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Abstract: The world is in the grip of the COVID-19 pandemic. Public health measures that can
reduce the risk of infection and death in addition to quarantines are desperately needed. This article
reviews the roles of vitamin D in reducing the risk of respiratory tract infections, knowledge about
the epidemiology of influenza and COVID-19, and how vitamin D supplementation might be a
useful measure to reduce risk. Through several mechanisms, vitamin D can reduce risk of infections.
Those mechanisms include inducing cathelicidins and defensins that can lower viral replication
rates and reducing concentrations of pro-inflammatory cytokines that produce the inflammation
that injures the lining of the lungs, leading to pneumonia, as well as increasing concentrations of
anti-inflammatory cytokines. Several observational studies and clinical trials reported that vitamin D
supplementation reduced the risk of influenza, whereas others did not. Evidence supporting the role
of vitamin D in reducing risk of COVID-19 includes that the outbreak occurred in winter, a time when
25-hydroxyvitamin D (25(OH)D) concentrations are lowest; that the number of cases in the Southern
Hemisphere near the end of summer are low; that vitamin D deficiency has been found to contribute
to acute respiratory distress syndrome; and that case-fatality rates increase with age and with chronic
disease comorbidity, both of which are associated with lower 25(OH)D concentration. To reduce the
risk of infection, it is recommended that people at risk of influenza and/or COVID-19 consider taking
10,000 IU/d of vitamin D3 for a few weeks to rapidly raise 25(OH)D concentrations, followed by
5000 IU/d. The goal should be to raise 25(OH)D concentrations above 40–60 ng/mL (100–150 nmol/L).
For treatment of people who become infected with COVID-19, higher vitamin D3 doses might be
useful. Randomized controlled trials and large population studies should be conducted to evaluate
these recommendations.

Keywords: acute respiratory distress syndrome (ARDS); ascorbic acid; cathelicidin; coronavirus;
COVID-19; cytokine storm; influenza; observational; pneumonia; prevention; respiratory tract
infection; solar radiation; treatment; UVB; vitamin C; vitamin D

1. Introduction

The world is now experiencing its third major epidemic of coronavirus (CoV) infections. A new
CoV infection epidemic began in Wuhan, Hubei, China, in late 2019, originally called 2019-nCoV [1]
and renamed COVID-19 by the World Health Organization on February 11, 2020. Previous CoV

Nutrients 2020, 12, 988; doi:10.3390/nu12040988 www.mdpi.com/journal/nutrients
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epidemics include severe acute respiratory syndrome (SARS)-CoV, which started in China in 2002 [2],
and the ongoing Middle East respiratory syndrome (MERS)-CoV in the Middle East, first reported
in 2012 [3]. Those epidemics all began with animal-to-human infection. The direct cause of death is
generally due to ensuing severe atypical pneumonia [4,5].

Seasonal influenza has a high health burden. According to one recent estimate, 389,000
(uncertainty range 294,000–518,000) respiratory deaths were associated with influenza during the
period 2002–2011 [6]. According to the U.S. Center for Disease Control and Prevention, during the
period 2010–2019, annual symptomatic illness affected between 9 and 45 million people, resulting in
between 4 and 21 million medical visits, 140,000–810,000 hospitalizations, and 23,000–61,000 deaths
(https://www.cdc.gov/flu/about/burden/).

This review is a narrative one. Searches were made in PubMed.gov and scholar.google.
com for publications regarding influenza, CoVs, COVID-19, and pneumonia with respect to
epidemiology, innate and adaptive immune response, vitamin D, 25-hydroxyvitamin D (25(OH)D),
and parathyroid hormone.

2. Vitamin D and Mechanisms to Reduce Microbial Infections

The general metabolism and actions of vitamin D are well known [7]. Vitamin D3 is produced in
the skin through the action of UVB radiation reaching 7-dehydrocholesterol in the skin, followed by a
thermal reaction. That vitamin D3 or oral vitamin D is converted to 25(OH)D in the liver and then
to the hormonal metabolite, 1,25(OH)2D (calcitriol), in the kidneys or other organs as needed. Most
of vitamin D’s effect arises from calcitriol entering the nuclear vitamin D receptor, a DNA binding
protein that interacts directly with regulatory sequences near target genes and that recruits chromatin
active complexes that participate genetically and epigenetically in modifying transcriptional output [8].
A well-known function of calcitriol is to help regulate serum calcium concentrations, which it does in a
feedback loop with parathyroid hormone (PTH), which itself has many important functions in the
body [7].

Several reviews consider the ways in which vitamin D reduces the risk of viral infections [9–17].
Vitamin D has many mechanisms by which it reduces the risk of microbial infection and death.

A recent review regarding the role of vitamin D in reducing the risk of the common cold grouped
those mechanisms into three categories: physical barrier, cellular natural immunity, and adaptive
immunity [16]. Vitamin D helps maintain tight junctions, gap junctions, and adherens junctions
(e.g., by E-cadherin) [18]. Several articles discussed how viruses disturb junction integrity, increasing
infection by the virus and other microorganisms [19–21].

Vitamin D enhances cellular innate immunity partly through the induction of antimicrobial
peptides, including human cathelicidin, LL-37, by 1,25-dihdroxyvitamin D [22,23], and defensins [24].
Cathelicidins exhibit direct antimicrobial activities against a spectrum of microbes, including
Gram-positive and Gram-negative bacteria, enveloped and nonenveloped viruses, and fungi [25].
Those host-derived peptides kill the invading pathogens by perturbing their cell membranes and can
neutralize the biological activities of endotoxins [26]. They have many more important functions,
as described therein. In a mouse model, LL-37 reduced influenza A virus replication [27]. In another
laboratory study, 1,25(OH)2D reduced the replication of rotavirus both in vitro and in vivo by another
process [28]. A clinical trial reported that supplementation with 4000 IU/d of vitamin D decreased
dengue virus infection [29].

Vitamin D also enhances cellular immunity, in part by reducing the cytokine storm induced
by the innate immune system. The innate immune system generates both pro-inflammatory and
anti-inflammatory cytokines in response to viral and bacterial infections, as observed in COVID-19
patients [30]. Vitamin D can reduce the production of pro-inflammatory Th1 cytokines, such as
tumor necrosis factor α and interferon γ [31]. Administering vitamin D reduces the expression
of pro-inflammatory cytokines and increases the expression of anti-inflammatory cytokines by
macrophages ([17] and references therein).
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Vitamin D is a modulator of adaptive immunity [16,32]; 1,25(OH)2D3 suppresses responses
mediated by the T helper cell type 1 (Th1), by primarily repressing production of inflammatory cytokines
IL-2 and interferon gamma (INFγ) [33]. Additionally, 1,25(OH)2D3 promotes cytokine production
by the T helper type 2 (Th2) cells, which helps enhance the indirect suppression of Th1 cells by
complementing this with actions mediated by a multitude of cell types [34]. Furthermore, 1,25(OH)2D3

promotes induction of the T regulatory cells, thereby inhibiting inflammatory processes [35].
Serum 25(OH)D concentrations tend to decrease with age [36], which may be important for

COVID-19 because case-fatality rates (CFRs) increase with age [37]. Reasons include less time spent
in the sun and reduced production of vitamin D as a result of lower levels of 7-dehydrocholesterol
in the skin [38]. In addition, some pharmaceutical drugs reduce serum 25(OH)D concentrations by
activating the pregnane-X receptor [39]. Such drugs include antiepileptics, antineoplastics, antibiotics,
anti-inflammatory agents, antihypertensives, antiretrovirals, endocrine drugs, and some herbal
medicines. Pharmaceutical drug use typically increases with age.

Vitamin D supplementation also enhances the expression of genes related to antioxidation
(glutathione reductase and glutamate–cysteine ligase modifier subunit) [40]. The increased glutathione
production spares the use of ascorbic acid (vitamin C), which has antimicrobial activities [41,42],
and has been proposed to prevent and treat COVID-19 [43]. Moreover, a former director of the
Center for Disease Control and Prevention, Dr. Tom Frieden, proposed using vitamin D to combat
the COVID-19 pandemic on 23 March 2020 (https://www.foxnews.com/opinion/former-cdc-chief-tom-
frieden-coronavirus-risk-may-be-reduced-with-vitamin-d).

3. Discussion

3.1. Seasonal Influenza

Influenza virus affects the respiratory tract by direct viral infection or by damage to the immune
system response. The proximate cause of death is usually from the ensuing pneumonia. Patients who
develop pneumonia are more likely to be< 5 years old,> 65 years old, white, and nursing home residents,
to have chronic lung or heart disease and a history of smoking, and to be immunocompromised [44].

Seasonal influenza infections generally peak in winter [45]. Cannell et al. hypothesized that
the winter peak was due in part to the conjunction with the season when solar UVB doses, and
thus 25(OH)D concentrations, are lowest in most mid- and high-latitude countries [46], extended
in [47]. Mean serum 25(OH)D concentrations in north and central regions of the United States are near
21 ng/mL in winter and 28 ng/mL in summer, whereas in the south region, they are near 24 ng/mL in
winter and 28 ng/mL in summer [48]. In addition, the winter peak of influenza also coincides with
weather conditions of low temperature and relative humidity that allow the influenza virus to survive
longer outside the body than under warmer conditions [49–51].

Ecological studies suggest that raising 25(OH)D concentrations through vitamin D
supplementation in winter would reduce the risk of developing influenza. Table 1 presents results
from randomized controlled trials (RCTs) investigating how vitamin D supplementation affects risk of
influenza. The RCTs included confirmed that the respiratory tract infection was indeed derived from
influenza. Only two RCTs reported beneficial effects: one among schoolchildren in Japan [52], the other
among infants in China [53]. An RCT in Japan that reported no beneficial effect did not measure
baseline 25(OH)D concentration [54] and included many participants who had been vaccinated against
influenza (M. Urashima; private communication). The two most recent RCTs included participants
with above average mean baseline 25(OH)D concentrations [55,56]. A comprehensive review of the
role of vitamin D and influenza was published in 2018 [15]. It concluded that the evidence of vitamin
D’s effects on the immune system suggest that vitamin D should reduce the risk of influenza, but that
more studies are required to evaluate that possibility. Large population studies would also be useful,
in which vitamin D supplementation is also related to changes in serum 25(OH)D concentration.
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Table 1. Results of vitamin D randomized controlled trials (RCTs) on risk of influenza.

Country Population
Baseline
25(OH)D
(ng/mL)

Vitamin D
Dose
(IU/d)

Influenza Cases in
Vitamin D, Placebo

Arms

Outcome
Ref

Japan Schoolchildren
aged 6–15 yrs N/A 0, 1200

Type A: 18/167; 31/167.
If not taking vitamin
D before enrollment:
8/140; 22/140. Type B:

39/167;
28/167

Type A: RR = 0.58
(95% CI, 0.34 to 0.99);
if not taking vitamin
D before enrollment,
RR = 0.36 (95% CI,

0.17 to 0.79);
no effect for Type B

[52]

Japan

High school
students,

including many
vaccinated against

influenza

N/A 0, 2000 20/148; 12/99 Type A, RR = 1.11
(95% CI, 0.57 to 2.18) [54]

China Infants, 3–12 mos 17 400, 1200

Diff. in influenza A
viral load, high vs.

low vitamin D on day
4 of illness: 1.3 ± 0.5

vs. 4.5 ± 1.4 × 106

copies/mL

[53]

Japan
223 patients

with IBD,
mean age 45 yrs

23–24 0, 500 8/115;
6/108

RR = 1.25 (95% CI,
0.45 to 3.49) [55]

Vietnam Children aged
3–17 yrs 26 0, 14,000

/wk
50/650;
43/650

HR = 1.18 (95% CI,
0.79 to 1.78) [56]

Note: 95% confidence interval (95% CI); day (d); hazard ratio (HR); inflammatory bowel disease (IBD); months
(mos); not available (N/A); relative risk (RR); upper respiratory tract infection (URTI); week (wk); years (yrs).

An observational study conducted in Connecticut on 198 healthy adults in the fall and winter of
2009–2010 examined the relationship between serum 25(OH)D concentration and incidence of acute
RTIs (ARTIs) [57]. Only 17% of people who maintained 25(OH)D >38 ng/mL throughout the study
developed ARTIs, whereas 45% of those with 25(OH)D < 38 ng/mL did. Concentrations of 38 ng/mL or
more were associated with a significant (p < 0.0001) twofold reduction in risk of developing ARTIs and
with a marked reduction in the percentage of days ill. Eight influenza-like illnesses (ILIs) occurred,
seven of which were the 2009 H1N1 influenza.

3.2. Clinical and Epidemiological Findings Regarding COVID-19

The first step in developing a hypothesis is to outline the epidemiological and clinical findings
regarding the disease of interest and their relationship with 25(OH)D concentrations. From the recent
journal literature, it is known that COVID-19 infection is associated with the increased production of
pro-inflammatory cytokines [58], C-reactive protein [30], increased risk of pneumonia [58], sepsis [59],
acute respiratory distress syndrome [59], and heart failure [59]. CFRs in China were 6%–10% for
those with cardiovascular disease, chronic respiratory tract disease, diabetes, and hypertension [37].
Two regions hard hit by COVID-19 are regions of high air pollution in China [60] and northern Italy [61].

The possible roles of vitamin D for the clinical and epidemiological characteristics of diseases
associated with the increased risk of COVID-19 CFR are given in Table 2. Most of the beneficial effects
of vitamin D given in Table 2 are from observational studies of disease incidence or prevalence with
respect to serum 25(OH)D concentrations. RCTs comparing outcomes for participants treated or given
a placebo are preferred to establish causality related to health outcomes. However, most vitamin D
RCTs have not reported that vitamin D supplementation reduced the risk of disease [62,63]. Reasons
for the lack of agreement between observational studies and RCTs seems to be due to several factors,
including enrolling participants with relatively high 25(OH)D concentrations and using low vitamin D
doses and not measuring baseline and achieved 25(OH)D concentrations. Previous studies proposed
that RCTs of nutrients such as vitamin D be based on nutrient status, such as 25(OH)D concentration,
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seeking to enroll participants with low values, supplementing them with enough agent to raise the
concentration to values associated with good health, and measuring achieved concentrations as well as
cofactors such as vitamin C, omega-3 fatty acids, and magnesium [64,65],. Two recently completed
RCTs reported significantly reduced incidence in the secondary analyses for cancer [66] and diabetes
mellitus [67].

Table 2. How vitamin D is related to the clinical and epidemiological findings for incidence and
case-fatality rates.

Characteristics Relation to 25(OH)D Reference

Clinical

Severe cases associated with pneumonia Inverse correlation for CAP [68,69]

Increased production of pro-inflammatory
cytokines such as IL-6 Inverse correlation [70,71]

Increased CRP Inverse correlation [72,73]

Increased risk of sepsis Inverse correlation [74,75]

Risk of ARDS Inverse correlation [76,77]

Risk of heart failure Inverse correlation [78,79]

Risk of diabetes mellitus Inverse correlation [67,80]

Epidemiological

Began in December 2019 in China, spread
mainly to northern midlatitude countries Low 25(OH)D values in winter [48,81]

Males have higher incidence and much
higher CFRs than females Smoking reduces 25(OH)D [82]

CFR increases with age
Chronic disease rates increase with age;

vitamin D plays a role in reducing risk of
chronic diseases

[83]

Higher CFR for diabetics Diabetics may have lower 25(OH)D [84]

Higher CFR for diabetics Lower 25(OH)D associated with increased
risk of incidence [85]

Higher CFR for hypertension Lower 25(OH)D may be associated with
increased risk of incidence [86]

Higher CFR for cardiovascular disease Lower 25(OH)D associated with increased
risk of incidence and death [87]

Higher CFR for chronic respiratory disease
For COPD patients, 25(OH)D inversely

correlated with risk, severity, and
exacerbation

[88]

Found at higher rates in regions with
elevated air pollution

Air pollution associated with lower 25(OH)D
concentrations [89]

Note: 25-hydroxyvitamin D ((25(OH)D); acute respiratory distress syndrome (ARDS); community-acquired
pneumonia (CAP); case-fatality rate (CFR); interleukin 6 (IL-6); chronic obstructive pulmonary disease (COPD);
C-reactive protein (CRP); vitamin D deficiency (VDD).

Table 3 lists some findings for vitamin D supplementation in reducing the clinical effects of
COVID-19 infection found from treating other diseases.
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Table 3. How vitamin D supplementation is related to the clinical and epidemiological findings
for treatment.

Clinical Characteristics Findings from Vitamin D Supplementation Trials Reference

Treatment of CAP with vitamin D
Did not significantly result in complete resolution.

Baseline 25(OH)D was 20 ng/ml. Achieved 25(OH)D in
the treatment arm was 40 ng/mL.

[90]

Increased production of
pro-inflammatory cytokines such

as IL-6
Reduces concentration of IL-6 [11]

Increased CRP Reduces CRP in diabetic patients [91]

Increased risk of sepsis

No reduction in mortality rate found for adults with
sepsis supplemented with vitamin D. Most trials
included participants with 25(OH)D <20 ng/mL;

vitamin D3 doses between 250 and 600 thousand IU.

[92]

Risk of ARDS Vitamin D deficiency contributes to development of
ARDS [77,93]

Acute respiratory distress syndrome (ARDS); community-acquired pneumonia (CAP); case-fatality rate (CFR);
interleukin 6 (IL-6); chronic obstructive pulmonary disease (COPD); C-reactive protein (CRP); vitamin D deficiency
(VDD).

A possible reason for the monotonic increase in CFR with increasing age could be that the presence
of chronic diseases increases with age. For example, the global prevalence of diabetes mellitus increases
from about 1% below the age of 20 years, to ~10% at 45 years and to 19% at 65 years, decreasing to
14% by 95 years [94]. Invasive lung cancer incidence rates for females in the United States in 2015
increased from 1.1/100,000 for those aged 30–34 years, to 51.0/100,000 for those aged 50–54 years,
204.1/100,000 for those aged 65–79 years, and 347.3 for those aged 75–79 years [95]. Several studies
report that people with chronic diseases have lower 25(OH)D concentrations than healthy people.
A study in Italy reported that male chronic obstructive pulmonary disease patients had mean 25(OH)D
concentrations of 16 (95% CI, 13–18) ng/mL, whereas female patients had concentrations of 13 (95%
CI, 11–15) ng/ml [96]. A study in South Korea reported that community-acquired pneumonia (CAP)
patients had a mean 25(OH)D concentration at admission of 14 ± 8 ng/mL [97]. A study in Iran reported
that hypertensive patients had lower 25(OH)D concentrations than control subjects: males, 13 ± 11 vs.
21 ± 11 ng/mL; females, 13 ± 10 vs. 20 ± 11 ng/mL [98].

Another factor that affects immune response with age is reduced 1,25-dihydroxyvitamin D
(1,25(OH)2D, or calcitriol), the active vitamin D metabolite, with increased age. Parathyroid hormone
(PTH) concentration increases with age. A U.S. study was based on 312,962 paired serum PTH and
25(OH)D concentration measurements from July 2010 to June 2011. For participants with 20-ng/mL
25(OH)D concentration, PTH increased from 27 pg/mL for those <20 years to 54 pg/mL for those
>60 years [99]. Serum calcitriol concentrations are inversely related to PTH concentrations. In a study
conducted in Norway on patients with a mean age of 50 (SD, 21) years, calcitriol decreased from
140 pmol/L for those aged 20–39 years to 98 pmol/L for those >80 years despite an increase in serum
25(OH)D from 24 ng/mL for those 20–39 years to 27 ng/mL for those >80 years [100].

The seasonality of many viral infections is associated with low 25(OH)D concentrations, as a
result of low UVB doses owing to the winter in temperate climates and the rainy season in tropical
climates—such as respiratory syncytial virus (RSV) infection [101,102],. This is the case for influenza [45,
46], and SARS-CoV [103]. However, MERS showed a peak in the April–June quarter [104], probably
affected by both Hajj pilgrims gathering and the fact that 25(OH)D concentrations show little seasonal
variation in the Middle East [105]. In the tropics, seasonality is related more to rainy periods (low UVB
doses), for example, for influenza [106].

Considerable indirect evidence is inferred from effects found for other enveloped viruses. Table 4
presents the findings from various studies.
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Table 4. Findings regarding the associations and effects of vitamin D on enveloped viral infections.

Virus Vitamin D Effect Reference

Dengue Vitamin D mechanisms discussed [107]

Dengue Inverse association between 25(OH)D concentration and progression of
disease state [108]

Dengue

Vitamin D supplementation trial with 1000 and 4000 IU/d. 4000 IU/d
resulted in higher resistance to DENV-2 infection. MDDCs from those
supplemented with 4000 IU/d showed decreased mRNA expression of
TLR3, 7, and 9; downregulation of IL-12/IL-8 production; and increased

IL-10 secretion in response to DENV-2 infection

[29]

Hepatitis C
1,25-hydroxyvitamin-D3-24-hydroxylase, encoded by CYP24A1 gene, is
a key enzyme that neutralizes 1,25(OH)2D. This study found that alleles
of CYP24A1 had different effects on risk of chronic hepatitis C infection.

[109]

CHB 25(OH)D concentrations were lower in CHB patients than that of
healthy controls and inversely correlated with HBV viral loads [110]

KSHV Found that cathelicidin significantly reduced KSVH by disrupting the
viral envelope. [111]

HIV-1

Review of 29 clinical studies of vitamin D supplementation showed
there was a decrease in inflammation. In 3 of 7 studies, CD4+ T cell
count increased, but effect on viral load was inconclusive since most

patients were on cART.

[112]

H9N2 influenza

In a lung epithelial cell study, calcitriol treatment prior to and post
infection with H9N2 influenza significantly decreased expression of the
influenza M gene, IL-6, and IFN-β in A549 cells, but did not affect virus

replication.

[113]

RSV
Demonstrated that the human cathelicidin LL-37 has effective antiviral
activity against RSV in vitro and prevented virus-induced cell death in

epithelial cultures,
[114]

RSV Performed a laboratory study that identified the mechanism by which
vitamin D reduced risk of RSV. [28]

RSV
Found that the T-allele of the vitamin D receptor has a lower prevalence

in African populations and runs parallel to the lower incidence of
RSV-associated severe ALRI in African children, 1 year.

[115]

Rotaviral diarrhea Found serum 25(OH)D <20 ng/mL associated with an odds ratio of 6.3
(95% CI, 3.6 to 10.9) for rotaviral diarrhea [116]

Note: acute respiratory tract infection (ALRI); combination Antiretroviral Therapy (cART); chronic hepatitis B (CHB);
dengue virus-2 (DENV-2). Human immunodeficiency virus 1 (HIV-1); Kaposi’s sarcoma-associated herpesvirus
(KSHV); monocyte-derived dendritic cells (MDDCs); respiratory syncytial virus (RSV).

One way that CoVs injure the lung epithelial cells and facilitate pneumonia is through increased
production of Th1-type cytokines as part of the innate immune response to viral infections, giving rise
to the cytokine storm. A laboratory cell study reported that interferon γ is responsible for acute lung
injury during the late phase of the SARS-CoV pathology [117].

Pro-inflammatory cytokine storms from CoV infections have resulted in the most severe cases
for SARS-CoV [118] and MERS-CoV [119]. However, COVID-19 infection also initiated increased
secretion of the Th2 cytokines (e.g., interleukins 4 and 10) that suppress inflammation, which differs
from SARS-CoV infection [30].

3.3. Pneumonia

An example of the role of vitamin D in reducing the risk of death from pandemic respiratory tract
infections is found in a study of CFRs resulting from the 1918–1919 influenza pandemic in the United
States [120]. The U.S. Public Health Service conducted door-to-door surveys of 12 communities from
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New Haven, Connecticut, to San Francisco, California, to ascertain incidence and CFRs. The canvasses
were made as soon as possible after the autumn 1918 wave of the epidemic subsided in each locality.
A total of 146,203 people, 42,920 cases, and 730 deaths were found. As shown in their Table 25,
fatality rates averaged 1.70 per 100 influenza cases but averaged 25.5 per 100 cases of pneumonia.
The percentage of influenza complicated by pneumonia was 6.8%. The pneumonia CFR (excluding
Charles County, MD, because of inconsistencies in recording cause of death) was 28.8 per 100 for
whites and 39.8 per 100 for “coloreds”. As shown in Table 23, “coloreds” in the southeastern states had
between a 27% and 80% higher rate of pneumonia compared to whites. As discussed in an ecological
study using those CFR data, communities in the southwest had lower CFR than those in the northeast
because of higher summertime and wintertime solar UVB doses [121]. Previous work suggested
that higher UVB doses were associated with higher 25(OH)D concentrations, leading to reductions
in the cytokine storm and the killing of bacteria and viruses that participate in pneumonia. African
Americans had much higher mortality rates than white Americans for the period 1900–1948 [122].
The reasons CFRs were higher for “coloreds” than whites may include that they have higher rates of
chronic diseases, are more likely to live in regions impacted by air pollution, and that with darker skin
pigmentation, blacks have lower 25(OH)D concentrations. A clinical trial involving postmenopausal
women living on Long Island, NY with mean baseline 25(OH)D concentration 19 ± 8 ng/mL found
that supplementation with 2000 IU/d resulted in significantly fewer upper respiratory tract infections,
including influenza, than a placebo or supplementation with 800 IU/d [123]. See, also, references
in [11]. An analysis of serum 25(OH)D concentrations by race for 2001–2004 indicated mean 25(OH)D
concentrations for people over 40 years: non-Hispanic whites, ~25–26 ng/mL; non-Hispanic blacks,
14–17 ng/mL; Mexican–Americans, 18–22 ng/mL [124]. A reason proposed for the higher mortality
rates in some communities during the 1918–1919 influenza pandemic was that they were near to
coal-fired electricity generating plants [125]. Recent studies have confirmed that air pollution, from
combustion sources, increases the risk of influenza [126,127]. The highest concentration of these plants
is in the northeast, where solar UVB doses are lowest.

A high-dose (250,000 or 500,000 IU) vitamin D3 trial in ventilated intensive care unit patients in
Georgia with mean a baseline 25(OH)D concentration of 20–22 ng/mL reported that hospital length
of stay was reduced from 36 (SD, 19) days in the control group to 25 (SD, 14) days in the 250,000-IU
group [25(OH)D = 45 ± 20 ng/mL] and 18 (SD, 11) days in the 500,000-IU group [25(OH)D = 55 ±
14 ng/mL]; p = 0.03 [93]. In a follow-on pilot trial involving 30 mechanically ventilated critically ill
patients, 500,000 IU of vitamin D3 supplementation significantly increased hemoglobin concentrations
and lowered hepcidin concentrations, improving iron metabolism and the blood’s ability to transport
oxygen [128].

