marked atherosclerotic lesions were identified [51]. Furthermore, assessments have been
carried out on human atherosclerotic plaques acquired from patients experiencing endarterectomy from
carotid stenosis. These experimental annotations showed intraplaque VDR levels are associated with M1
phenotype macrophage expression. Differently from plasma VD levels, low levels of VDR within the
downstream sections of carotid plaques envisage the risk of major adverse cardiovascular events (MACE)
[52]. The participation of VD in the regulation of visceral, as well as ectopic fat deposition, may also
contribute to cardiometabolic dysfunction. The outcomes of some clinical studies suggest concurrent
supplementation of VD and calcium could reduce fat deposition, as well as the risk of cardiovascular and
metabolic anomalies [53].

Stroke

Malnutrition is commonly observed among poststroke patients admitted to rehabilitation units, and this can
have an impact on their nutritional indices and vitamin levels. As a result, strokes are considered the
primary cause of population disability. VDD appears to have implications that go beyond the risk and
severity of stroke, as it also affects the process of poststroke recovery [27].

Poole et al. reported a decreased level of 25(OH)D (below 20 ng/mL) among 77% of 44 patients investigated
for 30 days after their first stroke. They postulated that VDD was possibly present before stroke, given that
the biological half-life of 25(OH)D is almost three weeks and a severe decrease in 25(OH)D seemed
unfeasible for the time between 25(0OH)D sampling and the stroke event [54]. Liu et al. asserted a novel
strategy to prevent stroke is the administration of VD. A VD supplement is aimed at conserving a 25(OH)D
serum level of more than 30 ng/mL among patients following stroke insult and among people at an elevated
risk of stroke. This supplement has been proposed to be a protective and promising treatment [55].

Pilz et al. highlighted the potential pathways linking VDD with enhanced risk of stroke. Arterial
hypertension is a major risk factor regarding stroke and is related to low concentrations of vitamins; the
mechanism appears to be associated with the renin-angiotensin-aldosterone system; the prevention of
renoprotective, anti-inflammatory, and hyperparathyroidism effects; and vasculoprotective properties [56].
Furthermore, VDD is related to an enhanced risk for T2DM. Atherosclerosis, secondary hyperparathyroidism,
inflammation, and prothrombotic states are among the other risk determinants for ischemic cerebrovascular
incidents [57].

Muscogiuri et al. investigated the role of VDD in stroke, myocardial infarction, and atherosclerosis,
describing the mechanism, along with a comprehensive description of research regarding other animal
models [58]. A large-scale study conducted in Copenhagen and a meta-analysis by Brandum et al. assessed a
total of 10,170 respondents. During the 21-year follow-up period, 1,256 respondents developed ischemic
stroke. When comparing the participants with acute VDD (10 ng/mL) with respondents to those with optimal
VD levels (30.0 ng/mL), the multivariate-adjusted hazard ratio of ischemic stroke was 1.36 (1.09-1.70). The
concentrations of VD were not correlated with hemorrhagic stroke risk. The results of this study were
verified by a meta-analysis in which the lowest versus highest quartile of 25(OH)D was compared; the
multivariate-adjusted odds ratio for ischemic stroke was 1.54 (1.43-1.65), along with a matching hazard ratio
of 1.46 (1.35-1.58) in prospective studies [59].

2023 Haider et al. Cureus 15(11): €49734. DOI 10.7759/cureus.49734 4 0of 21



Cureus

A meta-analysis and systematic review of 191 studies were carried out by Zhou et al. to investigate the
potential relationship of VD with stroke risk. The authors concluded low VD levels are related to an
enhanced risk of ischemia, but not stroke or hemorrhage [60]. One study included in this meta-analysis
demonstrated a correlation between VDD and stroke risk, regardless of race [61].

Ludwigshafen’s Risk and Cardiovascular Health study examined >3,000 patients for eight years, reporting
that low concentrations of 25(OH)D and 1,25(0OH)2D were prognostic of lethal stroke [62]. Another study on
vitamins as stroke forecasters among aging people demonstrated that low intake of VD and a low
concentration of 1,25(0OH)2D were significant risks for stroke [63]. Several observational studies have
suggested VD may protect people from stroke, but another study carried out among 25,871 participants
reported that vitamin D3 (200 IU daily) supplements do not decrease cardiovascular incidents, including
stroke [64].

Diabetes

Type-1 diabetes mellitus (T1DM) is caused by autoimmune obliteration of the pancreatic beta cells, causing
complete insulin production deficiency [8]. Regarding type-2 diabetes mellitus development, the main
mechanisms concerned are the dysfunction of beta cells, systemic inflammation, and peripheral insulin
resistance. Based on the evidence, VDD is related to all these functions [65].

VD may exert effects on beta cell activity by directly associating with VDR receptors and through enzyme
la-hydroxylase local expression. In addition, VD may potentially boost insulin sensitivity by stimulating
VDR expression within peripheral tissues, as well as by triggering proliferator-activated receptor-gamma
receptors in peroxisomes, which play a considerable part in controlling fatty acid metabolism in adipose
tissue and skeletal muscle. In contrast, VD may contribute via indirect pathways to insulin emission and
sensitivity by regulating the concentration of calcium and altering peripheral tissue and beta cell
membranes [65].

Several studies have demonstrated that the prevalence of T1DM is found to be elevated among those
countries within higher latitudes, and the disease is mostly identified during winter [66]. Many studies have
linked VDD among pregnant women with the prevalence of T1IDM among children after delivery [67]. Other
research has assessed VD supplementation’s protective role during early infancy against the development of
T1DM, indicating an insignificant incidence of diabetes among children given vitamin supplementation [68].

