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Vitamin D and Its Potential Benefit for the COVID-19 Pandemic
Abstract

Vitamin D is known not only for its importance foone health, but also for its
biologic activities on other many other organ sys®eThis is due to the presence of the
vitamin D receptor (VDR) in various types of cedisd tissues, including the skin, skeletal
muscle, adipose tissue, endocrine pancreas, imgeilseand blood vessels. Experimental
studies have shown that vitamin D exerts sevetarathat are thought to be protective
against COVID-19 infectivity and severity. Theselude the immunomodulatory effects on
the innate and adaptive immune systems, the regulaffects on renin-angiotensin-
aldosterone-system in the kidneys and the lungstlaprotective effects against endothelial
dysfunction and thrombosis. Prior to the COVID-Ehgemic, studies have shown that
vitamin D supplementation is beneficial in protagtagainst risk of acquiring acute
respiratory viral infection and may improve outcame sepsis and critically ill patients.
There are a growing number of data connecting CGYADnfectivity and severity with
vitamin D status, suggesting a potential benefititzimin D supplementation for primary
prevention or as an adjunctive treatment of COVID-AIlthough the results from most
ongoing randomized clinical trials aiming to prate benefit of vitamin D supplementation
for these purposes are still pending, there isawndide to increasing vitamin D intake and
having sensible sunlight exposure to maintain se2trhydroxyvitamin D at least 30 ng/mL
(75 nmol/L) and preferably at 40 — 60 ng/mL (10050 nmol/L) to minimize the risk of
COVID-19 infection and its severity.

Keywords:. Vitamin D, 25-hydroxyvitamin D, COVID-19, SARS-Co¥-
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Introduction

Severe acute respiratory syndrome coronavirus R&E&oV-2) is the new strain of
coronavirus that causes coronavirus disease (CQNIOA, 2). Due to the high infectivity
and transmissibility of this novel virus, COVID-g@ickly became a global pandemic that
has already affected at least 219 countries stsa@mergence from Wuhan, China in
December 2019 (2, 3). The most common clinical featations of COVID-19 include
fever, fatigue, anorexia, myalgia, cough, sputuodpction and dyspnea (4, 5). Although the
majority of the COVID-19 patients are either asyompatic or develop only mild respiratory
symptoms, a significant number of patients devslgere complications that result in
morbidity and mortality, including acute respiratalistress syndrome (ARDS), arterial and
venous thrombosis, multi-organ failure, septic $h@mong others (4, 5). Factors known to
be associated with increased susceptibility to reewatcomes are advanced age, cancer,
immunocompromised state, chronic kidney diseasenatirespiratory disease, cardio-
metabolic disorders and smoking (6). The elderlyicAn Americans, patients with obesity
and nursing home residents (7, 8) have dispropatedy higher rates of infection, morbidity
and mortality fromCOVID-19. These populations are also known as bairtggh risk for
vitamin D deficiency (9-12). Thus, vitamin D degaicy could potentially contribute to

higher COVID-19 positivity, morbidity and mortalitates appreciated in these populations.

Vitamin D is not only known for its importance foone health, but also recognized
for its potential protective effects against mu#tiphronic diseases as well as its
immunomodulatory activities (10, 11, 13). With tfebal prevalence of vitamin D
deficiency (defined by serum 25-hydroxyvitamin B{@H)D] level of <20 ng/mL) and
insufficiency (defined by serum 25(OH)D level of 2830 ng/mL), of 40 — 100% (14-17),
correcting vitamin D deficiency would be a costeetive intervention to alleviate the burden
of this pandemic in a populational level. The ahthis review is to discuss potential
biological mechanisms by which vitamin D could betpctive against COVID-19 and to
summarize evidence from observational studies &nigal trials that demonstrated the direct
and indirect link between vitamin D and COVID-19.