4. Recommendations

4.1. Hospital-Acquired Infections

Hospitals are a source of RTIs for both patients and medical personnel. For example, during the
SARS-CoV epidemic, a woman returned to Toronto from Hong Kong with SARS-CoV in 2003 and went
to a hospital. The disease was transmitted to other people, leading to an outbreak among 257 people in
several Greater Toronto Area hospitals [129]. During the 2014–2015 influenza season, 36% of health
care workers in a German hospital developed influenza infection [130].

Working in a hospital dealing with COVID-19 patients is associated with increased risk of
COVID-19 infection. For example, 40 of 138 hospitalized COVID-19 patients in Wuhan in the Zhongnan
Hospital from 1 to 28 January were medical staff, and 17 more were infected while in the hospital [58].
It was announced on February 14, 2020, that more than 1700 Chinese health workers were infected
by COVID-19 and six had died (https://www.huffpost.com/entry/chinese-health-workers-infected-by
virus_n_5e46a0fec5b64d860fc97c1b).
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Vitamin D supplementation to raise serum 25(OH)D concentrations can help reduce hospital-
associated infections [131]. Concentrations of at least 40–50 ng/mL (100–125 nmol/L) are indicated on
the basis of observational studies [132,133]. During the COVID-19 epidemic, all people in the hospital,
including patients and staff, should take vitamin D supplements to raise 25(OH)D concentrations as an
important step in preventing infection and spread. Trials on that hypothesis would be worth conducting.

4.2. Proposed Actions

The data reviewed here supports the role of higher 25(OH)D concentrations in reducing risk of
infection and death from ARTIs, including those from influenza, CoV, and pneumonia. The peak season
for ARTIs is generally when 25(OH)D concentrations are lowest. Thus, vitamin D3 supplementation
should be started or increased several months before winter to raise 25(OH)D concentrations to the range
necessary to prevent ARTIs. Studies reviewed here generally reported that 25(OH)D concentrations
of 20–30 ng/mL reduced the risk of ARTIs [134]. One reason for that result may be that the studies
included few participants with higher 25(OH)D concentrations. However, one observational study
reported that 38 ng/mL was the appropriate concentration to reduce the risk of CAP [57]. Although
the degree of protection generally increases as 25(OH)D concentration increases, the optimal range
appears to be in the range of 40–60 ng/mL (100–150 nmol/l). To achieve those levels, approximately half
the population could take at least 2000–5000 IU/d of vitamin D3 [135]. Various loading doses have been
studied for achieving a 25(OH)D concentration of 30 ng/mL. For example, one study used a weekly
or fortnightly dose totaling 100,000–200,000 IU over 8 weeks (1800 or 3600 IU/d) [136]. However,
to achieve 40–60 ng/mL would take higher loading doses. A trial involving Canadian breast cancer
patients with bone metastases treated with bisphosphonates but without comorbid conditions reported
that doses of 10,000 IU/d of vitamin D3 over a four-month period showed no adverse effects, but did
unmask two cases of primary hyperparathyroidism [137]. A study involving 33 participants, including
seven taking 4000 IU/d of vitamin D3 and six who took 10,000 IU/d of vitamin D3 for 8 weeks, reported
that 25(OH)D concentrations increased from 20 ± 6 to 39 ± 9 for 4000 IU/d and from 19 ± 4 to 67 ± 3 for
10,000 IU/d and improved gut microbiota with no adverse effects [138]. Thus, from the literature, it is
reasonable to suggest taking 10,000 IU/d for a month, which is effective in rapidly increasing circulating
levels of 25(OH)D into the preferred range of 40–60 ng/mL. To maintain that level after that first month,
the dose can be decreased to 5000 IU/d [135,139,140]. When high doses of vitamin D are taken, calcium
supplementation should not be high to reduce risk of hypercalcemia.

A recent review suggested using vitamin D loading doses of 200,000–300,000 IU in 50,000-IU
capsules to reduce the risk and severity of COVID-19 [43].

The efficacy and safety of high-dose vitamin D supplementation has been demonstrated in a
psychiatric hospital in Cincinnati, Ohio [141]. The age range was from 18 to 90 years. Half of the patients
were black, and nearly half were white. All patients entering since 2011 were offered supplementation
of 5000 or 10,000 IU/d vitamin D3. For 36 patients who received 5000 IU/d for 12 months or longer,
mean serum 25(OH)D concentration rose from 24 to 68 ng/mL, whereas for the 78 patients who received
10,000 IU/d, mean concentrations increased from 25 to 96 ng/mL. No cases of vitamin D–induced
hypercalcemia were reported. This article includes a brief review of other high-dose vitamin D studies,
including the fact that vitamin D doses of 60,000–600,000 IU/d were found to treat and control such
diseases as asthma, rheumatoid arthritis, rickets, and tuberculosis in the 1930s and 1940s. Those
doses are much higher than the 10,000–25,000 IU/d of vitamin D3 that can be made from solar UVB
exposure [142]. However, after reports of hypercalcemia associated with use of supra-physiological
doses of vitamin D surfaced, e.g., [143], high-dose vitamin D supplementation fell out of favor.

A recent article on a high-dose vitamin D supplementation trial in New Zealand involving
5110 participants reported that, over a median of 3.3 years, monthly supplementation with 100,000 IU
of vitamin D3 did not affect the incidence rate of kidney stone events or hypercalcemia [144].

Unfortunately, most countries do not have guidelines supporting vitamin D supplementation doses
and desirable serum 25(OH)D concentrations that would deal with wintertime RTIs. Guidelines for
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many countries consider 20 ng/mL (50 nmol/L) adequate. According to the statement from the European
Society for Clinical and Economic Aspects of Osteoporosis, Osteoarthritis, and Musculoskeletal Diseases,
“attainment of serum 25-hydroxyvitamin D levels well above the threshold desired for bone health
cannot be recommended based on current evidence, since safety has yet to be confirmed” [145].
This statement, published in 2017, is no longer correct since a number of vitamin D supplementation
studies have reported that long-term vitamin D supplementation has health benefits without adverse
health effects, e.g., 2000 IU/d for cancer risk reduction [66,146] and 4000 IU/d for reduced progression
from prediabetes to diabetes [67].

A recent review on the status of vitamin D deficiency worldwide stated that because of inadequate
evidence from clinical trials, “a 25(OH)D level of >50 nmol/L or 20 ng/mL is, therefore, the primary
treatment goal, although some data suggest a benefit for a higher threshold” [147]. A companion article
in the same issue of the journal stated, “although 20 ng/mL seems adequate to reduce risk of skeletal
problems and ARTIs, concentrations above 30 ng/mL have been associated with reduced risk of cancer,
type 2 diabetes mellitus, and adverse pregnancy and birth outcomes” [148]. However, on the basis of
the findings in several studies discussed here, as well as recommendations for breast and colorectal
cancer prevention [149], the desirable concentration should be at least 40–60 ng/mL.

The U.S. Institute of Medicine issued vitamin D and calcium guidelines in 2011 [150]. The institute
recommended vitamin D supplementation of 600 IU/d for people younger than 70 years, 800 IU/d for
those older than 70 years, and a serum 25(OH)D concentration of 20 ng/mL (50 nmol/L) or higher.
That recommendation was based on the effects of vitamin D for bone health. The institute recognized
that no studies had reported adverse effects of supplementation with less than 10,000 IU/d of vitamin
D, but set the upper intake level at 4000 IU/d, partly out of concerns stemming from observational
studies that found U-shaped 25(OH)D concentration–health outcome relationships. However, later
investigation determined that most reports of J- or U-shaped relationships were from observational
studies that did not measure serum 25(OH)D concentrations and that the likely reason for those
relationships was a result of enrolling some participants who had started taking vitamin D supplements
shortly before enrolling [151].

Moreover, in 2011, the Endocrine Society recommended supplementation of 1000–4000 IU/d of
vitamin D and a serum 25(OH)D concentration of 30 ng/mL or higher [152]. Those guidelines were for
patients. It appears that anyone with chronic disease should be considered in that category. The U.S.
Institute of Medicine noted that no adverse effects of vitamin D supplementation had been reported
for daily doses <10,000 IU/d [150].

Measuring serum 25(OH)D concentration would be useful to determine baseline and achieved
25(OH)D concentrations. A recent article recommended testing for groups of people who were likely
to have low concentrations and could benefit from higher concentrations, such as pregnant women,
the obese, people with chronic diseases, and the elderly [148]. Part of the rationale for testing was
to increase awareness of actual 25(OH)D concentrations and the benefits of higher concentrations.
In addition, increases in 25(OH)D concentration with respect to vitamin D supplementation depend on
various personal factors, including genetics, digestive system health, weight, and baseline 25(OH)D
concentration. For about half the population, taking 5000 IU/d of vitamin D3 or 30,000–35,000 IU/wk
would raise 25(OH)D concentration to 40 ng/mL. Taking 6235–7248 IU/d as proposed to ensure that
97.5% of the population has concentrations>20 ng/mL [153] would not exceed the 10,000-IU/d threshold.

Vitamin D supplementation is required for many individuals to reach 25(OH)D concentrations
above 30 ng/mL, especially in winter [154]. However, vitamin D fortification of basic foods such as
dairy and flour products [83,155] can raise serum 25(OH)D concentrations of those members of various
populations with the lowest concentrations by a few ng/mL. Doing so can result in reduced risk of
ARTIs for individuals with extreme vitamin D deficiency [134,156]. However, for greater benefits, daily
or weekly vitamin D supplementation is recommended [134], as is the annual determination of serum
25(OH)D concentration for those with health risks [148].
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Magnesium supplementation is recommended when taking vitamin D supplements. Magnesium
helps activate vitamin D, which in turn helps regulate calcium and phosphate homeostasis to influence
the growth and maintenance of bones. All the enzymes that metabolize vitamin D seem to require
magnesium, which acts as a cofactor in the enzymatic reactions in the liver and kidneys [157]. The dose
of magnesium should be in the range of 250–500 mg/d, along with twice that dose of calcium.

The hypothesis that vitamin D supplementation can reduce the risk of influenza and COVID-19
incidence and death should be investigated in trials to determine the appropriate doses, serum 25(OH)D
concentrations, and the presence of any safety issues. The RCT on vitamin D supplementation for
ventilated ICU patients conducted in Atlanta, Georgia, is a good model [93].

A recent review stated: “Although contradictory data exist, available evidence indicates that
supplementation with multiple micronutrients with immune-supporting roles may modulate immune
function and reduce the risk of infection. Micronutrients with the strongest evidence for immune
support are vitamins C and D and zinc. Better design of human clinical studies addressing dosage and
combinations of micronutrients in different populations are required to substantiate the benefits of
micronutrient supplementation against infection.” [17].
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Abstract: Recently, we demonstrated negative effects of vitamin D supplementation on muscle strength
and physical performance in women with vitamin D insufficiency. The underlying mechanism behind
these findings remains unknown. In a secondary analysis of the randomized placebo-controlled
trial designed to investigate cardiovascular and musculoskeletal health, we employed NMR-based
metabolomics to assess the effect of a daily supplement of vitamin D3 (70 μg) or an identically
administered placebo, during wintertime. We assessed the serum metabolome of 76 postmenopausal,
otherwise healthy, women with vitamin D (25(OH)D) insufficiency (25(OH)D < 50 nmol/L), with mean
levels of 25(OH)D of 33 ± 9 nmol/L. Compared to the placebo, vitamin D3 treatment significantly
increased the levels of 25(OH)D (−5 vs. 59 nmol/L, respectively, p < 0.00001) and 1,25(OH)2D (−10 vs.
59 pmol/L, respectively, p < 0.00001), whereas parathyroid hormone (PTH) levels were reduced (0.3 vs.
−0.7 pmol/L, respectively, p < 0.00001). Analysis of the serum metabolome revealed a significant
increase of carnitine, choline, and urea and a tendency to increase for trimethylamine-N-oxide (TMAO)
and urinary excretion of creatinine, without any effect on renal function. The increase in carnitine,
choline, creatinine, and urea negatively correlated with muscle health and physical performance.
Combined with previous clinical findings reporting negative effects of vitamin D on muscle strength
and physical performance, this secondary analysis suggests a direct detrimental effect on skeletal
muscle of moderately high daily doses of vitamin D supplements.

Keywords: vitamin D; secondary hyperparathyroidism; skeletal muscle; metabolomics;
postmenopausal women

1. Introduction

The prevalence of vitamin D insufficiency is high, especially during wintertime [1]. As low
levels of 25-hydroxyvitamin D (25(OH)D) are associated with adverse skeletal and non-skeletal health
outcomes and as a correction of vitamin D deficiency by supplementation is cheap and feasible, studies
elucidating the effects of treating vitamin D insufficiency are obviously of major public health interest.
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It is well described that low levels of 25(OH)D may elevate the levels of parathyroid hormone
(PTH), causing secondary hyperparathyroidism (SHPT) [2]. High PTH levels are associated with
adverse health outcomes independently of low 25(OH)D levels [2–4]. Vitamin D insufficiency is
pragmatically defined as the level of 25(OH)D below which PTH increases, and SHPT has been
suggested as the best marker of vitamin D insufficiency [2,5]. Vitamin D supplementation normalizes
the levels of 25(OH)D and PTH, and it has been suggested that individuals with SHPT are more prone
to adverse effects of low 25(OH)D levels.

Findings from cross-sectional and cohort studies suggest an inverse association between vitamin
D status and adverse health outcomes, whereas data from randomized clinical trials (RCTs) are less
conclusive or even report negative effects of vitamin D supplementation on musculoskeletal health [6,7].
The discrepancy between observational studies and RCTs is an indisputable fact [8,9]. So far, many
RCTs have been criticized for including participants with a replete vitamin D status, thereby not
reflecting the findings from observational studies [9,10].

Metabolomics is a post-genomic advanced method of analysis. Through an explorative approach,
metabolomics seeks to characterize and quantify as many metabolites as possible, which constitute
the so-called metabolome [11]. The metabolome provides an expression of an individual’s metabolic
state, and studies suggest that the metabolome may predict individuals’ different responses to
interventions [12].

Taking into account the large number of publications on the role of vitamin D in metabolic health,
metabolomics studies are sparse, and RCTs investigating the effect of vitamin D supplements on the
metabolome almost non-existing [13].

In the present study, designed to investigate the cardiovascular and musculoskeletal effects of
vitamin D supplementation, we applied a nuclear magnetic resonance (NMR)-based approach, to study
metabolic changes in otherwise healthy, postmenopausal women with vitamin D insufficiency and
relatively high levels of PTH, randomized to a daily oral supplement of cholecalciferol (vitamin D3)
of 70 μg (2800 IU) or a similarly administered placebo for 12 weeks during wintertime. Using this
explorative method, we hypothesized that a normalization of plasma 25(OH)D associated with a
decrease of PTH levels changes the metabolome, providing knowledge of the underlying metabolic
pathways involved.

2. Materials and Methods

The study was an investigator-initiated parallel group, single-center, randomized double-blinded
placebo-controlled trial.

The Danish Data Protection Agency (1-16-02-492-14), the Danish Health Authority (2014-003645-10),
the Regional Committee on Biomedical Research Ethics (1-10-72-326-14), and the Danish Health Data
Authority (FSEID-00001274) approved the project. The local unit for Good Clinical Practice at Aarhus
University Hospital monitored the study. Clinicaltrials.gov: #NCT02572960.

The recruitment of participants has previously been reported in detail [14]. Briefly, a total of 81
healthy postmenopausal women with SHPT (PTH > 6.9 pmol/L) and 25(OH)D levels <50 nmol/L were
recruited from the area nearby Aarhus University Hospital, Denmark. Inclusion criteria involved
subjects who had not received any treatment with antihypertensives, diuretics, systemic glucocorticoids,
nonsteroidal anti-inflammatory drugs, lithium, or anti-osteoporotic drugs. The study was conducted
at latitude 56◦ N during wintertime (between November and April) to prevent cutaneous synthesis of
cholecalciferol. Informed consent was obtained from all individual participants included in the study.

The study design is depicted in Figure 1.
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Figure 1. Study design: All women were included from November to February to avoid cutaneous
vitamin D synthesis (latitude 56◦ N).

The participants received a daily supplement of 70 μg (2800 IU) of cholecalciferol or a similarly
administered placebo for 12 weeks. For the first two weeks, the design was 2 × 2 factorial with an
angiotensin II receptor blocker (valsartan, 80 mg per day) or similar placebo in order to study the
response of PTH to the treatment in the presence of a blockade of the renin–angiotensin–aldosterone
system. These findings have previously been reported, showing no impact of the angiotensin II receptor
blocker on PTH levels [15].

The overall compliance, as assessed by pill-count, was 99.2%.
As previously reported, the normalization of vitamin D/PTH levels had no effect on most markers

of cardiovascular disease (CVD), quality of life, or body composition as assessed by dual energy
X ray absorptiometry [14,16], but improved bone microarchitecture and estimated bone strength [17].
Contrary to what expected, the moderately high dose of vitamin D impaired muscle strength (as
assessed by hand grip strength and knee flexion) and physical performance (as assessed by the Timed
Up and Go test, TUG) [16].

For the present study, samples from five participants (placebo group, n = 3, vitamin D group,
n = 2) were missing, leaving 76 participants for the metabolomics analysis, as shown in Figure 1.

Participants were included based on a biochemical screening indicating plasma 25(OH)D
concentration below 50 nmol/L, plasma calcium and creatinine levels below the upper normal
limit, and PTH levels above the upper limit of the normal reference range (i.e., >6.9 pmol/L), thereby
excluding patients with hypercalcemic primary hyperparathyroidism or other causes of SHPT than
vitamin D insufficiency [14].

The samples reported in the study were collected at baseline and at the end of study as fasting
blood samples drawn in the morning after an overnight fast.

Metabolomics analyses and analyses of 25(OH)D and 1,25(OH)2D were conducted on serum
samples, whereas the rest of the analyses were conducted on plasma samples collected in tubes
containing lithium heparin. All blood samples were centrifuged at 4000 rpm at 5 ◦C for 10 min and
subsequently stored at −80 ◦C. To minimize the intra-individual variability, all women rested while
lying down for at least 30 min prior to the collection of blood samples.

The total plasma levels of 25(OH)D (25(OH)D2 + 25(OH)D3) and 1,25-dihydroxyvitamin
(1,25(OH)2D) were quantified using isotope dilution liquid chromatography–tandem mass spectrometry
(LC–MS/MS), which is the gold standard for 25(OH)D measurements [18]. Using a second-generation
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immunoassay on an automated immunoanalyzer (Roche Diagnostics GmbH, Mannheim, Germany),
plasma intact PTH was measured in duplicate.

Plasma glucose and lipid profile, as well as measurements of 24 h urine electrolytes were
consecutively analyzed using standard laboratory procedures at the Department of Clinical
Biochemistry, Aarhus University Hospital Denmark. Participants were verbally informed and
received a written instruction from the laboratory prior to urine collection to ensure high quality of
the measurements.

Muscle strength was assessed as maximum voluntary isometric muscle strength, with an adjustable
dynamometer chair (Good Strength, Metitur Ltd., Jyvaskyla, Finland) [16]. Using a stopwatch, the TUG
test provided the time to stand up, walk 3 m as fast as possible in a straight line, and immediately
return to the chair [16].

NMR analyses were conducted in October 2019. Prior to the NMR analyses, serum samples were
thawed at room temperature, vortexed for 30 s, and filtered using spin filters with a 10 kDa cutoff
(13,000× g for 90 min at 4 ◦C; Amicon Ultra-0.5 mL 10K, Merck, Darmstadt, Germany). Prior to use,
the filters were washed 3 times with 0.5 mL milliQ H2O. A volume of 400 μL of filtrate was transferred
to a 5 mm NMR tube (VWR International, Herlev, Denmark) with 100 μL phosphate buffer (pH 7.4,
300 mM) and 100 μL D2O containing 0.05 wt. % sodium salt (TSP) (Sigma-Aldrich, Søborg, Denmark).
All NMR spectra were acquired at 298 K on a Bruker Avance III 600 spectrometer operating at a
1H frequency of 600.13 MHz and equipped with a 5 mm TXI probe (Bruker BioSpin, Rheinstetten,
Germany). A one-dimensional (1D) nuclear Overhauser enhancement spectroscopy (NOESY)-presat
pulse sequence (noesypr1d) with water suppression was applied, and a total of 64 scans were collected
into 32 K data points spanning a spectral width of 12.15 ppm, and relaxation delay was 5 s. Baseline and
phase correction of the spectra were done manually using TopSpin 3.0 (Bruker BioSpin). Assignment
and quantification of the 1H NMR signals was performed by using Chenomx NMR Suite version 8.1
(Chenomx Inc., Edmonton, AB, Canada). The concentration of metabolites was calculated based on the
known glucose concentration.

Data distribution was tested using QQ plots and histograms. Normally distributed data were
analyzed with parametric tests, and non-normally distributed data with non-parametric tests. Baseline
data are reported as means with standard deviation, medians with interquartile (25th, 75th percentiles)
range (IQR), or numbers with percentages. The effects of treatment are reported as absolute changes
from baseline. Significance was tested using a test for two independent samples or, Mann–Whitney U
test, as appropriate. Pearson correlation coefficient (r) was used to assess associations between changes
in the serum metabolome and changes in plasma levels of 25(OH)D, as well as changes in fat and lean
mass, strength in handgrip, knee flexion at 60◦, and the TUG test. We considered a two-tailed p value
<0.05 as statistically significant. SPSS version 26 was used for the statistical analyses.

3. Results

3.1. Baseline Characteristics and Effects of Vitamin D Supplementation on 25(OH)D, 1,25(OH)2D, and
PTH Levels

Baseline characteristic are reported in Table 1. The randomization was well balanced.

Table 1. Baseline characteristics. Data are reported as mean ± SD, median with interquartile (25th, 75th
percentiles) range (IQR) or numbers (%). HDL, high-density lipoprotein, LDL, low-density lipoprotein.

Vitamin D (n = 38) Placebo (n = 38) p-Value

Age and body composition
Age (years) 64.5 [61.0; 68.25] 65.5 [62.0; 68.25] 0.56

Body weight (Kg) 75.3 [67.3; 90.3] 70.4 [65.0; 78.2] 0.17
Height (cm) 166.2 ± 4.7 165.1 ± 6.0 0.39

Body mass index (Kg/m2) 27.3 [23.3; 32.0] 26.8 [23.6; 28.8] 0.42
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Table 1. Cont.

Vitamin D (n = 38) Placebo (n = 38) p-Value

Appendicular lean mass index (Kg/m2) 10.8 [10.0; 12.1] 10.7 [10.1; 11.5] 0.56
Fat mass index (Kg/m2) 18.7 [14.1; 23.8] 17.9 [12.5; 20.2] 0.16

Indices of bone health
Calcium intake (mg/day) 850 [700; 950] 700 [650; 1075] 0.87

History of fracture in adulthood n (%) 13 (34) 7 (20) 0.12

Smoking statusn(%) 0.22
Never 23 (61) 22 (68)

Current 1 (3) 5 (13)
Former 14 (37) 11 (29)

Use of medication
Any n (%) 13 (34) 13 (34) 0.60

Indices of cardiovascular health
Systolic 24 h blood pressure (mmHg) 129 [125; 146] 128 [118; 135] 0.14
Diastolic 24 h blood pressure (mmHg) 75 [68; 83] 74 [68; 79] 0.31

Total cholesterol (mmol/L) 5.2 [4.8; 5.9] 5.5 [5.0; 6.4] 0.12
HDL (mmol/L) 1.8 ± 0.4 1.8 ± 0.4 0.76
LDL (mmol/L) 3.0 ± 0.8 3.3 ± 1.0 0.14

Triglycerides (mmol/L) 1.1 [0.7; 1.3] 0.9 [0.7; 1.3] 0.65
Arterial stiffness (m2/s) 9.7 ± 1.7 9.1 ± 1.3 0.10

Baseline plasma levels of vitamin D, PTH, renal function, and electrolytes, as well as responses to
treatment are depicted in Table 2.

Table 2. Baseline levels of 25(OH)D, 1,25(OH)2D, PTH, and electrolytes. Baseline data are reported
as mean ± SD or median with IQR (25%–75% percentile). The mean of the entire group is reported
at baseline, as there was no difference between the groups in any of the measurements. Changes are
reported as means ± SD. Significant results are shown in bold.

Changes (Δ)

Ref.Range Baseline, n = 76 Vitamin D, n = 38 Placebo, n = 38 p-Value

Plasma
25(OH)D (nmol/L) 50–160 33 ± 9 58.5 ± 16.3 −4.5 ± 6.3 <0.00001

1.25(OH)2D (pmol/L) 60–180 53 ± 14 18.5 ± 15.2 −9.6 ± 9.9 <0.00001
PTH (pmol/L) 1.6–6.9 6.1 ± 1.3 -0.69 ± 0.79 0.28 ± 0.80 <0.00001

Ca2+ (mmol/L) 1.18–1.32 1.25 ± 0.04 0.00 ± 0.04 −0.01 ± 0.03 0.20
Magnesium (mmol/L) 0.7–1.1 0.88 ± 0.06 -0.01 ± 0.04 0.01 ± 0.04 0.24
Phosphate (mmol/L) 0.76–1.41 1.00 ± 0.14 0.06 ± 0.11 0.04 ± 0.12 0.52

eGRF >60 mL/min 82.4 [73.1; 90.7] −2.18 [−5.45; 4.21] −1.15 [−5.30; 1.76] 0.94
Urine

Creatinine (mmol/24 h) 6–15 10.3 ± 1.9 0.33 ± 1.53 −0.37 ± 1.67 0.06

Abbreviations: 25(OH)D, 25-hydroxy vitamin D, 1,25(OH)2D, 1,25dihydroxy vitamin D, PTH, parathyroid hormone,
Ca2+, ionized calcium, eGFR, estimated glomerular filtration rate. Significant results are shown in bold.

At baseline, the plasma levels of 25(OH)D were 33 nmol/L in the total group of women (n = 76).
At the end of the study, the levels of 25(OH) had increased significantly to 90 nmol/L (95%, CI: 86 to 95)
in the vitamin D group as compared with 30 nmol/L (95% CI: 28 to 33) in the control group. Within the
vitamin D group, 25(OH)D and 1,25(OH)2D increased, and PTH decreased (pall < 0.001). Similarly,
within the placebo group, 25(OH)D and 1,25(OH)2D decreased significantly (pall < 0.001), whereas
PTH increased (p = 0.02, data not shown).

3.2. Changes in Muscle-Related Metabolites

The urinary 24 h excretion of creatinine tended to increase in the vitamin D group (0.33 ± 1.53) as
compared with the placebo group (−0.37 ± 1.67), p = 0.06.

