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Abstract: Vitamin D is essential for life—its sufficiency improves metabolism, hormonal release,
immune functions, and maintaining health. Vitamin D deficiency increases the vulnerability and
severity of type 2 diabetes, metabolic syndrome, cancer, obesity, and infections. The active enzyme
that generates vitamin D [calcitriol: 1,25(OH)2D], CYP27B1 (1α-hydoxylase), and its receptors (VDRs)
are distributed ubiquitously in cells. Once calcitriol binds with VDRs, the complexes are translocated
to the nucleus and interact with responsive elements, up- or down-regulating the expression of
over 1200 genes and modulating metabolic and physiological functions. Administration of vitamin
D3 or correct metabolites at proper doses and frequency for longer periods would achieve the
intended benefits. While various tissues have different thresholds for 25(OH)D concentrations, levels
above 50 ng/mL are necessary to mitigate conditions such as infections/sepsis, cancer, and reduce
premature deaths. Cholecalciferol (D3) (not its metabolites) should be used to correct vitamin D
deficiency and raise serum 25(OH)D to the target concentration. In contrast, calcifediol [25(OH)D]
raises serum 25(OH)D concentrations rapidly and is the agent of choice in emergencies such as
infections, for those who are in ICUs, and for insufficient hepatic 25-hydroxylase (CYP2R1) activity.
In contrast, calcitriol is necessary to maintain serum-ionized calcium concentration in persons with
advanced renal failure and hypoparathyroidism. Calcitriol is, however, ineffective in most other
conditions, including infections, and as vitamin D replacement therapy. Considering the high costs
and higher incidence of adverse effects due to narrow therapeutic margins (ED50), 1α-vitamin D
analogs, such as 1α-(OH)D and 1,25(OH)2D, should not be used for other conditions. Calcifediol
analogs cost 20 times more than D3—thus, they are not indicated as a routine vitamin D supplement
for hypovitaminosis D, osteoporosis, or renal failure. Healthcare workers should resist accepting
inappropriate promotions, such as calcifediol for chronic renal failure and calcitriol for osteoporosis
or infections—there is no physiological rationale for doing so. Maintaining the population’s vitamin
D sufficiency (above 40 ng/mL) with vitamin D3 supplements and/or daily sun exposure is the most
cost-effective way to reduce chronic diseases and sepsis, overcome viral epidemics and pandemics,
and reduce healthcare costs. Furthermore, vitamin D sufficiency improves overall health (hence
reducing absenteeism), reduces the severity of chronic diseases such as metabolic and cardiovascular
diseases and cancer, decreases all-cause mortality, and minimizes infection-related complications
such as sepsis and COVID-19-related hospitalizations and deaths. Properly using vitamin D is the
most cost-effective way to reduce chronic illnesses and healthcare costs: thus, it should be a part of
routine clinical care.

Keywords: 25(OH)D; 1,25(OH)2D; autocrine and paracrine; endocrine; human; mechanisms;
musculoskeletal; morbidity and mortality; public health

1. Introduction

From the physiological point of view, humans are expected to generate more than
80% of their vitamin D requirements through ultraviolet sunrays, as intake through diet is
minimal. Significant behavioral changes occurred over the past few decades; more people
are working indoors and avoiding the sun. Consequently, clinically relevant vitamin D
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deficiency has become a global pandemic. Vitamin D deficiency increases the global burden
of acute and chronic diseases and healthcare costs.

In those with vitamin D deficiency, increasing 25(OH)D concentrations via D3 sup-
plements or sufficient daily sun exposure reduces the risks and the severity of multiple
disorders, including type 2 diabetes, hypertension, metabolic syndrome, obesity, cancer,
and infections [1–3]. Despite this, there is little consensus from randomized controlled
clinical trials (RCTs) regarding the proper intake and optimum serum 25(OH)D levels for
preventing the mentioned complications. This lack of agreement is primarily due to the
poorly designed studies; many clinical studies piggybacked on evaluating pharmaceu-
ticals, failure to include vitamin D insufficient or deficient subjects in RCTs, infrequent
doses administered, participants are allowed to take over-the-counter supplements (in-
cluding vitamin D) during clinical trials, and the failure to measure circulatory 25(OH)D
concentrations to ensure the target level is achieved.

Adverse effects from vitamin D supplements—hypercalcemic syndrome due to over-
dosing of vitamin D—are extremely rare. When they occur, they are invariably due to
taking mistaken very high (i.e., supra-pharmacological) doses too frequently [4,5]. Vi-
tamin D toxicity should not be diagnosed in isolation—incidental findings of elevated
serum 25(OH)D concentrations should correlate with clinical signs and symptomatology.
Characteristics of the calcitriol-driven hypercalcemic syndrome include serum 25(OH)D
concentration over 150 ng/L (over 375 nmol/L) associated with hypercalcemia (raised
serum ionized calcium), hypercalciuria (urinary calcium, exceeding 400 mg/24 h), and
suppressed parathyroid hormone (PTH) concentration [6]. All three components must be
present to diagnose vitamin D toxicity—an exceedingly rare event in the community.

1.1. Vitamin D3 (Cholecalciferol)

Vitamin D is an essential micronutrient that is essential for human survival. Humans
are expected to generate most of their vitamin D requirement from exposure to ultraviolet
B rays (UVB) from sunlight. D3 is synthesized in the skin after exposure to UVB rays, while
D2 originates from plants. UVB photons from UVB rays photolyze 7-dehydrocholesterol
in the skin to produce previtamin D3, which subsequently isomerizes to form vitamin D3.
The cycle of the generation of vitamin D and its activation steps leading to synthesizing
25(OH)D and 1,25(OH)2D is illustrated in Figure 1.

Over-exposure to UVB rays can cause erythema and skin damage and must be avoided.
However, excess sun exposure does not overproduce vitamin D or cause hypercalcemia.
Due to an inherent evolutionary feedback mechanism, the synthesis of previtamin D is
inhibited. If any excess D3 is generated, it is photodegraded, preventing vitamin D from
entering circulation and reaching the liver. Free-living hunter-gatherers and lifeguards
in swimming pools and beaches are exposed daily to plenty of sunlight. They main-
tain an average serum 25(OH)D concentration of 46 ng/mL (a range of between 40 and
65 ng/mL) [3,7,8], and do not have excess vitamin D in the circulation.

Concentrations of 25(OH)D between 40 and 65 ng/mL are the physiological concen-
tration in normal circumstances under free-living conditions. However, when there are
extenuating circumstances and stresses, such as infections (endemics/pandemic), comor-
bidities, metabolic or cardiovascular diseases, or cancer, higher serum 25(OH)D levels are
necessary for the precursors of calcitriol [D and 25(OH)D] to enter peripheral target cells
like immune cells to generation of calcitriol within these cells to overcome the situation
(see Sections 1.4 and 4.1, for details).

With the activation of cytochrome P450, the CYP2R1 gene increases the expression of
25-hydroxylase enzyme in the liver, produce 25(OH)D. The latter is further hydroxylated
by the 1α-hydroxylase enzyme, derived by the CYP27B1 gene in the mitochondria in
the endoplasmic reticulum, to form 1,25(OH)2D (calcitriol) in renal tubules as well as
in peripheral target cells, such as immune cells. Calcitriol production in renal cells is
regulated by PTH and a negative-feedback control by FGF-23 (secreted by osteoblasts) and
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1,25(OH)2D (Figure 1). However, this negative-feedback control is minimal in peripheral
target cells.
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1α-hydroxylation in renal tubular cells and peripheral targets cells. 1α-hydroxylation of 25(OH)D 
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Figure 1. Schematic illustration of generation of vitamin D and its calcium/mineral regulatory
functions of calcitriol in conjunction with parathyroid hormone (PTH) and fibroblast growth factor-23
(FGF-23). The figure also depicts sites of activation of vitamin D—25-hydroxylation in the liver and
1α-hydroxylation in renal tubular cells and peripheral targets cells. 1α-hydroxylation of 25(OH)D
in proximal renal tubular cells generates the circulatory, hormonal form of calcitriol that controls
calcium homeostasis.

1.2. Fundamental Benefits of Vitamin D

Irrespective of the reason for hypovitaminosis D or the condition, vitamin D3 is the
choice for replacement therapies to maintain serum 25(OH)D concentration at the desired
levels and to maintain a robust immune system [9]. When exposed to high densities of
bacteria or viral loads, as with SARS-CoV-2, adhering to straightforward public health
measures is crucial to prevent the spread of the infection. No drugs or nutrients are
available except for traditional vaccines to prevent infections. However, such preventative
vaccines are not available against SARS-CoV-2.
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In contrast, maintaining a robust immune system with vitamin D sufficiency, although
it may not prevent infections, substantially reduces the development of symptomatic dis-
ease and complications from any infection. Furthermore, it significantly lowers community
transmissions of infections and outbreaks. In addition to preventing symptomatic dis-
ease, a robust immune system would notably reduce hospitalizations, ICU admissions,
complications, deaths, and healthcare costs.

In 2011, raising the RDA for all age groups by the US Institute of Medicine (IoM) was
a step in the right direction but was grossly inadequate [10]. Moreover, suggestions by the
IoM [10] are public health recommendations for authorities and are not guidance to use
for individuals or diseases. Besides, those suggestions do not apply to persons outside
North America [3,11–13]. However, because of the ambiguity of such narrowly focused
governmental reports, such publications were misinterpreted by organizations and misled
governments and the public outside the USA. Because of uncertainties, they assumed
reports like IoM as recommendations for the public. Consequently, the implementation
of publicized misleadingly minute doses and lower serum 25(OH)D concentrations than
required for better human health have harmed those populations.

Currently, most nutrient RDAs in many countries are outdated. They are insufficient
to raise serum 25(OH)D even beyond 20 ng/mL—a level considered inadequate. Such
is too little to overcome acute or chronic non-skeletal diseases and infections or promote
good health [14,15]. Ironically, the currently recommended vitamin D food fortification
guidelines are also outdated [16,17] and should be increased by three- to four-fold [18].

1.3. Vitamin D Analogs and Their Clinical Uses

There are specific indications for using vitamin D analogs—calcifediol or 1α-hydroxylated
compounds. Synthetic analogs of vitamin D are twenty-fold more expensive than vitamin D3.
Since the ED50 of these analogs is narrow, unsurprisingly, they have a higher incidence of ad-
verse effects. Consequently, vitamin D analogs are inappropriate to use as longer-term vitamin
D supplements in vitamin D deficiency and osteoporosis [19]. Calcifediol (25-hydroxylated
vitamin D) is only indicated in those with defective 25-hydroxylation, as in hepato-cellular
failure, and when serum 25(OH)D concentrations in emergencies, such as infection [19].