Regarding type-2 diabetes mellitus and insulin resistance, the outcomes have been contradictory. Several
studies have linked low levels of 25-hydroxyvitamin D with insulin resistance and pancreatic beta cell
dysfunction among Western populations [69]. However, a study carried out in 1807 healthy people among
the Korean population by Ock et al. highlighted that there is an inverse relationship between insulin
resistance and VD [70]. Analyzing the association between diabetes mellitus, coronary artery disease (CAD),
and VDD, Nardin et al. assessed 1,859 patients experiencing elective angiography for CAD evaluation and
determined that diabetes is an independent prognosticator of VDD; however, diabetic patients with VDD
demonstrated enhanced CAD prevalence, as well as severity [71]. Schafer et al. followed more than 5,000
elderly women for 8.6 + 4.4 years to explore a probable correlation between the concentration of VD and the
frequency of type-2 diabetes mellitus and found no correlation between concentrations of VD and frequency
of T2DM [72].

Hypertension

The inequity between vasodilatation and vasoconstriction caused by several genetic and epigenetic factors
(VDD) leads to vasoconstriction causing significant hypertension (HTN) [73]. Among VDD patients who have
hypertension, Chen et al. reported an important clinical reduction in blood pressure (BP) caused by VD’s
antihypertensive effect [74]. Likewise, considerably low levels of VD are related to nondipper hypertension
when compared with dipper hypertension [75]. Hypertensive individuals with a nocturnal decrease of 10% in
mean daytime systolic and diastolic BP are categorized as nondippers and from 10 to 20% as dippers. In
addition, an impaired renin-angiotensin system is an important risk determinant for hypertension, whereas
low concentrations of VD are correlated with an impaired renin-angiotensin system (RAS). Negative
regulation of RAS with VD supplementation signifies VD’s advantageous role in hypertension treatment
[76]. Decreased vessel complication is caused by aortic stiffness, whereas atherosclerosis is related to
hypertension. The relationship between low circulation VD and aortic firmness is independent of classical
risk determinants and provocative indicators among prediabetic subjects, suggesting VDD is an important
risk factor for hypertension and CVD [77]. However, Kang et al. highlighted that the relationship between the
levels of VD and several health indicators, namely BP, glycemic index, lipid profiles, wall thickness of the
intima media of the carotid artery, and brachial ankle pulse wave velocity, is influenced by gender, whereas
VD serum level may not be a leading risk factor associated with arterial stiffness and subclinical
atherosclerosis [78].

VD controls endothelial and vascular smooth muscle cell proliferation [79], and the VDR is found within
these cells [80]. An important role is played by endothelial dysfunction in vascular diseases such as
hypertension. VDD affecting the endothelial cells could precipitate HTN [81]. Damage to acetylcholine-
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induced aortic relaxation, enhanced sensitivity to angiotensin II hypertensive effects, and enhanced
expression of the angiotensin II infusion-induced hypertrophy-sensitive myocardial genes within
endothelial-specific VDR knockout mice, when compared to the control mice, recommend the endothelial
VDR as a possible role in endothelial cell function and BP control. VDR agonists also play a therapeutic role
in the management of endothelial cell dysfunction-associated CVD [82].

Coronary artery disease

Coronary artery disease incidence has been confirmed to relate to VDD; however, the pathophysiological
systems of such a relationship have not yet been recognized [8]. The main indication for a possible
relationship is the existence of VDR in the myocardium, vascular endothelial cells, and fibroblasts as well as
a demonstration through epidemiological studies that the prevalence of both VDD and CAD are enhanced by
activating RAAS and by increasing anti-inflammatory and decreasing proinflammatory mediators [83].

VDD occurs most commonly among acute myocardial infarction (AMI) cases, whereas preliminary studies
highlight a probable relationship between VD and AMI diagnosis both in the short and long run [83].
Furthermore, VDD appears to increase due to repeated unfavorable cardiac events caused by its relationship
with several affected blood vessels, cardiac remodeling, and AMI problems [84]. A study was carried out
among 18,225 male patients, who were followed for 10 years. The results showed a correlation between low
levels of VD and enhanced risk of AMI, even after adjusting for other risk factors [85]. In addition, some
prospective studies found an elevated incidence of VDD among patients with AMI admitted to the hospital.
Another study carried out among 239 patients with acute coronary syndrome (ACS) demonstrated that 96%
of individuals were admitted to the hospital with low levels of VD [86].

Several studies demonstrated a possible independent relationship between acute VDD and intrahospital
death among ACS patients. Correia et al. conducted a study examining 206 patients with ACS. They observed
that patients who had low levels (<10 ng/mL) of VD had a 24% incidence of intrahospital cardiovascular
death, which was considerably more than that seen among the remaining proportion of patients (4.9%) [87].

Regardless of these annotations, no recent conclusive results are available supporting the advantage of VD
supplementation as an important strategy regarding cardiovascular safeguards in CAD [12,88]. On the one
hand, very limited and contradictory data are available for VD supplementation during primary prevention
[89,90]. On the other hand, the possible advantages of VD administration during early-phase AMI have not
yet been explored. Clinical studies specifically focusing on the advantage of VD supplementation among
AMI patients with regard to long-term outcomes are deficient, and only some studies are continuing to
investigate its effect on surrogate primary outcomes-for example, inflammation and left ventricular (LV)
remodeling [32].

Acute myocardial infarction

VDD appears to increase due to repeated unfavorable cardiac events because it is related to postinfarction
difficulties and cardiac makeover among AMI patients. Numerous systems could potentially underlie the link
between the risk of AMI and VD . VD reduces plasma levels of renin, which in turn results in a decrease in
renin-angiotensin-aldosterone system inhibitors [83].