25



Nutrients 2020, 12, 1310

Compared with the placebo, vitamin D supplementation significantly increased the serum levels
of carnitine to 6.0 μmol/L (95% CI: −1.1 to 13) vs. −5.5 μmol/L (−13 to 2.0), p = 0.03), choline to
−0.00 μmol/L (−2.2 to 2.1) vs. −4.1 μmol/L (−6.7 to −1.6), p = 0.02), and urea to 45 μmol/L (24 to 66 vs.
13 μmol/L (−7.0 to 34, p = 0.03), whereas trimethylamine-N-oxide (TMAO) tended to increase, reaching
6.3 μmol/L (1.5 to 11) vs. 0.6 μmol/L (−2.7 to 4.0, p = 0.05), Table 3.

Table 3. Significance of the changes in metabolites level observed in fasting serum after a 12-week
intervention with vitamin D supplementation (70 μg/d) compared to placebo.

Metabolites Baseline, μmol/L, n = 76
Changes (Δ), μmol/L

p-Value
Vitamin D, n = 38 Placebo n = 38

Hydroxybutyrate 38 [22; 90] −0.34 [−55; 25] 2.1 [−34; 29] 0.58
Acetate 16 [9; 23] −2.0 [−11; 2.8] −0.33 [−12; 2.7] 0.92

Acetoacetate 18 [10; 29] 1.4 [−14; 14] 2.4 [−7.8; 10] 0.93
Acetone 7.1 [5.6; 11] −1.3 [−7.4; 1.3] −1.0 [−3.1; 1.8] 0.33
Alanine 210 ± 57 8.3 [−15; 47] 7.1 [−30; 38] 0.26
Betaine 16 [9; 23] 3.3 (−0.9 to 5.5) 0.3 (−2.7 to 3.3) 0.36

Carnitine 77 [65; 86] 6.0 (−1.1 to 13) −5.5 (−13 to 2.0) 0.03
Choline 15 ± 6 −0.00 (−2.2 to 2.1) −4.1 (−6.7 to −1.6) 0.02
Citrate 93 [82; 108] −0.42 (−8.9 to 8.0) −1.1 (−7.8 to 5.7) 0.91

Creatine 23 [18; 31] 3.5 (−0.44 to 7.5) 4.2 (−0.76 to 9.1) 0.84
Creatinine 49 ± 11 8.6 (3.4 to 14) 5.3 (1.7 to 8.9) 0.30

Dimethylamine 1.5 [1.0; 4.3] 0.3 [0.0; 0.8] 0.1 [−0.30; 0.5] 0.25
Formate 1.3 [0.8; 2.1] 0.0 (−0.24 to 0.3) −0.01 (−0.29 to 0.3) 0.91
Glucose 5500 [5125; 6000] 0.0 [−225; 300] −100 [−325; 100] 0.31

Glutamate 48 [35; 73] −2.1 [−23; 18] −14 [−28; 7.0] 0.15
Glutamine 470 [410; 520] 64 [14; 130] 60 [15; 127] 0.82
Glycerol 390 [320; 530] 0.0 [−180; 80] −34 [−160; 71] 0.65
Glycine 69 ± 22 6.4 (−0.30 to 13) 2.9 (−5.7 to 11) 0.52

Isoleucine 67 [59; 80] 4.6 [−6.1; 19] 4.4 [−10; 12] 0.19
Lactate 750 [650; 970] 77 (−31 to 180) 10.7 (−92 to 110) 0.37
Leucine 150 [140; 170] 12 [−8.2; 36] −2.5 [−20; 24] 0.17
Lysine 260 [240; 280] 13 [−30; 60] 6.2 [−8.3; 46] 0.83

Methionine 19 [17; 26] −1.8 [−8.6; 2.1] −2.7 [−7.6; 0.8] 0.58
OPhosphocholine 19 [16; 24] −1.2 (−2.7 to 0.4) −1.2 (−2.9 to 0.5) 0.98

Ornithine 83 [61; 110] 5.9 (−11 to 23) 5.0 (−8.0 to 18) 0.93
Phenylalanine 57 [51; 65] 4.7 (−0.1 to 9.6) 0.4 (−3.5 to 4.4) 0.17

Proline 150 [110; 280] 52 (27 to 77) 25 (2 to 47) 0.11
Pyruvate 12 [7; 18] 4.5 (1.7 to 7.4) 4.9 (1.9 to 7.9) 0.87
Succinate 3.6 [2.6; 6.6] −0.25 [−2.9; 0.6] −0.9 [−4.7; 1.4] 0.87
Threonine 83 [74; 91] 8.2 [−8.3; 17] 6.8 [−2.6; 18] 0.89

TMAO 36 [31; 42] 6.3 (1.5 to 11) 0.6 (−2.7 to 4.0) 0.05
Tyrosine 59 ± 15 3.0 [−5.5; 12] 1.0 [−4.2; 9.0] 0.32

Urea 180 [150; 220] 45 (24 to 66) 13 (−7.0 to 34) 0.03
Valine 240 [200; 280] 14 [−5.0; 46] 0.9 [−21; 31] 0.11

τMethylhistidine 110 [100; 120] 3.6 [−13; 30] 4.8 [−13; 30] 0.34

The metabolites were quantified by 1H NMR spectroscopy. Except from choline (vitamin D, 14 ± 16 vs. placebo
17 ± 6.2, p = 0.02), none of the data at baseline differed between groups when stratified by treatment allocation.
The mean ± standard deviation or median (25th, 75th percentiles) for the whole group is reported. Changes were
calculated as individual post-intervention values minus baseline values for each metabolite, and data are reported as
median (25, 75 percentiles) or mean with 95% confidence intervals. Abbreviation: TMAO, trimethylamine N-oxide.
Significant results are shown in bold.

3.3. The Effect of Valsartan on the Metabolome

No significant interactions of valsartan with the metabolome were found when the drug was given
either alone or in combination with vitamin D (data not shown). In a secondary analysis reporting the
effect of valsartan (plus/minus vitamin D) vs. placebo, valsartan (plus/minus vitamin D) did not affect
any of the measures of the metabolome (data not shown).
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3.4. Nutrient Intake and Physical Activity

No differences in estimated daily calcium intake were found (Table 1). There were no differences
in the intake of major sources of vitamin D (egg and fish) between the two groups, and no differences
in the intake of fruit and vegetables (data not shown). The estimated physically activity did not differ
between groups, as previously reported [4].

3.5. Correlations between Muscle-Related Metabolites, Body Composision, Musle Strength, and
Physical Performance

As reported in Table 4, changes in total fat mass correlated positively with changes in the levels of
carnitine (r = 0.29, p = 0.01) and urea (r = 0.25, p = 0.03). Moreover, changes in the levels of carnitine
(r = 0.29, p = 0.01), choline (r = 0.23, p = 0.04), and urea (r = 0.26, p = 0.02) correlated positively with
changes in the TUG test, i.e., increases in these metabolites were associated with a longer time spent on
performing the test. Changes in handgrip strength were negatively correlated with changes in choline
levels (r = −0.25, p = 0.05) and excreted creatinine (r = −0.25, p = 0.04), i.e., increases in serum choline
and excreted creatinine were associated with a decreased handgrip strength.

Table 4. Correlations between changes in the levels of 25-hydroxyvitamin D, carnitine, choline, and
urea, as well as 24 h renal excretion of creatinine and previoulys reported significant markers of muscle
health [16] and body composition (n = 76). A positive correlation at the TUG test means spending
longer time performing the test (worse performance).

Changes (Δ) Total Fat Mass TUG Handgrip Strength Knee Flexion 60◦

r p-Value r p-Value r p-Value R p-Value

25(OH)D, nmol/L - - - - −0.27 0.03 −0.29 0.02
Carnitine, mmol/L 0.29 0.01 0.29 0.01 - - - -
Choline, mmol/L - - 0.23 0.04 −0.25 0.04 - -

Urea, mmol/L 0.25 0.03 0.26 0.02 - - - -
Urine creatinine, mmol/day - - - - −0.26 0.04 - -

Abbreviations: r: Pearson correlation coefficient, 25(OH)D: 25-hydroxyvitamin D, TUG: Time Up and Go test, knee
flexion 60◦: maximum voluntary muscle strength with the knee flexed 60◦ from the fully extended leg.

Bivariate correlation analysis showed no correlation between any of 25(OH)D, choline, carnitine,
TMAO, excreted creatinine, and urea and total lean mass/appendicular lean mass index, as assessed by
dual-energy X-ray absorptiometry, data not shown.

4. Discussion

In this exploratory study, we investigated changes in the human metabolome in response to the
normalization of vitamin D levels with a daily moderately high dose supplement of vitamin D during
wintertime. Vitamin D supplementation effectively normalized 25(OH)D levels. Compared to placebo,
vitamin D supplementation significantly increased the serum levels of carnitine, choline, and urea and
tended to increase the serum levels of TMAO and those of creatinine excreted in urine.

Carnitine and choline are two essential nutrients. The major sources of these nutrients are animal
products, especially red meat [19,20]. Carnitine is required for energy production, as carnitine acts as a
transporter of long-chain fatty acids into the mitochondria to be oxidized and produce energy [19].
Within the body, carnitine is accumulated in the cardiac and skeletal muscles. The content of carnitine
in skeletal muscle is about 70-fold higher than in plasma [19]. Supplementation with carnitine is
proposed to play a role in muscle health, and supplements are widely used among athletes to enhance
performance [19,21]. Choline is required to produce acetylcholine and is used at the neuromuscular
junction. Choline deficiency is associated with muscle damage [20]. As with carnitine, skeletal muscle
contains a large quantity of choline [22,23].
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Choline and carnitine are metabolized by gut microorganisms to produce trimethylamine (TMA),
which is subsequently absorbed by the gut and oxidized by flavin-monooxygenases (FMOs) in the
liver to produce TMAO [19,20] (Figure 2).

Figure 2. Schematic illustration of the metabolic pathways of the significant and border-significant
findings on choline, carnitine, creatinine, TMAO, and urea. Choline and carnitine are nutrients normally
ingested through protein-rich diets. TMAO is generated from the hepatic oxidation of trimethylamine
(TMA), formed by the gut microbiota from carnitine and choline. In the body, high concentrations of
choline and carnitine are present in skeletal muscle. In the glucose–alanine cycle, amino groups and
carbons from skeletal muscle are transported to the liver. In the liver, alanine is converted to pyruvate
and nitrogen. Nitrogen enters the urea cycle, and pyruvate is used to produce glucose [24]. Creatinine
is a waste product of a non-enzymatic degradation of creatine phosphate, serving as a reserve of
high-energy phosphates in skeletal muscle. Together with previous clinical findings on muscle strength
and physical performance, the data suggest that the increase in choline, carnitine, creatinine, TMAO,
and urea, all waste products originating from muscle catabolism, may be caused by a direct toxic effect
on skeletal muscle.

TMAO is mainly known as a waste product of carnitine and choline metabolism [25]. TMAO
has received attention as a consequence of a proposed negative effect on cardiovascular health [26],
although not all studies support this observation [27]. Intriguingly, the POUNDS Lost trial suggests a
positive relationship between circulating TMAO and bone mineralization [28]. Although the 12 weeks
of vitamin D supplementation did not affect bone mineral density in our study, we observed improved
bone health in terms of increased trabecular thickness and estimated bone strength at the tibia [17].

Blood urea is a product of protein catabolism, and in the urea cycle, nitrogen from the muscles
are converted to ammonia and, via liver enzymes, to water-soluble urea, which can be excreted
by the kidneys (Figure 2). Creatinine is a breakdown product of creatine from muscle and protein
metabolism [29]. We observed that 24 h urinary excretion of creatinine tended (p = 0.06) to increase in
the vitamin D group.

A possible explanation for the increase in serum carnitine and choline is an increased intestinal
absorption. A reduced use and/or degradation is also plausible.

Our findings need to be considered in relation to our clinical findings on cardiovascular and
musculoskeletal health [14,16,17]. Overall, there was no effect of vitamin D supplementation on
measures of cardiovascular health. Cardiac and/or smooth muscle cells also contain the examined
muscle-related metabolites. Thus, we cannot rule out that the metabolites derive from cardiac and/or
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smooth muscle cells, but in a post hoc analysis no associations were found between the muscle-related
metabolites and blood pressure, arterial stiffness, or cardiac conductivity. In contrast, we previously
reported a detrimental effect on muscle health and physical performance [16]. Carnitine, choline,
TMAO, urea, and creatinine derive from the muscles [29] (Figure 2), and the increase in carnitine,
choline, creatinine, and urea correlated negatively with the findings on muscle strength/performance,
suggesting that these findings can be ascribed to changes in skeletal muscle.

The amount of carnitine, choline, TMAO, urea, and creatinine are dependent on protein intake,
the body’s capacity to catabolize protein, and their adequate excretion by the renal system. There
was no between-group difference in renal function, physical activity, or estimated intake of different
nutrients [16].

In recent years, an increased number of studies have demonstrated adverse effects of higher
dosages of vitamin D. Negative effects are mainly reported on muscle strength and risk of falls [16,30–36].
A recent study with vitamin D3, 70 μg per day, suggested a negative effect on lean body mass [30].

Previous studies have reported an increased risk of falls in response to vitamin D
supplementation [31–33,36]. Orthostatic hypotension due to decreased activity of the renin–angiotensin–
aldosterone system has been suggested, but in this study, markers of this system were not affected by
vitamin D supplementation [14].

To the best of our knowledge, higher dosages of vitamin D supplementation has not been reported
to impair postural stability [16,30,37,38], and it therefore seems most likely that the increased risk of
falls is attributable to an impaired muscle strength/function.

The mechanisms behind the studies reporting negative effects of vitamin D have not yet been fully
elucidated. Vitamin D receptors are almost ubiquitously expressed in human tissues. Over-expression
of vitamin D receptors and inadequate differentiation of muscle fibers are reported in response to active
vitamin D in supra-physiological dosages [39,40]. Elevated levels of creatine kinase (which converts
creatine to creatinine) [40] as well as fat infiltration are also reported [41].

Together with the existing data, this explorative study suggests a direct detrimental effect
on skeletal muscles causing a leak of muscle products to the blood stream and subsequently to
urine (creatinine).

That vitamin D could heal myopathies was a clinical observation before it was possible to
measure 25(OH)D levels, and threshold levels are largely based on findings from observational studies.
In general, randomized clinical trials have largely failed to demonstrate any effect of vitamin D. Possibly,
vitamin D has divergent effects on different tissues (e.g., an increased risk of falls and thereby increased
risk of fractures despite an improved bone health), which overall counterbalance each other.

The present study has several strengths as well as limitations. Most importantly, the well-balanced
randomized placebo-controlled design conducted during wintertime in women with low levels of
25(OH)D and relatively high PTH levels leaves a unique study group not previously investigated with
respect to NMR-based metabolomics. The NMR-metabolomics data were not a pre-planned endpoint,
and there was no a priori hypothesis. As the study is exploratory, it is important to establish that the
study is hypothesis-generating rather than hypothesis-testing. We did not adjust for multiple testing
as this is a rather conservative approach, which lowers the chance of detecting potential associations.
This is, on the other hand, a major limitation, and we cannot rule out that some of the findings are type
I errors.

The three months duration of the intervention is relatively short.
The initial factorial design is a limitation. There was no interaction between vitamin D and

valsartan in the reported outcomes, and valsartan did not affect any of the measures of the metabolome,
but as the half-life of valsartan is 6–9 h, a potential effect of valsartan on the metabolome in the reported
12-week measures is unlikely [42].

The estimated intake of vitamin D was not calculated, and neither was estimated intake of meat.
Finally, PTH level at baseline was substantial lower than expected. This has previously been discussed
in details [14].
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Unfortunately, we did not use different dosages of vitamin D or assess muscle health with biopsies.
The dose used to treat vitamin D insufficiency was larger than recommended in most guidelines,

and our results do not allow for conclusions on lower dosages of vitamin D [19]. Detrimental effects on
muscle health are not reported with dosages below 20 μg/day [16]. In contrast, dosages at 70 μg/day
are commonly used to treat insufficiency.

At present, it is unknown whether it is the rapid increase in 25(OH)D or the levels of 25(OH)D at
the end of the study that cause potential adverse effects on skeletal muscle and/or falls. “Very high
dose bolus studies” [33,36] has been reproduced by studies using moderately high daily dosages of
vitamin D3 [16,30,32], also in participants with vitamin D insufficiency [16,32]. The fact that adverse
effects have been reported also for levels of 25(OH)D within the reference range suggests that a rapid
increase in 25(OH)D is associated with adverse effects on skeletal muscles and/or falls. The mechanism
behinds those findings needs to be established.

In 2011, the upper tolerance limit was increased from 50 to 100 μg/day based on the lack of
occurrence of hypercalcemia. Data on falls and muscle health from 2010 on (mainly from 2015) suggest
a reduction of the upper tolerance limit [16,30–36].

5. Conclusions

Normalization of 25(OH)D levels with a moderately high daily dose of vitamin D supplementation
during wintertime causes changes in the metabolome in terms of increased serum levels of carnitine,
choline, and urea and a tendency towards increased serum levels of TMAO and urinary creatinine.
This study suggests a potential detrimental effect of vitamin D supplements on skeletal muscles, with
leak of muscle products to the circulation.
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Abstract: We assessed the effect of different doses of vitamin D supplementation on microcirculation,
signs and symptoms of peripheral neuropathy and inflammatory markers in patients with type 2
diabetes (T2DM). Sixty-seven patients with T2DM and peripheral neuropathy (34 females) were
randomized into two treatment groups: Cholecalciferol 5000 IU and 40,000 IU once/week orally for
24 weeks. Severity of neuropathy (NSS, NDS scores, visual analogue scale), cutaneous microcirculation
(MC) parameters and inflammatory markers (ILs, CRP, TNFα) were assessed before and after treatment.
Vitamin D deficiency/insufficiency was detected in 78% of the 62 completed subjects. Following
treatment with cholecalciferol 40,000 IU/week, a significant decrease in neuropathy severity (NSS,
p = 0.001; NDS, p = 0.001; VAS, p = 0.001) and improvement of cutaneous MC were observed
(p < 0.05). Also, we found a decrease in IL-6 level (2.5 pg/mL vs. 0.6 pg/mL, p < 0.001) and an increase
in IL-10 level (2.5 pg/mL vs. 4.5 pg/mL, p < 0.001) after 24 weeks of vitamin D supplementation
in this group. No changes were detected in the cholecalciferol 5000 IU/week group. High-dose
cholecalciferol supplementation of 40,000 IU/week for 24 weeks was associated with improvement in
clinical manifestation, cutaneous microcirculation and inflammatory markers in patients with T2DM
and peripheral neuropathy.

Keywords: diabetes; neuropathy; microcirculation; 25(OH)D; vitamin D; inflammatory markers

1. Introduction

It is well known that vitamin D deficiency along with type 2 diabetes mellitus (T2DM) is a
modern pandemic [1,2]. The development of microvascular complications in T2DM worsens both the
prognosis and the patients’ quality of life. There is increasing evidence of a possible contribution of
vitamin D deficiency to the pathogenesis of diabetes and its complications [3]. Large-scale studies have
shown 40% increased risk of developing diabetes in individuals with a reduced 25(OH)D (25-hydroxy
vitamin D) level [4], as well as 24% decrease in diabetes risk for every 25 nmol/L increase in 25(OH)D
concentration [5]. However, some studies found no association between diabetes risk and vitamin D
status [6]. Thus, a recent interventional prospective study demonstrated no decrease in the risk of T2DM
development in patients with prediabetes after two-year treatment with 4000 IU of vitamin D per day [7].
However, some experts suggested that 4000 IU is not a sufficient supplementation dose for patients with
already existing impaired glucose metabolism, and besides, most study participants had normal basal
25(OH)D levels [8]. These results do not exclude the presence of pleiotropic vitamin D effects on insulin
secretion, insulin resistance and adipocytokine system [9–12], and the possibility of influencing the
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development of microvascular diabetic complications [3]. Along with immune-mediated mechanisms,
microcirculation deterioration in patients with diabetes has been found to play an important role in the
pathogenesis of microvascular complications, including peripheral neuropathy (DPN) [12,13].

Vitamin D deficiency is also believed to play a role in the progression of DPN [14–16]. One study
showed that vitamin D supplementation in patients with T2DM and DPN resulted in the pain decrease
and reduction or withdrawal of semisynthetic opioids, and that an increase in 25(OH)D by 1 ng/mL
was associated with the decrease in neuropathy severity and increase in impulse conduction frequency
along nerve fibres by 2.2% and 3.4%, respectively [15]. Another study demonstrated a relationship
between serum 25(OH)D levels and the severity of neuropathy in T2DM, where the greatest changes
were found in patients with 25(OH)D levels of less than 16 ng/mL [16]. Possible association of vitamin
D deficiency with DPN was revealed by other investigators, but relationships between 25(OH)D level
and DPN remain unclear [17]. The Cochrane systematic review demonstrated no convincing evidence
regarding vitamin D effectiveness in chronic painful conditions [18]. Some studies found high levels of
IL-13 and IL-17 in patients with T2DM and DPN, and negative correlations between these interleukins
and 25(OH)D levels [19].

Thus, the correction of vitamin D deficiency in patients with T2DM is becoming increasingly
attractive for the prevention and treatment of microvascular complications. However, the question
of the required vitamin D dose and the treatment duration remains highly debatable. According to
some studies, the daily dose of vitamin D for pleiotropic effects should exceed the dose recommended
for prophylaxis [20,21]. The inconsistency of the evidence dictates the need for further research in
this field.

The aim of this study was to assess the effect of therapy with different doses of cholecalciferol
for 24 weeks on parameters of microcirculation, clinical manifestations of peripheral neuropathy and
inflammatory markers in patients with T2DM.

2. Materials and Methods

2.1. Study Population

We conducted a prospective randomized trial in patients with T2DM and DPN. Ninety-eight
patients with T2DM and DPN were screened for the study from January 2018 to January 2019. Patients
were selected based on the following inclusion criteria: (i) Males and females with T2DM aged 18 to
65 years; (ii) diabetes duration ≥5 years; (iii) HbA1c <9%; (iv) stable hypoglycaemic, hypotensive and
hypolipidemic therapy; and (v) neurological deficit of 4 points or more according to the neuropathy
disability score (NDS). Exclusion criteria were as follows: Current and former smokers, obliterating
atherosclerosis, diabetic foot or Charcot osteoarthropathy, inflammatory joint diseases, B12 deficiency,
vitamin D supplementation, treatment with tricyclic antidepressants, anticonvulsants, opiates or
nonsteroidal anti-inflammatory drugs. The patient’s decision against further participation in the trial,
failure to appear at the scheduled time and any acute inflammatory/infectious disease during the trial
were withdrawal criteria.

Sixty-seven patients (34 females, median age 56 (49; 61) years) were enrolled into the study.
Patients were randomized using the even/odd method into two cholecalciferol treatment groups:
Group I (n = 34) 5000 IU once weekly and Group II (n = 33) 40,000 IU once weekly, taken orally for
24 weeks. Three patients refused to participate in the study after randomization. Two patients developed
upper respiratory tract infection and were withdrawn from the study soon after randomization. Thus,
62 patients completed the study (31 patients from each group; Figure 1).

The trial was performed at the First Pavlov State Medical University and Almazov National
Medical Research Centre, St. Petersburg, Russia, and it was conducted in compliance with the principles
of the Declaration of Helsinki. Each patient gave written informed consent before enrolment. The study
was approved by the local ethics committee.
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67 eligible and randomized
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1 patient withdrawn
1 patient refused to participate

1 patient withdrawn

Figure 1. Flowchart showing patient randomization and disposition.

2.2. Data Collection

Patient demographics (gender, age, height, body weight, calculated body mass index (BMI)) and
blood pressure (BP), anamnesis (diabetes duration, complications, concomitant diseases, medications,
smoking and alcohol intake) and anthropometric data were assessed at baseline.

Neuropathy assessment was done using standard tests: NSS (neuropathic symptomatic
score) [22], NDS (neuropathic disability score) [23] and VAS (visual analogue scale, to measure
painful symptoms) [24].

Laboratory tests were performed before and 24 weeks after cholecalciferol treatment. Blood samples
were taken from the antecubital vein in the morning after an overnight fast (not less than 12 h after the
last meal) and centrifuged at 4000 rpm and serum was stored at −20 ◦C until analysis.

Serum total cholesterol (TC, reference values 3.5–5.0 mmol/L) and C-reactive protein (CRP, reference
values 0.00–5.00 mg/L) levels were evaluated on automatic biochemical analyser (COBAS INTEGRA
400 plus, Roche Diagnostics GmbH, Mannheim, Germany). Determination of HbA1c (reference values
4.0–6.0%) was carried out on a Bio-Rad D-10 Chemistry Analyzer (Bio-Rad Diagnostics, Hercules,
USA). Serum 25(OH)D level was measured by chemiluminescent immunoassay with commercial
laboratory kits and control kits (Abbott Laboratories, Waukegan, USA) using an Architect i2000 analyser
(Abbott, Abbott Park, IL, USA). Vitamin D deficiency was defined as serum 25(OH)D level < 20 ng/mL,
insufficiency—from 20 ng/mL to 30 ng/mL and adequate vitamin D level > 30 ng/mL [25]. The level of
parathyroid hormone (PTH, reference values 15.0–65.0 pg/mL) was estimated using chemiluminescent
immunoassay on microparticles (Architect i2000, Abbott, Abbott Park, IL, USA). Serum interleukins
(IL) and tumour necrosis factor-α (TNFα) were determined by enzyme-linked immunosorbent assay
(Bio-Rad 680 Microplate Reader, Hercules, USA) using the appropriate sets of reagents for enzyme
immunoassay to determine the concentration of IL-1β (reference values 0–5.0 pg/mL), IL-6 (reference
values 0–7.0 pg/mL), IL-10 (reference values 0–9.1 pg/mL) and TNFα (reference values 0–8.21 pg/mL)
(Vector-Best, Novosibirsk, Russia).

Skin microcirculation (MC) was assessed at baseline and after 24 weeks of vitamin D therapy
by the laser Doppler flowmetry (LDF) method (LAKK-M complex, LAZMA LLC, Moscow, Russia)
using standard functional tests (occlusal and orthostatic). LDF measurements were carried out
at room temperature of 24 ◦C. Basal MC was evaluated on the plantar surface of the big toe of
the right lower limb in supine position after 15-min rest, during which the test area was not
covered [26]. The average MC parameters measured in perfusion (pf) units were automatically
calculated: M—average perfusion value, σ—average blood flow modulation, Kv—coefficient of
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variation (%). Post occlusal (Mbase—average value of MC before occlusion (pf unit); Moccl—indicator
of MC in the process of occlusion (“biological zero”) (pf unit); Mmax—maximum value of MC during
the postocclusal hyperemia (pf unit); RCB—reserve of capillary blood flow (the ratio of Mmax to
Mbase, %) and orthostatic LDF tests (Mbase average value of MC before orthostasis (pf unit), Mmin
(pf unit) —minimal decrease in blood flow, and the degree of decrease in blood flow (DDB) (%)) were
performed for each diabetic patient. In healthy subjects, RCB ranged from +80 to +150%, and the
normal decrease in the level of MC during the postural test reached 30–45%.