Inefficient 1α-hydroxylation is present in advanced renal failure and rare genetic
disorders, such as pseudo-hypoparathyroidism and hypoparathyroidism. Such individ-
uals require 1α-hydroxylated vitamin D metabolites to maintain serum ionized calcium
concentration in the lower physiological range. These valuable lifesaving agents im-
prove the quality of life in advanced renal failure, hypoparathyroidism, and pseudo-
hypoparathyroidism [19].

Magnesium sufficiency is crucial for many biological activities, including hormone
synthesis and release (e.g., insulin and PTH) and calcitriol with vitamin D (calcitriol) recep-
tor (VDR) interactions [20,21]. The proper biological functions of CYP450 enzymes, vitamin
D, and vitamin D receptors (VDRs) depend on the availability of the correct intracellu-
lar concentrations of magnesium [20,22] and other co-factors. Furthermore, magnesium
adequacy reduces the complications and mortality from post-COVID syndrome [23] and
chronic kidney diseases [24]. Magnesium and vitamin D are consumed during infections.

1.4. Consequences of Hypovitaminosis D

Because of the negative genomic control process, severe vitamin D deficiency is
associated with hyperinflammation, oxidative stress, and autoimmunity—an over-reactive
pathological immune response [25]. This could lead to cytokine storms [26,27], causing
acute respiratory distress syndrome (ARDS). When circulating D3 and/or 25(OH)D is
adequate (e.g., over 50 ng/mL), these precursors will diffuse into peripheral target cells,
such as immune cells, in adequate quantities from the circulation, allowing the generation
of sufficient calcitriol intracellularly, which suppress multiple pathological processes. In
addition to genomic effects, these crucial biological processes occur via autocrine and
paracrine signaling mechanisms [28,29]. This reduces the risks of cytokine storms and
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ARDS and associates severe pulmonary and cardiovascular complications in persons with
COVID-19 [30,31].

Hypovitaminosis impairs intracrine and paracrine signaling, thus weakening the
immune system and increasing vulnerability [29,32]. The pro-inflammatory and oxidative
stress responses associated with cytokine storms in severe viral infections increase the
need for intensive care unit (ICU) admissions and the risk of death. Children with serum
25(OH)D concentrations less than 12 ng/mL (i.e., severe vitamin D deficiency), when
infected with SARS-CoV-2, could develop life-threatening hyper-inflammatory conditions
such as Kawasaki-like disease or multi-system inflammatory syndrome [33–35].

Moreover, the weakened adaptive immunity in hypovitaminosis D reduces the genera-
tion of neutralizing antibodies, impairs the cytotoxic action of immune/killer cells, reduces
the effectiveness of memory cells and macrophages, and causes weaker responses after
(any) vaccination. In those with a more fragile immune system (primarily due to severe
hypovitaminosis D), SARS-CoV-2, infection or immunization could lead to significant
adverse effects, including autoimmune reactions, generalized hyper-inflammation, and
pathological oxidative stresses, which could lead to systemic complications and death.
Consequently, due to the prevailing high incidence of hypovitaminosis among the elderly,
in 2020, COVID-19 became a pandemic, primarily affecting those with severe vitamin D
deficiency [36,37].

In addition, calcitriol-mediated effects in immune cells facilitate the development
of anti-microbial peptides, neutralizing antibodies, stabilizing epithelial and endothelial
cells, and strengthening gap junctions [38]. These broader membrane-stabilization effects
minimize fluid leakage (e.g., preventing pulmonary edema) and viral spread into soft
tissues [3,39–41]. To mitigate the widespread vitamin D deficiency, a personal vitamin D
response index has been suggested (which is not validated) to optimize vitamin D sup-
plementation (or safe sun exposure). However, the associated cost and lack of practicality
dampen its use. A better and more cost-effective option is adhering to broader population
recommendations [42], which leads to population vitamin D sufficiency with minimal
cost [37,43].

1.5. Intracellular Synthesis of Calcitriol and Benefit from Vitamin D

CYP27B1 enzyme is present in all endocrine cells, such as pancreatic islets and parathy-
roid, thyroid, testes, ovary, and placental cells [44], in which calcitriol is synthesized in-
tracellularly; it also modulates hormone release and metabolic functions [45]. In addition,
vitamin D adequacy enhances DNA repair, suppresses malignant cell development [46–48],
and improves the prognosis of malignancies. Proper vitamin D intake is inversely associ-
ated with lung cancer incidence [49]. Sufficient circulatory D and 25(OH)D concentrations
(i.e., above 50 ng/mL) [9] lead to better physiological responses, such as defense against
microbes [50], the prevention of autoimmune diseases such as multiple sclerosis and inflam-
matory bowel disease [51,52], and the synthesis and secretion of hormones [45], controlling
the renin-angiotensin-aldosterone system (RAS) and the FGF23/klotho system [11,53].

Since vitamin D is a nutrient, adequate supplements significantly benefit those with
deficiency [54]. However, giving extra vitamin D to those already sufficient (e.g., serum
25(OH)D concentration above 40 ng/mL) will unlikely provide additional benefits (with
some exceptions discussed below). These exceptions include those with cancer [55,56] and
infection [57], such as septicemia and SARS-CoV-2 [58,59]—these require the maintenance
of serum 25(OH)D concentrations higher than 40 ng/mL.

In addition to the ability to generate 1,25(OH)2D, the presence of a high density of
VDRs in epithelial cells allows them to optimize barrier functions and other biological activ-
ities. Examples include the lungs [60], breast [61], intestine [62], prostate [63], osteoblasts,
and chondrocytes [64,65]. Unsurprisingly, all these tissues are targets for calcitriol. The
inactivation of VDRs in chondrocytes reduced the expression of FGF23 in osteoblasts. It
increased the expression of 1α-hydroxylase and sodium phosphate cotransporter type Il
in proximal renal cells—another mechanism to increase calcitriol production [64]. These
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facilitate the modulation of chondrocyte-mediated signaling (e.g., FGF23) in renal tubular
cells, for bone cell formation and osteoid calcification.

1.6. Why This Study Is Important and Necessary

Due to the lack of agreement between different medical and scientific societies and
the negative contribution from the IoM, there is apathy and confusion about the necessary
oral doses and the optimum serum 25(OH)D concentrations. In addition, some healthcare
workers are unfamiliar with the proper circumstances to use vitamin D metabolites and
their benefits vs. risks. Despite the crucial biological functions of vitamin D, textbooks
in immunology do not even discuss the role of vitamin D (or nutrients) on the immune
system. Missing such fundamental education impedes advancing knowledge and practice
to benefit patients, even among specialists such as immunologists.

These ambiguities have led to recommendations for using sub-optimal doses by
scientific societies, erroneous advice provided to government bureaucrats by nutrition-
related committees like IoM and the USPTO in the USA, the scientific advisory committee
(SCAN) and National Institute for Health and Care Excellence (NICE) in the UK, dampen
the creation of updated vitamin D guidelines. In addition, the use of high doses of vitamin
D intermittently—infrequent intervals of more than two weeks intervals instead of using
daily or once a week D3, inappropriately prescribing expensive synthetic vitamin D analogs,
and grossly exaggerating rare adverse effects of vitamin D leads to fear-mongering of using
this safe nutrient are additional examples. These errors in clinical practice recommendations
and myths prevent the betterment of the population. This study aims to overcome some of
the errors and myths mentioned above.

The recommending of sub-optimal (standard–outdated) vitamin D doses to everyone,
ignoring their body weight (and obesity and other variables affecting their serum 25(OH)D
concentrations), or not using serum 25(OH)D-based calculation of the proper doses for
individual persons [9,20], has led to using pediatric doses of vitamin D in adults with
no benefit to recipients. This manuscript also illustrates examples and circumstances
where the efficacy, clinical requirement to raise serum 25(OH)D rapidity (as in emergencies
such as sepsis, SARS-CoV-2-infection, at ICU set-up, etc.), and the target serum 25(OH)D
concentration necessary to overcome the underlying illness such as infection or cancer
needs (see Section 3.4).

The content of the manuscript is primarily based on published evidence. Over four
decades of practical and clinical experience and research by the author on vitamin D and
over fifty peer-reviewed publications related to vitamin D enrich his perspective. Data were
gathered from literature searches on scientific databases, including PubMed and the Library
of Congress (Medicine). The author personally carried out all searches, accumulating and
synthesizing data, and generating figures, and created the list of pertinent references. The
author has no conflicts of interest—he did not receive pharmaceutical, writing, or external
assistance or input in developing this manuscript.

2. Vitamin D Generation—Genomic and Non-Genomic Actions

The primary hormonal function of calcitriol is maintaining calcium homeostasis and
the conservation of calcium and minerals. Humans have developed multiple evolutionary
mechanisms using calcitriol that enhance intestinal calcium absorption, calcium conser-
vation in renal tubules, and dynamic interaction on skeletal calcification and resorption
(Figure 1). In conjunction with parathyroid hormone (PTH), calcitriol profoundly affects
renal tubular calcium reabsorption [66]. Calcitriol has a broader regulatory function and
maintains tight calcium-phosphate homeostasis through VDR–genomic interactions and
non-genomic membrane effects. Collectively, these actions prevent fluctuations of serum-
ionized calcium, keeping a narrow range. These effects are summarized in Figure 1.
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2.1. Genomic Actions of Calcitriol

Calcitriol is an essential regulator of calcium-phosphate homeostasis and participates
in tightly regulated VDR genomic activity. In conjunction with PTH, the hormonal calcitriol
promotes osteoid calcification and maintains skeletal integrity, thus effectively preventing
rickets and osteomalacia [67]. The endocrine action of calcitriol facilitates musculoskeletal
functions, balance and coordination, and improves reflexes via nerve conduction—overall
improvement in muscular functions [68]. Genomic actions of calcitriol are slow to initiate
but are associated with biological outcomes over a longer duration.