Sour ces, synthesis and metabolism of vitamin D

Vitamin D is responsible for regulating calcium gsttbsphate metabolism and
maintaining healthy mineralized skeleton. It iodtsown for its biologic activities on
various types of tissues including the immune sygte0, 11, 13, 18-20). There are two
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forms of vitamin D: vitamin B(ergocalciferol) and vitamin §Xcholecalciferol). Vitamin B
synthesized from ergosterol, is found in sun daed ultraviolet irradiated mushrooms and
yeast, while vitamin Bis synthesized from endogenous 7-dehydrocholdstetioe skin and
can be found naturally in oily fish and cod livel, as well as in meat in the form of
25(0OH)Ds (10, 11, 21-23). Once entering the circulatiatgmin D (vitamin B and D) is
converted by several vitamin D-25-hydroxylases,(CYP2R1, CYP27A1, CYP2C11,
CYP2J3, CYP3A4) in the liver into 25(OH)D, the magirculating metabolite of vitamin D.
25(0OH)D is then metabolized by the 25-hydroxyvitamla-hydroxylase (CYP27B1) to
the biologically active form, 1,25-dihydroxyvitamin[1,25(OH}D] (24). The kidneys are
the main site of conversion of 25(OH)D into thecalating bioavailable 1,25(0Oklp, which

is responsible for regulating intestinal calciuns@iption and bone calcium mobilization (10,
11). Furthermore, CYP27BL1 is expressed in sevéhardissues, including parathyroid
glands, breast, colon, keratinocytes, microgliaiamdune cells where 1,25(0O%b) is
produced and exerts its autocrine, paracrine anaicimne functions by binding with the
intracellular vitamin D receptor (VDR), which sulgsently leads to up- or down-regulation
of a multitude of genes (10, 11).

Vitamin D and immune function

Due to the presence of the VDR in most tissue$,dlieg the skin, skeletal muscle,
adipose tissue, endocrine pancreas, immune callbland vessels, vitamin D has been
shown to have a multitude of non-skeletal biolobasivities. In particular, vitamin D is
considered an immunomodulatory agent that regulaasinnate and adaptive immune
systemsfkigurel) (10, 11, 13, 18-20). Activated macrophages expp@¢P27B1 that
converts 25(OH)D into 1,25(0k). 1,25(0OH)D, in turn, induces the macrophage
production of the endogenous antimicrobial peptidathelicidins and defensins (18, 19, 25).
Furthermore, 1,25(OHIp has been shown to alter the activity of differgipies of T helper
cells by promoting a shift from T helper 1) and T helper 17 ({17) to T helper 2 (12)
immune profile and facilitating differentiation cégulatory T cells (&g (26-29). In addition,
both cytotoxic T lymphocytes (CTL) and B cells, whectivated, upregulate their VDR,
suggesting a coordinated regulation of the VDR aigg pathway and response to stimuli of
these components of the adaptive immune syster8Z30-

The effect of vitamin D supplementation on immuuaedtion has been well-
demonstrated in a recent study that evaluated liyead expression in peripheral blood
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mononuclear cells (PBMCs) after orally supplememptiarious doses of vitamin D (33-35).
Thirty healthy adults with vitamin D insufficien¢25(OH)D 20 - <30 ng/mL or 50 -<75
nmol/L] or deficiency [25(OH)D <20 ng/mL or <50 L] were randomized to receive
600, 4,000 or 10,000 IU per day of vitamig fior 6 months and were found to have dose-
dependent alteration in broad gene expressionMgigh 320 and 1,289 genes up- or down-
regulated in their PBMCs, respectively (33). Equaiteresting if not more is that some
individuals might respond to vitamin D more or I&san others as high inter-individual
difference in responsiveness to vitamin D suppleatemn has been observdeidure 2). In

the same clinical trial, those who received thimsaose of vitamin D and raised their serum
concentrations of 25(0OH)D to the same degree shaoma#led differences in the level of
expression of the same genes (33). In additioferéifit patterns of serum metabolomic
profile were also observed between the subjects wlust and minimum to modest genomic
responses (33, 34). These observations suppdredindings from a previous clinical trial
that gave 3,200 IUs of vitaminzper day to 71 prediabetic patients for 5 monthts an
revealed robust changes in broad gene expressPBMCs only in about half of the

subjects despite comparable serum concentratio2S(6fH)D (35).