In 1978, a preliminary report from Denmark explored VD levels among 75 patients who had stable angina (53
AMI patients and 409 controls). The results of the study showed VD levels were considerably lower among
participants with AMI or angina than among the controls [91]. Another case-control survey carried out in
1990 demonstrated lower levels of VD among patients than controls. However, this difference was
considerably more evident between winter and spring. Relative risk of AMI is reduced because rising VD
quartiles demonstrate an inverse relationship between AMI risk and VD levels [92]. In addition, these
statistics have been validated among more recent groups of people. A study was carried out in Framingham
in which 1,739 participants were examined, revealing the incidence of significant cardiovascular events was
80% and 50% more than those with VDD and insufficiency, respectively [93]. Particularly, patients without a
history of CAD and VD levels below 10 ng/mL underwent a hazard quotient of 1.8 for the development of
primary cardiovascular incidents during a follow-up period of five years when compared to participants who
had VD levels above 15 ng/mL. A study carried out among male patients reported that low levels of VD were
correlated with an elevated risk of AMI, despite controlling for several other cardiovascular risk
determinants, and at 10-year follow-up, respondents with normal concentrations (above 30 ng/mL) of VD
had almost half the risk of AMI [85]. These results were verified by a large-scale study that compared the
lowermost to uppermost baseline categories of circulating VD concentration, where the adjusted pooled
relative risk for total cardiovascular incidents was 1.52 [94]. Hence, there is increasing evidence that VDD
represents an innovative risk determinant regarding AMI [83].

In line with these epidemiological statistics, prospective studies have shown an elevated incidence of VDD
among patients with AMI admitted to the hospital. A study carried out among 239 patients with ACS
indicated 96% of them showed VD levels below 30 ng/mL on arrival to a health facility [86]. By this, Ng et al.
reported 74% of patients with AMI demonstrated low levels of VD, and, among these patients, 36% had
acute VDD [95]. Correia et al. highlighted the mean serum level of VD (18.5 ng/mL) among 206 patients with
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AMI (7% patients with STEMI) and found an acute deficiency among 10% of patients analyzed [87]. In
addition, the same results were reported in two studies conducted by De Metrio et al. and Aleksova et al.,
who both asserted that, among AMI patients, the incidence of hypovitaminosis D was 89% and 68%,
respectively [84,96].

Not only do low levels of VD seem to be a common independent risk factor regarding AMI, but they are also
linked with poorer outcomes. Correia et al. offered initial evidence signifying a probable independent
relationship between VDD and in-hospital death among patients with ACS. The patients with VD
concentrations <10 ng/mL had a 24% cardiovascular death rate after hospital admission, which was more
than the remaining proportion of patients (4.9%, with a relative risk of 4.3) [87]. Khalili et al., studying 139
patients with STEMI, also found a likely relationship between in-hospital elevated death and
hypovitaminosis D [97]. However, the results of the study did not demonstrate a significant difference in the
in-hospital death rate between patients with normal and low levels of VD [98]. More convincing data have
been presented on clinical long-term implications regarding low concentrations of VD in AMI. However, a
study performed among 1,259 ACS patients by Ng et al. reported that VD’s lowest quartile (below 7.3 ng/mL)
was related to persistent major unfavorable cardiovascular events. Especially, the relationship mainly
regarded readmission to the hospital for successive ACS or severe decompensated heart failure [95].
Consistent with these results, VD’s lowest quartile was an important prognosticator of one-year death [84].
VDD was yet again a marginal independent prognosticator for in-hospital death, possibly caused by the
comparatively low in-hospital death rate of the study populace, and this was related to the elevated risk of
various in-hospital unfavorable cardiac events. VD’s lowest quartile was related to an elevated prevalence of
bleeding requiring blood transfusion, although similar baseline values of hemoglobin were reported. This is
an important issue in the AMI setting, as effective antithrombotic treatment is the backbone of therapy, and
bleeding and blood transfusions play a harmful role in outcomes. A relationship was also observed between
the lowermost VD quartile and incidence of severe respiratory insufficiency [84].

The causal association between VD level and outcomes during AMI is yet to be explained. Among >3,000
patients experiencing coronary angiography, an important relationship between hypovitaminosis D and
decreased LV function has been reported [99]. VDD has been reported to be related to mortality caused by
sudden cardiac death and heart failure [100]. The myocardium, fibroblasts, and the vascular endothelium
provide a platform for activation of VD via a complex interplay of VDR and 1-hydroxylase to the active form
of VD. This in turn decreases angiotensin I levels, and subsequently, angiotensin II levels are decreased in
myocardial and renal tissue. VD increases the levels of ACE2, which is responsible for converting excess
angiotensin II into angiotensin I-7 and increased levels of angiotensin 1-7 result in potentiating the
beneficial effects on fibrosis and inflammation leading to a decrease in BP. VDR acts as a platform for overall
beneficial metabolic effects by forming heterodimers with RXR and modulating VDR gene expression for
improved cardiovascular health. Finally, maintaining adequate levels of VD might provide a safety shield
against the development of CVD and its complications (Figure 2) [83]. In addition, an identical significance
was reported among seriously ill patients, among whom a low level of VD was significantly related to the
severity of disease and death [100,101].
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FIGURE 2: Role of vitamin D in cardiovascular protection when used
with standard therapy for ACS patients through inhibition of
inflammatory state, increased ACE as well as its antithrombotic and
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ACE-angiotensin- converting enzyme; ACS-acute coronary syndrome; VDR-vitamin D receptor; RXR-retinoid X
receptor; VDRE-vitamin D response element. Arrows pointing up and down denote an increase and a decline,
respectively; (-) indicates inhibition.

With permission from [83].