When the concentration of 1,25(OH)2D increases above the physiologic threshold,
it increases the expression of CYP24A1, 24-hydroxylase enzyme, and the production of
FGF-23. This feedback system also inhibits PTH production, thus reducing the generation
of 1,25(OH)2D. It simultaneously increases the expression of CYP24A1, increasing the
catabolism of 25(OH)D and 1,25(OH)2D into their respective inactive 24-hydroxylase
metabolites: 24,25(OH)D and 1,24,25(OH)2D [44]. The 24-hydroxylation-mediated catabolic
products of calcifediol and calcitriol (Figure 2) have no known biological actions. In
contrast, low circulatory calcitriol suppresses CYP24A1 and stimulates the CYP27B1 gene
to produce the hormonal form of calcitriol from the kidney. Calcitriol and its inactive
catabolic derivatives are illustrated in Figure 2.
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As with some other micronutrients, vitamin D represents another example with
potential use as a personalized or targeted approach to disease prevention, minimizing
complications from critical illnesses, including infection. However, the target circulator
levels of individuals vary (depending on the target tissue, disease, and underlying vitamin
D status) for achieving therapeutic goals [11,53] (see Section 3.6 for details). Vitamin D-
related metabolomics, transcriptomics, and epigenetics studies likely provide paths for
better critical outcomes [69,70].

The most biologically active form of vitamin D, 1,25(OH)2D, regulates over 1200 genes
within the human genome, and gene polymorphisms and epigenetics would further influ-
ence its mechanism of action [71–73]. Meanwhile, the up-regulation of gene transcription
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leads to the release (stimulation) of anti-inflammatory and antioxidant cytokines, and the
down-regulation (suppression) of inflammatory cytokines leads to a cascade of beneficial
effects [28,50,74–76].

2.2. Non-Genomic Actions of Calcitriol

In addition to the presence of VDRs in the cytosolic compartment, VDRs are also
located in cell membranes [77]. The internalization of vitamin D and its D-binding protein
(VDBP) complex is another example of rapid membrane responses [78]. This internaliza-
tion occurs in specific cells, such as renal tubular, fat, and muscle cells, enabling active
transportation. This transpires via the megalin with its co-receptor, cubilin [79]. In addition,
vitamin D influences mitochondrial functions directly and indirectly, including fusion,
energy production, modulation of mitochondrial membrane potential, regulation of ion
channels, and apoptosis [78].

In contrast to genomic actions, non-genomic responses to vitamin D are rapid but last
for a shorter duration [78]. Calcitriol triggers rapid calcium influx through epithelial cells
(membranes) and uptake by various cells, such as gastrointestinal, renal tubular, osteoclast,
and osteoclast cells. Some of these actions occur via its membrane vitamin D receptor
and the protein disulfide-isomerase A3 (PDIA3), responsible for some rapid non-genomic
responses [78]. Calcitriol also stimulates the release of second massagers via membrane
receptors, which modulate several intracellular processes. The latter include the control
of cell cycle, proliferation, and immune responses through wingless (WNT) [80], sonic
hedgehog (SSH), STAT1-3, or NF-kappaB pathways [81]. These calcitriol-mediated rapid
actions facilitate calcium spikes that modulate signaling and multiple other physiological
pathways [82].

Despite some advances, the exact mechanisms of non-genomic responses to vitamin D
are not fully understood. Vitamin D also, directly and indirectly, influences mitochondrial
function, including fusion-fission, energy production, mitochondrial membrane potential,
the activity of ion channels, and apoptosis. However, the mechanisms of the non-genomic
responses to vitamin D are still not fully understood [78].

3. Clinical and Randomized Control Studies (RCTs)

Well-designed and statistically powered RCTs that used proper doses of vitamin D
as the primary interventional agent have all reported favorable clinical outcomes. These
positive clinical outcomes are not restricted to the musculoskeletal system—rickets and osteo-
malacia [83], but also apply to other body systems [81,82], disorders, and diseases [3,84–86].
The main issue with the clinical trials performed to date is that a few have been explicitly
designed to test the hypotheses that hypovitaminosis is a causative factor and have spe-
cific vitamin D-related endpoints. In addition, the designs of many clinical studies lack
the targeting required to achieve pre-specified 25(OH)D concentrations. In contrast, all
well-designed studies with sufficient subjects (statistical power) in persons with hypovita-
minosis D using the proper doses for an adequate duration have reported favorable clinical
outcomes [87–89].

3.1. Contributions from Recent Clinical Studies

Many studies have confirmed the association between vitamin D intake and the reduction
of viral respiratory infections [90,91], including in persons with COVID-19 [92–95]. Further,
more than 120 peer-reviewed clinical studies used vitamin D as the primary intervention
to investigate COVID-19. Clinical outcomes from these studies [96] were published on
the following URLs (https://c19early.org/d, accessed on 27 March 2023) [96]. This site
provides all negative and positive published studies on vitamin D and COVID-19 [96].
This data have been made available with unrestricted access, making this dataset more
valuable than all RCTs, meta-analyses, and systematic reviews, especially considering some
meta-analyses are poorly designed, biased, and address a few cherry-picked RCTs.

https://c19early.org/d
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Although not essential to fulfilling whole criteria, vitamin D fulfills all of Hill’s causa-
tion criteria [97]: hypovitaminosis D significantly increases vulnerability, causing complica-
tions and deaths from COVID-19. Vitamin D- and COVID-19-related data published in over
390,000 subjects should have been examined in 2020 using a Big Data meta-analysis. That
would have provided additional validation with a larger effect size, with higher statistical
power to make firm conclusions.

3.2. Reasons for Failure of Recent Vitamin D Randomized Controlled Clinical Studies

During the last few years, a few negative clinical studies were published related to
vitamin D. The failures of these highly publicized prominent RCTs have been amplified by
dozens of duplicate publications by the same and other authors using the same database;
the VITAL study is one such example [98]. Failed clinical outcomes are directly related to
poor study designs. These include unfamiliarity with the biology and physiology of vitamin
D and/or how vitamin D benefits the body system (e.g., mechanisms of vitamin D on
disease prevention and stimulating the immune system). In some cases, study investigators’
lack of understanding of the biology or conflicts of interest has led to designing studies to
have failed outcomes.

It is important to note that there is no rationale in expecting studies to demonstrate the
beneficial effects of vitamin D supplementation/treatment in persons who are not deficient.
Despite these, studies such as VITAL and others recruited subjects who were not vitamin
D deficient. Whether such flawed study designs are used mistakenly, due to ignorance
of the biology and physiology of vitamin D, or deliberately downplay the importance
of this unpatented, natural nutrient is unclear. Table 1 characterizes components of a
well-designed nutrient/vitamin D clinical study/RCT.

Table 1. Key nutrient clinical study recruitment criteria: Clinical studies should be conducted to test
the hypothesis that intervention (e.g., vitamin D supplements) benefit recipient subjects.

The Goal Action Needed

Recruit only vitamin D-deficient subjects
Measurement of baseline serum 25(OH)D concentration. To recruit
subjects with 25(OH)D serum levels less than 20 ng/mL (50 nmol/L) for
clinical studies and RCTs

Sufficient sample size Based on statistical Power calculation (on the effects size and the
standard error of the mean)

Sufficient doses and the right frequency of
administration (e.g., daily or weekly—not monthly
or semi-annually)

Avoid administration of vitamin D at a frequency or less than once in
two weeks
Use the appropriate vitamin D dose to raise serum 25(OH)D
concentration sufficient to achieve the intended outcome

Assure the sufficiency of co-nutrients and co-factors

To optimally function, supplemented nutrients interact and act
synergistically with other nutrients. In the case of vitamin D (or calcium),
ensure the availability of co-factors and supporting elements, such as
magnesium, vitamin K2, etc.

Assure the desired blood concentration is achieved
(e.g., 25(OH)D concentration)

In longer-duration trials, measurement of serum 25(OH)D concentrations
after initiation of the intervention (e.g., approximately in four months)

Sufficient duration of the study
Shorter trials—Acute (e.g., infections) that last a few weeks vs. longer
trials—Chronic diseases such as metabolic disorders, cancer, and
osteoporosis., requiring several years of follow-up

Keep the study clean Avoid nutrients, piggyback on pharmaceutical trials

Keep the study simple

Use the simpler (uncomplicated) protocol with minimum study groups
necessary to test the hypothesis. This improves statistical power, makes
more straightforward interpretations and conclusions
become meaningful
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Table 1. Cont.

The Goal Action Needed

Clinical and statistical meaningfulness

Clinical study protocol needs to test a hypothesis based on a clinically
meaningful increase of the indexed nutrient in circulation
[i.e., 25(OH)D]—achieving and maintaining the blood levels above the
minimum target

Balanced randomizations Minimize confounders

Target serum 25(OH)D concentration (the
therapeutic window)

Supplementation should bring serum 25(OH)D levels to a sufficiency
level (at least above 40 ng/mL; 100 nmol/L) (in the case of infections
above 50 ng/mL)—the target goal of the clinical study

Maintain a sustained effect Maintain circulatory 25(OH)D concentrations above the target level
during the entire study period in the interventional group [99]

Have firm–hard endpoints
The protocol should define hard primary endpoint(s)—e.g.,
complications such as reduced fractures, number needed to treat (NNT)
to save one life, hospitalizations, ICU admissions, or deaths.

Over-the-counter nutrients, supplements, and
vitamins should not be taken during clinical
studies [98,100,101]

Avoid or minimize interference with statistical power

Statistical analyses
Correlation should be made with serum 25(OH)D concentrations
achieved (active vs. control group) after supplements [or at least, the
changes (∆) from the baseline], but not with the administered dose

Disregarding vitamin D as a nutrient and treating it as a pharmaceutical agent is
another major fallacy of several recent RCTs. These fundamental errors, unfortunately,
exist in recent larger, sponsored clinical studies, including the VITAL study [98,100]. RCTs
that were designed correctly and administered age- and condition-appropriate vitamin D
doses consistently improve the intended clinical outcomes. Examples include insulin sensitiv-
ity [42], facilitating weight loss [102], reducing cardiovascular risks [47,103], improving renal
functions [104], and skeletal disorders [105].

3.3. Examples of Larger Vitamin D Interventional RCTs with Significant Study Design Errors

In many recent clinical studies, including the VITAL study (2000 IU/day; ∆ ~ 10 ng for
5.3 years) [106,107], vitamin D assessment (ViDA) study (∆ ~ 28 ng: 200,000 IU, monthly
doses) [108], D2d study (cancer and pre-diabetes) [109], vitamin D to improve outcomes
by leveraging early treatment (VIOLET) RCT (∆ ~ 35 ng: a single dose of 40,000 IU in
critically ill patients) [110], and vitamin D on all-cause mortality in heart failure (EVITA)
study (∆ ~ 16 ng: 4000 IU/day) [111], all had significant study design errors. In several of
these, as with VITAL [107,112], the control groups were allowed to take over-the-counter
supplements [100], including vitamin D [98,100,101]. This reduced the effect size between
the active and placebo (or the control) groups, losing statistical power led to falsely non-
conclusive outcomes.