Potential protective effects of vitamin D against COVID-19

There are multiple biological explanations by whittamin D could potentially be
protective against infectivity and severity from ZID-19. These include vitamin D’s
immune- and non-immune- mediated actions on setissales via both genomic and non-
genomic pathways. First, 1,25(0OB)enhances the innate immune system by inducing not
only the macrophages but also the respiratory elmdicells to produce the antimicrobial
peptide, cathelicidin LL-37 (36). This antimicrobpgeptide not only acts against invading
bacteria and fungi by destabilizing their cell mean®s, but also exhibits direct antiviral
activities against respiratory viruses by altemmagpility of host target cells and disrupting
their envelopes (37-39). This mechanism is supddytethe result of a pilot clinical trial that
gave a single enteral dose of 400,000 IUs of vitaior placebo to patients with sepsis and
demonstrated an increase in serum cathelicidihdrireatment group compared with the
placebo group (40). More interestingly, it has besaently demonstrated in an experimental
study using surface plasmon resonance analysi&th@7 competitively binds to SARS-
CoV-2 S protein, which, in turn, inhibits viral loimg to the receptor ACE2 and most likely
prevents viral entry into the cell (41). In additjecathelicidins were shown to prevent against

lung damage associated with oxygen toxicity (42).
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The second mechanism is related to the immunomtmdylaffects of vitamin D on
the adaptive immune system. As discussed in thaque section, 1,25(OHD has been
shown to down-regulate the activities gffTand 17 and promote differentiation ofef
(26-29). This leads to a decrease in the produdigroinflammatory cytokines, including
IL-6, IL-8, IL-12, TNL-a and IL-17 (26-29), thereby alleviating the cytakistorm syndrome
in COVID-19 patients with high inflammatory burdand therefore preventing multi-organ
dysfunction. Interestingly, vitamin D has also bebown to up-regulate the expression of
IL-10 which is thought to be a potential treatmimget for COVID-19 (43-46). These
potential immunologic effects of vitamin D is supigal by multiple studies that reported the
impact of vitamin D supplementation on reductionndfammatory burden in J1 and/or
Twl7 mediated autoinflammatory diseases such as @deidrarthritis (47), psoriasis (48,
49), multiple sclerosis (50) and inflammatory bowislease (51). In addition, it has been
suggested that activation of the VDR in the pulmgrstellate cells might play a role in
suppressing inflammation and fibrotic changes altings of COVID-19 patients (52).

Third, 1,25(0OH)D has been shown to regulate the renin-angiotesddiosterone
(RAAS) systemtigure 3) (53, 54), and the effects are thought to be diffeamong tissues.
In an animal model, oral administration of alfaédilal (Lo-hydroxyvitamin D) was shown to
inhibit ACE2 expression, which is the main rece@oiry of SARS-CoV-2, in the renal
tubular cells (54, 55). Therefore, 1,25(QBl)ikely exerts the same biologic on the kidney
and therefore may be protective against COVID-dasedt kidney injury by reducing viral
entry into the cell. It has been shown that SARS~2anfection downregulate ACE2 in the
lungs (56). This causes accumulation of angiotelisuhich is believed to play a role in the
development of ARDS, myocarditis, and cardiac wjine major severe complications of
COVID-19 (56). In the lipopolysaccharide-inducedi@clung injury animal model,
1,25(OH)YD was shown to suppress renin, ACE and angiotdhskpression and increase
ACE2 expression (57, 58). These effects could giatiynreduce the accumulation of
angiotensin Il and therefore reduce the risk of ARdhd cardiac injury especially in
COVID-19 patients who have pre-existing dysregalabf the RAAS system such as those
with underlying hypertension, heart failure andalansufficiency (59). Additionally, a
mechanistic model generated from gene expressi@noda&ells in bronchoalveolar lavage
fluid from COVID-19 patients and controls have sesfgd that the inhibitory effect of

1,25(OH)YD on renin expression may result in decreaseddflangiotensin | to angiotensin-
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(2-9) (60). This mechanism is thought to help naitegbradykinin storm, which has been
shown to underlie the multiple organ dysfunctiorl€@VID-19 (60).