Heart failure

VDD is related to MI, post-MI, and new-onset heart failure [73,102]. Bae et al. proposed that VDD following
MI in VDR knockout mice causes reduced cardiac function and survival rate, whereas VD signaling
encourages cardioprotection via anti-inflammatory, anti-apoptotic, and antifibrotic mechanisms [103].
Additionally, VDD is related to enhanced inflammation and inflammatory cytokines such as TNF-a, IL-6,
and IL-1B, which intercede heart failure and cardiac diseases [104]. VD supplementation decreases these
cytokines during chronic heart failure [105]. IL-33 is a member of the IL-1 cytokine family. IL-33 averts
cardiomyocyte apoptosis via the ST2 receptor and enhances cardiac function and survival following
myocardial infarction [106]. A rise in circulating levels of soluble decoy receptors of ST2 (sST2) is related to
heart failure, fibrosis, and cardiac remodeling [107]. In addition, hypoparathyroidism and low levels of VD
are related to cardiomyopathy remodeling, as well as to the deterioration of heart failure [108]. Moreover,
calcitriol, which is an active form of VD, plays a role in regulating cardiac function and could have a
modulatory effect on ST2 [109]. Therefore, the interactions between the sST2 and VD/PTH axis that control
fibrosis and inflammation within the heart may control heart failure progression. Several studies have
suggested there is a strong association between low levels of VD, sST2, and heart failure and the VD/PTH (1-
84) axis. It was suggested sST2 levels and a low plasma 1,25(0OH)2D3/PTH (1-84) ratio are significant
predictors regarding the deterioration of heart failure, hospitalization, decreased survival, and death caused
by cardiac disease [110,111]. However, no association has been found between plasma levels of calcitriol,
calcidiol, PTH, and the risk of heart failure development [102].

VDD is linked to heart failure, and VD supplementation could be advantageous [112]. However, several
reports demonstrated no improvement or useful effect of VD in heart failure with VD supplementation;
however, inconsistencies between these studies could be caused by hereditary differences in the VDR gene
(e.g., Fok1)[113-115]. VD’s effects on improving the left ventricle structure and its function during HF,
shown within the VINDICATE study [116], and reduced renin action with short-term VD supplementation
among patients with persistent HF, suggest VD plays a beneficial role [117].

Heart failure with preserved ejection fraction (HFpEF)

This is a type of HF in which the heart pumps normally, but the heart muscles are stiff, leading to difficulties
in filling the heart with enough blood. HFpEF is becoming more common, especially among older adults, and
it is related to an elevated risk of hospitalization, disability, and mortality. Although the causes of HFpEF are
not known, increasing evidence suggests VDD could play an important role in its progression.

VD is fat-soluble, which is important for bone health and calcium metabolism. However, it also has many
nonskeletal functions, including regulating immune function, cardiovascular health, and inflammation. VD
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is primarily acquired through exposure to sunlight and from dietary sources (e.g., fortified foods, egg yolks,
and fatty fish). However, many people have low levels of VD, especially older adults, those who have limited
exposure to sunlight, and those with specific medical disorders. Numerous studies have explored the
association between VD and HFpEF. Nolte et al. reported in their study that lower concentrations of
25(0OH)D are related to decreased functional capability among patients with HFpEF and were considerably
prognostic for an enhanced frequency of hospitalizations due to CVDs, adjusting for age, NT-proBNP,
selected baseline characteristics, and comorbidities [118].

Ozdemir et al. highlighted that VD and LVEF showed a positive association among HF patients, occurring
with both protective effects of VD and hypovitaminosis. Taking VD can decrease the death risk among
individuals with CVD. Low levels of VD among heart failure patients are related to meager physical function
[119]. Pandit et al. found an insignificant relationship between VD levels with left ventricle diastolic
functioning, including the left atrial volume index [120]. A community-based, longitudinal study carried out
among older adults found low levels of VD were related to an enhanced risk of HFpEF over a 10-year follow-
up period [121]. Another study in which elderly patients were included was carried out in China, where lower
concentrations of VD were correlated with an enhanced risk of HFpEF. The findings of this study signified
that VDD may be an important risk determinant regarding HFpEF [122]. The exact mechanisms through
which VDD could play a part in HFpEF development are not fully understood. However, VD may play a
significant role in regulating cardiovascular function and preventing oxidative stress in addition to
inflammation, which is known to contribute to the development of HFpEF [123]. Additionally, VD may
improve endothelial function, which is important for maintaining proper blood flow and preventing damage
to blood vessels.

Although there are growing data associating HFpEF and VDD, limited research has been carried out
regarding the efficacy of VD supplementation in averting or treating HFpEF. One study found a high dose of
VD supplementation improved markers of heart function among patients suffering from HFpEF [124].
However, this study was carried out on a small scale in which only patients with moderate to severe VDD
were included; thus, more research is required to ascertain the optimum dosage, time duration, and timing
of VD supplementation among individuals with HFpEF. Dalbeni et al. (2013) reported six months of VD
supplementation considerably improves the ejection fraction among older patients suffering from VDD and
heart failure [125]. Moreover, it is important to consider the potential risks and benefits regarding VD
supplements in the context of an individual’s overall health and medical history. Elevated dosages of VD can
be toxic, resulting in indications such as kidney damage, nausea, and vomiting. Additionally,

VD supplements may react with other medicines such as BP medications and steroids. Hence, consulting
with a physician is necessary before starting VD supplementation.

There is growing data highlighting that low levels of VD could boost the chance of HFpEF and that VD
supplementation could have some benefits for patients with HFpEF. However, further research is required to
completely understand the role played by VD in the progression and management of HFpEF, in addition to
determining optimal dosage. Additionally, VD supplementation should not be viewed as a substitute for
other proven treatments for HFpEF, and patients should get advice from their health-care providers to
develop a comprehensive treatment plan.

Atrial fibrillation (AF)

AF is most frequent arrhythmia affecting virtually 2% of the general population and is believed to be the
most significant reason for stroke, mortality, and health-care burden [32,126]. Regardless of the
identification of several significant risk determinants for AF (e.g., old age, heart failure, coronary artery
disease, arterial hypertension, surgery, hyperthyroidism, and valvular heart disease), an important risk
factor remain currently unexplained [127]. Some research has demonstrated that low concentrations of VD
are correlated with AF and could be associated with its pathogenesis, hence signifying the ability of VD to
become a curative target within clinical settings [32].