In addition, RCTs conducted for a too-short duration and the administration of too-
low and/or too-infrequent doses of vitamin D make the outcomes from such studies not
only negative but also unreliable {Grant, 2018 #11252}. Consequently, irrespective of the
study size, the cost, credibility, or where it was conducted (e.g., university name), clinical
outcomes from poorly designed studies (see Table 1) are unreliable and should not be
generalized or used for policy decision-making. RCTs that fail to adhere strictly to the
nutrient-related essential criteria and research principles mentioned in Table 1 will fail to
generate useful or meaningful data. Detailed guidelines for conducting nutrient clinical
trials and systematic reviews have been reported [41,113,114].
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3.4. Contrasts between Negative and Positive RCTs

The main reason for RCTs’ outcome failures in critically ill subjects, as in ICUs, is that
raising circulating concentrations of 25(OH)D in seriously ill patients would take more
than a week—another example of a lack of insight into basic biology while designing RCTs
leading to poor outcomes. In seriously ill patients, even very high doses of vitamin D,
such as those over 400,000 IU, administering as a single [110] or intermittent doses will
have no beneficial effects. Therefore, favorable outcomes cannot be expected in RCTs with
such major study design flaws. In contrast, a systematic review analysis of six vitamin
D intervention trials in acute SARS-CoV-2 infection reported a significant relative risk
reduction (RRR) of 0.60 (95% CI 0.40 to 0.92, p = 0.02), and the rates of RT-CR positivity
reduced significantly in the intervention group, with a RRR of 0.46 (95% CI 0.24 to 0.89,
p = 0.02) [115].

As described in this article and others recently [9,20], these significant study design
errors were due to the lack of understanding of the biology of vitamin D and the mech-
anisms of calcitriol modulating body systems. In the case of subjects in the ICU, failed
outcomes are predictable, with any dose of vitamin D, even in those with severe vitamin D
deficiency. These outcome failures could have been eliminated by administering the right
type of vitamin D—calcifediol instead of vitamin D (see Section 4.6 for rationale and dose
recommendation) [92,93,95]. Hence the importance of having a deeper understanding of
the biology of different vitamin D metabolites.

RCTs with study design errors fail to demonstrate benefits (i.e., no significant differ-
ences of primary endpoints from placebo) in diabetes, cancer, osteoporosis, cardiovascular
endpoints, mortality, etc. However, subgroup outcome analyses of most of these studies
using serum 25(OH)D concentrations as a denominator demonstrated beneficial positive
endpoints. This reflects the lack of insights and weaknesses of these RCTs. In parallel,
some meta-analyses reported beneficial clinical outcomes when used multiple failed RCTs,
despite their failure individually. This suggests that some of these individual RCTs did
not have the statistical power to differentiate outcomes in active vs. control groups. Such
examples include reductions in fractures and/or falls, early recovery from respiratory tract
infections, reduced severity of cancer, and low death and all-cause mortality rates [100].

3.5. What to Expect from RCTs

Before accepting the results and conclusion of any nutrient RCT, one must carefully
evaluate (A) the study design, (B) protocol, (C) adherence to the stipulated (pre-defined)
procedures, (D) statistical methods used, and (E) conflicts of interest and sponsorships.
Several currently ongoing large RCTs with significant study design errors are not exceptions.
These studies are unlikely to generate meaningful or valuable data. RCTs not designed to
test a primary hypothesis, those lacking robust clinical study protocols and/or statistical
power to make meaningful conclusions, would not fill the gaps in the knowledge.

Apart from 4 RCTs related to vitamin D and COVID-19 with poor study designs,
over 120 other clinical studies, including 41 RCTs [116,117], provided a larger effect size
and strong associations between vitamin D and clinical outcomes of COVID-19. These
studies provided overwhelming evidence that vitamin D deficiency fulfills Bradford Hill’s
criteria for causality—“hypovitaminosis D significantly increases vulnerability causing
complications and deaths from COVID-19” [9,20,118,119]. Other studies with robust pro-
tocols reported statistically significant clinical outcomes, such as with multiple sclero-
sis [9,20,118,119], periodontal disease [9,20,118,119], and cancer [Munoz, 2022], especially
against important cancer types [120].

3.6. Systems and Different Tissues May Need Different Serum Concentrations of 25(OH)D

It is noteworthy that the circulatory 25(OH)D concentrations required to overcome
disease conditions, such as drug-resistant migraine/cluster headaches, psoriasis, asthma,
etc., and during infectious pandemics and endemic, are higher than the generally re-
comended concentrations. Published data over the past two decades suggest the possibility



Biomedicines 2023, 11, 1542 12 of 26

of tissues/body systems related to different circulatory levels of 25(OH)D for optimal
function [3]. A summary of conclusions from many clinical studies is illustrated in Figure 3.
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As described above, higher circulatory 25(OH)D and D3 concentrations are crucial
for maintaining a robust immune system to impede viruses such as SARS-CoV-2 [59].
Nevertheless, prevention efforts should be directed at the “entire person,” not at a given
tissue or a system. Furthermore, conditions and diseases (e.g., infections) can manifest
quickly, precluding the opportunity to optimize serum 25(OH)D concentrations. Therefore,
the prevailing data strongly suggest that maintaining serum 25(OH)D concentrations above
50 ng/mL (125 nmol/L) as the best option for the broadest protection [9,20].

4. Pharmacodynamics and the Underlying Mechanisms of Calcitriol

Calcitriol acts via multiple mechanisms, benefiting humans. It activates the innate and
adaptive immune systems and has broader genomic and non-genomic actions. Several
key biological and physiological functions of calcitriol, including autocrine and paracrine
signaling mechanisms, are mediated from intracellularly synthesized 1,25(OH)2D (calcitriol)
in peripheral target cells [121], and not the circulating hormonal form of calcitriol, of which
the concentrations are far too little to enter peripheral target cells. This locally generated
calcitriol in these peripheral target cells (e.g., immune cells), such as macrophages, T- and
B-lymphocytes, and dendritic cells, provide essential signaling for biological functions,
such as autocrine and paracrine signaling mechanisms of vitamin D and prevention of
autoimmunity [121] (see next section).

4.1. Autocrine and Paracrine Signaling

In addition to the direct effects of calcitriol on the genome, it also exerts indirect effects
via autocrine and paracrine signaling [20]. Examples of these include the impact of cal-
citriol switching T helper cell 1 (Th1) to T helper cell 2 (Th2) and Th17 to Treg cells, which
transforms pro-inflammatory status to anti-inflammatory status [28,29]. When the intracel-
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lular calcitriol concentration is low, statutes of Th1 and Th17 cells remain inflammatory,
contributing to cytokine storms and the development of ARDS following viral infections in
vulnerable people [122,123]. In addition, intracellular calcitriol in immune cells, directly
and indirectly, enhances the expression of anti-microbial peptides and antibody synthesis.

While the exact mechanism of stimulation of some of the above pathways is un-
clear, it is known to involve transcription factors C/EBPβ and inhibit the orphan receptor
NR4A2 [124]. The regulation of the CYP27B1 gene (1α-hydroxylase enzyme) by a transcrip-
tional factor promoter, NR4A2, is inhibited by C/EBP-beta. Furthermore, over-expression
of C/EBP-beta decreases NR4A2 and CYP27B1 mRNA levels [124]. In contrast, FGF-23
counteracts the 1α-hydroxylase enzyme through FGF receptors in the presence of the
co-receptor (an aging-related factor), Klotho [11]. At the same time, the ablation of Klotho
leads to the over-expression of the FGF23 phenotype, consistent with Klotho deficiency [11].
This signaling also activates the mitogen-activated protein kinase (MAPK) cascade, but its
role in CYP27B1 expression remains unclear [125].

Despite the above, there is little evidence from RCTs regarding the optimum serum
25(OH)D levels for preventing various disease-related complications. This confusion
derives from the non-standardized clinical studies using different serum 25(OH)D con-
centrations, correlated with minimum effective concentrations, and poorly designed and
conducted RCTs [100] (see Section 3). The fundamental flaw is that investigators failed to
regard vitamin D as a nutrient: thus, designing RCTs considering vitamin D as a synthetic
pharmaceutical agent. Clinical outcome failures are common, as the pharmacokinetics of
these two sets of agents are very different (Figure 3). Furthermore, they failed to adhere to
standard published guidelines with nutrient clinical studies (Table 1) [113].

4.2. Optimum Concentrations of Circulating 25(OH)D Concentrations

As illustrated above (Figure 3), there are tissue-specific serum concentrations of
25(OH)D to elicit biological effects. The high affinity of vitamin D and 25(OH)D to the
VDBP provides the means for transporting and enhancing the half-life of 25(OH)D in circu-
lation. In addition, the specific evolutionary mechanism of the megalin–cubilin-mediated
membrane-driven internalization of vitamin D and 25(OH)D molecular complexes provides
the energy-dependent entry of these compounds into renal cells and vitamin D and other
nutrient storage tissues [126,127]. This entry facilitates the synthesis of the hormonal form
of calcitriol in renal tubular cells and storage mechanisms for D3 and 25(OH)D in muscle
and fat cells. In contrast to pharmaceuticals, these mechanisms allow 25(OH)D to have a
naturally longer circulatory half-life [128,129]. Administration of a nutrient such as vitamin
D in a deficient person, the change in nutrient status (∆) (see Section 3.3), would produce a
measurable, statistically significant clinical outcome. However, that is present only in those
with nutrient-deficient status.

In contrast to micronutrients like vitamins, iron, iodine, etc., pharmaceutical agents
neither have a specific internalization process nor a physiologic storage mechanism—a
significant difference. Consequently, pharmaceutical agents must be administered once
or multiple times daily to maintain the necessary serum concentrations to achieve the
intended benefits [130,131]. To overcome this, pharmaceutical agents have been modified
to administered as precursor, slow-released compounds, or converted into longer-acting
formulas (e.g., depot format), thus enabling them to prolong their half-lives and actions.
Consequently, the dose-response curves for the mentioned two categories differ vastly.
Therefore, one cannot evaluate these two categories using the same principle, protocols,
or study designs. Figure 4 illustrates the fundamental differences between (Figure 4A)
circulatory concentrations of a nutrient and (Figure 4B) a pharmaceutical agent.
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Figure 4. Illustrates the dose-response and pharmacodynamic differences between nutrients and
pharmaceutical agents (inverted curves with nutrients vs. sigmoidal-shaped pharmaceutical response
curves). (A). An example using vitamin D dose responses. When it reached its sufficiency for a given
tissue/system, providing more would not have additional physiological benefits. The response range
is narrow, about half the order of magnitude. (B). The response range expands with pharmaceutical
agents over an order of magnitude, and the response curve is shallow.