Another action of vitamin D is its pleiotropic efts against endothelial cell
dysfunction and vascular thrombosis, which maygaig vascular leakage secondary to
systemic inflammatory response and prevent COVIiébaisted arterial and venous
thrombosis (61-63). It has been shown in the pryngdi@rmal human microvascular
endothelial cell model that vitaming25(OH)D; and 1,25(OH)D3 stabilized vascular
endothelial membranes via a non-genomic pathway &ditionally, vitamin 3, which
normally circulates at about 100 times higher catregion than 1,25(OHD3, was at least
10 times more potent than 1,25(QB3) and more than 1,000 times more potent than
25(0OH)B; in stabilizing the endothelium (61). Furthermatdyas been shown in a uremic
rat model that paricalcitol [19-nor-1,25(O4B)] could prevent the development of
endothelial intracellular gaps and reduce endathdamage (62). Finally, vitamin D is
known to exert direct and indirect antithrombotitiaties by controlling the expression of
multiple genes involved in the coagulation path\&g).

Despite multiple mechanisms suggesting potentiaéfies of vitamin D for COVID-
19, 1,25(0OH)D is known to inhibit plasma cell differentiationcdareduce immunoglobulin
production by B-cells in the settings of autoimmuinsorders (30, 64, 65). It is still unclear
whether this biologic action could dampen the pobidm of neutralizing antibodies and be
detrimental in the setting of response to COVIDi#f@ction or COVID-19 vaccine. Further
studies are required to investigate this aspecitamin D actions.

Pre-COVID evidence from clinical studies

The outbreak of influenza infection is seasonal asuhlly occurs in the winter in
high-latitude areas but is sporadic throughoutydes in tropical areas (66, 67). The most
likely explanation of this phenomenon is the seakwariation of temperature, humidity and
intensity of ultraviolet radiation (68-70). Anothgossible explanation for this outbreak
pattern is the seasonal variation in serum conagotrs of 25(OH)D of the population that
reach the lowest levels in the winter (71). Thifiomwis supported by several studies that
have shown the independent association betweerdagentration of serum 25(OH)D and
incidence and severity of acute respiratory vinééction. For example, a cohort study in
healthy adults demonstrated approximately 50% rtealua the risk of incident acute

respiratory tract infection in those with serumQ@B)D concentrations af38 ng/mL (95
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nmol/L) (72). A case-control study in 469 New Zewlahildren aged <2 years demonstrated
that those requiring hospitalization for acute megpry infection had a significantly 1.7-time
higher odds of vitamin D deficiency than those withd illnesses (73). To illustrate the
causal association, a randomized controlled taakdgl200 1Us of vitamin Pper day or
placebo to 167 Japanese schoolchildren for 4 marttisevealed that those who received
vitamin D; supplementation had a significantly lower riskrdfuenza A infection compared
with the placebo group (RR 0.58; 95% CI: 0.34 -9D(F4). A more recent meta-analysis of
25 randomized controlled trials showed that supplatation of vitamin D or D; can protect
against the development of acute respiratory tréettion compared with placebo (adjusted
OR 0.88; 95%CI: 0.81 — 0.96) (75). The protectiffeas were more pronounced in those
with baseline 25(0OH)D concentrations of less thamd/mL, or 25 nmol/L (adjusted OR
0.30; 95%CI: 0.17 — 0.53) (75). It should howevemioted that there was moderate statistical
heterogeneity in this main meta-analysis, withlthealue of 53.3%, and that most of the
individual clinical trials included in the meta-dysis failed to demonstrate statistical

significance of the impact of vitamin D supplemeiota (75).