2.3. Study Objective

The primary outcome was to evaluate the effect of high and low dose of vitamin D on skin
microcirculation after 24 weeks of treatment. The secondary outcomes were change from baseline in
plasma interleukins and TNFα at 24 weeks. Other secondary outcomes were change in clinical and
symptom scores for neurological status (NDS, VAS and NSS), all assessed at baseline and at 24 weeks.

2.4. Statistical Analysis

Statistical data processing was carried out using the licensed software package SAS 9.4 (SAS,
Buckinghamshire, UK). All data points for both treatment groups were collected, hence data imputation
was not implemented in this study. Results are presented as median and interquartile range [IQR,
Q25; Q75]. Comparison of the indicators in the groups before and after treatment was performed by
Wilcoxon T-test. Parameters of the two treatment groups were compared using Mann–Whitney U-test.
Analysis of clinical and laboratory data was evaluated using the Pearson χ2 criterion. The relationship
between the indicators was assessed by the Spearman rank correlation method. Statistical significance
was defined as p < 0.05.

Clinical Trial Registration: URL: https://clinicaltrials.gov. Unique Identifier: NCT04377399.

3. Results

The basic characteristics of the study participants are presented in Table 1. The median age of
the study participants was 56 (49; 61) (range 36 to 65) years, BMI—30.2 (28.3; 32.7) kg/m2, serum
25(OH)D—17.2 (10.2; 27.9) ng/mL, HbA1c—7.9 (7.2; 8.4)%. Both treatment groups were matched for
age, gender, diabetes duration, BMI, HbA1c, neuropathy severity, comorbidities and concomitant
medications. Glucose-lowering and concomitant therapy was stable throughout the study period.

At the beginning of the study most patients had vitamin D deficiency/insufficiency (25 patients
(79.7%) from group I; 24 patients (77.4%) from group II). After 24 weeks of cholecalciferol intake,
an increase in serum 25(OH)D was observed in both groups. Thus, all patients taking 40,000 IU per
week reached 25(OH)D levels of ≥30 ng/mL after 24 weeks of treatment, while only 15 patients (48.4%)
from group I (5000 IU weekly) achieved a normal vitamin D value.

After 24 weeks of treatment, a significant decrease in BMI (p = 0.001), HbA1c level (p = 0.004),
serum IL-6 (p < 0.001) and an increase in serum IL-10 (p < 0.001) were found in patients taking 40,000 IU
of cholecalciferol per week. Weight loss of more than 5% was seen in 19 patients (61%) from this group.
No significant changes of any of the above parameters were observed in group I. Both groups showed
no significant changes in total cholesterol, PTH, IL-1β, TNFα and CRP after 24 weeks of treatment.
Baseline and follow-up values of investigated parameters are presented in Table 2.

At the end of the study, a negative correlation between the level of 25(OH)D and HbA1c (r=−0.388,
p = 0.031) and positive correlation of HbA1c with IL-6 (r = 0.426, p = 0.017) and IL-10 (r = −0.391,
p = 0.030) was observed in Group II. Also, the correlation analysis revealed an interlink between the
severity of neurological deficit and HbA1c level (r = −0.352, p = 0.003).
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Table 1. Baseline clinical characteristics of type 2 diabetic patients according to randomization.

Characteristics
5000 IU/Week, n = 31

(Group I)
40,000 IU/Week, n = 31

(Group II)
p

Males, n (%)/Females, n (%) 15 (48.4)/16 (51.6) 16 (51.6)/15 (48.4) 0.800
Age, years 57 (48; 62) 55 (52; 60) 0.756

Body mass index, kg/m2 30 (28.3; 31.8) 31 (29.5; 32.)7 0.155
Obesity, n (%) 21 (68) 20 (65) 0.789

Duration of type 2 diabetes, years 6 (5; 8.5) 7 (5; 11) 0.733
Diabetic peripheral neuropathy, n (%) 31 (100) 31 (100) 1.000

Neuropathic symptomatic score, points 5 (4; 6) 5 (4; 6) 0.799
Neuropathic dysfunctional score, points 8 (7; 9) 8 (7; 9) 0.857

Visual analog scale, mm 50 (40; 60) 50 (42.5; 55) 0.744
Diabetic retinopathy, n (%) 21(68) 24(77) 0.394

Diabetic nephropathy, n (%) 11(35) 9(29) 0.584
Arterial hypertension, n (%) 23 (74) 25 (81) 0.544

Coronary heart disease, n (%) 17 (55) 15 (48) 0.701
Insulin, n (%) 11 (35) 9 (29) 0.587

Metformin, n (%) 29 (94) 25 (81) 0.130
Sulfonylureas, n (%) 4 (13) 5 (16) 0.719

DPP-4 inhibitors, n (%) 5(16) 5(16) 1.000
SGLT-2 inhibitors, n (%) 1 (3) 3(10) 0.302
GLP-1R agonists, n (%) - 1(3) 0.314

ACE inhibitors/ARB, n (%) 23 (74) 25 (81) 0.544
Calcium channel blockers, n (%) 5 (16) 7 (22) 0.521

β-adrenergic receptor blockers, n (%) 21 (68) 23 (74) 0.576
Diuretics, n (%) 14 (45) 11 (35) 0.438

Statins, n (%) 15 (48) 16 (52) 0.800

Data are presented as median, interquartile range [Q25; Q75] and percentages (%); DPP-4—Dipeptidyl-peptidase-4;
SGLT-2—sodium-glucose transport protein 2; GLP-1R—Glucagon-Like Peptide-1 Receptor; ACE—angiotensin
converting enzyme; ARB—angiotensin II receptor blockers.

Table 2. Anthropometric and laboratory parameters at baseline and after 24-week treatment.

Parameters

5000 IU/Week, n = 31
(Group I)

40,000 IU/Week, n = 31
(Group II)

Baseline After 24 Weeks Baseline After 24 Weeks

BMI, kg/m2 30 (28.3; 31.8) 30 (28.4; 31.8) 31 (29.5; 32.7) 28,7 (25.4; 30.4) **,#

25(OH)D, ng/mL 18.8 (10.7; 27.4) 26.9 (20; 34.6) * 16.2 (8.7; 25.3) 71.6 (54.8; 88.3) **,##

HbA1c, % 7.9 (7.1; 8.3) 7.9 (7.2; 8.4) 7.9 (7.1; 8.5) 7.4 (6.5; 7.7) *,#

PTH, pg/mL 34.5 (24.3; 45.7) 28.6 (23.4; 40.4) 32.8 (23.5; 45.2) 26.6 (19.2; 34.6)

TC, mmol/L 4.9 (4.1; 6.1) 5.3 (4.1; 6.3) 5.5 (4.5; 6.5) 5.4 (4.7; 6.1)

TNFα pg/mL 2.0 (2.0; 2.0) 2.0 (2.0; 2.0) 2.0 (2.0; 2.0) 2.0 (2.0; 2.0)

CRP ml/L 1.4 (0.7; 2.0) 1.4 (0.8; 2.1) 1.5 (1.1; 2.0) 2.0 (0.8; 3.0)

IL-1β pg/mL 1.0 (1.0; 1.0) 1.0 (1.0; 1.0) 1.0 (1.0; 1.0) 1.0 (1.0; 1.0)

IL-6 pg/mL 1.9 (1.3; 3.1) 2.3 (1.3; 3.1) 2.5 (1.5; 4.1) 0.6 (0.5; 0.8) **,##

IL-10 pg/mL 3.3 (2.5; 4.8) 3.5 (2.5; 5.0) 2.5 (2.5; 3.6) 4.5 (3.5; 5.7) **,#

Data are presented as median and interquartile range (Q25; Q75); p value: * p < 0.05, ** p < 0.001—compared with
previous results in the same group; # p < 0.05, ## p < 0.001—between groups at baseline and after 24 weeks of therapy;
BMI—body mass index; 25(OH)D—25-hydroxyvitamin D; HbA1c—glycated hemoglobin; PTH—parathyroid
hormone; TC—total cholesterol; TNFα—tumor necrosis factor α; CRP—C-reactive protein; IL-1β—interleukin 1β;
IL-6—interleukin-6; IL-10—interleukin-10.

Baseline parameters of MC (M, σ, and Kv) did not differ between the treatment groups (pMI-II

= 0.08; pσI-II = 0.08; pKvI-II = 0.74). After 24 weeks of treatment, a significant difference between the
initial and final Kv (p < 0.001) was found only in Group II. This increase in Kv reflects an improvement
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in microcirculation in patients taking 40,000 IU cholecalciferol per week. Correlation analysis revealed
a significant relationship between final levels of 25(OH)D and Kv (r = 0.51; p = 0.04) in patients from
Group II. No associations and significant changes were detected in Group I (Table 2). The postural test
demonstrated a significant increase in DDB after 24 weeks of treatment (p < 0.001) that was detected
only in Group II. After 24 weeks of treatment, Mmax increased significantly in both groups of patients
(p = 0.012; p = 0.003). There were no differences between the initial and final RCB in Group I (p = 0.056),
but a significant increase in RCB was found in Group II (p < 0.001). Indicators of skin microcirculation
before and after 24 weeks of vitamin D therapy are presented in Table 3.

Table 3. Microcirculation parameters at baseline and after 24-week treatment.

Parameters

5000 IU/Week, n = 31
(Group I)

40,000 IU/Week, n = 31
(Group II)

Baseline After 24 Weeks Baseline After 24 Weeks

M, pf units 7.41 ± 3.97 7.16 ± 4.26 # 6.01 ± 1.89 7.01 ± 2.46 *,#

σ, pf units 1.11 ± 0.57 1.05 ± 0.56 # 0.85 ± 0.57 1.81 ± 1.14 *,#

Kν *, % 17.68 ± 10.14 18.89 ± 10.83 # 16.65 ± 10.99 27.96 ± 16.38 *,#

Δ Kν, % +6.8% +68.3%
Postural Test

Mbase, pf unit 7.75 ± 1.8 7.78 ± 2.3 # 6.69 ± 1.51 7.97 ± 2.13 *,#

Mmin, pf unit 6.10 ± 1.52 6.13 ± 2.26 # 5.36 ± 1.47 5.07 ± 1.72 *,#

DDB, % 24.82 ± 9.27 23.87 ± 9.1 # 23.4 ± 12.68 51.88 ± 36.71 **,#

Δ DDB, % −3.8% +121.7%
Occlusal Test

Mbase pf unit 7.10 ± 1.72 6.74 ± 1.75 # 6.49 ± 2.10 7.54 ± 2.89 *,#

Mmax pf unit 9.73 ± 2.25 8.97 ± 3.60 # 9.59 ± 3.15 14.57 ± 3.63 *,#

RCB, % 40.85 ± 20.31 35.79 ± 17.10 # 48.57 ± 18.56 106.8 ± 44.8 **,#

Δ RCB, % −12.4% +120%

Data are presented as median and interquartile range (Q25; Q75); p value: * p < 0.05—compared with previous
results in the same group; ** p < 0.01—compared with previous results in the same group # p < 0.05—between
groups after 24 weeks of therapy; M—average perfusion value; σ—average blood flow modulation; Kv—coefficient
of variation (%); Mbase—average value of microcirculation before orthostasis or occlusion, Mmin—minimal decrease
in blood flow; pf units—perfusion units; DDB—the degree of decrease in blood flow (%); Mmax—maximum value of
microcirculation during the postocclusal hyperaemia; RCB—reserve of capillary blood flow (the ratio of Mmax to
Mbase, %); Δ—delta between baseline and 24 weeks parameters in the same group.

Initially, all patients had neurological deficit of more than 4 points according to the neuropathy
disability score (NDS). The median severity of neurological deficit was 8, which corresponds to
moderately severe diabetic neuropathy. No differences in neuropathy manifestation evaluated by NSS
and VAS were observed between the groups. After 24 weeks of treatment, patients from Group II
(40,000 IU/week) demonstrated a significant decrease in neurological deficit (NDS points decreased
from 8 to 6, p = 0.001), reduction of pain severity assessed by VAS (from 50 (42.5; 55) mm to 47 (37.5;
51) mm, p = 0.001), and significant decrease in neuropathic symptomatic score points (from 5 (4; 6) to
4 (4; 5), p = 0.001). No changes were found in Group I (5000 IU/week).

4. Discussion

Vitamin D deficiency is widespread throughout the world, and patients with obesity, prediabetes,
gestational diabetes and T2DM constitute a high-risk group [9,27–29]. Given the presence of obesity in
most subjects with impaired glucose metabolism, prophylactic doses of vitamin D for this population
should be significantly higher than for individuals with normal body weight [25,27,30]. Our study
revealed a very high prevalence of vitamin D deficiency/insufficiency in patients with T2DM, which
is consistent with previously reported data [6,17]. After six months, all patients taking 40,000 IU of
cholecalciferol per week achieved normal vitamin D levels, while only half of the patients receiving
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5000 IU weekly reached normal 25(OH)D concentration. This finding suggests the need to prescribe
higher doses of vitamin D for patients with T2DM.

Interestingly enough, vitamin D supplementation has been reported to be associated with
body weight reduction, decrease in HbA1c and insulin resistance and improvement in insulin
sensitivity [28,29]. Also, patients with higher baseline vitamin D levels have a greater degree of
weight loss than those with lower baseline 25(OH)D level [31]. After 24 weeks of treatment, our study
found a negative correlation between serum 25(OH)D and BMI in patients receiving 40,000 IU of
cholecalciferol weekly, which was 5714 IU/day. We also found a decrease in HbA1c level in patients in
group II (40,000 IU/week), though no change in diabetes treatment was introduced. Whether it was an
independent vitamin D effect or mediated through body weight reduction remains to be determined.
Our results support previously demonstrated correlation between increase in serum 25(OH)D and
decrease in HbA1c in patients with T2DM [5,20].

Another fact we know is that chronic microvascular complications in T2DM lead to early
disability and significantly increase the cost of treatment [32]. Vitamin D deficiency has been shown
to affect diabetic complications by influencing glucose metabolism and inflammatory process [3,33].
Pleiotropic effect of vitamin D on inflammation has been found to play an important role in DPN
development, and it is of great scientific and practical interest [34]. Some studies have shown higher
TNFα and lower IL-10 levels associated with increased HbA1c in patients with T2DM and DPN than
in patients with impaired glucose tolerance and healthy controls [35].

Regarding CRP, its concentration is considered to be a surrogate marker of inflammation, and
its increase in T2DM has been also discussed [36]. Thus, in patients with metabolic syndrome,
vitamin D therapy resulted in significant IL-6 reduction but did not change CRP concentration [37].
The REGARDS study showed an association between low serum 25(OH)D and increase in IL-6 and
CRP levels, and found no associations with IL-10 [38]. Meta-analysis of 20 randomized clinical trials
demonstrated lower levels of CRP and TNFα and no differences in IL-6 concentration in patients
taking vitamin D therapy compared to the control group [39]. At the same time, active forms of
vitamin D have been shown to reduce TNFα and IL-6 production and stimulate IL-10 production by
immune cells [40]. The results of our study appeared to be consistent with the previously reported data
concerning association between 25(OH)D levels and markers of inflammation, but a significant decrease
in IL-6 and increase in IL-10 were revealed only in patients who received high-dose vitamin D therapy
(40,000 IU per week) and reached normal 25(OH)D levels. Our findings suggest that normalization of
serum 25(OH)D with high-dose cholecalciferol treatment affects inflammatory markers. It is known
that immune cells have vitamin D receptors and can participate in the final stage of hydroxylation and
in calcitriol formation [40]. An increase in 25(OH)D concentration with cholecalciferol treatment may
contribute to activation of calcitriol synthesis, which, in turn, may influence release of proinflammatory
and anti-inflammatory cytokines [39].

As for neuropathy, we found a decrease in neurological deficit and pain severity after 24 weeks of
treatment with 40,000 IU of cholecalciferol weekly. We found no correlation between values of pain
scales with serum 25(OH)D and ILs but found a correlation with HbA1c level. It can be assumed that
the effect of cholecalciferol on peripheral nervous system in patients with T2DM and DPN was most
likely mediated by improvement in metabolic parameters rather than resulting from direct vitamin
D action.

Our study demonstrated significant improvement in skin microcirculation parameters only
in patients receiving 40,000 IU of cholecalciferol per week. This effect can be explained by the
direct protective action of vitamin D on endothelial cells through specific receptors [41], or it can be
mediated by improvement in metabolic parameters and inflammatory status associated with high-dose
therapy [42].
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Study Limitations

There is lack of data on 1,25-dihydroxyvitamin D (calcitriol) levels, which implements the main
pleiotropic effects of vitamin D. There are several methods available to measure 25(OH)D levels. In this
study, we used Abbott chemiluminescent immunoassay, which is the method available in our centre.
Our study was an open-label one, so the possible effect of information about therapy on outcomes
should be considered. We found a relationship between 25(OH)D and only some inflammatory
markers, which makes further research in this area necessary. Most patients included in the study had
vitamin D deficiency or insufficiency, so the effect of cholecalciferol therapy on peripheral neuropathy
in patients with T2DM and normal 25(OH)D remains to be investigated. In addition, we want to
highlight that since there is no gold standard for the assessment of microcirculation in diabetic patients,
we chose Doppler flowmetry with two functional tests to perform this.

5. Conclusions

The study demonstrated that high-dose cholecalciferol therapy (40,000 IU/week) for 24 weeks
resulted in 25(OH)D normalization and was associated with reduction in neuropathy severity, as well
as improvement in skin microcirculation and cytokines profile (decrease in proinflammatory IL-6
and increase in anti-inflammatory IL-10), in patients with T2DM and DPN. Our findings suggest that
vitamin D deficiency may be a modifiable factor which affects diabetic peripheral neuropathy and
requires timely identification and correction with cholecalciferol at doses of more than 5000 IU/day.
Further studies are needed to clarify the treatment duration and determine the optimal dose of vitamin
D for patients with T2DM and DPN.

Author Contributions: T.K.—concept, design of work, randomization, analysis of results, writing text;
A.S.—screened and selected the patients, collected material, analyzing results, analyzing literature, wrote
the first draft; A.B.—analysis of results, writing text; E.B.J.—concept, design of work, analysis of results, writing
text. All authors made a significant contribution to the research and preparation of the article, read and approved
the final version of the article before publication. All authors have read and agreed to the published version of
the manuscript.

Funding: The study was supported by the Russian Science Foundation (grant number 17-75-30052 “Development
of personalized therapy for obesity and type 2 diabetes in order to reduce cardiovascular risks”).

Conflicts of Interest: The authors declare that the research was conducted in the absence of any commercial or
financial relationships that could be construed as a potential conflict of interest.

References

1. Pop-Busui, R.; Boulton, A.J.; Feldman, E.L.; Bril, V.; Freeman, R.; Malik, R.A.; Sosenko, J.M.; Ziegler, D.
Diabetic neuropathy: A position statement by the American Diabetes Association. Diabetes Care 2017, 40,
136–154. [CrossRef]

2. Cashman, K.D.; Dowling, K.G.; Škrabáková, Z.; Gonzalez-Gross, M.; Valtueña, J.; De Henauw, S.; Moreno, L.;
Damsgaard, C.T.; Michaelsen, K.F.; Christian, M.; et al. Vitamin D deficiency in Europe: Pandemic? Am. J.
Clin. Nutr. 2016, 103, 1033–1044. [CrossRef]

3. Qu, G.B.; Wang, L.L.; Tang, X.; Wu, W.; Sun, Y.H. The association between vitamin D level and diabetic
peripheral neuropathy in patients with type 2 diabetes mellitus: An update systematic review and
meta-analysis. J. Clin. Transl. Endocrinol. 2017, 9, 25–31. [CrossRef]

4. Liu, E.; Meigs, J.B.; Pittas, A.G.; Economos, C.D.; McKeown, N.M.; Booth, S.L.; Jacques, P.F. Predicted
25-hydroxyvitamin D score and incident type 2 diabetes in the Framingham Offspring Study. Am. J. Clin.
Nutr. 2010, 91, 1627–1633. [CrossRef]

5. Gagnon, C.; Lu, Z.X.; Magliano, D.J.; Dunstan, D.W.; Shaw, J.E.; Zimmet, P.Z.; Sikaris, K.; Grantham, N.;
Ebeling, P.R.; Daly, R.M. Serum 25-hydroxyvitamin D, calcium intake, and risk of type 2 diabetes after 5 years:
Results from a national, population-based prospective study (the Australian Diabetes, Obesity and Lifestyle
study). Diabetes Care 2011, 34, 1133–1138. [CrossRef]

40



Nutrients 2020, 12, 2518

6. Moreira-Lucas, T.S.; Duncan, A.M.; Rabasa-Lhoret, R.; Vieth, R.; Gibbs, A.L.; Badawi, A.; Wolever, T.M.
Effect of vitamin D supplementation on oral glucose tolerance in individuals with low vitamin D status and
increased risk for developing type 2 diabetes (EVIDENCE): A double-blind, randomized, placebo-controlled
clinical trial. Diabetes Obes. Metab. 2017, 19, 133–141. [CrossRef]

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

8. Davidson, M.B.; Duran, P.; Lee, M.L.; Friedman, T.C. High-Dose Vitamin D Supplementation in People with
Prediabetes and Hypovitaminosis D. Diabetes Care 2012, 36, 260–266. [CrossRef]

9. Muñoz-Garach, A.; García-Fontana, B.; Muñoz-Torres, M. Vitamin D Status, Calcium Intake and Risk of
Developing Type 2 Diabetes: An Unresolved Issue. Nutrients 2019, 11, 642. [CrossRef]

10. Jamwal, S.; Sharma, S. Vascular endothelium dysfunction: A conservative target in metabolic disorders.
Inflamm. Res. 2018, 67, 391–405. [CrossRef]

11. Magrinelli, F.; Briani, C.; Romano, M.; Ruggero, S.; Toffanin, E.; Triolo, G.; Peter, G.C.; Praitano, M.; Lauriola, F.;
Zanette, G.; et al. The Association between Serum Cytokines and Damage to Large and Small Nerve Fibers
in Diabetic Peripheral Neuropathy. J. Diabetes Res. 2015, 2015, 1–7. [CrossRef]

12. Fuchs, D.; Dupon, P.P.; Schaap, L.A.; Draijer, R. The association between diabetes and dermal microvascular
dysfunction non-invasively assessed by laser Doppler with local thermal hyperemia: A systematic review
with meta-analysis. Cardiovasc. Diabetol. 2017, 16. [CrossRef]

13. Strain, W.D.; Paldanius, P.M. Diabetes, cardiovascular disease and the microcirculation. Cardiovasc. Diabetol.
2018, 17, 57. [CrossRef]

14. Pop-Busui, R.; Ang, L.; Holmes, C.; Gallagher, K.; Feldman, E.L. Inflammation as a Therapeutic Target for
Diabetic Neuropathies. Curr. Diabetes Rep. 2016, 16, 29. [CrossRef]

15. Alamdari, A.; Mozafari, R.; Tafakhori, A.; Faghihi-Kashani, S.; Hafezi-Nejad, N.; Sheikhbahaei, S.; Naderi, N.;
Ebadi, M.; Esteghamati, A. An inverse association between serum vitamin D levels with the presence and
severity of impaired nerve conduction velocity and large fiber peripheral neuropathy in diabetic subjects.
Neurol. Sci. 2015, 36, 1121–1126. [CrossRef]

16. He, R.; Hu, Y.; Zeng, H.; Zhao, J.; Zhao, J.; Chai, Y.; Lu, F.; Liu, F.; Jia, W. Vitamin D deficiency increases the
risk of peripheral neuropathy in Chinese patients with Type 2 diabetes. Diabetes Metab. Res. Rev. 2017, 33,
2820. [CrossRef]

17. Celikbilek, A.; Gocmen, A.Y.; Tanik, N.; Borekci, E.; Adam, M.; Celikbilek, M.; Suher, M.; Delibas, N.
Decreased serum vitamin D levels are associated with diabetic peripheral neuropathy in a rural area of
Turkey. Acta Neurol. Belg. 2015, 115, 47–52. [CrossRef]

18. Straube, S.; Derry, S.; Straube, C.; Moore, R.A. Vitamin D for the treatment of chronic painful conditions in
adults. Cochrane Database Syst. Rev. 2015, 5. [CrossRef]

19. Bilir, B.; Tulubas, F.; Bilir, B.E.; Atile, N.S.; Kara, S.P.; Yildirim, T.; Gumustas, S.A.; Topcu, B.; Kaymaz, O.;
Aydin, M. The association of vitamin D with inflammatory cytokines in diabetic peripheral neuropathy.
J. Phys. Ther. Sci. 2016, 28, 2159–2163. [CrossRef]

20. Randhawa, F.A.; Mustafa, S.; Khan, D.M.; Hamid, S. Effect of Vitamin D supplementation on reduction in
levels of HbA1 in patients recently diagnosed with type 2 Diabetes Mellitus having asymptomatic Vitamin D
deficiency. Pak. J. Med. Sci. 2017, 33, 881–885. [CrossRef]

21. Basit, A.; Basit, K.A.; Fawwad, A.; Shaheen, F.; Fatima, N.; Petropoulos, I.N.; Alam, U.; Malik, R.A. Vitamin
D for the treatment of painful diabetic neuropathy. BMJ Open Diabetes Res. Care 2016, 4, e000148. [CrossRef]
[PubMed]

22. Grant, I.A.; O’Brien, P.; Dyck, P.J. Neuropathy tests and normative results. In Diabetic Neuropathy, 2nd ed.;
Dyck, P.J., Thomas, P.K., Eds.; Saunders: Philadelphia, PA, USA, 1999; pp. 123–141.