As illustrated above, many recent larger vitamin D RCTs have been poorly designed
for bizarre reasons. Some were piggybacked on industry-sponsored studies as a shortcut
to generating data without additional expenses. Their primary endpoints are focused on
pharmaceutical agents, not nutrients. In such studies, vitamin D-related outcomes are
incidental or secondary; thus, they cannot be relied upon for drug approvals, guidelines, or
policy decision-making. In addition, the doses, frequency of administration, and duration
of studies were inappropriate in many vitamin D RCTs. As a result, their endpoints and
conclusions were unreliable.

4.3. Importance of Raising Population 25(OH)D Concentrations to Reduce Morbidities

The guidelines of the US Endocrine Society [the minimum adequate serum 25(OH)D
of 30 ng/mL (75 nmol/L)] were for individual patients, not for disease entities or special
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or vulnerable groups [16]. In the absence of adequate exposure to sunlight, to raise and
maintain a blood level of 25(OH)D above 30 ng/mL, individuals require a daily minimal
oral intake of 2000 to 4000 IU (50 to 100 µg) of vitamin D3, with a longer-term safe upper
limit of 10,000 IU [116,132–135]. Different scientific organizations have recommended
varied serum 25(OH)D concentrations. However, the minimum level to be maintained to
overcome infections, cancer, autoimmunity, and heart disease and for robust immunity is
50 ng/mL [9,20,50,57,136].

The natural vertebrate-form of vitamin D3 (the parental vitamin D) is the desirable
supplementation, preferably obtained via routine safe skin exposure to ultraviolet sun rays
and/or daily or weekly supplementation or targeted food fortification programs [14]. These
mentioned modes can provide sufficient amounts of vitamin D to maintain the population’s
vitamin D sufficiency [i.e., maintaining the mean serum 25(OH)D concentrations above
40 ng/mL) [43,137], which would enhance the population’s immunity and significantly
reduce illnesses and absenteeism, thus increasing productivity. A robust immunity in the
population can inherently curtail the spread of pathogenic microbial infections, partic-
ularly viral epidemics, and pandemics such as SARS-CoV-2, and reduce the associated
hospitalization and deaths from infections [59,138].

4.4. Factors That Modify the Functions of CYPP450 Enzymes and VDRs

The quantity and the efficiency of generating vitamin D in the skin and the subsequent
two hydroxylation steps are reduced by several factors. These include the location of
residence (i.e., latitude) where no UVB rays reach during winters (i.e., seasonality), air
pollution that blocks UVB rays, sun-avoidance behavior such as excessive clothing, using
umbrellas, and UV blockers, higher melanin skin pigmentation, scarring or aging of the
skin, etc.

While VDR abnormalities such as pleomorphism are not uncommon [139], genetic vari-
ants of CYP450 vitamin D-related enzyme abnormality are rare. For the proper functioning
of CYPP450 enzymes, it is crucial to have adequate intracellular concentrations of not only
calcitriol but also magnesium [140,141]. In addition, diseases, especially infections, increase
the consumption of vitamin D, thus requiring maintaining a higher intake. Furthermore,
acute and chronic inflammation increases reactive oxygen species (i.e., generating oxidative
stress) that reduce mitochondrial functions [142], which further aggravates oxidative stress
and cytochrome 25- and 1α-hydroxylase activity and impairs recovery [143].

The continual availability of sufficient D3 in conjunction with the pleiotropic distribu-
tion of VDRs, co-factors, and the associated signaling systems enables a healthy life [43,144].
The vitamin D control system—CYP450 enzymes that activate and degrade vitamin D and
metabolites, PTH and FGF23—associated feedback mechanisms, and VDRs have evolved
over millions of years [145]. This complex system has been fine-tuned through vertebrate
evolution, resulting in genetic variants and nucleotide polymorphisms in modern hu-
mans [146,147]. Calcitriol–VDR interactions and the resultant gene expressions related to
target metabolic genes and subsequent biological activities. These are further modulated
by epigenetic variations [72,147] and switching from traditional lifestyles to modern [148].

4.5. The Importance of Prescribing the Proper Type and Doses of Vitamin D

Since vitamin D is a nutrient, the benefits from supplements are evident only in those
with absolute or relative deficiencies. Therefore, while broader guidance on vitamin D
supplementation is generally helpful, individual recommendations must be based on their
vitamin D status, body weight, and requirement [9,20]. Therefore, as with other medical
disorders, healthcare workers should investigate patients’ history, background, habits, and
needs before recommending or prescribing vitamin D supplements. Along with lifestyle
changes, this would allow them to advise individuals to take the correct dose, eliminate
rare adverse effects, and reduce costs.

Access to a laboratory and affordable testing allows one to measure biochemical
variables, such as serum 25(OH)D levels (and serum and urinary calcium, PTH, etc.), to
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assess the overall vitamin D/calcium status. Properly utilizing these data could provide
cost-beneficial approaches for patients and maximize efficacy while minimizing adverse
effects [149]. Considering the high cost of 25(OH)D measurements and their unavailability
to most people worldwide, laboratory testing is not essential [20]. Instead of using serum
25(OH)D concentration, the vitamin D dose can be calculated via published tables on
body-weight-based calculation for the correct dose [9,20].

Vitamin D is highly economical and has virtually no adverse effects on recommended
D3 doses, frequency, and durations. Furthermore, it is widely available as an over-the-
counter nutrient globally at an affordable cost. Maintaining vitamin D sufficiency in the
population is the most cost-effective approach to controlling the spread of viral infections
such as COVID-19 [20,100] and reducing the prevalence of chronic diseases [14,41,150,151]
and healthcare costs.

4.6. Vitamin D Doses to Maintain Therapeutic Serum 25(OH)D Concentrations

For a healthy 70 kg non-obese adult, it is recommended to consume 5000 IU (125 micro-
grams)/day or 50,000 IU (1.25 mg: one capsule) every tenth day or once a week—especially
during high-risk periods [20]. For a vitamin D-deficient person, these doses could take sev-
eral months to increase serum 25(OH)D to therapeutic levels of over 50 ng/mL [20]. Even
in a vitamin D-sufficient person [i.e., based on community guidelines of maintaining serum
25(OH)D concentration of 40 ng/mL], the mentioned oral doses of vitamin D would take
a few weeks to raise serum 25(OH)D concentration above 50 ng/mL [9]. Therefore, such
doses could be insufficient (and ineffective) to achieve the desired target serum 25(OH)D
concentration in emergencies.

Even for those with severe vitamin D deficiency, delays in raising serum 25(OH)D
concentrations can be reduced to less than four days by administering higher upfront
loading doses—between 100,000 IU and 400,000 IU based on the body weight, as a single
dose [152]. It the time is not critical, preferably higher amounts should be administered in
divided doses over a few days to improve absorption and aid 25-hydroxylation in the liver—
a rate-limiting factor [20,153]. In contrast, administration of 0.5 to 1 mg calcifediol orally
(preferably 0.014 mg/kg body weight) [20] rapidly increases serum 25(OH)D concentrations.
Administration of the correct dose will boost the immune system within one day. Therefore,
the latter is the most appropriate type of vitamin D in emergencies such as COVID-19 [9].

4.7. Vitamin D Dose Recommendations

Little vitamin D is present in natural food; thus, the dietary intake is minimal and
cannot be relied upon for the majority [154,155]. Furthermore, in the absence of exposure
to daily direct sunlight, casual exposure to the sun is insufficient to raise serum 25(OH)D
concentration [14,156]. Governments and some scientific committees such as IoM, Food
and Nutrition Board (FNNB), and USPTO in the USA, and the scientific advisory committee
(SCAN) in the UK, etc. continue to recommend doses of vitamin D of between 400 and
1000 IU/day. These low doses would raise serum 25(OH)D concentration in the circulation
to less than 6 ng/mL, which is grossly insufficient in those with vitamin D deficiency
and insufficiency [157]. Therefore, such doses consistently fail to raise serum 25(OH)D
concentrations to needed therapeutic levels [157], thus unhelpful.

Governments and appointed committees recommend doses of vitamin D to prevent
rickets in children and osteomalacia in adults [14,150,151], not for other disorders. It is only
necessary to raise serum 25(OH)D concentration to 20 ng/mL to benefit the musculoskeletal
system [16,158]. However, this does not help other body systems or disease conditions.
Therefore, it is paramount to use adequate doses of vitamin D (preferably body-weight-
based doses) [9,20] to increase serum 25(OH)D to the desired concentrations, as shown
in Figure 4.

For busy healthcare workers, it is difficult to remember the different doses of vitamin
D and serum 25(OH)D concentrations needed for various diseases. Therefore, irrespective
of age and body weight, when laboratory measurements are affordable and available, it is
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rational to maintain serum 25(OH)D concentrations above 40 ng/mL [159,160], preferably
above 50 ng/mL—a range between 50 and 90 ng/mL [9,20,157].

When 25(OH)D measurements are unavailable or unnecessary, an accepted vita-
min D dose for extra-skeletal beneficial effects of “non-obese” adults is 5000 IU per day
(125 µg/day) [161,162]. In the vast majority, this would raise serum 25(OH)D concentration
to approximately 40 ng/mL over a period. These doses exceed outdated governmental
recommendations [133,162,163]. Persons with obesity/overweight and multiple comor-
bidities, taking medications that increase 24-hydroxylase catabolic activity, and those with
gastrointestinal fat malabsorption disorders require two- to four-fold higher doses than the
above [9].

4.8. Strength and Limitations

Vitamin D is a vast field of science that encompasses all body systems. Over 120,000 peer-
reviewed scientific articles on vitamin D have been published on PubMed alone, covering
several aspects of its biology, physiology, clinical characteristics, and pathology related to
vitamin D deficiency. Therefore, neither a single article nor a book could cover all aspects. This
article focuses on physiological, clinical, and practical elements that would help practicing
clinicians and healthcare workers better manage their patients. These were strengthened by
providing pertinent references under each sub-heading for further reading and exploring
other areas of interest.

5. Conclusions

Vitamin D3 supplements are widely available, inexpensive. It is a safe micronutrients
that should be considered as long-term prophylactic agents or adjunct therapy. When
available and practical, direct and safe skin exposure to sunlight is preferable to obtain
vitamin D3. Vitamin D deficiency is associated with many common chronic diseases, such
as rickets, osteomalacia, metabolic and immune disorders, autoimmune diseases, and
cancer. It also impacts pregnancy and children’s growth, including brain functions: the lack
of it could lead to premature death. Consequently, its deficiency significantly increases the
vulnerability and severity of metabolic diseases such as diabetes, obesity, and metabolic
syndrome and worsens infections and cancer.