Prior to the COVID-era, sepsis is one of the magurses of morbidity and mortality
among hospitalized patients in the intensive care(d6). A number of studies have shown
the association between low concentrations of s&bf@®H)D increased unfavorable
outcomes in sepsis and critically ill patients (78). However, the association between
vitamin D status and sepsis outcomes might berbietional as it is also probable that low
serum 25(OH)D concentrations in patients with sewepsis could be secondary to systemic
inflammation that increases the activity of the@B{|D-24-hydroxylase that catabolizes
25(0OH)D as well as causes extravascular leakagieeofitamin D-binding protein (79, 80). It
should be noted that randomized clinical trialg theestigated the impact of vitamin D
supplementation on clinical outcomes of sepsisauitidal illness have yielded mixed results.
In a pilot study in 31 vitamin D-deficient patient$io were on mechanical ventilations,
administration of a single dose of enteral 500,6000250,000 IUs of vitamin Pwas found to
decrease hospital length of stay compared withebpl@¢81). In another randomized
controlled trial that gave enteral 540,000 IUs ithmin D; followed by monthly maintenance
doses of 90,000 IU for 5 months or placebo to 4%&min D-deficient critically ill patients, a
significant decrease in hospital mortality was obesé in the subgroup of 200 patients with
serum 25(0OH)D<12 ng/mL, or 30 nmol/L (HR 0.56; 95P4L35 — 0.90) (82). On the other

hand, in a larger clinical trial in 1,360 patientish critical illness, administration of a single
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dose of enteral 540,000 IUs of vitamin Was not superior to placebo in reducing the risk o
mortality and other clinical outcomes (83). Thigatve result may suggest that it is too late
for the critically ill patients to benefit from waimin D supplementation and that vitamin D has
to be given at the earlier stages of disease todstrate its survival benefit (84, 85).

Current evidenceon vitamin D and COVID-19

Multiple observational studies have reported thk between vitamin D status or
serum 25(0OH)D concentrations and risk of acqui@@@jVID-19 in many countries
worldwide. For example, a study using a nationaicl laboratory database of the United
States of 191,779 patients, SARS-CoV-2 positi\atgtrongly and inversely associated with
circulating 25(OH)D concentrations, although thalgsis was limited to one SARS-CoV-2
result per patient. The observed relationship wasd to persist across latitudes, races,
ethnicities, both sexes, and age ranges(f86ure 4). This result is in line with that of a
retrospective cohort study showing that deficiatarain D status was associated with an
increased risk of positive test for COVID-19 [RRZ. 95% CI, 1.12 — 2.81] with likely
sufficient vitamin D status after adjusting for @otial confounders (87). Another study in 50
hospitalized COVID-19 Korean patients and 150 aget sex- matched controls showed that
the COVID-19 patients were about 3 times more jikelbe severely vitamin D-deficient
[25(OH)D <10 ng/mL or 25 nmol/L] than the contrabgp (88). Another populational-based
study in 782 Israeli COVID-19 patients and 7,02&toals showed that vitamin D deficiency
was independently associated with approximatelytinBs higher odds of COVID-19 test
positivity [adjusted OR 1.50; 95%CI: 1.13 — 1.989). In a study of 216 COVID-19 Spanish
patients and 197 population-based controls, vitdndeficiency [25(OH)D <20 ng/mL or 50
nmol/L] was found to be about 1.7 times more prengin COVID-19 cases than in the
control group. Moreover, serum 25(OH)D concentraiwere significantly lower in
COVID-19 patients after adjusting for potential tmmders (90). Nonetheless, a cohort
study in 347 Italian hospitalized patients withigge and negative COVID-19 test showed
no association between vitamin D status and CO\ADest positivity (90). This negative
finding is likely due to the fact that, unlike tteosf the other studies, hospitalized patients
were recruited to be the control group (91). A gtuding data from the United Kingdom
biobank consisting of 348,598 participants inclgd##9 confirmed COVID-19 patients
reported that vitamin D was associated with COVmwifection univariately, but not after
adjustment for confounders. However, this studlyzetil serum concentrations of 25(OH)D

measured during 2006 — 2000, which may not acdyregélect current vitamin D status (92).