23. Gries, A.; Cameron, N.E. Severity and Staging of Diabetic Polyneuropathy. Textb. Diabet. Neuropathy 2003.
[CrossRef]

24. Hawker, G.A.; Mian, S.; Kendzerska, T.; French, M. Measures of adult pain: Visual Analog Scale for Pain
(VAS Pain), Numeric Rating Scale for Pain (NRS Pain), McGill Pain Questionnaire (MPQ), Short-Form McGill
Pain Questionnaire (SF-MPQ), Chronic Pain Grade Scale (CPGS), Short Form-36 Bodily Pain Scale (SF-36
BPS), and Measure of Intermittent and Constant Osteoarthritis Pain (ICOAP). Arthritis Care Res. 2011, 63,
240–252. [CrossRef]

41



Nutrients 2020, 12, 2518

25. Pigarova, E.A.; Rozhinskaia, L.Y.; Belaia, J.E.; Dzeranova, L.K.; Karonova, T.L.; Ilyin, A.V.; Melnichenko, G.A.;
Dedov, I.I. Russian Association of Endocrinologists recommendations for diagnosis, treatment and prevention
of vitamin D deficiency in adults. Probl. Endocrinol. 2016, 62, 60–84. [CrossRef]

26. Karnafel, W.; Juskowa, J.; Maniewski, R.; Liebert, A.; Jasik, M.; Zbieć, A. Microcirculation in the diabetic foot
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Abstract: The purpose of this study to estimate cumulative vitamin D doses from solar ultraviolet and
dietary intakes in patients with depression and compare it to healthy controls. Using a case-control
research design, a sample of 96 patients with depression were age- and sex-matched with 96 healthy
controls. Dietary vitamin D dose was estimated from diet analysis. Vitamin D-weighted ultraviolet
solar doses were estimated from action spectrum conversion factors and geometric conversion factors
accounting for the skin type, the fraction of body exposed, and age factor. Patients with depression
had a lower dose of vitamin D (IU) per day with 234, 153, and 81 per day from all sources, sunlight
exposure, and dietary intake, respectively. Controls had a higher intake of vitamin D (IU) per day
with 357, 270, and 87 per day from all sources, sunlight exposure, and dietary intake, respectively.
Only 19% and 30% met the minimum daily recommended dose of ≥400 IU per day for cases and
controls, respectively. The sensitivity, specificity, percentage correctly classified and receiver operating
characteristic (ROC) Area for the estimated vitamin D against serum vitamin D as reference were
100%, 79%, 80%, and 89%. Physical activity level was the only predictor of daily vitamin D dose.
Vitamin D doses are lower than the recommended dose of ≥400 IU (10 mcg) per day for both cases
with depression and healthy controls, being much lower in the former.

Keywords: 25OHD; mood disorders; UVB; vitamin D analogs; vitamin D supplementation

1. Introduction

Depression is a universal mental illness that affects a large proportion of any community [1].
A recent meta-analysis showed that the estimated point-, 12-months, and lifetime-prevalence rates
of depression are 12.9%, 7.2%, and 10.8%, respectively [1]. The illness affects 350 million persons
worldwide and is considered a leading cause of disability [2]. The first line of treatment for major
depression is pharmacotherapy [3]. Recent network meta-analyses show that drug pharmacotherapy
demonstrates minimal difference from placebo [4,5]. Other modalities such as electroconvulsive
therapy and psychotherapy also showed similar results compared to sham procedures [6–8]. Dietary
and lifestyle approaches hold potential as a novel intervention for the management of symptoms
of depression [9]. They can be used in support of pharmacotherapy for severe cases. Therefore,
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understanding the specific components of dietary and lifestyle interventions that improve mental
health are needed.

The association between depression and the status of vitamin D from lack of sun exposure is well
established and was first described two thousand years ago [10]. Results from epidemiological studies
shows that vitamin D deficiency is associated with an 8%–14% increase in depression [11] and a 50%
increase in suicide [12]. In the past 10 years, an increasing body of literature has linked vitamin D to
the pathophysiology of depression [13]. This comes from three lines of evidence; first, the presence
of vitamin D receptors in various parts of the cortex and limbic system [14]; second, the important
modulatory role that vitamin D plays in regulating immunoinflammatory pathways that are relevant
to the pathophysiology of depression [15,16]; third, lower serum vitamin D levels in depressed patients
compared to controls [13,17,18]. The reasons for the difference in serum vitamin D between cases with
depression and controls remained unclear.

Vitamin D deficiency for patients with depression as well as a healthy population has become
an important community health concern. Previous research focused on either laboratory approaches
of measuring vitamin D serum 25-hydroxyvitamin D 25(OH)D [19,20], or focused on establishing
an association between diet or dietary supplements and vitamin D [21]. No previous work was
established to cover the estimation of solar ultraviolet (UV) doses of patients with depression and
vitamin D3 production. Accordingly, the current study was designed to estimate how much vitamin
D3 is acquired from diet and produced from everyday outdoor ultraviolet type B doses in Bahrain
(26 ◦N) for cases with depression in comparison to age- and sex-matched controls. We hypothesize
that healthy controls acquire higher daily vitamin D3 doses from both dietary and sunlight exposure
compared to cases. We also hypothesize that the severity of depressive symptoms is associated with
the level of vitamin D3 acquired.

2. Materials and Methods

2.1. Study Design and Setting

The current research utilized the guidelines of the strengthening the reporting of observational
studies in epidemiology (STROBE) statement [22]. The study took place between March and
December 2019.

Cases with depression were recruited from the outpatient clinics of the general adult psychiatry
services of the Psychiatric Hospital, Ministry of Health, Manama, Kingdom of Bahrain. The Psychiatric
Hospital, Bahrain, is the national center for mental illness in Bahrain. The hospital registry shows that
there are about 750 cases with depression only without another psychiatric morbidity. Controls were
recruited from local health centers during regular non-emergency visits, and routine/investigation visits.
The local health centers are the primary healthcare clinics belonging to the Ministry of Health, Bahrain.

2.2. Participants

Cases—We included cases with depression (major depressive disorder, single episode, unspecified
depressive disorder). Diagnosis was made using the International Statistical Classification of Diseases,
10th Revision. We included adults aged between 20–60 years who were diagnosed in the past six
months or more using the ICD-10 criteria. We excluded: women who are pregnant or lactating;
the coexistence of any other psychiatric disorder, e.g., eating disorder, generalized anxiety disorder, etc.;
or those who were dieting, taking dietary supplements, or enrolled in lifestyle experimental studies.

Controls—We included controls, defined as individuals free from a known history of mental
illness including depression. Controls were achieved by matching each case with depression with
a person from the local care centers. Age match was on the basis of year of birth. We excluded: women
who are pregnant or lactating, positive history of psychiatric disorder, those who were dieting, taking
dietary supplements, or enrolled in lifestyle experimental studies.
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2.3. Sample Size and Sampling Techniques

Using a matched case-control design, we estimated the sample needed for our research to be
75 patients and 75 controls. Sample size calculations are based on a z test, with a 1:1 ratio design
assuming the difference in vitamin D3 intake by 33% based on previous research [23]. The sample size
was estimated for the two-sided test with error probabilities of alpha= 0.05 and 80% power (beta = 0.20).
To further increase the statistical power, we aimed to include 95–100 patients in each group.

Probability sampling techniques were used for recruiting cases and controls. The sample of
depression cases (n = 96) was selected using a simple random sampling technique from the case registry.
Similarly, controls (n = 96) were selected using simple random sampling after matching.

2.4. Data Collection Procedure

Data were collected using structured forms and included sociodemographic and anthropometric
variables, medical history, and comprehensive lifestyle assessment. The anthropometric measurements
included weight, height, and body composition analysis. Weight was measured using electronic
scales with rod height attachment. During measurements, individuals were advised to stand straight,
without footwear, and keep on only light clothes. Body composition analysis (BCA) was completed
using a bioelectrical impedance system (The InBody 230 model: MW160, Seoul/Korea). BCA involved
fat mass, and body fat percentage. Body mass index (BMI) (kg/m2) was classified corresponding to the
World Health Organization (WHO) categories of underweight (<18.5), normal (18.5–24.9), overweight
(25.0–29.9), or obese (≥30) [24].

The electronic medical record was accessed to obtain data available in the past six months from the
interview on serum vitamin D, and no special request was made to collect a new blood sample. Vitamin
D was analyzed as 25(OH)D using a chemiluminescent immunoassay in our study. This method
(in Ministry of Health, Bahrain laboratories) has a correlation coefficient with the high performance
liquid chromatography assay of 0.92.

For cases with depression, the Beck Depression Inventory-II (BDI-II) was used to assess the
severity of symptoms. The BDI-II is a sum score of all 21 items of the scale; each item is evaluated on
a 4 points (0–3) Likert scale [25]. The following algorithm has been used to interpret the BDI-II: minimal
depression = 0–13, mild depression = 14–19, moderate depression = 20–28, and severe depression =
29–63. We used the validated Arabic version of the BDI-II in our study [26].

A quantitative food frequency questionnaire (covering 102 foods distributed on 38 items/groups)
was used [27]. Participants were requested to report the frequency of consuming a standard serving
of a specific food item in six categories (1 time/day, ≥2 times/day, 1–2 times/week, 3–6 times/week,
1–3 times/month, rarely, or never). Special attention was given to vitamin D rich food including
fatty fish, liver, meat, cheese, eggs, dairy products, and foods fortified with vitamin D such as
juices and cereals [28]. The responses on the frequent consumption of a specific serving size were
standardized using visual aids to determine a standard unit for portions. Dietary intake assessed
using the FFQ was analyzed using nutrition and fitness software (ESHA Food Processor SQL, version
10.1.1, Salem, OR, USA). ESHA was used to estimate a gross mean of daily vitamin D3 intake from
food. We also obtained data on current smoking history and physical activity. Individuals were
considered to be physically active when they met the target of 150 min of moderate-intensity (or 75 min
of vigorous-intensity) per week [29].

Solar ultraviolet doses and vitamin D3 production were estimated using the approach described
by Godar and colleagues [30]. To do that, we obtained information on the following: Fitzpatrick skin
type scale, duration and timing of direct exposure to sunlight per day, the fraction of body exposed,
age factor, action spectrum conversion factors (ASCF), and geometric conversion factors (GCF).

The Fitzpatrick skin type scale is utilized to evaluate the reaction of different types of skin to
ultraviolet light [31]. Type I (scores 0–6—pale white) easily burns, does not tan. Type II (scores
7–13—white) typically burns, tans slightly. Type III (scores 14–20—light brown) mild burn, tans
consistently. Type IV (scores 21–27—moderate brown) minimally burns, tans. Type V (scores
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28–34—dark brown) infrequently burns, tans easily. Type VI (scores 35–36—dark brown or black)
never burns.

Scattered duration and timing of direct exposure to sunlight per day were obtained by asking
the participants to estimate the average time spent on outdoor activities with an emphasis on the
proportion being exposed to direct sunlight. This was used to calculate Standard Erythemal Dose
(SED) [32]. The solar zenith angle was not considered in our research.

The fraction of body exposed is the body surface exposed to sunlight. The following standard
fractions were used: sun on arms and hands only (short-sleeved shirt, head is covered) = 11%; sun
on face, neck, arms, and hands (same like before, but no head cover) = 18%; sun on face, neck, arms,
hands, and lower legs (wearing shorts and shirt, no head cover) = 32%; sun on the top half of body
(stripped up to waist) = 53%; sun on whole body except for one-piece bathing costume (ladies) = 73%;
sun on whole body except for swimming costume = 88%; sun on whole body = 100% [30].

Age factor encompasses the ability of an adult to synthesize vitamin D3. The ability to produce
vitamin D3 is decreased as human age due to decreased 7-dehydrocholesterol in the skin. The following
age factor conversion was used: 0–20 years (100% or 1.0), 22–40 years (83% or 0.83), 41–59 years (66%
or 0.66), and 60+ years (49% or 0.49) [30,33].

The action spectrum conversion factors are the differences between wavelength contributions
approximated by the erythemal action spectrum and the previtamin D action spectrum toward
previtamin D3 production. ASCFs for Bahrain (26 ◦N) were compensated with values latitude 30 ◦N as
follows: 1.110 for summer, 1.061 for fall, 0.910 for winter, and 1.065 for spring, respectively [34].

The standard vitamin D dose, which represents a horizontal plane or planar doses, is converted to
whole-body doses using geometric conversion factors based on a full-cylinder model representing the
human body. GCF for Bahrain (26 ◦N) is 0.580 during the summer and spring and 0.644 during the
winter and fall [34]. The daily estimate of synthesized vitamin D3 per day was estimated using the
following equations:

• Estimate vitamin D3 (IU) per day = Vitamin D Dose (VDD) × (4900 IU) × skin type factor ×
fraction of body exposed × age factor.

• Standard Vitamin D Dose (SVD) = Standard Erythemal Dose (SED/day) × Action Spectrum
Conversion Factor (ASCF).

• Vitamin D Dose (VDD) = Standard Vitamin D Dose (SVD) × Geometric Conversion Factors (GCF).

To convert vitamin D from IU to mc: 1 IU is approximated to be the biological equivalent of
0.025 mcg cholecalciferol or ergocalciferol [35].

2.5. Ethical Considerations

This research was approved by the Secondary Healthcare Research Ethics Committee in the
Ministry of Health, Bahrain (No.2018/REC/EF023). Before the start of data collection, informed consent
was requested and secured from each person included.

2.6. Statistical Analyses

Descriptive statistics were used to a provide summary of the demographic characteristics, health
status, and daily vitamin D from diet and sunlight exposure. The arithmetic mean and standard
deviation (SD) were utilized for continuous variables, and the count and percentage for categorical
variables. A daily dose of vitamin D < 400 IU, serum levels < 30 nmol/L was considered as deficient,
levels between 30 nmol/L and 50 nmol/L (≥30, <50) were classified as vitamin D insufficiency,
and optimal levels were ≥50 nmol/L. Sensitivity, specificity, percentage correctly classified, and receiver
operating characteristic (ROC) Area were calculated for the estimated intake of vitamin D using
25(OH)D as reference. Multiple linear regression analysis was performed to assess the association
between the dose of vitamin D per day and selected predictors. A statistically significant result was
p-value < 0.05. All analyses were executed using Stata 16.1 programming [36].
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3. Results

This study involved 192 participants: 96 patients with depression and 96 age- and sex-matched
controls. The mean age was approximately 43 years, with 60% being female sex. Table 1 shows the
characteristics of the study participants. The results generally show that patients with depression are
more likely to be unemployed, single, and overweight or obese. During the study, all patients were on
active pharmacological treatments, 42% were on selective serotonin reuptake inhibitors, 35% were
on serotonin and norepinephrine reuptake inhibitors, 12% were on tricyclic antidepressants, and the
remaining 11% were on others or combined antidepressants therapy.

Table 1. Sociodemographic and anthropometric characteristics of the study participants.

Variable * Cases, n = 96 Controls, n = 96 p-Value **

Sex
Male 37 (39%) 37 (39%)

1.0Female 59 (61%) 59 (61%)

Job-status
Employed 27 (28%) 69 (72%)

0.001Unemployed 69 (72%) 27 (28%)

Marital status
Single 48 (50%) 23 (24%)

0.001Married 48 (50%) 73 (76%)

BMI classification
Underweight 4 (4%) 2 (2%)

0.25
Normal 26 (27%) 34(35%)

Overweight 30 (31%) 35 (37%)
Obese 36 (38%) 25 (26%)

Current tobacco smoker 37% 10% 0.001

Beck Depression Inventory-II
(BDI-II)

Mild 13 (13%)
Not applicable -Moderate 40 (42%)

Severe 43 (45%)

Age (year) 44 ± 13 43 ± 15 0.4

Weight (kg) 76 ± 19 75 ± 17 0.63

Height (cm) 163 ± 10 165 ± 10 0.13

BMI (kg/m2) 29 ± 7 28 ± 6 0.11

Body fat percentage (%) 35 ± 12 33 ± 10 0.09

Total body water percentage (%) 36 ± 6 36 ± 7 0.91

Body surface area (m2) 2 ± 0.2 2 ± 0.2 0.98

Lean mass (kg) 49 ± 8 49 ± 8 0.68

Fat mass (kg) 28 ± 13 26 ± 10 0.31

Serum 25(OH)D (nmol/L) *** a,b 35 ± 7 38 ± 6 0.01

* Frequency count and (%) OR Mean ± SD; ** Independent samples t-test or Pearson’s Chi-Squared; *** a To convert
to ng/mL, divide by 2.5, b data available for 43 cases and 50 controls.

Table 2 shows the vitamin D status of the study participants. The daily dose of vitamin D is
approximately 260 IU (7 mcg) per day for the entire participants (n = 192), with 212 IU (5 mcg) per day
acquired from sunlight exposure and 84 IU (2 mcg) per day from dietary intake. Only 47 (25%) met
the minimum daily recommended dose of ≥400 IU (10 mcg) per day. Patients with depression had
a lower intake of vitamin D per day with 234 IU (6 mcg), 153 (4 mcg), and 81 (2 mcg) per day from all
sources, sunlight exposure, and dietary intake, respectively. Controls had a higher intake of vitamin D
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per day with 357 IU (9 mcg), 270 (7 mcg), and 87 (2 mcg) per day from all sources, sunlight exposure,
and dietary intake, respectively. Intake of vitamin D from the diet was equal between the two groups
p = 0.5, but intake from sunlight exposure and cumulative daily intake of vitamin D was statistically
significant for the favor of controls p = 0.001 and p = 0.001, respectively. Serum 25(OH)D for cases
with depression and controls were 35 ± 7 nmol/L (ng/mL) and 38 ± 6 nmol/L (ng/mL), respectively.
The difference was statistically significant p = 0.01. Recent research in Bahrain showed that controls
have a mean serum of 39.95 nmol/L [37]. The proportions of persons at the cutoff 25(OH)D ≥ 35 nmol/L
were 56% and 76%, and at cutoff 25(OH)D ≥ 40 nmol/L were 21% and 46% for cases and controls,
respectively. The difference was significant at both cutoffs points p = 0.04 and p = 0.01, respectively.
See Table 2.

Table 2. Vitamin D status of the study participants.

* Variable
Cases, n = 96 Controls, n = 96 p-Value **

Mean SD SE 95%CI Mean SD SE 95%CI

Vitamin D intake from diet
per day (IU) 81 65 7 68–94 87 66 7 74–101 0.50

Vitamin D synthesis from
sunlight per day (IU) 153 206 21 111–195 270 260 27 218–323 0.001

Vitamin D per day (IU) 234 275 23 189–280 357 275 28 301–413 0.001

Share of Vitamin D from diet
per day 35% 25% 0.11

Share of Vitamin D from
sunlight exposure per day 65% 75% 0.11

Compliance with the
recommended minimum daily

intake (400 IU per day)
18 (19%) 29 (30%) 0.048

Vitamin D according to
25(OH)D

Optimal—≥50 nmol/L
Insufficient—≥30 <50 nmol/L

Deficient—<30 nmol/L

1 (2%)
34 (79%)

8 (19)

3 (6%)
44 (88%)
3 (6%)

0.13

Serum 25(OH)D ≥ 30 nmol/L 35 (83%) 47 (94%) 0.06

Serum 25(OH)D ≥ 35 nmol/L 24 (56%) 38 (76%) 0.04

Serum 25(OH)D ≥ 40 nmol/L 9 (21%) 23 (46%) 0.01

Serum 25(OH)D ≥ 45 nmol/L 3 (7%) 4 (8%) 0.90

Serum 25(OH)D ≥ 50 nmol/L 1 (2%) 3 (6) 0.40

* Frequency count and (%) OR Mean ± SD; ** Independent samples t-test or Pearson’s Chi-Squared.

The relationship between serum 25(OD)D and daily vitamin D dose from dietary intake and solar
ultraviolet B is presented in Figures 1 and 2, respectively.

The sensitivity, specificity, percentage correctly classified, and ROC Area for the estimated vitamin
D against the 25(OH)D as reference were 100%, 79%, 80%, and 89%.

Figure 3 illustrates the intake of vitamin D among patients with depression according to symptoms
of severity. Figure 4 illustrates serum 25(OH)D among patients with depression according to symptoms
of severity.
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Figure 1. The association between serum vitamin D 25(OH)D and daily vitamin D from dietary intake.

 

Figure 2. The association between serum vitamin D 25(OH)D and daily vitamin D from solar
ultraviolet B.

 

Figure 3. Vitamin D dose (IU/day) of patients with depression according to symptoms severity.
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Figure 4. Serum vitamin D 25(OH)D of patients with depression according to symptoms severity.

One-way analysis of variance (ANOVA) revealed that the mean daily dose of vitamin D for
patients with depression did not significantly differ according to symptoms severity as measured by
the BDI-II with p = 0.15. Patients with mild, moderate, and severe symptoms had a daily dose of 268 IU
(7 mcg), 181 IU (5 mcg), and 275 IU (7 mcg) accordingly.

Multiple linear regression analysis showed that the only predictor for vitamin D doses per day is
physical activity for both cases with depression and controls p = 0.001. Detailed results are presented
in Table 3.

Table 3. Association * between total vitamin D doses and selected predictors.

Cases with depression (n = 96)

Outcome variable: Daily vitamin D Dose

Explanatory Variables β p-Value

Education level 60 0.12
Smoking 1 1

Physical activity 318 0.001 *

Controls (n = 96)

Outcome variable: Daily vitamin D Dose

Explanatory Variables β p-Value

Education level 111 0.08
Smoking −52 0.60

Physical activity 267 0.001 *

* Multiple linear regression analysis—Adjusting for age, sex, caloric intake, social status, and job status.

4. Discussion

To the authors’ best knowledge this is the first study to measure vitamin D doses from solar
ultraviolet and dietary intakes in patients with depression. The major finding of this study is that:
patients with depression have significantly lower doses of vitamin D compared to age- and sex-matched
healthy controls. While dietary intakes of vitamin D are equal in both groups, patients with depression
appeared to have statistically significantly less vitamin D from solar ultraviolet B. The proportion of
patients with depression meeting the daily recommended dose of vitamin D is less than one out of five.
The daily dose of vitamin D did not vary significantly among patients with depression according to
symptoms of severity.
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A recent laboratory-based study found a very high prevalence of vitamin D deficiency among
patients with mental illness with only 18% showing adequate levels of vitamin D [19]. A meta-analysis
of fourteen observational studies with approximately 31,500 patients revealed that lower vitamin D
levels were found in patients with depression compared to healthy individuals [20]. Our results are
consistent with previous research, which suggest that generally 20% of patients with depression have
lowered vitamin D and increased vitamin D deficiency.

A low 25(OH)D in depressed patients can be also attributed to antidepressants drug use. Previous
research found that antidepressants use, especially tricyclic antidepressants, appeared significantly
associated with lower vitamin D [38].

Previous research demonstrated an association between adequate diet and sensible sun exposure
to vitamin D deficiency among patients with depression [19]. Our findings suggest that sun exposure
plays a more important role in explaining vitamin D deficiency in both patients with depression and
healthy controls. It is well documented that low vitamin D can be linked with many health problems
including neuropsychiatric disorders [20,39–42]. Specifically, observational and experimental studies
showed a relationship between low levels 25(OH)D and depression [27,42–44].

The low doses of vitamin D for solar ultraviolet can be explained by the fact that adults with
depression and depressive disorders engage in low levels of physical activity and poor lifestyle
behavior [45,46]. Thus, because lower levels of vitamin D may precipitate mental disorders [13,47],
a reestablishment of adequate levels may improve mental wellbeing and offer a feasibly adjunct
treatment option. This is especially true if it is offered as part of a comprehensive lifestyle intervention
that includes an outdoor physical activity with solar light exposure. Recent research showed that
vitamin D and exercise have independent desirable influence on mood. Thus, the active engagement in
outdoor activities under the sunlight can neutralize the vitamin D deficiency problem and the severity
of mood disorders [48]. Sun avoidance inventory (SAI) can be used to examine outlooks towards sun
avoidance attitudes in the context of vitamin D deficiency. In our study, we excluded participants who
are taking dietary supplements; however, vitamin D exposure through supplementation should be
also included in measures of overall vitamin D exposure.

This is the first research to estimate vitamin D doses from solar ultraviolet and dietary intakes in
patients with depression using a rigorous approach and using a case-control methodology. Another
strength is that we compared the estimated vitamin D doses against serum 25(OH)D. We focused
on outpatients with depression to eliminate the role of hospital-based restricted diets and inpatients
closed wards policy; however, future studies are needed to compare inpatients vs. outpatients.

5. Conclusions

The present study showed that about 80% of patients with depression and 70% of controls do not
receive adequate daily doses of vitamin D. Effective detection and interventions on adequate vitamin D
levels in patients with depression might prove to be an easy and cost-effective intervention to improve
long-term health outcomes.
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Abstract: Vitamin D deficiency in athletes may play a role in influencing fracture risk and
athletic performance. This study aimed to examine the vitamin D status of basketball players
and determine its correlation with muscle strength. We included 36 male professional basketball
players (mean age, 22.6± 3.2 years) categorized by vitamin D status. We examined the muscle strength
of knee extension/flexion and ankle dorsiflexion/plantarflexion using an isokinetic dynamometer.
Eleven (30.5%), fifteen (41.7%), and ten (27.8%) players had deficient (<20 ng/mL), insufficient
(20–32 ng/mL), and sufficient vitamin D levels (>32 ng/mL), respectively. In the dominant side,
there were no significant correlations of vitamin D level with knee extension/flexion strength
(r = 0.134, p = 0.436; r = −0.017, p = 0.922, respectively), or with plantarflexion/dorsiflexion ankle
strength (r = −0.143, p = 0.404; r = 1.109, p = 0.527, respectively). Moreover, the isokinetic lower
limb strengths were not significantly different between the three groups in all settings (all p > 0.05).
In conclusion, professional basketball players had a high prevalence of vitamin D insufficiency.
Though it may not be associated with muscle strength, maintaining adequate vitamin D levels by
micronutrients monitoring, regular dietician consultation, and supplementation is still a critically
considerable strategy to enhance young athletes’ health.

Keywords: vitamin D insufficiency; muscle strength; basketball; athletes

1. Introduction

Vitamin D is an essential hormone for calcium and phosphate metabolism and, hence, influences
bone homeostasis and muscle function [1]. The synthesis of vitamin D relies on skin exposure to
ultraviolet radiation B (UVB) in sunlight [2]. UVB exposure is moderate since the latitude of South
Korea ranges from 33◦ N to 38◦ N; however, vitamin D deficiency is common in Korea [3]. Due to
seasonal variation of UVB exposure, the vitamin D level of Koreans was lower in winter and spring [3].
According to previous studies, risk factors for vitamin D deficiency in Korea included living in urban
areas, lacking exercise, working indoors, and being younger (20–49 years), especially for those who
used sunscreen daily [3,4]. Prevention of skin aging and maintenance of youthful skin were critical
factors associated with sunscreen use in young Koreans, regardless of sex [4].

Vitamin D deficiency can result in muscle loss and weakness [5]. Severe vitamin D deficiency can
cause myopathy, accompanied by muscle weakness, amyotrophy, and muscle pain [6,7]. Vitamin D
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is essential for muscle function. Vitamin D may enhance muscle function by synthesizing protein
in muscles and optimizing muscle growth while improving nerve-muscle function [8,9]. Optimal
serum 25-hydroxyvitamin D (25(OH)D) helps to optimize overall performance for athletes and enhance
muscle contraction [10]. For athletes, vitamin D is important not only for exercise performance but also
for recovery [11]. Previous literature revealed that an insufficient vitamin D level was associated with
an increased incidence of muscle damage [12], decreased athletic ability [13–15], and lower restorative
ability after training and competition [11,16–18].