In addition, hypovitaminosis D increases the risks for bacterial and viral infections,
associated complications, and deaths. Those affected are particularly vulnerable to viral res-
piratory illnesses such as seasonal flu, influenza, respiratory syncytial virus, and COVID-19.
Worldwide, sepsis is responsible for approximately seven million annual deaths: a major
contributory factor for this is vitamin D deficiency [164]; half of these premature deaths
could have been prevented by taking proactive actions to treat them aggressively with
vitamin D and calcifediol as described in this article. The goal is to rapidly raise serum
25(OH)D concentration above 50 ng/mL, allowing it to boost the immune system [20]. This
would have cost a fraction of a one-day hospital stay (less than two USDs person).

This principle applies to those infected with or PCR-positive persons for SARS-CoV-2
(during the COVID-19 pandemic and in the future) [59,116,165]. Since February 2020,
over 900 peer-reviewed scientific articles related to vitamin D and COVID-19 have been
published—the first recommendation of using high doses of vitamin D was published
on 28th February 2020 [166,167]. Based on the mentioned vast literature, vitamin D’s
importance in rectifying the impairment of immune functions to overcome COVID-19 has
recently been highlighted [168,169].

The long-term use of adequate vitamin D doses, such as 5000 to 7000 IU (125 to
175 micrograms)/day, will reduce the risks for infections and complications [50,162,170],
racial disparities in infections-related clinical outcomes, including COVID-19 [116], and
the spread of COVID-19, hospitalization and mortality [59]. Children and elders with
severe hypovitaminosis D have a high risk of developing life-threatening infections [171]—
conditions, such as Kawasaki-like disease or multi-system inflammatory syndrome [33–35],
which can be significantly reduced by proactively providing vitamin D supplements.



Biomedicines 2023, 11, 1542 18 of 26

In seriously ill patients (e.g., non-traumatic patients admitted to ICUs) with vitamin D
deficiency, even high doses would take up to a week to increase serum 25(OH)D concentra-
tions. For such patients and in emergencies, it is best to treat them with a single oral dose
of 0.5 and 1.0 mg calcifediol (0.014 mg/kg body weight) to rapidly raise serum 25(OH)D
concentrations above the minimum therapeutic levels of 50 ng/mL [20]. This dose can be
continued every third day until a high amount of vitamin D maintains the serum 25(OHD
concentration at the desired level. Within four hours of administration of a proper dose
of oral calcifediol, serum 25(OH)D concentrations increase above 50 ng/mL, sufficient to
boost the immune system within one day.

The administration of high doses of vitamin D and/or calcifediol causes robust im-
mune responses, allowing individuals to overcome severe inflammation and oxidative
stress, thus preventing cytokine storms and ARDS [172]. Magnesium deficiency increases
the risk and worsens cytokine storm-related complications and outcomes [173]. Therefore,
it is crucial to prevent (intracellular) magnesium deficiency and provide sufficient amounts
of other micronutrients and co-factors, allowing robust immune and metabolic functions.
Because of the multiple biological and physiological benefits, the prompt administration of
proper vitamin D dose supplements is necessary to prevent complications, ICU admissions,
and death from infections [174]. Serum 25(OH)D concentration over 50 ng/mL is also
necessary to overcome some cancers and reduce all-cause mortality.

Vitamin D supplementation prevents the development of chronic diseases [175,176],
including osteoporosis and metabolic conditions [177] and acute and chronic respiratory
infections [90,91,178]. SARS-CoV-2 infection, post-vaccinations, and other coronaviral
infections are classic examples of where proper doses of vitamin D leading to sufficiency
would prevent pulmonary and endothelial cell damage, hypoxia and ARDS, coagulation
abnormalities and micro-embolism [75]. Consequently, it reduces hospitalizations, ICU
admissions, and deaths [59,178,179]. In addition, vitamin D supplements at proper doses
reduce the incidence of seroconversion and symptomatic SARS-CoV-2 [117], and minimize
complications [171], hospitalizations [180], ICU admissions [181], and deaths [59,179].

As illustrated in Section 4.7, the doses recommended (e.g., vitamin D, 400 to 1000 IU/day)
by governments and some appointed advisory bodies were designed only to overcome the
minimum serum 25(OH)D concentrations necessary to overcome musculoskeletal disorders
like rickets in children and osteomalacia adults. Such low doses do not benefit other body sys-
tems. Despite these, none of these recommendations specify that the suggested minuscule
amounts are only applied to prevent musculoskeletal diseases—rickets and osteomalacia.

Because of this narrow focus, the suggested doses and serum 25(OH)D concentrations
are misleading and outdated. Considering the above, recommendations and broader conclu-
sions by the entities mentioned above are misguiding [158,182] and cannot be generalized.
Outdated recommendations and guidelines for vitamin D need to be urgently replaced with
new documents using recently published data-driven solid recommendations, including
those from systematic reviews and meta-analyses.

Synthetic analogs of vitamin D should not be used as prevention or replacement
therapy for deficiency, and supplements or treatment for osteoporosis and infections.
Vitamin D analogs are restricted to specific indications, such as hepatic or renal failure,
hypoparathyroidism, etc. Calcifediol is the agent of choice in emergencies, where the
rapid elevation of serum 25(OH)D concentration is necessary to reduce complications
that save lives. Calculating calcifediol and vitamin D doses on a body-weight basis is
straightforward [20]—thus, an individual’s needed vitamin D dose should not guess.
Calcifediol is administered as a single dose (in conjunction with a high amount of vitamin
D to prolong the benefits of vitamin D) or every third day during an emergency. In addition,
calcifediol is indicated when 25-hydroxylation of vitamin D is impaired, as in hepatic
failure. However, it is not recommended as a replacement therapy for osteoporosis and
renal failure. For correcting vitamin D deficiency, D3 should be used.

Furthermore, 1α-hydroxylated synthetic vitamin D analogs, including 1,25(OH)D, are
indicated when renal tubular cells fail to generate calcitriol from 25(OH)D due to a lack
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of 1α-hydroxylation activity, as in advance renal failure. Calcitriol is also indicated in all
types of hypoparathyroidism to maintain serum-ionized calcium. Treating deficiencies
with nutrients to overcome conditions requires understanding biology and physiology
in conjunction with practicalities and cost-effectiveness. With such an understanding,
proper dosing regimens and the right frequency of administering nutrients using the three
commercially available vitamin D metabolites (i.e., parental D3, calcifediol, and calcitriol)
are crucial for improving clinical outcomes, avoiding adverse effects, and saving lives.
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6. Marcinowska-Suchowierska, E.; Kupisz-Urbańska, M.; Łukaszkiewicz, J.; Płudowski, P.; Jones, G. Vitamin D Toxicity–A Clinical

Perspective. Front. Endocrinol. 2018, 9, 550. [CrossRef]
7. Ekwaru, J.P.; Zwicker, J.D.; Holick, M.F.; Giovannucci, E.; Veugelers, P.J. The Importance of Body Weight for the Dose Response

Relationship of Oral Vitamin D Supplementation and Serum 25-Hydroxyvitamin D in Healthy Volunteers. PLoS ONE 2014,
9, e111265. [CrossRef]

8. Veugelers, P.J.; Pham, T.-M.; Ekwaru, J.P. Optimal Vitamin D Supplementation Doses that Minimize the Risk for Both Low and
High Serum 25-Hydroxyvitamin D Concentrations in the General Population. Nutrients 2015, 7, 10189–10208. [CrossRef]

9. Wimalawansa, S.J. Overcoming Infections Including COVID-19, by Maintaining Circulating 25(OH)D Concentrations above
50 ng/mL. Pathol. Lab. Med. Int. 2022, 14, 37–60. [CrossRef]

10. Del Valle, H.B.; Yaktine, A.L.; Taylor, C.L.; Ross, A.C. (Eds.) Dietary Reference Intakes for Calcium and Vitamin D; Institute of
Medicine: Washington, DC, USA, 2011.

11. Haq, A.; Wimalawansa, S.J.; Carlberg, C. Highlights from the 5th International Conference on Vitamin D Deficiency, Nutrition
and Human Health, Abu Dhabi, United Arab Emirates, March 24–25, 2016. J. Steroid Biochem. Mol. Biol. 2018, 175, 1–3. [CrossRef]

12. Wimalawansa, S.J. IOM recommendations vs. vitamin D guidelines applicable to the rest of the world. In Proceedings of the 5th
International Conference on Vitamin D, Abu Dhabi, United Arab Emirates, 24–25 March 2016.

13. Grant, W.B.; Wimalawansa, S.J.; Holick, M.F.; Cannell, J.J.; Pludowski, P.; Lappe, J.M.; Pittaway, M.; May, P. Emphasizing the
Health Benefits of Vitamin D for Those with Neurodevelopmental Disorders and Intellectual Disabilities. Nutrients 2015, 7,
1538–1564. [CrossRef]

14. Binkley, N.; Lewiecki, E.M. Vitamin D and Common Sense. J. Clin. Densitom. 2011, 14, 95–99. [CrossRef]
15. 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.

Evaluation, Treatment, and Prevention of Vitamin D Deficiency: An Endocrine Society Clinical Practice Guideline. Med. J. Clin.
Endocrinol. Metab. 2011, 96, 1911–1930. [CrossRef]

16. Wimalawansa, S. Rational food fortification programs to alleviate micronutrient deficiencies. J. Food Process. Technol. 2013, 4,
257–267. [CrossRef]

17. Calvo, M.S.; Whiting, S.J.; Barton, C.N. Vitamin D fortification in the United States and Canada: Current status and data needs.
Am. J. Clin. Nutr. 2004, 80, 1710S–1716S. [CrossRef]

18. Smith, G.; Wimalawansa, S.J. Reconciling the irreconcilable: Micronutrients in clinical nutrition and public health. Vitam. Miner.
2015, 4, e136.

https://doi.org/10.3389/fnut.2022.999489
https://www.ncbi.nlm.nih.gov/pubmed/36337642
https://doi.org/10.3389/fnut.2022.971720
https://www.ncbi.nlm.nih.gov/pubmed/36337630
https://doi.org/10.1016/j.jsbmb.2016.09.016
https://www.ncbi.nlm.nih.gov/pubmed/27662817
https://doi.org/10.1093/nutrit/nux059
https://doi.org/10.2147/DDDT.S271754
https://doi.org/10.3389/fendo.2018.00550
https://doi.org/10.1371/journal.pone.0111265
https://doi.org/10.3390/nu7125527
https://doi.org/10.2147/PLMI.S373617
https://doi.org/10.1016/j.jsbmb.2017.04.008
https://doi.org/10.3390/nu7031538
https://doi.org/10.1016/j.jocd.2011.03.006
https://doi.org/10.1210/jc.2011-0385
https://doi.org/10.4172/2157-7110.1000257
https://doi.org/10.1093/ajcn/80.6.1710S


Biomedicines 2023, 11, 1542 20 of 26

19. Wimalawansa, S.J. Rapidly Increasing Serum 25(OH)D Boosts the Immune System, against Infections—Sepsis and COVID-19.
Nutrients 2022, 14, 2997. [CrossRef]

20. Uwitonze, A.M.; Razzaque, M.S. Role of Magnesium in Vitamin D Activation and Function. J. Am. Osteopat. Assoc. 2018, 118,
181–189. [CrossRef]

21. Azem, R.; Daou, R.; Bassil, E.; Anvari, E.M.; Taliercio, J.J.; Arrigain, S.; Schold, J.D.; Vachharajani, T.; Nally, J.; Na khoul, G.N.
Serum magnesium, mortality and disease progression in chronic kidney disease. BMC Nephrol. 2020, 21, 49.