272 In addition to the promising data on the relatiopsietween vitamin D status with
273 risk of acquiring COVID-19, a growing amount of @g@nce from multiple observational

274  studies have reported the connection between vit@status and risks of severity in

275  COVID-19 patients. A meta-analysis of 27 studieblighed in reported that vitamin D

276  deficiency in COVID-19 patients was significantlysaciated with higher risks of severe
277  infection [OR 1.64; 95%CI: 1.30 — 2.09], hospitation [OR 1.81; 95%CI: 1.42 — 2.21] and
278  mortality [OR 1.92; 95%CI: 1.06 — 2.58] (93). Sealanore recent studies in many different
279  regions worldwide have addressed the same quasiibmelatively inconsistent results (93-

280 100). This could be due to different patient chemastics and study design across the studies.

281 There are some issues that are worth noting whidegssing the evidence. First,

282  vitamin D deficiency is associated with presenog disease burden of several comorbidities
283  such as cardio-metabolic disorders, chronic kidiiegase and obesity (101-103). Therefore,
284  the observed association might be in part confodgyethese factors, although most studies
285 have already attempted to address this with muiéiteanalysis (98-100, 104). Second, the
286  association between vitamin D status at the tinfgogpitalization and outcomes of acute

287 inflammatory iliness is likely due in part to regercausation. Low level of serum 25(0OH)D
288 could also be secondary to systemic inflammataspaase which results in vascular leakage
289  of vitamin D-binding protein and albumin as welliasreased catabolism of 25(OH)D (105,
290 106). Third, vitamin D might benefit each individufferently as significant inter-individual
291  difference in responsiveness to vitamin D suppldrhes been reported (33-35).

292  Additionally, aged individuals may benefit fromashin D more than young adults as they
293  tend to have higher inflammatory burden of COVID-TIAis notion is supported by the

294  observation in some studies that showed a straggerciation between vitamin D status and
295 COVID-19 severity in elderly patients (93, 107)n&lly, some studies that reported positive
296  association utilized previous laboratory data @5,92) and use of diagnostic code of

297  vitamin D deficiency from the medical record datsdéo define vitamin D status (98). It is
298 likely that an individual who was found to haveawitin D deficiency prior to the infection

299  would have been treated for vitamin D deficiencgl aecame vitamin D repleted by the time
300 they were infected. This indicates that there mighthe legacy effect of being vitamin D-
301 sufficient and that raising serum 25(OH)D concdrdns over a short period of time might
302 not be as effective as maintaining serum 25(OH)bceatrations in a preferred range of 40-
303 60 ng/mL (100 — 150 nmol/L) over the long term (12)
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Given the promising evidence on the potential béonévitamin D against COVID-
19, a number of ongoing randomized controlledgri@ve been conducted with the aim to
investigate the impact of vitamin D supplementatbdifferent forms and dosing regimens.
A pilot randomized clinical trial that gave oral(281)Ds (calcifediol) or placebo to 76
COVID-19 patients and showed that the treatmenigtead a markedly reduced rate of
intensive care unit admission (2% vs. 50%, p<0.@0Q@B). However, in a larger randomized
controlled trial giving 240 hospitalized patientghwmoderate to severe COVID-19 200,000
IUs of vitamin D or placebo, there were no differences in lengthasipital stay, in-hospital
mortality, admission to intensive care unit or meeubal ventilation requirement (109). This
emphasizes that the immunomodulatory effects afwih D are likely to be the results of its

long-term rather than short-term actions.