The possible mechanisms by which VD could boost the risk of AF are either direct effects upon the atrium or
indirect modulation of cardiovascular risk factors. Low levels of VD are related to swelling, which plays an
important role in AF pathogenesis [128]. Patients with elevated values of C-reactive protein have been
found to have a twofold-increased risk of AF [129]. Furthermore, low levels of VD could enhance the risk of
AF caused by the renin-angiotensin-aldosterone system activation, which encourages electrical and
structural atrial remodeling and controls inflammation [130]. Therefore, low levels of VD are related to
elevated levels of left atrial fibrosis [131]. Eventually, low levels of VD could play a role in AF by enhancing
the risk factors regarding its progression (i.e., heart failure, diabetes mellitus, CAD, and hypertension)[132].
Despite these data, the scientific evidence regarding the correlation between AF and VD is controversial
[32].

The observational research has demonstrated that individuals with VDD have approximately double the risk
of AF when compared to those with normal levels of VD [133,134]. The prospective research remains
unsuccessful in discovering such a relationship [135,136]. Several studies have assessed the relationship
between AF and VD among CVD patients or the general populace. However, in those studies that focused on
the prevalence of postoperative AF, particularly following the coronary artery bypass graft, low levels of VD
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were consistently related to an increased risk of AF incidence [137-139]. According to this, a meta-analysis
that explored the dose-response relationships determined that VDD is moderately related to an elevated risk
of AF among the general populace and significantly linked to postoperative AF among individuals who had
CABG surgery. Particularly, the findings of one study highlighted that the associated risk of AF was
enhanced by 12%, with 56% resulting in a 10-unit reduction in VD levels among the general population and
CABG patients, correspondingly, confirming a linear relationship [139]. Finally, Cerit et al. observed that VD
supplementation decreased postoperative AF among patients who had CABG surgery and very low levels of
VD (below 20 ng/mL) [140]. In addition, VDD seems to be related to an elevated risk of AF among patients
with persistent HF [141], as well as in younger people but not the elderly [136]. It is necessary to investigate
the populace and clinical settings in which the correlation between reduced levels of VD and an elevated risk
of AF is more pronounced to understand whether VD supplements could eventually serve as a preventive
measure for AF.

Lipids

Both observational and interventional studies have highlighted that inadequate VD concentrations are
correlated with adverse serum lipid levels, whereas adequate VD concentrations are correlated with
favorable lipid profiles. These findings have been confirmed by several studies [142,143]. A study conducted
in 2016 on a group of Polish patients found a negative correlation among VD levels and LDL cholesterol
(LDL-C), triglycerides (TGs), and total cholesterol (TC). Another study that analyzed 25(0OH)D
concentrations and lipid portions above 20,000 demonstrated a significant association between VDD and
atherogenic lipid profile among patients [144].

Additionally, several meta-analyses have been carried out that assessed the relationship between lipid
profiles, levels of VD, and VD supplementation [145-147]. A meta-analysis in 2015 that included eight
randomized controlled trials (RCTs) to investigate the effect of VD supplementation on lipid profile revealed
a decrease in TG levels and an increase in HDL-C and LDL-C [145]. There is a need to be cautious while
interpreting these results due to the lessened number of studies and elevated heterogeneity regarding
interventions and outcomes (i.e., VD supplementation dosage). A large-scale meta-analysis that evaluated
the impact of VD supplementation on LDL-C, HDL-C, TC, and TG in 39 RCTs found a negative and
significant association between VD supplementation and LDL-C, TC, and TG. In contrast, the use of VD
supplementation elevated HDL-C levels [146]. Likewise, a meta-analysis in which seven RCTs were included
reported that co-supplementation of VD and calcium (less than eight weeks of supplementation) among
obese and overweight patients caused a substantial fall in LDL-C, TG, and TC and an increase in HDL-C
[147]. Low levels of VD have been shown in polycystic ovary syndrome, particularly among patients with
obesity and a waist-to-hip ratio greater than 0.85 [148]. Moreover, VDD can potentially increase the
susceptibility to endocrine-metabolic disorder [149]. One meta-analysis of 11 RCTs in which 483 Polycystic
Ovary Syndrome patients were included to evaluate the impact of VD supplementation versus placebo
revealed the patients treated with VD supplementation demonstrated a decrease in TC and insulin
resistance versus patients treated with a placebo. However, VD supplementation did not boost TG and HDL-
C levels among PCOS patients [150]. Among children, VD supplementation for the maintenance of serum
25(0OH)D within an optimal range is linked to an insignificant risk of T1IDM development and helps control
the disease action [151].

VD supplementation and cardiovascular health

A recent study was carried out to evaluate the cardiovascular results among patients using vitamin D3 or
omega-3 supplements in the general population. During the study, 25,871 patients from the United States
were enrolled. Patients included men above 50 years and women above 55 years of age. The participants
took a placebo or daily dose of 2,000 IU of VD. The major endpoints were reduced in stroke, MI, and
mortality from cardiovascular reasons followed by an average of 5.3 years. The findings of the study found
insignificant advantages in cardiovascular results. There was no significant decrease observed in
cardiovascular incidents among patients who received VD when compared with patients who received a
placebo [152]. These outcomes were found to be consistent with the Women’s Health Initiative Calcium &
VD Trial. The study found there were no cardiovascular advantages of daily intake of VD supplements [153].