22. Cheung, M.M.; DeLuccia, R.; Ramadoss, R.K.; Aljahdali, A.; Volpe, S.L.; Shewokis, P.A.; Sukumar, D. Low dietary magnesium
intake alters vitamin D—Parathyroid hormone relationship in adults who are overweight or obese. Nutr. Res. 2019, 69, 82–93.
[CrossRef]

23. La Carrubba, A.; Veronese, N.; Di Bella, G.; Cusumano, C.; Di Prazza, A.; Ciriminna, S.; Ganci, A.; Naro, L.; Dominguez, L.J.;
Barbagallo, M.; et al. Prognostic Value of Magnesium in COVID-19: Findings from the COMEPA Study. Nutrients 2023, 15, 830.
[CrossRef] [PubMed]

24. Sakaguchi, Y.; Hamano, T.; Isaka, Y. Magnesium and progression of chronic kidney disease: Benefits beyond cardiovascular
protection? Adv. Chronic Kidney Dis. 2018, 25, 274–280. [CrossRef] [PubMed]

25. Sims, J.T.; Krishnan, V.; Chang, C.-Y.; Engle, S.M.; Casalini, G.; Rodgers, G.H.; Bivi, N.; Nickoloff, B.J.; Konrad, R.J.; de Bono, S.;
et al. Characterization of the cytokine storm reflects hyperinflammatory endothelial dysfunction in COVID-19. J. Allergy Clin.
Immunol. 2020, 147, 107–111. [CrossRef] [PubMed]

26. Hojyo, S.; Uchida, M.; Tanaka, K.; Hasebe, R.; Tanaka, Y.; Murakami, M.; Hirano, T. How COVID-19 induces cytokine storm with
high mortality. Inflamm. Regen. 2020, 40, 37. [CrossRef]

27. Iannaccone, G.; Scacciavillani, R.; Del Buono, M.G.; Camilli, M.; Ronco, C.; Lavie, C.J.; Abbate, A.; Crea, F.; Massetti, M.;
Aspromonte, N. Weathering the Cytokine Storm in COVID-19: Therapeutic Implications. Cardiorenal Med. 2020, 10, 277–287.
[CrossRef]

28. Chauss, D.; Freiwald, T.; McGregor, R.; Yan, B.; Wang, L.; Nova-Lamperti, E.; Kumar, D.; Zhang, Z.; Teague, H.; West, E.E.; et al.
Autocrine vitamin D signaling switches off pro-inflammatory programs of TH1 cells. Nat. Immunol. 2021, 23, 62–74. [CrossRef]

29. McGregor, E.; Kazemian, M.; Afzali, B.; Afzali, B.; Yan, B.; Wang, L.; Nova-Lamperti, E.; Zhang, Z.; Teague, H.; West, E.E.; et al.
An Autocrine Vitamin D-Driven Th1 Shutdown Program Can Be Exploited for COVID-19. Available online: https://www.biorxiv.
org/content/10.1101/2020.07.18.210161v1 (accessed on 7 March 2021).

30. Xu, J.; Sriramula, S.; Xia, H.; Moreno-Walton, L.; Culicchia, F.; Domenig, O.; Poglitsch, M.; Lazartigues, E. Clinical Relevance and
Role of Neuronal AT 1 Receptors in ADAM17-Mediated ACE2 Shedding in Neurogenic Hypertension. Circ. Res. 2017, 121, 43–55.
[CrossRef]

31. Xu, J.; Yang, J.; Chen, J.; Luo, Q.; Zhang, Q.; Zhang, H. Vitamin D alleviates lipopolysaccharide-induced acute lung injury via
regulation of the renin-angiotensin system. Mol. Med. Rep. 2017, 16, 7432–7438. [CrossRef]

32. McGregor, T.B.; Sener, A.; Yetzer, K.; Gillrie, C.; Paraskevas, S. The impact of COVID-19 on the Canadian Kidney Paired Donation
program: An opportunity for universal implementation of kidney shipping. Can. J. Surg. 2020, 63, E451–E453. [CrossRef]

33. Wallis, G.; Siracusa, F.; Blank, M.; Painter, H.; Sanchez, J.; Salinas, K.; Mamuyac, C.; Marudamuthu, C.; Wrigley, F.; Corrah, T.; et al.
Experience of a novel community testing programme for COVID-19 in London: Lessons learnt. Clin. Med. 2020, 20, e165–e169.
[CrossRef]

34. Walter, L.A.; McGregor, A.J. Sex- and Gender-specific Observations and Implications for COVID-19. West J. Emerg. Med. 2020, 21,
507–509. [CrossRef]

35. Stagi, S.; Rigante, D.; Lepri, G.; Matucci Cerinic, M.; Falcini, F. Severe vitamin D deficiency in patients with Kawasaki disease: A
potential role in the risk to develop heart vascular abnormalities? Clin. Rheumatol. 2016, 35, 1865–1872. [CrossRef]

36. Wimalawansa, S.J. Commonsense Approaches to Minimizing Risks from COVID-19. Open J. Pulmonol. Respir. Med. 2020, 2, 28–37.
[CrossRef]

37. Wimalawansa, S.J. Reducing Risks from COVID-19: Cost-Effective Ways of Strengthening Individual’s and the Population
Immunity with Vitamin D. J. Endocrinol. Sci. 2020, 2, 5–13. [CrossRef]

38. Biering, S.B.; Gomes de Sousa, F.T.; Tjang, L.V.; Pahmeier, F.; Zhu, C.; Ruan, R.; Blanc, S.F.; Patel, T.S.; Worthington, C.M.; Glasner,
D.R.; et al. SARS-CoV-2 Spike triggers barrier dysfunction and vascular leak via integrins and TGF-β signaling. Nat. Commun.
2022, 13, 7630. [CrossRef]

39. Jiang, Y.; Chen, L.; Taylor, R.N.; Li, C.; Zhou, X. Physiological and pathological implications of retinoid action in the endometrium.
J. Endocrinol. 2018, 236, R169–R188. [CrossRef]

40. Keane, K.N.; Cruzat, V.F.; Calton, E.K.; Hart, P.H.; Soares, M.J.; Newsholme, P.; Yovich, J.L. Molecular actions of vitamin D in
reproductive cell biology. Reproduction 2017, 153, R29–R42. [CrossRef]

41. Pludowski, P.; Holick, M.F.; Grant, W.B.; Konstantynowicz, J.; Mascarenhas, M.R.; Haq, A.; Povoroznyuk, V.; Balatska, N.; Barbosa,
A.P.; Karonova, T.; et al. Vitamin D supplementation guidelines. J. Steroid Biochem. Mol. Biol. 2017, 175, 125–135. [CrossRef]

42. Carlberg, C. Molecular Approaches for Optimizing Vitamin D Supplementation. Vitam. Horm. 2016, 100, 255–271.
43. Wimalawansa, S.J. Achieving population vitamin D sufficiency will markedly reduce healthcare costs. EJBPS 2020, 7, 136–141.
44. Bikle, D.D. Vitamin D metabolism, mechanism of action, and clinical applications. Chem. Biol. 2014, 21, 319–329. [CrossRef]

[PubMed]

https://doi.org/10.3390/nu14142997
https://doi.org/10.7556/jaoa.2018.037
https://doi.org/10.1016/j.nutres.2019.08.003
https://doi.org/10.3390/nu15040830
https://www.ncbi.nlm.nih.gov/pubmed/36839188
https://doi.org/10.1053/j.ackd.2017.11.001
https://www.ncbi.nlm.nih.gov/pubmed/29793667
https://doi.org/10.1016/j.jaci.2020.08.031
https://www.ncbi.nlm.nih.gov/pubmed/32920092
https://doi.org/10.1186/s41232-020-00146-3
https://doi.org/10.1159/000509483
https://doi.org/10.1038/s41590-021-01080-3
https://www.biorxiv.org/content/10.1101/2020.07.18.210161v1
https://www.biorxiv.org/content/10.1101/2020.07.18.210161v1
https://doi.org/10.1161/CIRCRESAHA.116.310509
https://doi.org/10.3892/mmr.2017.7546
https://doi.org/10.1503/cjs.012620
https://doi.org/10.7861/clinmed.2020-0436
https://doi.org/10.5811/westjem.2020.4.47536
https://doi.org/10.1007/s10067-015-2970-6
https://doi.org/10.36811/ojprm.2020.110010
https://doi.org/10.29245/2767-5157/2020/2.1112
https://doi.org/10.1038/s41467-022-34910-5
https://doi.org/10.1530/JOE-17-0544
https://doi.org/10.1530/REP-16-0386
https://doi.org/10.1016/j.jsbmb.2017.01.021
https://doi.org/10.1016/j.chembiol.2013.12.016
https://www.ncbi.nlm.nih.gov/pubmed/24529992


Biomedicines 2023, 11, 1542 21 of 26

45. Chen, Y.; Ma, H.; Du, Y.; Dong, J.; Jin, C.; Tan, L.; Wei, R. Functions of 1,25-dihydroxy vitamin D3, vitamin D3 receptor and
interleukin-22 involved in pathogenesis of gout arthritis through altering metabolic pattern and inflammatory responses. PeerJ
2021, 9, e12585. [CrossRef] [PubMed]