Vitamin D is essential to musculoskeletal health and exercise performance; however, vitamin
D deficiency is not uncommon in the general population. According to a Korean national database
study [3,19], the prevalence of vitamin D deficiency (<20 ng/mL) in 2014 was 75.2% in males and 82.5%
in females. However, the cut-off value for vitamin D deficiency in Korea was higher than that of
western countries [20,21]. Furthermore, the scene of vitamin D deficiency was also common among
athletes. In a study on 279 NBA players, 79.3% of players had vitamin D insufficiency or deficiency,
with 90 having vitamin D deficiency (<20 ng/mL) (32.3%) and 131 having insufficiency (20–32 ng/mL)
(47.0%) [22]. According to a recent meta-analysis, 44–67% of the athletes were vitamin D inadequate
(<32 ng/mL) [12].

Research on the effect of vitamin D on athletes has been gathering interest due to its potential
role in improving athletic performance since enhanced muscle function is essential in boosting
performance and reducing injuries for athletes [23,24]. However, studies on the effects of vitamin D
for athletes are conflicting [14,25–27]. Some studies reported that vitamin D supplements in athletes
with insufficient levels of vitamin D could increase quadricep strength and enhance vertical jump and
sprint performance [14,25]. In contrast, other studies showed that vitamin D levels were not associated
with muscle strength and motor ability [26,27]. Therefore, the association between vitamin D level
and muscular performance in athletes remains uncertain. Our previous work showed that vitamin D
insufficiency was common in Korean elite volleyball players, although their shoulder muscle strengths
were not affected by low vitamin D status [28]. Little information about the vitamin D status and its
association with lower limb muscle strength in professional basketball players is available.

Thus, we performed this study to investigate the vitamin D status of professional basketball
players who participate in one of the most popular indoor sports and to evaluate the relationship
between vitamin D concentration and extension/flexion strength of knees and plantar/dorsiflexion
strength of ankles, both of which are critical components in jumping motions during a basketball game.

2. Materials and Methods

2.1. Participants and Demographics

We enrolled healthy male professional basketball players from the Samsung Thunders in the
Korean Basketball League (KBL) by using the convenience sampling technique in this cross-sectional
study from January 2015 to June 2017. The participants were routinely medically evaluated, healthy
athletes and cleared for participation by an orthopedic specialist. All participants in this study
regularly underwent training, including team-specific training supervised by coaching staff five
times a week for at least four hours per day. During the two months of pre-season training and the
regular season, the players were provided with a controlled diet under a nutritionist’s supervision.
The controlled diet met the basic requirements for micronutrients including calcium and vitamin D.
No other additional supplements including omega-3s and vitamin D were given. We excluded players
who had undergone major knee and ankle surgeries and those already taking vitamin D supplements.
All research procedures were reviewed and approved by the bioethical committee of the University of
Sungkyunkwan. The study conformed to the tenets of the Declaration of Helsinki for medical research
involving human subjects (IRB file No: 2020-04-199). All participants received a clear explanation
of the study, including the risks and benefits of participation, and they provided written informed
consent for testing and data analysis before the beginning of the study.
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2.2. Assessments

All participants received an examination for serum vitamin D levels and muscle strength of their
lower limbs in April (off-season period). The participants were instructed to fast overnight for at
least 8 h and were abstained from any vigorous physical activity and exercise at least 24 h before the
assessments to avoid the confounding effects of post-exertional muscle fatigue. After arriving in the
laboratory, the fasting serum samples (3 mL) were taken from the antecubital vein area of the arm
and collected into a tube. The collected blood samples were clotted for 30 min at room temperature
(20–22 ◦C), and centrifuged at 3000 rpm (revolutions per minute) for 15 min. The separated serum
samples were stored at −70 ◦C until analysis. All archived samples of the discovery cohort were sent
to the Department of Laboratory Medicine at the Samsung Medical Center, and vitamin D levels were
determined from a single baseline serum sample. Serum levels of 25(OH)D2 and D3 were determined
by high-performance liquid chromatography-tandem mass spectrometry detection (Euroimmun AG,
Lübeck, Germany). All assays met reproducibility requirements of ≤20% coefficient of variation (CV)
and were acceptable for clinical use. Total vitamin D levels were quantitated using calibration curves
constructed from the mass chromatogram.

There is no universally accepted standard definition for vitamin D deficiency, insufficiency,
or sufficiency. In our study, vitamin D levels were defined as deficient at <20 ng/mL, insufficient at
20–32 ng/mL, and sufficient at >32 ng/mL, which were described by Fishman et al. [22]. We used
an isokinetic dynamometer (CSMI Medical Solutions, MA, USA) to evaluate the knee and ankle
muscle strengths of all participants. This testing protocol was conducted on the dominant and
non-dominant legs of each subject. The dominant leg was determined by which hand is dominant.
Musculoskeletal physiotherapists performed standardized testing under the supervision of one of
the authors. After warm-up using a stationary bike for 10 min, the participants performed three
submaximal familiarization trials. Thereafter, they underwent maximal concentric tests. The participants
were given verbal support to encourage maximal effort. Concentric knee extension/flexion peak
torques were measured at angular velocities of 60◦/s. Next, the participants performed ankle
dorsiflexion/plantarflexion muscle strength tests at a speed of 30◦/s. The maximum peak torque
(Nm) for each velocity was also recorded.

2.3. Statistics

Statistical analysis was performed to evaluate the correlation between player parameters
and vitamin D levels using Pearson correlation coefficients. We also calculated the concentric
extension/flexion and dorsiflexion/plantarflexion muscle strengths of the dominant side and analyzed
the isokinetic strength with respect to vitamin D level using one-way analysis of variance (ANOVA).
The level of statistical significance was set at 0.05. One-way ANOVA and a post-hoc Bonferroni test was
used to analyze the data. Statistical analysis was conducted using SPSS ver 18.0 (SPSS Inc., Chicago,
IL, USA)

3. Results

We included 36 participants in this study. The mean age of the athletes was 22.6 ± 3.0 years.
The mean vitamin D level was 24.7 ± 7.2 ng/mL. Regarding vitamin D levels, there were 11 (30.5%),
15 (41.7%), and 10 (27.8%) players who were deficient, insufficient, and sufficient, respectively.
Twenty-six players (72.2%) were either vitamin D deficient or insufficient (Table 1).

Correlation between vitamin D and knee and ankle strengths revealed no significant findings.
There was no significant bivariate correlation between vitamin D and extension/flexion knee strength of
the dominant side at 60 deg/sec (r=0.134, p=0.436; r=−0.017, p=0.922, respectively). Similarly, we found
no significant correlation between vitamin D level and isokinetic ankle plantarflexion/dorsiflexion
strength of the dominant side at 30 deg/sec (r = −0.143, p = 0.404 and r = 0.109, p = 0.527, respectively)
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(Table 2). In the non-dominant side, no significant correlations were noted between vitamin D level
and knee or ankle isokinetic strengths (all p > 0.05, Table 2).

Table 1. Players’ demographics by vitamin D status.

Variable

Vitamin D Level

p Value a
Deficiency

(<20 ng/mL)
Insufficiency

(20–32 ng/mL)
Sufficiency

(>32 ng/mL)

No. players (%) 11 (30.5) 15 (41.7) 10 (27.8)
Vitamin D (ng/mL) 16.4 ± 3.2 24.6 ± 2.6 33.9 ± 1.4 <0.001 *

Age (yr) 22.3 ± 3.2 22.3 ± 3.3 23.2 ± 2.4 0.731
Height (cm) 187.5 ± 7.2 188.5 ± 5.5 192.8 ± 8.9 0.198
Weight (kg) 82.8 ± 7.8 83.5 ± 7.1 85.6 ± 8.8 0.697

Body mass index (kg/m2) 23.3 ± 1.4 23.4 ± 1.5 22.1 ± 1.5 0.098

Values are presented as mean ± standard deviation. a p value for between group comparisons, and the significance
level was set as 0.05. * p < 0.05.

Table 2. Correlation coefficients (r) between vitamin D level and other characteristics.

Characteristics Vitamin D (ng/mL) p Value

Age (yr) 0.045 0.796
Height (cm) 0.227 0.184
Weight (kg) 0.077 0.656
BMI (kg/m2) −0.295 0.080

Dominant side
Knee

Extension 0.134 0.436
Flexion −0.017 0.922
Ankle

Plantarflexion −0.143 0.404
Dorsiflexion 0.109 0.527

Non-Dominant side
Knee

Extension −0.058 0.737
Flexion −0.056 0.748
Ankle

Plantarflexion −0.014 0.934
Dorsiflexion 0.028 0.871

Abbreviation: BMI, body mass index.

The participants were divided into three groups by the level of vitamin D to examine maximal
muscle strength differences according to vitamin D levels. There were no significant differences in knee
and ankle maximal concentric isokinetic muscle strengths between the three groups, neither dominant
nor non-dominant sides (Tables 3 and 4, Figures 1 and 2).

58



Nutrients 2020, 12, 2715

Table 3. Comparison of maximal isokinetic knee strength by vitamin D level.

Knee Strength at 60◦/s
(Nm)

Vitamin D Level

p Value a
Deficiency

(<20 ng/mL)
Insufficiency

(20–32 ng/mL)
Sufficiency

(>32 ng/mL)

Dominant
Extension 165.3 ± 33.0 172.3 ± 22.7 166.2 ± 20.5 0.753

Flexion 93.5 ± 11.012214 99.9 ± 16.0 92.2 ± 14.1 0.340
Non-Dominant

Extension 160.1 ± 30.3 173.3 ± 25.2 154.2 ± 21.5 0.182
Flexion 89.0 ± 10.1 98.0 ± 20.5 88.8 ± 18.6 0.316

Values are presented as mean ± standard deviation. a p-value for between-group comparisons, and significance
level was set as 0.05.

Table 4. Comparison of maximal isokinetic ankle strength by vitamin D level.

Ankle Strength at 30◦/s
(Nm)

Vitamin D level

p ValueDeficiency
(<20 ng/mL)

Insufficiency
(20–32 ng/mL)

Sufficiency
(>32 ng/mL)

Dominant
Plantarflexion 81.4 ± 14.7 88.3 ± 22.4 78.5 ± 20.3 0.445
Dorsiflexion 27.3 ± 6.2 30.0 ± 7.1 30.3 ± 13.8 0.694

Non-Dominant
Plantarflexion 70.8 ± 13.6 85.2 ± 27.8 78.7 ± 19.4 0.277
Dorsiflexion 27.7 ± 4.6 29.3 ± 10.2 28.4 ± 11.2 0.901

Values are presented as mean ± standard deviation.

Figure 1. Isokinetic knee muscle strength at 60◦/s according to vitamin D status. The isokinetic knee
strengths were not significantly different across the three groups in all settings (Extension_D, knee
extension at dominant side; Flexion_D, knee flexion at dominant side; Extension_ND, knee extension
at non-dominant side; Flexion_ND, knee flexion at non-dominant side).
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Figure 2. Isokinetic ankle muscle strength at 30◦/s according to vitamin D status. The isokinetic ankle
strengths were not significantly different across the three groups in all settings (Plantarflexion_D, ankle
plantarflexion at dominant side; Dorsiflexion_D, ankle dorsiflexion at dominant side; Plantarflexion_ND,
ankle plantarflexion at non-dominant side; Dorsiflexion_D, ankle dorsiflexion at non-dominant side).

4. Discussion

The present study examined the serum concentration of vitamin D and its effect on Korean
professional basketball players’ muscle strength. The most important finding of this study was that
most of the basketball players were either vitamin D insufficient or deficient, although the vitamin D
status did not significantly affect the lower limb muscle strength.

In a study on NBA players, 79.3% had vitamin D insufficiency (20~32 ng/mL) (47.0%) or deficiency
(<20ng/mL) (32.3%) [22]. Similar to our results, the findings of this study showed that the majority
of professional basketball players lack vitamin D. According to a meta-analysis, which surveyed
2,313 professional athletes playing various sports, 44–67% of the athletes were vitamin D inadequate
(<32 ng/mL) [12]. The vitamin D synthesis relied on skin exposure to UVB radiation in sunlight [2].
Therefore, the choice of an indoor or outdoor training environment influences sun exposure, ultimately
affecting vitamin D synthesis. Emerging evidence has indicated that athletes who train outdoors have
higher vitamin D levels than those who train indoors or avoid peak daylight hours, regardless of
latitude or season [29]. In this study, the professional basketball team trained five times a week (for more
than five hours), but the athletes spent most of their training time at an indoor gym. That may be why
most of the participants in this study had vitamin D deficiency or insufficiency. Previous literature also
shows that basketball players have a relatively lower vitamin D level than other outdoor athletes [26,30].

There may not be a universal cut-off value for optimal vitamin D status. A blood 25(OH)D
concentration below 10 ng/mL or 12 ng/mL is considered the lower limit of vitamin D status and an
indicator of risk of vitamin D deficiency [20,21]. The World Health Organization (WHO) has also
defined vitamin D “insufficiency” as a serum 25(OH)D below 20 ng/mL and “deficiency” as a serum
25(OH)D below 10 ng/mL [20]. In this study, we took a recommendation from the American Nutrition
Society as a reference. It recommended that vitamin D deficiency be defined as a 25(OH)D level of
20 ng/mL or less [31], which was echoed in the consensus for optimal serum 25(OH)D concentrations
from Central Europe, including Poland, Hungary, Belarus, Estonia, Czech Republic, and Ukraine [32].
This cut-off level was also utilized in various previous studies [3,7,19,28,33], including the Korean
national survey [3,19] and our previous study [28].

Vitamin D is essential for athletes because it reduces injury rates, is useful in skeletal muscle repair
and remodeling [34], and aids in efficient muscle recovery before vigorous-intensity exercises [18,34,35].

60



Nutrients 2020, 12, 2715

Moreover, vitamin D affects muscle tissue, primarily by increasing the size and quantity of type
II (fast-twitch) muscle fibers [34,36,37]. Close et al. [14] reported that increasing vitamin D intake
for eight weeks in athletes decreased 10 m sprint times and enhanced exercise abilities, such as
vertical jumps [14,38]. Wyon et al. also found a significant increase in some of the muscle strength
measurements [39]. However, in a study on vitamin D levels and lower limb muscle strength in
isokinetic exercise among professional soccer players, there was no association between lower limb
muscle strength and vitamin D levels [27].

Furthermore, Todd et al. found that the prevalence of vitamin D deficiency can be resolved by
oral supplementation, but muscle function and respiratory function did not improve after that [40,41].
Brännström et al. found no significant correlation between these parameters, including jump and sprint
performance, and vitamin D levels [42]. Other studies also reported that the associations of muscle
strength and physical performance with vitamin D in athletes could not be adequately explained [36,43].
The results of research examining the association between serum vitamin D concentration and muscle
strength and function in athletes have been contradictory. Moreover, not accounting for physical
activity level or body composition change [14,39] or lacking a suitable priori power calculation [27,42]
made interpretation of the above findings difficult. Since the current study was a cross-sectional design,
we could not imply a dose-response of vitamin D on muscle function. The difference of results in the
present study from the other cross-sectional Polish study indicating a positive relationship between
vitamin D and muscle function [43] might come from the difference of baseline vitamin D levels from
different exposure amounts of UVB in different latitudes. Meanwhile, the training environments in
different kinds of sports might also play a role.

We measured the muscle strength of knee extension/flexion and ankle plantarflexion/dorsiflexion
using isokinetic equipment to evaluate the muscles typically utilized while jumping, a significant
movement in basketball. While the application of constant angular velocities does not necessarily
characterize performance in sports, the evaluation of muscle strength using isokinetic equipment is
valid, reliable, and widely used in the assessment of muscle function in athletics [44].

The findings of the current cross-sectional study did not find a relationship between vitamin
D deficiency and impaired lower limb strength in professional basketball players. There were two
explanations for these findings. The first is the appropriateness of the isokinetic test. Some studies
have shown that vitamin D deficiency results in a reduction in type II muscle fibers [45]. Type II
fibers produce faster muscle contractions and provide greater strength than do type I fibers; therefore,
the performance of explosive and nimble movements such as sprinting, jumping, and turning is closely
related to the contraction of type II muscle fibers [46].

However, accurate functional assessment of fast-twitch fibers (type II), used for vertical jumps,
may not have been achieved since the evaluation of lower extremity strength by using isokinetic
equipment in the current study was more consistent with the evaluation of type I fibers than that of
type II fibers. As a result, there is insufficient data to assess young and healthy basketball players’
athletic abilities with only isokinetic test results.

The second one is the physical well-preparedness of the participants. The participants included in
this study were elite athletes who were already highly skilled and may have little room for muscle
strength improvement. The effect of long-term training may potentially overcome the negative effect
of vitamin D deficiency on muscle. Meanwhile, the current assessment tools may be unable to detect
the tiny difference, and thus, sensitive and standardized measurement techniques for athletes are
urgently needed.

There were still some limitations to this study. First, the external validity of the findings was
limited. The results of the current investigation would be difficult to apply in other settings, since only
male Korean basketball players were included within the analysis. Second, this is a cross-sectional study
where the vitamin D levels were only examined one time. Third, other potential confounding factors for
calcium and vitamin D levels, including diet, degree of sun exposure, individual training hours/modality,
and sunlight practice, were not completely controlled. Although we only included young, healthy
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athletes and excluded those with diseases or medications that might affect vitamin D, bias should be
considered while applying the findings of the current investigation. Fourth, a convenience sample
was used in this study. Although we enrolled almost all players on a single professional basketball
team, the condition of the participants may not be representative of players in other groups. A future
study involving multiple teams may be needed to validate the present findings.

5. Conclusions

The current study showed that more than two-thirds of young professional basketball players had
vitamin D insufficiency or deficiency. Although this is not associated with lower limb muscle weakness,
maintaining an adequate vitamin D level by micronutrients monitoring, regular dietician consultation,
and supplementation is still a critically considerable strategy to enhance the young athletes’ health and
performance. Future study investigating the effect of vitamin D on athletic performance should be
performed under more critical control of the potential confounders, such as sunlight exposure and
dietary intake.
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Marta Markowska 3, Karolina Skonieczna-Żydecka 2, Ewa Stachowska 2, Zofia Polakowska 4,

Maciej Mazurek 1 and Małgorzata Szczuko 2

1 West Pomeranian Center of Treating Severe Burns and Plastic Surgery in Gryfice, 72-300 Gryfice, Poland;
krajewski1407@gmail.com (A.K.); krzysztof.piorun@gmail.com (K.P.); maciek.j.mazurek@gmail.com (M.M.)

2 Department of Human Nutrition and Metabolomics, Pomeranian Medical University in Szczecin,
71-460 Szczecin, Poland; karzyd@pum.edu.pl (K.S.-Ż.); ewast@pum.edu.pl (E.S.);
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Abstract: Background: Burned patients have an increased need for vitamin D supply related to the
maintenance of calcium–phosphate homeostasis and the regulation of cell proliferation/differentiation.
This study aimed to analyze the concentration of 25-hydroxycholecalciferol and its relationship
with severe condition after burn injury. Methods: 126 patients were enrolled in the study. Patients
were qualified due to thermal burns—over 10% of total body surface area. On the day of admission,
the following parameters were assessed: 25-hydroxycholecalciferol concentration, total protein
concentration, albumin concentration, aspartate transaminase activity, alanine transaminase activity,
albumin concentration, creatinine concentration, c-reactive protein concentration, procalcitonin
concentration, and interleukin-6 concentration. Results: Almost all patients (92%) in the study group
had an improper level of vitamin D (<30 ng/mL), with the average of 11.6 ± 10.7 ng/mL; 17.5%
of patients had levels of vitamin D below the limit of determination—under 3 ng/mL. The study
showed that there are several factors which correlated with vitamin D concentration during the acute
phase of burn injury, including: total protein (r= 0.42, p< 0.01), albumin, (r= 0.62, p< 0.01), percentage
of body burns (r = 0.36, p < 0.05), aspartate aminotransferase (r = 0.21, p < 0.05), and c-reactive protein
(r = 0.22, p < 0.05). We did not find any significant correlation between vitamin D concentration and
body mass index. Conclusions: The burn injury has an enormous impact on the metabolism and
the risk factors of the deficiency for the general population (BMI) have an effect on burned patients.
Our study showed that concentration of 25-hydroxycholecalciferol is strongly correlated with serum
albumin level, even more than total burn surface area and burn degrees as expected. We suspect that
increased supplementation of vitamin D should be based on albumin level and last until albumin
levels are balanced.

Keywords: vitamin D; burns; albumin; total protein; burn body surface

1. Introduction

Burns are one of the most serious injuries, which often include multi-organ dysfunction.
Every year, about 1% of Polish people (both children and adults) suffer from various types of
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burns [1]. The stress and metabolic response associated with burn injury are linked to bone
demineralization. These specific conditions promote large production of glucocorticoids that decrease
the number of osteoblasts and block osteoclastogenesis. Moreover, interleukin (IL) 1-β and IL-6,
produced in inflammatory conditions, increase osteoclastogenic bone resorption which leads to
bone loss [2]. Due to such large metabolic changes, burned patients have an increased need for
vitamin D supply related to the maintenance of calcium–phosphate homeostasis [3] and the regulation
of cell proliferation/differentiation [4]. Extensive burns can lead to the dysfunction of many organs,
which have a big impact on vitamin D biotransformation. Liver and kidney failures are responsible for
insufficient conversion of cholekalcyferol to its active metabolites. Liver dysfunction may also result in
impaired production of vitamin D-binding protein [4]. Vitamin D plays a very important role in the
healing of dermal wounds. In vitro studies have shown that 25-hydroxycholecalciferol had a positive
effect on the regulation of the transforming growth factor beta (TGFβ). TGFβ affects many processes
related to the development and regulation of cell growth, such as wound healing and scar formation.
The role of the beta-transforming agent in the treatment of thermal injury wounds can be associated
with the stimulation of fibroblast proliferation, myofibroblast differentiation, and collagen synthesis.
Vitamin D deficiency accompanying patients after extensive burns may have a negative impact on the
healing process and prolong treatment and convalescence [5].

The aim of our study was to analyze the level of vitamin D and its relationship with severe
condition during the acute phase of burn injury.

2. Materials and Methods

2.1. Patients

One hundred twenty-six patients with burn injuries were enrolled in the study. Participants were
patients of the Western Pomeranian Center for the Treatment of Burns Injuries and Plastic Surgery
in Poland. Patients were qualified due to thermal burns—over 10% of the total body surface area (TBSA);
88% of patients involved in the project meet the major burn criteria. According to the classification
used in our hospital, major burn needs to include: ≥25% TBSA, or ≥20% in adults over 40 years old,
or ≥10% TBSA with full-thickness burn, or all burn injuries complicated by major trauma/inhalation
injury; 12% of patients met the moderate burn criteria (10–20% partial-thickness burn). According to
their medical history from admission to the unit, none of the included patients suffered from chronic
kidney disease. The protocol used in our hospital includes no albumin administration during the first
24 h of burn injury. Instead of albumin patients were given Ringer’s lactate and fresh frozen plasma.
The protocol of the study has been accepted by the local bioethical committee at the Pomeranian
Medical University in Szczecin (KB-0012/143/16). Every participant signed a consent to take part in the
study and was informed about its course, benefits, and potential side effects. Patient characteristics are
shown in Tables 1 and 2.

Table 1. Burn degree among patients enrolled in the study.

Burn Degree Amount of Patients (n = 126)

I/II 9 (7%)
II 13 (10.3%)

II/III 61 (48.5%)
III 35 (27.8%)

III/IV 7 (5.6%)
IV 1 (0.8%)
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Table 2. Patient characteristics.

Patient Characteristics Mean ±SD

Age [years] 49.06 17.53
BMI [kg/m2] 24.59 3.76
Percentage of body burns [%] 21.11 20.80
Day after burn [day] 1.66 5.06
Phosphate [mmol/L] 1.18 0.22
Calcium [mmol/L] 2.29 0.26

2.2. Vitamin D and Other Biochemical Parameters Measurements

On the day of admission, the following parameters were assessed: 25-hydroxycalciferol
concentration (vitamin D status predictor), total protein concentration, albumin concentration,
aspartate transaminase activity, alanine transaminase (ALT) activity, albumin concentration,
creatinine concentration, c-reactive protein (CRP) concentration, procalcitonin concentration, and IL-6
concentration. All measurements were performed in a commercial certificated laboratory in the Hospital.
The 25-hydroxycholecalciferol measurement was based on validated automatic immunochemical
method. Serum was used as basic material for all analysis.

2.3. Statistical Analysis

The statistical analysis was performed using the “R 3.0.2” program. In order to check the normal
distribution, the Shapiro–Wilk test was used. The distribution did not deviate from the norm,
and parametric tests were used in the calculations. The results are presented as mean values and
standard deviation (SD). In order to estimate the correlations, the Pearson’s correlation test was
used. To estimate the connection between burn degree and concentration of vitamin D, the Poisson
regression was used. The values of p < 0.05 were considered as statistically significant. To control
type I errors, the false discovery rate (FDR) approach was used. The calculations were performed
using the p.adjust function of the stats package in R 4.0.2. Multiple regression was used to assess the
relationship between albumin, total protein, and vitamin D concentration. The values being at the
threshold of statistical significance were established at p < 0.055 and the statistical tendency from
p = 0.06 to p = 0.1. In reference to the results which were not statistically significant, the abbreviation
NS (not significant) was used instead of p.

3. Results

Almost all patients (92%) in the study group had an improper level of 25-hydroxycholecalciferol
(<30 ng/mL), with the average of 11.6 ± 10.7 ng/mL; 17.5% of patients had a level below the limit
of determination—under 3 ng/mL. Poisson regression showed that there is a statistical tendency
between 25-hydroxycholecalciferol concentration and burn degree (p= 0.08). The average concentration
in particular subgroups is shown in Table 3.

Table 3. 25-hydroxycholecalciferol concentration according to burn degree.

25-Hydroxycholecalciferol
Concentration [ng/mL]

Mean ±SD

Whole cohort 11.6 10.7
Superficial 18.2 13.5

Superficial partial thickness 13.08 9.9
Superficial deep dermal 11.7 13.4

Full thickness 12.8 11.7
Full thickness with catastrophic 8.45 8.3

Catastrophic 7.4 6.2
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Pearson’s test showed a significant correlation between body mass index (BMI), total protein,
albumin, percentage of body burns, ALT, CRP, and vitamin D concentration (Table 4). The most
significant correlations are shown in Figure 1.

Table 4. Correlation between 25-hydroxycholecalciferol concentration and biochemical parameters.