Recommended serum 25-hydroxyvitamin D concentrationsto help fight the COVID 19

pandemic

It is largely controversial as to what concentmatid serum 25(OH)D would provide
optimal benefit for bone health, overall health dfés and prevention against COVID-19.
Serum 25(OH)D concentration of higher than 15 -A@@nL (37.5 — 50 nmol/L) would be
sufficient for prevention of rickets, osteomalaarad symptomatic hypocalcemia (110).
Notably, hypocalcemia is shown to be highly premtind associated with hospitalization in
COVID-19 patients. Whether and how much sufficientl of serum 25(OH)D would be
protective against hypocalcemia in COVID-19 pasamijuires further investigations (111).
However, it is recommended that serum 25(OH)D cotragon should be above 30 ng/mL
(75 nmol/L) to maximize the calcemic effects ofawitin D and minimize the risk of
secondary hyperparathyroidism that predisposestemporosis (12). It is worth considering
the historical evidence to postulate vitamin Digtah our hunter gatherer forefathers. Hadza
tribesmen and Maasai herders were reported to $&rwen concentrations of 25(OH)D in the
range of 40 — 60 ng/mL (100 — 150 nmol/L) (112-114)is range is in line with that
reported not only in population-based studies tagsociated with the lowest risk of chronic
diseases and all-cause mortality (11, 114-117)almatin recent studies to be associated with
decreased risks of COVID-19 infection and its siy€86-90, 93). With minimal sunlight
exposure, an adult would require ingestion of 4,6@)000 IUs of vitamin Por vitamin B
daily to maintain serum 25(OH)D in the preferredga of 40 — 60 ng/mL (100 — 150
nmol/L) (12). Obese adults require 2-3 times mat@Emin D to maintain the same serum
concentrations of 25(0OH)D (12, 118).
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On average, approximately 40% and 60% of childrehadults have circulating
concentrations of 25(0OH)D <20 ng/mL (50 nmol/L) a0 ng/mL (75 nmol/L),
respectively (119). This already high prevalenceitaimin D deficiency/insufficiency tends
to be further aggravated by the lack of sunlighgasure and outdoor activity as a result of
the pandemic lockdown. Thus, patients hospitalizgd COVID-19 are likely to be vitamin
D-deficient or insufficient, and, therefore, itresasonable to institute as standard of care to
measure serum 25(OH)D level and to give at leastsamgle dose of 80,000 — 100,000 IUs of
vitamin D to all vitamin D-deficient [25(OH)D <20gfmL or 50 nmol/L] or insufficient
[25(OH)D 20- <30 ng/mL or 50 -<75 nmol/L] COVID-Jatients with a normal body mass
index and at least 200,000 IUs for those with debiody mass index >30 kgfrafter
being hospitalized (12, 85, 108). It is noteworthgt optimal magnesium status may be
important for optimizing vitamin D status (120, }2Therefore, maintaining magnesium
status by giving magnesium supplementation witlnttdgse vitamin D may benefit in this
situation. Additionally, corticosteroids have be@mamainstay treatment for COVID-19 in
patients with high inflammatory burden. It shouklrmoted that corticosteroids and some
other medications (e.g., antiepileptics and ambtketals) affects the steroid and xenobiotic
receptor or the pregnane X receptor, causing isedataatabolism of 25(OH)D and
1,25(OH}D into inactive water-soluble carboxylic acid datives (12). Thus, patients who
receive any of these medications should also bengan increased dose of vitamin D of
200,000 IUs (12). Finally, if hospitalized more nhlhweek, with minimal sunlight exposure
and dietary intake of vitamin D, they should con@no receive the daily or the equivalent
weekly dose of about 2000 — 5000 IUs per day ari 6010,000 IUs per day for those with
obesity or receiving corticosteroids (12). Thisstgy is proposed to ensure serum 25(0OH)D
level of at least 30 ng/mL (75 nmol/L) throughowshitalization. Further clinical trials are
required to examine the clinical benefits or riskshis strategy specifically on COVID-19-

related outcomes.
Conclusion

Vitamin D is known not only for its importance foalcium and phosphate
metabolism but also for its biologic actions on ioma modulation. This is because of the
presence of the vitamin D receptor in most typesedl§, especially the immune cells
including activated T and B lymphocytes and maceg@s. Experimental studies have shown
that vitamin D exerts several biological activitteat are thought to be protective against