46. Hanafy, A.S.; Elkatawy, H.A. Beneficial Effects of Vitamin D on Insulin Sensitivity, Blood Pressure, Abdominal Subcutaneous Fat
Thickness, and Weight Loss in Refractory Obesity. Clin. Diabetes 2018, 36, 217–225. [CrossRef] [PubMed]

47. Zittermann, A.; Frisch, S.; Berthold, H.K.; Götting, C.; Kuhn, J.; Kleesiek, K.; Stehle, P.; Koertke, H.; Koerfer, R. Vitamin D
supplementation enhances the beneficial effects of weight loss on cardiovascular disease risk markers. Am. J. Clin. Nutr. 2009, 89,
1321–1327. [CrossRef]

48. Scragg, R. Emerging Evidence of Thresholds for Beneficial Effects from Vitamin D Supplementation. Nutrients 2018, 10, 561.
[CrossRef]

49. Qian, M.; Lin, J.; Fu, R.; Qi, S.; Fu, X.; Yuan, L.; Qian, L. The Role of Vitamin D Intake on the Prognosis and Incidence of Lung
Cancer: A Systematic Review and Meta-Analysis. J. Nutr. Sci. Vitaminol. 2021, 67, 273–282. [CrossRef]

50. Quraishi, S.A.; Bittner, E.A.; Blum, L.; Hutter, M.M.; Camargo, C.A. Association between Preoperative 25-Hydroxyvitamin D
Level and Hospital-Acquired Infections Following Roux-en-Y Gastric Bypass Surgery. JAMA Surg. 2014, 149, 112–118. [CrossRef]

51. Ponsonby, A.L.; Lucas, R.M.; van der Mei, I.A. UVR, vitamin D and three autoimmune diseases—Multiple sclerosis, type 1
diabetes, rheumatoid arthritis. Photochem. Photobiol. 2005, 81, 1267–1275. [CrossRef]

52. Adorini, L.; Penna, G. Control of autoimmune diseases by the vitamin D endocrine system. Nat. Clin. Pract. Rheumatol. 2008, 4,
404–412. [CrossRef]

53. Wimalawansa, S.J. Vitamin D: Everything You Need to Know; Karunaratne & Sons: Homagama, Sri Lanka, 2012; Volume 1.0,
ISBN 978-955-9098-94-2.

54. Kiely, M.E. Further evidence that prevention of maternal vitamin D deficiency may benefit the health of the next generation. Br. J.
Nutr. 2016, 116, 573–575. [CrossRef]

55. McDonnell, S.L.; Baggerly, C.A.; French, C.B.; Baggerly, L.L.; Garland, C.F.; Gorham, E.D.; Hollis, B.W.; Trump, D.L.; Lappe, J.M.
Breast cancer risk markedly lower with serum 25-hydroxyvitamin D concentrations≥ 60 vs< 20 ng/mL (150 vs. 50 nmol/L):
Pooled analysis of two randomized trials and a prospective cohort. PLoS ONE 2018, 13, e0199265.

56. Grant, W.B.; Boucher, B.J. Randomized controlled trials of vitamin D and cancer incidence: A modeling study. PLoS ONE 2017, 12,
e0176448. [CrossRef]

57. Quraishi, S.A.; De Pascale, G.; Needleman, J.S.; Nakazawa, H.; Kaneki, M.; Bajwa, E.K.; Camargo, C.A., Jr.; Bhan, I. Effect of
cholecalciferol supplementation on vitamin D status and cathelicidin levels in sepsis: A randomized, placebo-controlled trial.
Crit. Care Med. 2015, 43, 1928–1937. [CrossRef]

58. Pender, M.P. CD8+ T-Cell Deficiency, Epstein-Barr Virus Infection, Vitamin D Deficiency, and Steps to Autoimmunity: A Unifying
Hypothesis. Autoimmune Dis. 2012, 2012, 189096. [CrossRef]

59. Wimalawansa, S.J.; Polonowita, A. Boosting Immunity with Vitamin D for Preventing Complications and Deaths from COVID-19.
COVID 19: Impact, Mitigation, Opportunities and Building Resilience “From Adversity to Serendipity”, Perspectives of Global Relevance
Based on Research, Experience and Successes in Combating COVID-19 in Sri Lanka; National Science Foundation: Colombo, Sri Lanka,
2021.

60. Yu, W.; Dong, X.; Dan, G.; Ye, F.; Cheng, J.; Zhao, Y.; Chen, M.; Sai, Y.; Zou, Z. Vitamin D3 protects against nitrogen mustard-
induced apoptosis of the bronchial epithelial cells via activating the VDR/Nrf2/Sirt3 pathway. Toxicol. Lett. 2022, 354, 14–23.
[CrossRef]

61. Zhao, Z.; Cai, W.; Xing, J.; Zhao, C. Lower vitamin D levels and VDR variants are risk factors for breast cancer: An updated
meta-analysis. Nucl. Nucl. Nucleic Acids 2022, 42, 17–37. [CrossRef]

62. Xue, G.; Gao, R.; Liu, Z.; Xu, N.; Cao, Y.; Zhao, B.; Du, J. Vitamin D/VDR signaling inhibits colitis by suppressing HIF-1α
activation in colonic epithelial cells. Am. J. Physiol. Liver Physiol. 2021, 320, G837–G846. [CrossRef]

63. Kanaan, Y.; Copeland, R.L. The link between vitamin D and prostate cancer. Nat. Rev. Cancer 2022, 22, 435. [CrossRef]
64. Masuyama, R.; Stockmans, I.; Torrekens, S.; Van Looveren, R.; Maes, C.; Carmeliet, P.; Bouillon, R.; Carmeliet, G. Vitamin D

receptor in chondrocytes promotes osteoclastogenesis and regulates FGF23 production in osteoblasts. J. Clin. Investig. 2006, 116,
3150–3159. [CrossRef]

65. Wang, Y.; Zhu, J.; DeLuca, H.F. Identification of the Vitamin D Receptor in Osteoblasts and Chondrocytes But Not Osteoclasts in
Mouse Bone. J. Bone Miner. Res. 2013, 29, 685–692. [CrossRef]

66. Cochran, M.; Coates, P.; Morris, H. The effect of calcitriol on fasting urine calcium loss and renal tubular reabsorption of calcium
in patients with mild renal failure—Actions of a permissive hormone. Clin. Nephrol. 2005, 64, 98–102. [CrossRef] [PubMed]

67. Akimbekov, N.S.; Digel, I.; Sherelkhan, D.K.; Razzaque, M.S. Vitamin D and Phosphate Interactions in Health and Disease. Adv.
Exp. Med. Biol. 2022, 1362, 37–46.

68. Rosen, C.J.; Adams, J.S.; Bikle, D.D.; Black, D.M.; Demay, M.B.; Manson, J.E.; Murad, M.H.; Kovacs, C.S. The Nonskeletal Effects
of Vitamin D: An Endocrine Society Scientific Statement. Endocr. Rev. 2012, 33, 456–492. [CrossRef] [PubMed]

69. Christopher, K. Vitamin D and critical illness outcomes. Curr. Opin. Crit. Care 2016, 22, 332–338. [CrossRef] [PubMed]
70. Shirvani, A.; Kalajian, T.A.; Song, A.; Holick, M.F. Disassociation of Vitamin D’s Calcemic Activity and Non-calcemic Genomic

Activity and Individual Responsiveness: A Randomized Controlled Double-Blind Clinical Trial. Sci. Rep. 2019, 9, 17685.
[CrossRef]

https://doi.org/10.7717/peerj.12585
https://www.ncbi.nlm.nih.gov/pubmed/34917427
https://doi.org/10.2337/cd17-0099
https://www.ncbi.nlm.nih.gov/pubmed/30078941
https://doi.org/10.3945/ajcn.2008.27004
https://doi.org/10.3390/nu10050561
https://doi.org/10.3177/jnsv.67.273
https://doi.org/10.1001/jamasurg.2013.3176
https://doi.org/10.1562/2005-02-15-IR-441
https://doi.org/10.1038/ncprheum0855
https://doi.org/10.1017/S0007114516002440
https://doi.org/10.1371/journal.pone.0176448
https://doi.org/10.1097/CCM.0000000000001148
https://doi.org/10.1155/2012/189096
https://doi.org/10.1016/j.toxlet.2021.10.016
https://doi.org/10.1080/15257770.2022.2107217
https://doi.org/10.1152/ajpgi.00061.2021
https://doi.org/10.1038/s41568-022-00493-y
https://doi.org/10.1172/JCI29463
https://doi.org/10.1002/jbmr.2081
https://doi.org/10.5414/CNP64098
https://www.ncbi.nlm.nih.gov/pubmed/16114785
https://doi.org/10.1210/er.2012-1000
https://www.ncbi.nlm.nih.gov/pubmed/22596255
https://doi.org/10.1097/MCC.0000000000000328
https://www.ncbi.nlm.nih.gov/pubmed/27310087
https://doi.org/10.1038/s41598-019-53864-1


Biomedicines 2023, 11, 1542 22 of 26

71. Saccone, D.; Asani, F.; Bornman, L. Regulation of the vitamin D receptor gene by environment, genetics and epigenetics. Gene
2015, 561, 171–180. [CrossRef]

72. Wimalawansa, S.J. Vitamin D Deficiency: Effects on Oxidative Stress, Epigenetics, Gene Regulation, and Aging. Biology 2019,
8, 30. [CrossRef]

73. Snegarova, V.; Naydenova, D. Vitamin D: A Review of its Effects on Epigenetics and Gene Regulation. Folia Med. 2020, 62,
662–667. [CrossRef]

74. Chambers, E.S.; Hawrylowicz, C.M. The Impact of Vitamin D on Regulatory T Cells. Curr. Allergy Asthma Rep. 2010, 11, 29–36.
[CrossRef]

75. Zhang, J.; McCullough, P.A.; Tecson, K.M. Vitamin D deficiency in association with endothelial dysfunction: Implications for
patients with COVID-19. Rev. Cardiovasc. Med. 2020, 21, 339–344. [CrossRef]

76. Quraishi, S.A.; Bittner, E.A.; Blum, L.; McCarthy, C.M.; Bhan, I.; Camargo, C.A., Jr. Prospective Study of Vitamin D Status at
Initiation of Care in Critically Ill Surgical Patients and Risk of 90-Day Mortality. Crit. Care Med. 2014, 42, 1365–1371. [CrossRef]

77. Khanal, R.; Nemere, I. Membrane receptors for vitamin D metabolites. Crit. Rev. Eukaryot Gene Expr. 2007, 17, 31–47. [CrossRef]
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