The DIMENSION study evaluated the possible effect of 16-week cholecalciferol supplements on endothelial
activity among diabetic patients. Particularly, ultimate enhancements were evaluated within vascular
biological markers, as well as the reactive hyperemia index. The levels of VD were considerably raised in the
treatment arm. However, one multivariate regression analysis showed no impact on endothelial function
[154]. Another study that evaluated the probable VD protective action on the indicator of heart lesions
demonstrated that cholecalciferol, dispensed before a percutaneous coronary technique, did not show any
MACE alteration when compared with the control [155]. A study was carried out in a primary health-care
facility among healthy participants to assess the outcomes of a one-year daily supplement of cholecalciferol
on the risk of disease and biochemical indicators. The outcomes of this study were not promising. The
administration of VD improved serum 25(OH) levels; however, no substantial enhancements were observed
concerning cardiovascular risk factors, arterial rigidity, blood lipids, and BP [156]. A D-Health Trial was
carried out among 21,000 respondents to assess VD supplementation effectiveness for the preclusion of
carcinoma and death. Specifically, this study was performed to assess the impact of placebos or monthly oral
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doses of cholecalciferol over five years, followed by another five years of passive surveillance using health
records and mortality databases. However, the outcomes of the study remained unsuccessful in elucidating
whether VD supplements employed any defensive actions on the risks of carcinoma and mortality. It was
concluded during the study that data acquired from the observational studies did not help support VD
utilization among healthy individuals as a defense agent [157]. Furthermore, the cholecalciferol supplement
did not decrease the risk of CVD [158].

Another study was conducted to explore whether the use of a cholecalciferol supplement for 12 weeks daily
may be beneficial among healthy people to reduce heart rate, BP, and other CVD risk indicators. This therapy
enhanced 25(OH)D serum levels but did not improve CVD risk [159]. Another study assessed the relationship
between CVD and serum 25(0OH)D concentrations but observed no significant association; however, low
levels of VD were associated with a 44% rise in CVD risk, with an elevated death rate associated with CVD
[160]. Another meta-analysis was carried out in which 21 RCTs were included to assess the cardiovascular
advantages of VD supplementation for one year, irrespective of calcium supplement. The results showed the
main endpoint was an amalgamation of MACEs, whereas the secondary endpoint comprised the final
alterations involving stroke, cerebrovascular accidents, MI cardiovascular death, and all-cause death. The
outcomes of this meta-analysis indicated VD supplementation did not produce any considerable alterations
in MACE, solo cardiovascular endpoints (stroke, MI, cardiovascular death), or all-cause death [161]. The
outcomes of these studies are in line with the evidence that VD supplementation does not provide pertinent
benefits regarding cardiovascular health. Incidences of VD resulting in toxic effects are very uncommon
because VD toxicity could be encouraged due to elevated doses. VD toxicity may result in hypercalcemia,
which can lead to sustained cardiac arrhythmias caused by a reduced QT interval.

VD toxicity
Signs and Symptoms

VD toxicity is attributed to hypercalciuria or hypercalcemia, along with typical signs (abdominal pain,
lethargy, constipation, anorexia, nocturia, and polyuria) directly caused by these anomalies. In several cases,
the symptomatology associated with hypercalciuria or hypercalcemia is insignificant. Although, as identified
in case reports and case series, the long-term persistence of insignificant biochemical anomalies or
development to acute electrolyte commotions can cause more grave issues, such as renal dysfunction,
dehydration, and nephrocalcinosis [162].

Toxic Threshold Levels

At present, no universally accepted 250HD level serves as a threshold for the development of risk. However,
this threshold is typically between the values of 250 and 750 nmol/L. Despite the lack of evidence indicating
that children exhibit biochemical abnormalities or signs with 250HD values at or somewhat >250 nmol/L,
current pediatric clinical studies involving high dosages of VD have focused on this threshold [163].
Utilizing this threshold for dosing studies is suitable because levels of more than this are found to be
supraphysiological, meaning they cannot be attained with healthy diets or excessive sun exposure.
Additionally, no evidence is available regarding any benefits associated with 250HD dosages of more than
200 nmol/L [164].

Risk Factors for VD-Related Toxicity

Regardless of the public and clinical concerns about the toxicity of VD, it is an uncommon event that mostly
takes place in terms of hereditary vulnerability or incorrect intake of elevated dosages of VD [162].
Apprehension regarding the safety of consuming greater than 4,000 IU of VD daily can be traced back to the
1950s. During this time, there was a surge in cases of idiopathic infantile hypercalcemia, which occurred at
the same time as the widespread adoption of a daily VD intake of approximately 4,000 IU/day [162]. This
minor epidemic caused a reduction in the daily recommended consumption to avoid rickets, as well as
hypocalcemic seizures (400 IU daily). It was debated that many, possibly all, of the idiopathic infantile
hypercalcemia cases were caused by rare hereditary disorders (<1:10,000) that enhance the vulnerability to
VD toxicity [165]. Among these, patients who have Williams syndrome may exhibit heart defects as part of
their range of indications, and it would be advisable to evade excessive VD ingestion in this particular
subgroup [166].

A significant amount of low-level evidence indicates that consuming elevated dosages of VD, resulting in a
shorter-term aggregated ingestion of 600,000 IU or more, could be excessive and may cause hypercalciuria,
hypercalcemia, and finally nephrocalcinosis. In addition, this circumstantial evidence is corroborated by a
prospective clinical trial among pediatric patients, which showed significant rates of hypercalcemia among
healthy children who were intermittently given high dosages of 600,000 IU, mostly in a repeated manner
[162]. In the majority of cases, when a diagnosis is made and the source of unnecessary VD is stopped, there
is a gradual decrease in BP levels below noxious levels. This typically causes resolution of indications, as
well as biochemical anomalies. Among certain cases, even after discontinuation of VD, nephrocalcinosis was
found to persist. A literature review of nephrocalcinosis highlights that most of the cases related to VD have
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been observed among children diagnosed with an uncommon hereditary disorder known as VD-resistant
rickets. In these cases, the condition may be linked to simultaneous phosphate ingestion [167,168]. Again, an
evaluation of case reports and series indicates that, among healthy kids, the occurrence of nephrocalcinosis
is only seen with intentional/unintentional cumulative VD ingestion of more than 600,000 IU [167,169,170].
An analysis of interventional studies in pediatric patients, focusing on VD supplementation, found that two
studies examined daily high-dose VD at levels approaching but not exceeding the upper limit recommended
by the Institute of Medicine, whereas four studies employed megadoses ranging from 100,000 to 150,000 IU.
None of the studies reported raised urinary calcium excretion/hypercalciuria [171,172]. Based on these
results, it would be advisable to refrain from administering toral VD dosages at or near 600,000 IU [162].