25-Hydroxycholecalciferol r p Value
FDR *

[ng/mL] vs., n = 126 p Value

BMI [kg/m2] 0.18 NS 0.43
Total protein [g/dL] 0.42 p < 0.01 p < 0.01
Albumin [g/dL] 0.62 p < 0.01 p < 0.01
Percentage of body burns [%] (−) 0.36 p < 0.05 0.10
AST [U/L] (−) 0.21 p < 0.05 0.07
ALT [U/L] (−) 0.08 NS 0.43
CRP [mg/L] (−) 0.22 p < 0.05 0.07
IL-6 [pg/mL] (−) 0.16 NS 0.20
Creatinine [mg/dL] (−) 0.18 p < 0.055 # 0.10

# the verge of significance. * false discovery rate. The false discovery rate (FDR); AST: aspartate aminotransferase;
ALT: alanine transaminase; CRP: c-reactive protein; NS: not statistically significant.

 
Figure 1. 25-hydroxycholecalciferol concentration and biochemical status; CRP: c-reactive protein.

As we demonstrated that total protein and albumin concentration were significantly correlated
(y = 2.393 + 1.069x; x2 = 0.7), we decided to conduct a multiple regression analysis to demonstrate
that only albumin was significantly associated with vitamin D concentration (b = 7.9, SE = 1.68,
t = 4.69, p < 0.0001). We also performed analysis of the correlation of percentage of body burns with
albumin/protein. The results are presented in Table 5.
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Table 5. Correlation between percentage of body burns and protein parameters.

Percentage of Body Burns [%] r p Value

Total protein [g/dL] (−) 0.58 p < 0.01
Albumin [g/dL] (−) 0.62 p < 0.01

4. Discussion

Deficiencies of minerals and vitamins in burned patients are a serious clinical challenge either
during hospitalization, or while in outpatient care. In many cases, the recommended supplementation
is not sufficient for deficiencies and patients cannot reach the proper level of vitamin D. Dickerson et al.
reported that 76% of critically ill patients after traumatic injury were vitamin D deficient and severely
deficient [6]. Similar observations were made by Alizedeh et al., where 74% patient had an improper
level of vitamin D [7].

Our study revealed that 92% of burned patients had an improper concentration
of 25-hydroxycholecalciferol (average concentration: 11.6 ± 10.7 ng/mL) and almost 20% of them
had a level below the limit of the quantification (<3 ng/mL). Płudowski et al. revealed that 89.9%
of the Polish population is vitamin D-deficient, with 18.0 ± 9.6 ng/mL of average concentration
of 25-hydroxycholecalciferol [8]. A lower concentration of vitamin D before admission can have a big
impact on the concentration of vitamin D deficient after a burn injury and can be an additional factor
of such low level during the acute phase of a burn injury.

The need of supplementation in burned patients is well known and described in many medical
protocols [9]. Unfortunately, past research suggested that universal supplementation does not
significantly improve concentration of Vitamin D in serum. There is no recommendation for a
sufficient dose or time of increased supplementation for these group of patients [10]. Vitamin D
regulates many crucial metabolic processes which are critical for burned patients’ convalescence [11,12].
Appropriate supplementation should be implemented immediately after admission to the hospital.
There is a great need to identify the factors that have the biggest influence on the concentration of
vitamin D, and at the same time are analyzed during routine admission to the hospital.

There are multiple factors that are associated with low level of circulating vitamin D. Many of
them are connected with poor prognosis in critically ill patients, among others: organ failure [13],
sepsis, and short- or long-term mortality. Several meta-analyses have revealed that very low
25-hydroxycholecalciferol concentration is associated with the higher incidence of either infection
or sepsis, and greater mortality in these groups of patients [14,15]. Our study showed that there are
several factors which correlated with serum vitamin D concentration during the acute phase of burn
injury (Figure 1), including: serum total protein (r = 0.42), serum albumin, (r = 0.62), percentage of body
burns (r = 0.36), AST (r = 0.21), and CRP (r = 0.22). However, we did not see a significant relationship
between BMI and concentration of 25-hydroxycholecalciferol, which are considered to be one of the
most important factors of vitamin D deficiency in the general population [16]. We can assume that the
burn injury has an enormous impact on the metabolism and the risk factors of the deficiency for the
general population have a negligible effect on burned patients.

Evaluation of the vitamin D level in burned patients is a difficult issue, related to the acute
phase development, which is associated with decreased levels of vitamin D binding protein (VDBP).
The amount of protein that can bind 25-hydroxycholecalciferol, significantly decreases, and the tested
“free amount” of the active form can be falsified. Reduced protein synthesis persists for several months
after burns; therefore, the results obtained can be false [17]. However, VDBP levels increase after the
acute phase of thermal injury [18], but albumin concentration may recover after six months or more [19].
Due to such multifactorial problems, interpretation of 25-hydroxycholecalciferol concentration in the
diagnosis of vitamin D deficiency remains challenging [20]. We have to remember that, during hospital
admission, the analysis of VDBP protein or vitamin D status is not included in the standard analysis.
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Our study reveals that serum protein level, mostly albumin, strongly correlated (Figure 1)
with serum vitamin D status during the acute phase of burn injury. We also noticed a trend and
a weaker correlation with either the burn degree or TBSA and vitamin D concentration. Therefore,
these two factors are strongly associated with the plasma protein (and albumin) concentration [21].
The appropriate level of protein is essential for the maintenance of plasma colloid oncotic pressure and
responsible for the transport of various substances in the blood stream including: hormones, drugs
and vitamins, such as vitamin D [22]. Albumin is one of the most important proteins synthesized by
the liver and has several relevant functions [23]. Because of its long half-life and the fact that serum
level depends on many factors, albumin is a reliable marker of mortality and morbidity in hospitalized
patients [24,25]. The acute period of burn injury is associated with severe conditions, such as:
increase of free-radical oxidation and higher vascular permeability in the burned wounds, which
significantly decreases the level of albumin [24]. Our study revealed that albumin strongly correlated
with 25-hydroxycholecalciferol concentration (r = 0.62) and the multiple regression confirm that thesis.
A majority (85–90%) of 25-hydroxycholecalciferol D is bound to VDBP and 10–15% to albumin [25].
The acute phase of burn injury is associated with higher vascular permeability in the burned wounds,
which significantly decreases the level of all proteins, including albumin and VDBP. Yonemura et al.
revealed that the active form of vitamin D (calcitriol) is associated with albumin level in patients with
end-stage renal disease. Moreover, supplementation with an active form of vitamin D tends to normalize
low serum albumin concentrations [26]. We can hypothesize that albumin can be a good predictor
of vitamin D status, especially that the concentration of 25-hydroxycholecalciferol is not measured
in standard analysis during admission to hospital [27]. However, long-term studies are needed to
confirm the usefulness of albumin as a factor reflecting the need for vitamin D supplementation.
It should be highlighted that burn injury decreases vitamin D synthesis in the skin, therefore patients
need to be supplemented permanently [28].

5. Conclusions

Burn injuries have an enormous impact on the metabolism in burned patients. On the other hand,
the risk factors of deficiency for the general population (e.g., BMI) have a negligible effect on burned
patients. Our study shows that the concentration of 25-hydroxycholecalciferol is strongly correlated
with serum albumin levels, even more than TBSA and burn degrees, as expected. Albumin can be
a good predictor of vitamin D status, especially since the concentration of 25-hydroxycholecalciferol
is not measured in standard analysis during admission to hospital. We presume that this direction
of vitamin D diagnostic should be tested in randomized clinical trials.
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in adult patients hospitalized in the East Centre of Burn Treatment and Reconstructive Surgery in Łęczna.
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Abstract: Vitamin D is a steroid hormone traditionally connected to phosphocalcium metabolism.
The discovery of pleiotropic expression of its receptor and of the enzymes involved in its metabolism
has led to the exploration of the other roles of this vitamin. The influence of vitamin D on autoimmune
disease—namely, on autoimmune thyroid disease—has been widely studied. Most of the existing data
support a relationship between vitamin D deficiency and a greater tendency for development and/or
higher titers of antibodies linked to Hashimoto’s thyroiditis, Graves’ disease, and/or postpartum
thyroiditis. However, there have also been some reports contradicting such relationships, thus making
it difficult to establish a unanimous conclusion. Even if the existence of an association between vitamin
D and autoimmune thyroid disease is assumed, it is still unclear whether it reflects a pathological
mechanism, a causal relationship, or a consequence of the autoimmune process. The relationship
between vitamin D’s polymorphisms and this group of diseases has also been the subject of study,
often with divergent results. This text presents a review of the recent literature on the relationship
between vitamin D and autoimmune thyroid disease, providing an analysis of the likely involved
mechanisms. Our thesis is that, due to its immunoregulatory role, vitamin D plays a minor role in
conjunction with myriad other factors. In some cases, a vicious cycle is generated, thus contributing
to the deficiency and aggravating the autoimmune process.

Keywords: Vitamin D; autoimmune thyroid disease; Vitamin D receptor; Graves’ disease; Hashimoto
thyroiditis

1. Introduction

The term vitamin D (VitD) encompasses a group of steroid compounds, namely VitD2
(ergocalciferol) and VitD3 (cholecalciferol) [1].

Its main functions are the regulation of phosphocalcium metabolism and the promotion of bone
homeostasis. However, the discovery of the widespread expression of the VitD receptor (VDR) and the
enzymes responsible for its metabolism suggests the pleiotropic role of this vitamin and its influence in
several diseases [2,3]. An immunomodulatory role is evident and its influence on the development
of autoimmune diseases (AID) has been proposed. Autoimmune thyroid disease (AITD) is the most
common organ-specific AID [3] and several studies have been carried out to explore the role of VitD in
its development and course, as well as the possible impact of supplementation.

The aim of this review is to analyze the most recent evidence on the relationship between VitD
and AITD.

2. Materials and Methods

A search was conducted in Pubmed using the Medical Subject Headings (MESH) terms “vitamin D”
and “thyroid disease” for publications from January 2009 to July 2020. Articles with full text in English,
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Portuguese, or Spanish (n = 205) were selected based on their title and/or abstract. Articles focusing
on nodular thyroid disease (benign or malignant), parathyroid disease, or otherwise not referring
to autoimmune thyroid disease were excluded at this stage. Additional articles were excluded after
reading the full text if they did not relate to the study matter or if the information provided was
redundant. The bibliographies of the publications thus selected were also analyzed, with the inclusion
of additional relevant articles published in the same time interval. Further research was conducted to
provide context and to answer particular questions which emerged upon reading the selected articles
or during the peer-review process (Figure 1).

Figure 1. Literature search process.

3. Metabolism and Functions of Vitamin D

In humans, VitD3 is produced in the skin under the action of ultraviolet light on
7-desidroxicolesterol [1,4,5]. Additionally, it can be obtained nutritionally, predominantly from fish oil
and eggs [4,5]. In fungi and plants, VitD2 is synthesized from ergosterol [5].

There are three essential steps in the metabolism of this vitamin, which are carried out by
cytochrome P450 oxidases: 25-hydroxylation, which produces 25(OH)D (calcidiol); 1α- hydroxylation,
which generates 1,25(OH)2D (calcitriol); and 24-hydroxylation, which inactivates 25(OH)D and
1,25(OH)2D (preferentially), preventing the accumulation of toxic levels [4–6]; see Figure 2.

25(OH)D has little biological activity [2], but is the main circulating form, being considered to best
reflect an organism’s reserves. As such, its quantification is widely used to assess the levels of VitD [7].
Conversion to 1,25(OH)2D requires the action of 1α-hydroxylase (CYP27B1). Although the majority of
human cells express this enzyme, levels of 1,25(OH)2D seem to reflect its activity in the cells of the
proximal tubules of the kidney [7]. In these cells, its activity is stimulated by parathyroid hormone
(PTH) and is inhibited by fibroblast growth factor-23 (FGF23) and by 1,25(OH)2D itself [5].
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Figure 2. Schematic representation of vitamin D metabolism. UV, ultraviolet; Vit D2, vitamin D2;
VitD3, vitamin D3; PTH, parathyroid hormone; FGF-23, fibroblast growth factor 23.

CYP24A1 is the only established 24-hydroxylase, which has an inverse regulation from the
kidney’s 1α-hydroxylase, as it is induced by 1,25(OH)2D and FGF23 [5].

Most other human cells include 1α-hydroxylase and VDR, but seem to essentially regulate the
levels of 1,25(OH)2D on a tissue level [7], which may be subject to different regulatory mechanisms
than those in renal cells [5].

The main function of 1,25(OH)2D is to increase calcium absorption from the intestines and,
along with PTH, it contributes to maintaining serum calcium levels. When there is a low VitD status,
PTH levels tend to rise, in order to compensate for impaired intestinal calcium absorption [8].

VitD exerts most of its effects by binding to the nuclear receptor VDR, which dimerizes with the
retinoid X receptor; this heterodimer binds to VitD-responsive genes [9]. Rapid actions, independent of
gene transcription [10], which modulate intracellular calcium levels and several signaling pathways
have also been described. Thus, this compound can directly or indirectly influence up to 5% of the
human genome. A randomized controlled clinical trial evaluated gene expression in the white blood
cells of eight adults after daily supplementation with 400 and 2000 UI of VitD3. There was a differential
expression of ≥291 genes involved in functions such as cell proliferation and differentiation, immune
function, and DNA repair in a continuous manner with increasing levels of 25(OH)D [11].

Therefore, it is not surprising that, in addition to having been implicated in several skeletal diseases,
the hypothesis has been raised regarding the association of VitD with neoplasms, cardiovascular disease,
metabolic diseases, infections, AID, and neurocognitive dysfunction [12]. However, a clear role has not
been definitively established for any of these conditions [13].

4. Vitamin D and Immune Modulation

The immune system defends the organism against what is recognized as non-self. Failure to
recognize the body’s cells as the self generates autoimmune phenomena, which may be physiological
(elimination of unnecessary cells) or pathological (AID) [14].

Given the immunomodulatory role of VitD, its relationship with AID has been extensively
explored. Evidence of associations between VitD deficiency and several AIDs has been presented;
namely, multiple sclerosis, systemic sclerosis, systemic lupus erythematosus, Sjögren’s syndrome,
mixed connective tissue disease, rheumatoid arthritis, antiphospholipid syndrome, type 1 diabetes
mellitus, AITD, celiac disease, and primary biliary cirrhosis [14]. In a population-based longitudinal
study, Skaaby et al. observed a decreased risk of AID in general, and thyrotoxicosis in particular,
with each increment of 4 ng/mL (10 nmol/L) on the level of 25(OH)D (hazard ratios of 0.94 and 0.83,
respectively) [15]. Additionally, birth month can influence the risk of developing AID, most likely in
relation to exposure to ultraviolet radiation [14].

In general, VitD tends to activate the innate immune response and to regulate the adaptative
immune response [5,6,14]. VitD appears to have the ability to stimulate the differentiation of monocytes
into macrophages and the production of antibacterial substances by these cells, promoting an initial
response [9,16], but also helps to avoid excessive innate responses and consequent tissue damage [16].
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Concerning the regulation of adaptative immunity, the result of antigen presentation to T cells
differs when performed by immature or mature dendritic cells (Figure 3), promoting tolerance or
an immune response, respectively [9]. Physiological levels of 1,25(OH)2D inhibit the maturation
of dendritic cells and maintain a more tolerogenic phenotype [17]. As dendritic cells become more
mature, they express more 1α-hydroxylase and less VDR. As a consequence, mature antigen-presenting
dendritic cells can be relatively insensitive to the action of 1,25(OH)2D, allowing for the induction of an
initial T response. However, they synthesize 1,25(OH)2D, which acts on a paracrine level on immature
dendritic cells and prevents their excessive proliferation [16]. Dendritic cells generated with the use
of biologically active forms of VitD have high immunoregulatory capacity [18] while maintaining
cell mobility [19].

Figure 3. Influence of vitamin D in activation of adaptative immunity. The different results of antigen
presentation to T cells by mature vs. immature dendritic cells, leading to immune response (A)
or tolerance (B), respectively, are depicted. Vitamin D inhibits the maturation of dendritic cells,
maintaining a more tolerogenic phenotype. Mature dendritic cells have less vitamin D receptor (VDR)
but synthesize 1,25(OH)2D, which acts on a paracrine level on immature dendritic cells and prevents
their excessive proliferation.

VitD also plays a role in the regulation of adaptive immunity. B and T lymphocytes have low
VDR expression at rest and higher expression when activated. An ability to synthetize VitD was also
detected, which plays a regulatory role, acting in an autocrine/paracrine fashion [16].

Previous studies have led to the conclusion that VitD has a role in promoting the change from Th1
to Th2 phenotype, limiting the damage induced by the cellular immune response [17]. However, it has
been found that, in vivo, the effects of VitD on T cells are more complex [16,17].

In T cells, 1,25(OH)2D inhibits the proliferation of Th17 (linked to organ-specific autoimmunity,
inflammation, and tissue damage), appears to induce regulatory T cells (Treg), which have a suppressive
role in the proliferation of T cells, and helps direct T cells to tissues. FoxP3 is important in Treg cell
development, and VitD levels have been found to be associated with FoxP3 expression in 32 children
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with chronic autoimmune thyroiditis. An increase in FoxP3 expression has been observed after VitD
supplementation [20]. Additionally, VitD can reduce the production of cytokines by CD8+ T cells and
regulate their proliferation after specific stimuli, although a significant effect has not been shown in
animal models [16].

In B cells, 1,25(OH)2D has a direct and indirect regulatory role (through T helper cells), seeming to
inhibit their differentiation and the production of immunoglobulins [16].

5. Vitamin D and Autoimmune Thyroid Disease

AITD is the most common AID, with a prevalence of around 5% [21,22].
Autoimmunity requires an autoantigen to which the individual is normally tolerant and a process

which leads to breaking that tolerance [23]. The potential autoantigens in the thyroid are the thyroid
stimulating hormone (TSH) receptor (TSH-R), thyroid peroxidase (TPO), and thyroglobulin (Tg).
Autoimmunity to these antigens leads to the creation of anti-thyroid antibodies. Anti-TPO and anti-Tg
are usually associated with chronic autoimmune thyroiditis/Hashimoto thyroiditis (HT), and TSH-R
(TRABs) with Graves’ disease (GD) [24].

Both GD and HT are characterized by lymphocytic infiltration of the thyroid parenchyma. In GD,
the infiltration is mild, such that the gland remains intact but TRABs play a central role in stimulating
the gland’s function and growth. In HT, the lymphocytic infiltrate causes the destruction of the follicles,
which may lead to hypothyroidism [21]. In the thyroid tissue, the recruitment of Th1 lymphocytes
may increase the production of interferon-y and tumor necrosis factor-α, which stimulate the secretion
of CXCL10 by thyroid cells and create a positive feedback, thus initiating and perpetuating the
autoimmune process [22].

B cells are found in secondary lymphoid follicles in the thyroid tissue and produce antibodies
spontaneously, making the thyroid the probable main source of autoantibodies in AITD [21].

AITD has a multifactorial etiology, influenced by genetic factors (e.g., polymorphisms of
TSH-R, Tg, human leukocyte antigens, and other genes associated with the immune response) [24],
environmental factors (e.g., radiation, iodine, smoking habits, infections, selenium, drugs, stress,
and dietary habits) [21,24,25], and endogenous factors (e.g., body mass index, adipokines, estrogens,
selective X chromosome inactivation, microquimerism, glucocorticoids [21], and potentially the
gastrointestinal microbiome) [26–28]. Given the immunomodulatory role of VitD, its relationship with
AITD has been extensively studied in recent years [29].

5.1. Data on Vitamin D and Thyroid Function

A role in the modulation of the hypothalamic–pituitary–thyroid axis has been proposed for VitD,
both at the pituitary [30] and thyroid gland levels [31]. Previous studies have reported the presence
of VDR in murine thyrotropic cells [31]. A strong molecular homology between VDR and thyroid
hormone has been demonstrated, as well as the presence of VDR in murine follicular thyroid cells.
The incubation of these cells with 1,25(OH)2D inhibited the uptake of iodine and cell growth [32].

Barchetta et al. studied the seasonality of TSH levels in euthyroid adults and found a strong inverse
correlation between this hormone and 25(OH)D, with TSH levels being highest in autumn–winter and
25(OH)D levels being highest in spring–summer [31]. The relationship between the season of birth
and risk of AITDs has also been evaluated, with inconsistent results. No impact of birth month in
GD and discretely higher birth rates in autumn in HT females were reported in a study with data
from Europe (mostly from the U.K.) [33]. A higher risk of autoimmune thyroiditis in subjects born
in summer [34] and no relationship between month of birth and GD [35] were described in Danish
register-based studies. A higher frequency of birth in spring was noticed in Greek children with
HT [36]. Seasonality of birth month may be related to VitD levels (higher frequency of deficit in the
end of winter, beginning of spring), but also may relate to viral exposure and other factors which vary
in different regions and years [36].
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Mackawy et al. also found an inverse relationship between VitD levels and TSH values, with a
high prevalence of hypovitaminosis D and hypocalcemia in patients with hypothyroidism [37].
Two population-based studies corroborated these data in young people [38], as well as in middle-aged
and elderly men with negative anti-thyroid antibodies [39]. A study performed in Korea revealed that
iodine excess was associated with thyroid dysfunction only in VitD-deficient individuals [40].

In patients with AITD, Vondra et al. found a positive relationship between 25(OH)D levels and the
fT4/fT3 ratio, which disappeared after supplementation with cholecalciferol. The authors speculated
that the decreased ratio may be a compensatory adaptation to VitD deficiency [41].

5.2. Data on Vitamin D Levels and Autoimmune Thyroid Disease

Most data on VitD and AITD have come from cross-sectional studies and tend to support the
existence of an association.

Kivity et al. reported an association between VitD deficiency, defined as 25(OH)D < 10 ng/mL
(~25 nmol/L), and a higher frequency of AITD (mainly HT) and the presence of thyroid antibodies,
in general [42]. Unal et al. found lower levels of 25(OH)D in individuals with AITD, with the GD
group registering lower levels than those with HT and an inverse correlation between the levels of
25(OH)D and antithyroid antibody titers [43]. Another cross-sectional study examined 25(OH)D levels
in 140 people with AITD versus 70 controls and found lower levels in the study group. Higher levels
of 25(OH)D had a weak correlation with lower TRABs, but were not associated with anti-TPO/Tg
titers [44]. In a meta-analysis in 2015, Wang et al. reported lower levels of 25(OH)D and higher
prevalence of deficiency in individuals with AITD vs. controls. In sub-group analysis, the relationship
remained when HT and GD patients were analyzed separately [45].

A role of VitD has also been proposed in polycystic ovary syndrome (PCOS); these patients
had a high prevalence of AITD, making it plausible that there was a pathophysiological association.
Muscogiuri et al. evaluated 50 women with PCOS and found lower 25(OH)D levels in those who also
had AITD [46].

However, there are also data that contradict the presence of an association between VitD and
AITD. D’Aurizio et al. did not find a statistically significant difference in the levels of VitD in AITD
patients when compared to healthy controls [47]. Effraimidis et al. compared euthyroid individuals
without anti-thyroid antibodies and with a family history of AITD (used as a marker for genetic
pre-disposition) versus individuals without anti-thyroid antibodies and with no family history of
AITD. The authors found higher levels of 25(OH)D in those with a family history. In a longitudinal
analysis by the same authors, individuals who developed de novo anti-TPO antibodies were compared
with control subjects, with no statistically significant difference in the levels of 25(OH)D or 1,25(OH)2D
at baseline, nor at the time of seroconversion [48].

A study comparing pre-/post-menopausal women and men with AITD found an association of
AITD and VitD levels only in pre-menopausal women. These data raise the possibility of an interaction
between VitD and estrogens in the development of AITD. 17-β estradiol may play a protective role by
suppressing the transcription of CYP24A1, increasing VDR biosynthesis, inducing greater binding,
and internalizing D-binding protein to T cells and macrophages [49]. The results from an analysis of
the 6th Korean National Health and Nutrition Study Examination Survey corroborate this hypothesis,
with lower VitD levels in anti-TPO-positive women (but not men) and an association of lower VitD
with thyroid dysfunction exclusively in TPO-positive pre-menopausal woman [50].

5.2.1. Data in Hashimoto’s Thyroiditis/Chronic Autoimmune Thyroiditis

There is evidence supporting a relationship between vitamin D and HT. Tamer et al. identified lower
25(OH)D levels in individuals with HT versus control subjects, with a tendency for a higher prevalence
of deficiency in patients with hypothyroidism than in those in euthyroidism [51]. Studies in other
populations corroborated the association between lower levels of 25(OH)D and the risk of HT, namely
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Bozkurt et al. 2013 [52]; Mansournia et al. 2014 [53]; Vondra et al. 2015 [7]; Maciejewski et al. 2015 [54];
Kim D et al. 2016 [55]; Giovinazzo et al. 2017 [56]; Ke et al. 2017 [57]; and Pergola et al. 2018 [58].

There are also data supporting this relationship at age extremes. A higher prevalence of AITD and
anti-TPO titers in association with 25(OH)D < 20 ng/mL (~50 nmol/L) was found in individuals over
65 years of age. It should be noted, however, that the AITD group was older and had higher creatinine
levels [59]. In pediatric patients with HT vs. healthy controls, a higher prevalence of VitD deficiency
was also found [60–63]. However, in an analysis of pediatric patients with type 1 DM with vs. without
HT, 25(OH)D levels < 20 ng/mL were found in both groups, with no difference between the two [64].

The relationship with antibody titers is characterized by more inconsistent data. Bozkurt et al.
reported a correlation between 25(OH)D deficiency severity, duration of HT, thyroid volume, and
antibody titers [52]. An inverse correlation between 25(OH)D and anti-TPO was also verified by
Giovinazzo et al. in recently diagnosed euthyroid HT patients vs. control subjects [56]; by Arslan et al.
in healthy subjects with moderate–severe 25(OH)D deficiency [65]; and by Shin et al. in individuals
with AITD [66]. Goswami et al. detected only a weak correlation between the levels of 25(OH)D and
anti-TPO [67]. Wang et al. found a negative correlation between the levels of 25(OH)D and anti-Tg,
but not anti-TPO [68]. Ke et al. found no relationship with thyroid function, antibody titers, and serum
cytokines in a group with HT [57]. Sönmenzgöz et al. found no correlation between the levels of
25(OH)D and anti-TPO in a pediatric population [60]. An absence of correlation between the levels of
25(OH)D, anti-TPO, and anti-Tg was also observed in two population-based studies in Thailand [38]
and China [39].

The results obtained by Yasmeh et al. contradict most of the published data, indicating higher
levels of 25(OH)D in women with HT vs. controls (no difference in males) and a positive correlation
between levels of 25(OH)D and anti-TPO titers only in males [69].

VitD may also affect disease manifestations: Xu et al. reported a highly significant correlation
between mild cognitive impairment (defined as a Montreal Cognitive Assessment score < 26) and
25(OH)D deficiency in adult patients with HT, in both univariate and multivariate analyses [70].

The effect of this steroid hormone may depend on its interaction with other factors. For instance,
there exist data suggesting that adequate levels of 25(OH)D allow an anti-inflammatory and
immunomodulatory effect of simvastatin, with a consequent reduction in the levels of anti-TPO
and anti-Tg [71,72].