COVID-19. These include the immunomodulatory efem the innate and adaptive immune
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systems, the regulatory effects on renin-angioteakiosterone-system in the kidneys and
the lungs, and the protective effects against draial dysfunction and thrombosis. Prior to
the COVID-era, it has been reported that vitamisupplementation is beneficial in
protecting against risk of respiratory viral infiect and may improve outcomes in sepsis and
critically ill patients. There are a growing numleédata suggesting the link between serum
25(0OH)D concentrations and COVID-19 infectivity aselerity. Although it is still pending
for the results from randomized clinical trials &gto prove the benefit of vitamin D
supplementation for these purposes, there is namsioe to increasing vitamin D intake and
having sensible sunlight exposure to maintain se26(@H)D at least 30 ng/mL (75 nmol/L)
and preferably at 40 — 60 ng/mL (100 — 150 nmo{il2) to achieve optimal health benefits
of vitamin D and minimize the risk of COVID-19 irdigon and its severity.
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Figurelegends

Figure 1. Schematic representation of paracrine and intradtinction of vitamin D and its
metabolites and actions of 1,25-dihydroxyvitamiomthe innate and adaptive immune
systems. Abbreviation: 1,25(0OH)2D: 1,25-dihydroxgmin D; 25(OH)D: 25-
hydroxyvitamin D, IFNY: interferon-Y’; IL: interleukin; MHC: membrane
histocompatibility complex, TH1: T helper 1; TH2:h€Elper 2; TH17: T helper 17; Treg:
regulatory T cell, TNFe: Tumor necrosis factory; TLR2: toll-like receptor 2; TLR4: toll-
like receptor 4. Reproduced with permission fronti¢koMF, 2020.

Figure 2. Heatmaps of vitamin D responsive genes whose ssgjamre response variation in 6
vitamin D-deficient subjects taking 10,000 interaasl units per day of vitamin D3 for 6
months showing that 3 subjects had a robust regpargene expression compared to the
other 3 subjects who had minimum to modest resgoesen though these subjects raised
their blood levels of 25(OH)D in the same range® — 90 ng/mL. Abbreviation: Om: 0
month; 6m: 6 months; 25(0OH)D: 25-hydroxyvitamin®fH: Parathyroid hormone.
Reproduced with permission from Holick MF, 2019.

Figure 3. Schematic representationtbk effects of 1,25(OHIP on the renin-angiotensin-
aldosterone system. SARS-CoV-2 uses the ACE2 and#nereceptor entry site and
downregulates ACE2 in the lungs. This causes theraalation of angiotensin Il which
causes inflammation and apoptosis in the lungs sgst&mic vasoconstriction by interacting
with the AT, receptor, leading to COVID-related complicationsluding ARDS,

myocarditis and cardiac injury. 1,25(GB)inhibits renin and ACE, and induces the
expression of ACE2 in the lungs, thereby reducirggaiccumulation of angiotensin IlI.
Inhibition of renin expression may also result @ckased flux of angiotensin | to
angiotensin-(1-9), thereby mitigating bradykiniorst Additionally, 1,25(OH)D may inhibit
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ACE2 expression in the renal tubular cells, whekhiought to be protective against COVID-
associated kidney injury by reducing the viral direytopathic effects on the cell.
Abbreviations: 1,25-dihydroxyvitamin D; 1,25(OM);, Angiotensin converting enzyme:
ACE; Angiotensin converting enzyme 2: ACE2; A&ceptor: Angiotensin Il type 1 receptor;
SARS-CoV-2: Severe acute respiratory distress syndrcoronavirus 2 (Copyright Holick,
2021).

Figure 4. SARS-CoV-2 nucleic acid amplification test posityviates and circulating 25-
hydroxyvitamin D levels by (A) latitude region, (Byedominately Black non-Hispanic,
Hispanic, and White non-Hispanic zip codes, (C) gigeip and (D) sex. Smooth lines
represent the weighted second order polynomiakssgon fit to the data associating
circulating 25(OH)D levels (x-axis) and SARS-Co\p@sitivity rates (y-axis). Copyright
Kaufman 2020 with permission.
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Highlights
« Vitamin D is an immunomodulatory agent that is tijioiuto be protective against
severity of COVID-19.
e There are a growing number of data connecting COlADnfectivity and severity
with vitamin D status.
* Itis advisable to maintain serum 25-hydroxyvitamim the range of 40 — 60 ng/mL

to minimize the risk of COVID-19 infection and #gsverity.
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