VD and COVID-19

VD administration may decrease the prevalence of viral respiratory tract infections, mostly among cases in
which a deficiency of this nutrient is present [12,173]. VD is a vital component of the immune system,
functioning as an immunomodulatory hormone that possesses anti-inflammatory and antimicrobial
properties. This observation may account for the protective and beneficial effects associated with VD in
averting severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) infectivity, decreasing viral
replication, promoting rapid viral clearance, and limiting its spread. Similarly, VDD harms the circulatory
system and is related to CVD. COVID-19 severity is found to be worse among persons who have a history of
CVD [174]. About 25% of patients with the disease have been found to experience myocardial injury, with
several developing important cardiac symptoms such as biventricular HF, arrhythmias, and, infrequently,
cardiogenic shock and mortality [175,176].

VD exhibits several beneficial effects. It controls the adaptive immune system, possesses anti-inflammatory
properties, encourages the expression of several molecules that participate in the antioxidant defense
system, reduces cellular oxidation and oxidative stress, and demonstrates vasoprotective effects [177]. In
addition, VD plays an important role in promoting the expression of various molecules that participate in
the antioxidant defense system. It also modifies immune function, facilitates viral elimination, and lowers
inflammatory responses by decreasing the production of inflammatory cytokines such as interleukin-6, -8, -
12, and -17. VD levels are related to decreased levels of interleukin-6, which plays a part in the cytokine
storm found among critically ill individuals and is related to a poorer COVID-19 prognosis. A small-scale
study was carried out by Kox et al. to compare the levels of cytokines among critically ill individuals with
COVID-19 and individuals with other critical illnesses. The findings of the study highlighted that plasma
levels of TNF, interleukin-6, and interleukin-8 were considerably lower among COVID-19 patients than
among septic shock patients with acute respiratory distress syndrome, which elucidates a lower acuteness of
disease despite acute lung injury. Hence, the findings of the study recommend that COVID-19 severity may
not be caused by a cytokine storm [178]. Likewise, VD boosts the angiotensin-converting enzyme-2 level in
the lungs, an important receptor for severe respiratory syndrome [179,180].

One study investigated the relationship between VD concentrations and the prevalence of COVID-19 [180].
The individuals with deficient VD levels during administration of a COVID-19 test showed a significantly
elevated risk of testing positive than those within a normal range. In addition, individuals who received VD
supplementation before the epidemic did not exhibit a higher risk of contracting COVID-19 when compared
with those with normal concentrations of VD and not supplemented. This suggests VD supplementation
may have a protective effect against COVID-19. Collectively, these outcomes signify that administering
high-dose VD treatment to rapidly replenish circulating VD concentrations may lower the risk of COVID-19
severity, as well as mortality [181]. Individuals with persistent conditions (e.g., elderly people, smokers,
obese individuals, those with type-2 diabetes mellitus, and African Americans), have lower levels of VD,
which may lead to more severe SARS-CoV-2 infectivity [182]. VDD may be an important risk determinant
regarding sternness of COVID-19 infectivity. Hence, individuals at risk of VDD may benefit from VD
supplementation. This approach is affordable, accessible, and considered safe. However, at present, there is
insufficient scientific evidence encouraging the clinical routine usage of VD among patients with COVID-19
[183].

A compelling discussion has arisen regarding the effectiveness of administering high-dose VD
supplementation to mitigate the risk of COVID-19 infectivity and severity. Thus, further clinical studies are
needed to obtain stronger evidence about the impact of VD in lowering the prevalence of hospitalization and
mortality. Additionally, there is a need to determine whether VD supplementation decreases the likelihood
of SARS-CoV-2 virus infection [12].

VD in noncardiac surgery

More and more patients with various clinical situations have been found to have VDD, which is why various
disciplines of medicine encounter such patients [184]. Surgeons dealing with patients undergoing
noncardiac surgery and anesthesiologists dealing with patients in intensive care settings and long-term pain
clinics have also detected VDD in their patients. VDD might impact the outcomes of such patients. There
has been a lot of discussion on these issues recently, and it has been observed that low levels of VD are
positively correlated with extended duration of stay and readmission to ICU within 90 days, as well as
significantly contributing to mortality [185].
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The outcomes of one meta-analysis highlighted that severe VDD could be independently related to
enhanced mortality risk among elderly patients with sepsis [186]. One study indicated that, among patients
with sepsis admitted to a health facility, low levels of VD were related to enhanced mortality [187], whereas
the results of another study reported that, for patients who experienced noncardiac surgical treatment,
optimal VD concentration decreased the risk of death [188]. These findings could be elucidated by the
significant immunomodulatory function of VD, as well as its association with persistent diseases [189].

Anesthesia consideration

VD is a vital fat-soluble vitamin that plays a crucial role in the maintenance of bone health and calcium
homeostasis. In recent years, VDD has been linked to a variety of unfavorable health outcomes such as
diabetes mellitus, CVD, and carcinoma. In the context of cardiac surgery, VDD can have several
consequences for the anesthesiologist, including impaired immune function, increased risk of post-op
complications, impaired bone health, and increased risk of CVD [80].

Impaired Immune Function

VD plays an important role in controlling the immune system. VDD has been related to an enhanced risk of
contagions and impaired wound healing, which can be particularly problematic in the context of cardiac
surgical treatment. Patients experiencing cardiac surgical treatment are already at an enhanced risk of
infection caused by the invasive nature of the surgical technique and the need for prolonged hospitalization.
VDD may further increase this risk by impairing immune cell function and decreasing the production of
antimicrobial peptides [190].

Anesthesiologists may need to take extra precautions to prevent infections in patients with VDD. This may
include implementing strict infection control protocols, such as hand hygiene and environmental cleaning,
and ensuring patients receive appropriate prophylactic antibiotics. Anesthesiologists may also need to
monitor wound healing more closely among patients with VDD, as impaired wound healing can lead to
surgical site infections and delayed recovery [191].

Increased Risk of Postoperative Complications

VDD has been associated with an enhanced risk of postoperative complications, such as arrhythmias,
infections, and acute kidney injury (AKI). These complications can be particularly problematic in the
context of cardiac surgery, as they can lead to prolonged hospitalization, increased health-care costs, and
decreased quality of life for the patient [192].

Arrhythmias are a common complication of cardiac surgery, with up to 30% of patients experiencing some
form of arrhythmia during or after surgery. VDD has been associated with an enhanced risk of arrhythmias,
comprising AF and ventricular tachycardia. Anesthesiologists may need to monitor patients with VDD more
closely for signs of arrhythmias and adjust their treatment plans as necessary. This may include
administering antiarrhythmic medications, such as beta-blockers or amiodarone, and ensuring electrolyte
imbalances, such as hypokalemia and hypomagnesemia, are corrected [56].

Infections are another common complication of cardiac surgery, with up to 10% of patients experiencing
some form of infection after surgery. VDD has been associated with an enhanced risk of infections, such as
surgical site infections and pneumonia. Anesthesiologists may need to be particularly vigilant in monitoring
patients with VDD for signs of infection and adjusting their treatment plans as necessary. This may include
administering appropriate antibiotics, ensuring adequate hydration, and optimizing nutrition [193].

AKI is a serious complication from cardiac surgical treatment, with up to 30% of patients experiencing some
form of AKI after surgery. VDD has been associated with an enhanced risk of AKI, possibly caused by the role
played by VD in regulating renal function and BP. Anesthesiologists may need to monitor patients with VDD
more closely for signs of AKI and adjust their treatment plans accordingly. This may include optimizing
hemodynamics, ensuring adequate hydration, and avoiding nephrotoxic medications [194].

Impaired Bone Health

VD is important for bone health, and VDD can cause a range of bone-related problems, including
osteoporosis and fractures. In the context of cardiac surgery, patients may be immobilized for extended
periods, which could exacerbate any underlying bone problems. Anesthesiologists may need to take steps to
prevent or manage these complications, such as ensuring adequate pain relief, encouraging early
mobilization, and providing supplements containing calcium and VD, as needed [195].

VDD can result in reduced calcium absorption and elevated parathyroid hormone (PTH) levels, leading to
bone resorption and decreased bone density. This can increase the risk of fractures, which can be especially
problematic for patients who are immobilized after cardiac surgery. Anesthesiologists may need to pay
particular attention to bone health in patients with preexisting bone conditions or those at risk for bone-
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related complications [80].

In addition to VD and calcium supplementation, anesthesiologists may also consider other strategies to
promote bone health, such as optimizing nutrition, encouraging weight-bearing activities, and monitoring
bone density using techniques such as dual-energy X-ray absorptiometry scans. By taking a proactive
approach to managing bone health among patients with VDD, anesthesiologists can help minimize the risk
of complications and improve outcomes after cardiac surgery [196].

Increased Risk of CVD

VDD has been associated with an enhanced risk of CVDs, comprising hypertension, HF, and myocardial
infarction. Cardiac surgery patients are already at an enhanced risk of cardiovascular complications, and
VDD may further exacerbate this risk. Anesthesiologists may need to take extra precautions for managing
patients with VDD to minimize their risk of cardiovascular complications during and after surgery. This may
include optimizing BP control, ensuring adequate fluid management, and monitoring for signs of myocardial
ischemia [197].

In addition to these specific consequences, VDD may have broader implications for the overall perioperative
care of cardiac surgery patients. For example, VDD has been associated with an enhanced risk of cognitive
deterioration and delirium, which could impact postoperative recovery and outcomes. Anesthesiologists
may need to consider the potential effect of VDD on these outcomes and take steps to mitigate any negative
effects.

Overall, VDD can have significant consequences for anesthesiologists in the context of cardiac surgery.
Anesthesiologists should be aware of the potential risks and take steps to prevent or manage any
complications that may arise. This may include screening patients for VDD before surgery, optimizing
nutrition and supplementation, and closely monitoring patients for signs of infection, arrhythmias, AKI,
bone-related problems, and CVD. By proactively addressing VDD, anesthesiologists can help improve
outcomes and optimize the overall perioperative care of cardiac surgery patients.

Conclusions

Overall, the association between VD and cardiovascular risk is complex and still not fully understood.
Although observational studies have suggested low concentrations of VD may be related to enhanced risk of
CVD, the evidence from RCTs of VD supplementation for CVD prevention or management is mixed.

The potential mechanisms through which VD may influence cardiovascular risk include its effects on
inflammation, oxidative stress, BP, glucose metabolism, and lipid metabolism. However, the optimal dosage
and duration of VD supplementation for cardiovascular health are still unclear, and more studies are
required to clarify its role and identify the populations that may benefit most from supplementation.

Meanwhile, it is critical for individuals to maintain a healthy lifestyle that includes regular physical activity,
a balanced and varied diet, and no smoking, as these are well-established factors to reduce cardiovascular
risk. For individuals with low levels of VD or other risk factors regarding CVD, it is important to talk to their
healthcare provider regarding the potential benefits and risks of VD supplementation and to follow their
recommended management plan.
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