5.2.2. Data in Graves’ Disease

Data on the relationship between VitD and GD are more scarce. Misharin et al. investigated
the response to TRABs induction by immunizing two BALB/c and C57BL/6 murine strains receiving
VitD-sufficient or -depleted diet. BALB/c strains are more susceptible to disease induction and displayed
a reduced ability to convert 25(OH)D to 1,25(OH)2D when compared C57BL/6 strains. The authors
found that BALB/c mice had a slightly different immune response, depending on the diet administered;
however, the main difference was the greater probability of developing persistent hyperthyroidism [73].

Several studies have reported lower levels of serum 25(OH)D in GD patients [74–77];
however, there were important differences in the results. The study by Zhang et al. reported an
association between VitD levels and TRAB titers [75], while the remaining studies did not support
such an association [74,76,77]. Yasuda et al. described an association with greater thyroid volume [74];
conversely, Mangaraj et al. found no differences in glandular volume between VitD-deficient and
non-deficient GD patients [77]. Two metanalyses from 2015 reported a greater probability of 25(OH)D
deficiency in individuals with GD [45,78].

Levels of 25(OH)D may be important in the response to treatment, with lower levels being
associated with a lower likelihood of remission [79] and higher recurrence rate [80] when anti-thyroid
drug therapy is used. Contrary to these findings, Planck et al. found no association between VitD levels at
baseline and relapse within 1 year of completion of a 18 month anti-thyroid drug cycle [76]. Serum levels
of 25(OH)D < 20 ng/mL were also identified as an independent risk factor for therapeutic failure with
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radioactive iodine [81]. Furthermore, cases of symptomatic hypocalcemia have been reported following
GD treatment; not only surgical, but also after radioiodine [82] and with methimazole [83]. In both cases,
low 25(OH)D levels and high compensatory 1,25(OH)2D levels were reported, and prior VitD deficiency
was appointed as a possible contributing cause [82,83]. However, in the case following radioiodine
therapy, PTH was inappropriately normal and prior hypoparathyroidism, although unlikely, could not
be excluded [82].

5.2.3. Data on Postpartum Thyroiditis (PPT)

Analyses performed on women with PPT also identified a relationship between lower levels of
25(OH)D and development of the disease [44,84]. Regarding anti-thyroid antibody titers, the results
differ: while Krysiak et al. reported a negative correlation with the levels of 25(OH)D [84], Ma et al.
found no relationship [44].

The inability to reach clear conclusions is partly due to limitations in the design of the studies,
which were mostly cross-sectional with limited samples, heterogeneous populations, different latitudes
and seasonality of blood sampling, variable criteria for defining AITD, and different cutoffs for defining
insufficiency and deficiency of 25(OH)D. It is also necessary to take into account the possible interaction
with several factors influencing the association (e.g., age, body mass index, ethnicity, other hormone
levels, and so on).

5.3. Polymorphisms of Genes Associated with Vitamin D and AITD

An association has been hypothesized between polymorphisms of genes involved in the function
and metabolism of VitD and AITD.

The most widely studied polymorphisms in this context are those of the VDR gene. This gene
is located on chromosome 12q13.11 and contains 14 exons and about 75 kilobases. Several single
nucleotide polymorphisms (SNP) have been identified in this gene, some of which have been associated
with a risk of AITD [85]. The four main SNPs which have been described are Fok1 (rs10735870),
BsmI (rs1544410), ApaI (rs7975232), and TaqI (rs731236); the latter three are in linkage disequilibrium
with each other [56].

The results of association studies of VDR polymorphisms with AITD are inconsistent, even when
meta-analyses were used to obtain a higher statistical power [85–88]. Table 1 summarizes the main
data of the four meta-analyses on this subject published within the time frame reviewed in this text.

Table 1. Meta-analyses summarizing the association between VDR polymorphisms and AITD.

Autor N Included Studies PMF
Population

(Cases/Controls)
Main Results

Zhou H., Xu C., and Gu
C., 2009 (data from

2000–2008) [86]

Nine on the relationship
between VDR-PMF

relationship with
GD

ApaI 1820/1866 Increased risk of GD in Asians (OR 1.31)
No statistical association in Caucasians

BsmI 1815/2066 Increased risk of GD in Asians (OR 1.58)
No statistical association in Caucasians

TaqI 1348/1175 No statistical association in Caucasians

FoxI 1662/1840 Increased risk of GD in Asians (OR 1.68)
No statistical association in Caucasians

Feng M. et al. 2012 (data
up to 08/2012) [87]

Eight on the relationship
between VDR-PMF with

AITD

ApaI 1009/1080 No statistical association

BsmI 1158/1049 Risk decreased B allele vs. b (OR 0.801)

TaqI 1211/1184 Risk decreased t allele vs. T (OR 0.854)

FoxI 739/924 No statistical association
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Table 1. Cont.

Autor N Included Studies PMF
Population

(Cases/Controls)
Main Results

Gao X. and Yu Y., 2017
(data until 08/2017) [85]

Two on the relationship
between VDR-PMF with

AITD

ApaI 3544/3117 1 Increased risk in Africans (OR 3.62) 1

No statistical association in general

BsmI 3636/3373 1
Reduced risk in Europeans (OR 0.79) 1

and Africans (OR 0.42) 1

Increased risk in Asians (OR 1.41) 1

TaqI 2950/2254 1 Reduced risk of HT in the African
population (OR 0.33) 1

FoxI 3174/2836 1 Reduced risk of HT in the Asian
population (OR 0.65) 1

Veneti S. et al. 2019 (data
up to 12/2018) [88]

Ten on the relationship
between VDR-PMF

relationship with
GD

ApaI 2533/2474 No statistical association

BsmI 2536/2576

No statistical association in general
Risk decreased in Asians (OR 0.67), but

increased in Caucasians (OR1.31) of
subtype bb

TaqI 2380/2235 Increased risk of GD with TT (OR 1.42)

FoxI 2587/2603 No statistical association
1 Dominant model. Abbreviations: AITD, autoimmune thyroid disease; GD, Graves’ disease; HT, Hashimoto
thyroiditis; OR, odds ratio; PMF, polymorphism; VDR, vitamin D receptor.

Genome-wide association studies (GWAs) have shown that the genes encoding D-binding protein
and CYP2R1 are associated with circulating VitD levels. Polymorphisms in these genes may be
associated with treatment unresponsiveness in GD [89].

The somewhat divergent results of the polymorphism studies may be due, at least in part,
to limited sample sizes, as the effect of each susceptibility locus is limited.

6. Relevance of Supplementation

The multitude of data suggesting a relationship between low levels of 25(OH)D and AITD have
generated interest in the investigation of the use of VitD supplements in the prevention/treatment of
this group of conditions.

Most recent results (Table 2) support the benefit of supplementation in individuals with AITD,
which is generally higher in the presence of a deficiency, both in HT [90–94] and in TPP [84,95].
Three of the studies mentioned below also analyzed PTH and calcium levels at baseline and after
supplementation, showing some degree of tendency towards the normalization of high PTH and low
calcium levels [41,91,95].

Table 2. Prospective studies on AITD and VitD supplementation.

Authors Study Type Number of Subjects and Intervention Results Effect on Ca2+/PTH

Chaudhary S. et al.
2016 [91] Open-label RCT

One hundred and two AITD subjects
randomized to receive cholecalciferol
6000 IU + calcium 500 mg/d (G1) or

only calcium (G2)
Positive response defined as a decrease

≥ 25% in anti-TPO titers.

Response in 68% of G1 vs. 44%
of G2

Only significant in those with TSH
≤ 10 mUI/mL.

Higher PTH in those with lower
25(OH)D2, no statistically

significant difference in Ca2+

and P- levels.
PTH reduction after

supplementation.

Krysiak R. et al. 2016 [95]
Longitudinal,

Case–Control trial

Thirty-eight PPT vs. 21 healthy
postpartum women.

VitD supplementation in the subjects
with PPT:

-4000 IU/day if deficiency
[25(OH)D < 20 ng/mL]

-2000 IU/day or no supplement for the
remaining patients

Lower baseline 25(OH)D levels in
those with PPT.

After supplementation of VitD
according to baseline

values→reduction in anti-TPO
titers, with a more marked effect in
those with deficiency at baseline.

Higher PTH and lower Ca2+ in
those with PPT.

Significant PTH reduction in
those with a deficiency of

25(OH)D.

Simsek Y. et al. 2016 [96]
Longitudinal, RCT

Eighty-two AITD patients
-46 were supplemented with VitD 1000

IU/day for 1 month
-36 were not supplemented

Reduction in anti-TPO and anti-Tg
titers only in the

supplementation group.
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Table 2. Cont.

Authors Study Type Number of Subjects and Intervention Results Effect on Ca2+/PTH

Krysiak R. et al. 2017 [92]
Longitudinal,

Case–Control trial

Thirty-two women with HT, euthyroid,
or with sub-clinical hypothyroidism

and 25(OH) > 30 ng/mL
-18 were supplemented with VitD

2000 UI/day for 6 months
-16 were not supplemented

At baseline: inverse correlation of
25(OH)D with antibody titers with

non-significant difference
between groups.

At 6 months: reduction in
antibody titers (mainly anti-TPO)

in relation to the increase in
25(OH)D only statistically
significant in those with

sub-clinical hypothyroidism (vs.
euthyroidism) and dependent on

baseline antibody titers.

Krysiak R. et al. 2019 [93]
Non-randomized

Thirty-two men with AITD in
euthyroidism

-20 supplemented with VitD 4000 IU/day
-17 with selenomethionine 200 μg/day

Similar reduction in anti-TPO and
anti-Tg titers in both groups.

Greater effect of VitD on antibody
titers in those with

25(OH)D < 30 ng/mL (~75 nmol/L)
at baseline.

Mazokopakis E. et al.
2015 [90]

Non-randomized

From a group of 218 HT, the 186 with
25(OH) < 30 ng/mL were supplemented
with cholecalciferol 1200–4000 IU/day.

Negative correlation between
baseline 25(OH)D and anti-TPO.
Significant decrease in anti-TPO

after 4 months of
supplementation.

No statistically significant
difference in Ca2+ and P- at

baseline or after
supplementation.

Vondra K. et al. 2017 [41]
Non-randomized

Thirty-seven women with AITD were
supplemented with 4300 IU/day of

cholecalciferol for 3 months.

Positive relationship between
fT4/fT3 ratio in patients with

AITD and 25(OH)D deficiency
which disappeared after
supplementation with

cholecalciferol.

Correlation with higher PTH
and lower Ca2+ at baseline.

Normalization after
supplementation.

Legend: AITD, autoimmune thyroid disease; anti-Tg, anti-thyroglobulin; anti-TPO, anti-thyroid peroxidase; fT3,
free triiodothyronine; fT4, free thyroxine; G1, group 1; G2, group 2; PPT, post-partum thyroiditis; PTH, parathyroid
hormone; RCT, randomized controlled trial; VitD, vitamin D; TSH, thyroid stimulating hormone.

In a systematic review and meta-analysis, Wang et al. concluded that supplementation with VitD
appeared to significantly reduce levels of anti-TPO (for treatments ≥6 months) and anti-Tg, with no
reported serious adverse effects [97]. More recently, Koehler et al. retrospectively analyzed 933 patients
with autoimmune thyroiditis and found a greater reduction in anti-TPO levels in a 58-patient sub-group
that had an improvement in their initially insufficient VitD level (<30 ng/mL) vs. a control group that
maintained a VitD level below the threshold. The difference between the groups, however, was not
statistically significant [98].

Other factors may influence the effect of VitD supplementation on HT. Testosterone replacement
in testosterone-deficient men has been associated with a more pronounced reduction in anti-TPO/-Tg
titers and increased thyroid secretory capacity (SPINA-GT index) with VitD supplementation
(vs. testosterone-naïve men) [99]. Selenomethionine supplementation has also been shown to enhance
the effect of VitD on these parameters in 47 HT women [100].

Supplementation may also have a preventive component. A group of 11,017 participants in a
wellness program were supplemented with VitD for over a year, aiming to reach physiological levels
defined as 25(OH)D > 40 ng/mL (100 nmol/L). It was found that concentrations of 25(OH)D ≥ 50 ng/mL
(125 nmol/L) reduced the risk of hypothyroidism by 30% (from 0.4%–44 cases/11,017 participants—to
0.28%—31 cases) and elevated antibody titers by 32%. Increased levels of 25(OH)D in patients with
hypothyroidism have been associated with improved thyroid function [101].

Some recent studies evaluated the effects of VitD supplementation and outcomes in GD.
Supplementation may delay the onset, but does not seem to prevent disease recurrence [102].
This intervention may have beneficial effects on cardiovascular outcomes (as suggested by a
reduction in pulse wave velocity), which are limited to patients with VitD deficiency [103].
Conversely, VitD supplementation may be detrimental to muscle strength recovery [104].

It should be noted, however, that supplementation with excessive doses of 25(OH)D may
be harmful. A possible increased risk of fractures has been reported with high-dose 25(OH)D
supplementation [105]. In a large retrospective study, an association between 25(OH)D and mortality

82



Nutrients 2020, 12, 2791

in the form of an inverted J-curve was suggested, with the lowest risk for serum levels between 20
and 24 ng/mL [106]. Therefore, it is important to emphasize that, indeed, some undesirable effects of
attaining levels above the physiologic range may exist.

Given the paucity of data in this regard, a logical approach is to aim for VitD levels within the
reference ranges suggested by international guidelines. The Institute of Medicine considers 20 ng/mL
to be sufficient for most of the general population [107]. The Endocrine Society Guidelines, focused on
individuals with risk of VitD deficiency, identify an optimal level of 25(OH)D > 30 ng/mL and that
values up to 100 ng/mL (250 nmol/L) are safe (as they do not cause hypercalcemia) [108].

7. What Is the Nature of the Relationship between Vitamin D Levels and Autoimmune
Thyroid Disease?

Although there exists some inconsistency in the results of the studies carried out so far, most of
the data are consistent with the presence of an association between vitamin D and AITD. However,
there are several possible interpretations for this association.

The most commonly cited explanation is the decrease in the immunomodulatory role of 1,25(OH)2D,
in patients with deficiency, contributing to the development of AID. However, the data obtained to
date are mostly resultant from cross-sectional studies, which do not allow for the establishment of
causal effects. It is, therefore, essential to evaluate alternative explanatory models.

Some authors have raised the possibility that the various data favoring the involvement of VitD in
AITD reflect a consequence, rather than a cause, of the disease. AID may lead to VitD deficiency by causing
incapacitation and lower sunlight exposure, malabsorption, and the use of corticosteroids [42,109].
In hyperthyroidism, there may be accelerated bone turnover [32]. Kozai et al. found marked decreases
in 1,25(OH)2D and CYP27B1 expression in rats with T3-induced hyperthyroidism [110]. In HT,
the increase in fat mass caused by hypothyroidism could contribute to the deficiency [111]. Botello et al.
studied 88 patients with long-term HT and found a positive correlation between 25(OH)D levels,
fT4, and (contrary to expectations) Th17 and TNFα. The authors hypothesized that low levels of fT4
are predictors of a deficiency of 25(OH)D and that the long evolution of the disease and treatment
of hypothyroidism are related to a decrease in cytotoxic immune response, regardless of the levels
of 25(OH)D [112]. The coexistence of AITD with other AID, such as celiac disease, also deserves
consideration. Celiac disease leads to malabsorption with a deficiency of several nutrients [113],
including VitD [114], and it is associated with an increased risk of developing other AIDs [113,114].
The presence of biopsy-proven celiac disease in patients with AITD is small, around 1.6% according to
a recent meta-analysis (although there may be some underdiagnosis) [115]; therefore, it cannot fully
explain the reported lower values of VitD in all AITD patients. However, it is likely to contribute
to this association in patients in which both diseases coexist. A group of HT patients with positive
transglutaminase antibodies and no symptoms of celiac disease were divided, receiving gluten-free
vs. gluten-containing diets. The former group, but not the second one, experienced a reduction in
antibody titers and an increase in VitD levels [116]. However, the possibility of VitD deficiency being
exclusively a consequence of AID seems unlikely, given that this relationship has been found in several
studies, independently of factors such as age, body mass index, thyroid function tests (i.e., presence of
hyper-, hypo-, or euthyroidism) and the presence or absence of other AIDs. Furthermore, in a study
that evaluated patients with GD and 25(OH)D insufficiency, no statistically significant difference
was found in the values of 25(OH)D at baseline and 1 to 2 years after hyperthyroidism therapy
(with achievement of euthyroidism) [117]. Therefore, contrary to what would be expected if low levels
of VitD were a consequence of the autoimmune disease, treating the autoimmune disease does not
improve VitD status.

Another possibility is that the lower levels of 25(OH)D in AID are the result of a pathophysiological
mechanism involved in the development of the disease; that is, VDR dysfunction caused by chronic
infection by intra-phagocytic microorganisms [111]. This dysfunction could lead to lower production
of the antimicrobial peptides that would usually result from activation of VDR. VDR dysfunction
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could also lead to lesser expression of 24-hydroxylase, with a consequent increase in 1,25(OH)2D
levels. Excess 1,25(OH)2D has the ability to displace ligands of nuclear receptors such as α-thyroid,
glucocorticoids, and androgens, which can lead to glandular dysfunction [118]. Elevated levels of
1,25(OH)2D further bind to the pregnane X receptor and inhibit the synthesis of 25(OH)D in the liver.
In this context, the various data pointing towards a relationship between AID and VitD deficiency
may be explained by the fact that the metabolite usually measured is 25(OH)D [119]. This is a
counterintuitive hypothesis, with some theoretical background but with little data to support or
contradict it directly, as 1,25(OH)2D is rarely quantified. However, some of the above-mentioned
studies on VitD supplementation reported elevated PTH and normal/slightly low calcium values,
associated with a deficiency of 25(OH)D at baseline with a tendency towards normalization after
VitD supplementation [41,91,95]. This does not support the possibility that there is an increase in
1,25(OH)2D in AITD concealed by the quantification of 25(OH)D. Although it may be argued that PTH
level elevation and lowering of calcium levels may be explained by VDR dysfunction, it is unlikely
that such alterations were susceptible to correction by VitD supplementation, as it would not correct
the primary mechanism. The fact that VitD supplementation has shown some beneficial effects on
autoimmunity parameters is also against this hypothesis.

Analyzing the current evidence, we conclude that, although a direct and marked contribution of
VitD levels alone in the pathogenesis of AITD is unlikely, given the marked inconsistency of the data, a
minor contribution is probable, as the existence of an association has been supported by the majority
of the studies cited above (refer to Section 5.2. Data on vitamin D levels and autoimmune thyroid
disease). Therefore, it is plausible that the levels of VitD, the polymorphisms of its receptor [85–88],
and the enzymes that govern its metabolism [89] influence its regulatory capacity and, thus, it likely
plays a small, yet significant, role in the development and course of AITD. It is likely that this
contribution depends upon a multiplicity of other factors, such as age and gender, sex hormones [49,99],
and micronutrients [100]. Genetic, epigenetic, and other endogenous and environmental factors which
contribute to the predisposition to AITD may also influence this correlation, explaining some of the
inconsistency in the results obtained in different populations. The above-mentioned consequences of
AITD (e.g., incapacitation, lower sunlight exposure, obesity in hypothyroidism, and increased bone
turnover in hyperthyroidism) and, in some cases, the coexistence of other AID may generate a vicious
cycle and contribute to the observed relationship.

8. Discussion and Conclusions

Several questions can be raised regarding the relationship between VitD and AITD, the first one
being whether such a relationship actually exists. With respect to this matter, although there is some
inconsistency in the results of the studies carried out to date, most of the data point toward an association
between lower VitD levels and increased risk of developing the disease and/or higher antibody titers
and/or more difficulty in its treatment, especially for vitamin D deficiency. Polymorphisms in genes
associated with VitD function/metabolism also appear to have some influence on the risk of AITD.

The second question concerns the exact nature of this relationship. We propose that VitD plays
a small, yet significant, role in the pathogenesis of AITD, which may only be apparent when other
factors that contribute to its expression are gathered. After the onset of AITD, its consequences may
generate a vicious cycle, contributing to aggravation of the deficiency.

The third question, with more immediate implications on clinical practice, is the role of VitD
supplementation on the prevention and/or treatment of AITD, as well as whether a supraphysiological
level would be desirable. At present, there is a paucity of data establishing the exemption from harm
and the presence of benefit of obtaining supraphysiological levels of 25(OH)D. There are even data
suggesting possible associations with increased fracture and mortality risks. Therefore, a sensitive
approach is to aim for a 25(OH)D level within the reference ranges suggested in international guidelines.
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In the future, more data from investigations with a larger number of individuals, a more global
scope, and involving year-round evaluations of VitD levels are necessary, in order to provide more
uniform and consistent answers to these questions.
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71. Krysiak, R.; Szkróbka, W.; Okopień, B. Moderate-dose simvastatin therapy potentiates the effect of vitamin
D on thyroid autoimmunity in levothyroxine-treated women with Hashimoto’s thyroiditis and vitamin D
insufficiency. Pharmacol. Rep. 2018, 70, 93–97. [CrossRef]
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Postępy Hig. Med. Dośw. 2015, 69, 80–90. [CrossRef]

114. Walker, M.D.; Zylberberg, H.M.; Green, P.H.R.; Katz, M.S. Endocrine complications of celiac disease: A case
report and review of the literature. Endocr. Res. 2019, 44, 27–45. [CrossRef] [PubMed]

115. Roy, A.; Laszkowska, M.; Sundström, J.; Lebwohl, B.; Green, P.H.; Kämpe, O.; Ludvigsson, J.F. Prevalence of
Celiac Disease in Patients with Autoimmune Thyroid Disease: A Meta-Analysis. Thyroid 2016, 26, 880–890.
[CrossRef] [PubMed]
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Abstract: Vitamin D (VD) has been observed to have anti-inflammatory properties. However,
the effects of VD supplementation on the serum amyloid P component (SAP) has not been established.
This study aimed to investigate the effect of VD supplementation on serum SAP levels in Arab
adults. A total of 155 VD-deficient adult Saudis (56 males and 99 females) were recruited in this
non-randomized, 6-month, single-arm trial. The intervention was as follows; cholecalciferol 50,000
international units (IU) every week for the first 2 months, followed by 50,000 twice a month for the next
two months, and for the last two months, 1000 IU daily. Serum 25(OH)D, SAP, C-reactive protein (CRP),
lipid profile, and glucose were assessed at baseline and post-intervention. At post-intervention, VD
levels were significantly increased, while SAP levels significantly decreased in all study participants.
Remarkably, this reduction in SAP was more significant in males than females after stratification. SAP
was inversely correlated with VD overall (r = −0.17, p < 0.05), and only in males (r = −0.27, p < 0.05)
after stratification according to sex after 6 months of VD supplementation. Such a relationship was
not observed at baseline. VD supplementation can favorably modulate serum SAP concentrations in
Arab adults, particularly in males.

Keywords: vitamin D; SAP; amyloidosis; Arab; vitamin D supplementation

1. Introduction

Vitamin D (VD) is a fat-soluble secosteroid hormone, having both autocrine and endocrine roles [1].
While the main roles of VD include calcium homeostasis and bone metabolism [2,3], the presence of
vitamin D receptors (VDR) in major cell types of the body gives it multiple extra-skeletal functions,
one of which is modulation of inflammatory pathways [4,5].

The anti-inflammatory and immune-modulating properties of vitamin D (VD) are
well-established [6]. Multiple studies consistently reveal the beneficial effects of VD supplementation in
terms of increasing levels of anti-inflammatory markers and decreasing the production of inflammatory
cytokines [7–9]. In a recent systematic review and meta-analysis involving 10 clinical trials and 924
participants, Chen and colleagues concluded that supplementation with VD can decrease C-reactive
protein (CRP) levels, a well-known acute-phase inflammatory marker predictive of cardiovascular
events, by as much as 2.21 mg/L [10]. Other inflammatory markers have been investigated, such as
(IL)-10, IL-6 and TNF-α, all of which have been observed to be significantly associated with varying
levels of 25(OH)D status [8,11,12].

Nutrients 2020, 12, 2880; doi:10.3390/nu12092880 www.mdpi.com/journal/nutrients
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Another acute-phase inflammation-induced protein is the serum amyloid P component (SAP), not
to be confused with serum amyloid protein. Together, SAP and CRP are the short pentraxins chiefly
produced by hepatocytes [13]. In humans, SAP contributes to host defense, either via opsonins or
through complement activation. In a calcium-dependent way, SAP binds to several lipoprotein ligands,
which suggests that this process could have significant inferences in amyloidosis and atherosclerosis
in humans. Moreover, many studies support the fact that SAP has a significant role in inflammatory
regulation. [14]. Significantly, SAP and CRP share structural characteristics (being organized in five
identical subunits arranged in a pentameric radial symmetry) and biological functions, including
activation of the complement system and pathogen recognition [13]. In calcium-free conditions,
SAP pentamers physically interact with CRP pentamers to form very stable mixed decamers [15], which
could have functional consequences on inflammation activation [16]. In a nested case-control proteomic
analysis study, sera from 60 obese women with gestational diabetes mellitus (GDM) identified three
candidate predictors of GDM: SAP, afamin, and vitronectin [17]. Lastly, for cardiovascular disease
(CVD), SAP is considered as a valuable biomarker, as it contributes to CVD pathogenesis through
modulating innate immunity and inflammation [18].

We hypothesize that improving VD status can favorably regulate SAP activity. In this single-arm
trial, we aim to evaluate for the first time the effects of vitamin D supplementation on serum SAP levels
in Saudi adults with VD deficiency.

2. Methods

2.1. Study Design and Participants

In this 6-month, single-arm trial, a total of 250 overweight Saudi adult males and females aged
30–50 years with 25(OH) D deficiency (<50 nmol/L) were selected randomly from the Vitamin D
School database of the Chair for Biomarkers of Chronic Diseases (CBCD) in King Saud University
(KSU, Riyadh, KSA). In brief, this database was taken from a capital-wide, multi-center observational
study done in primary and secondary schools in Riyadh, Saudi Arabia [19,20]. Written informed
consent was obtained from all participants before enrolment. A generalized questionnaire was taken
from all participants, including demographic information, and present and past medical history.
This intervention study was conducted from December 2015 to May 2016 (the cold season in Riyadh).
The present study was part of a bigger project registered in the Saudi Clinical Trials Registry (SCTR)
(E1-15-1667) Riyadh, Saudi Arabia, and was approved by the Scientific Research Ethics Committee at
King Fahd Medical City (16-018), Riyadh, Saudi Arabia. Exclusion criteria were as follows: those with
chronic clinical conditions (cancer, cardiovascular diseases (CVD), T2DM, osteopenia/osteoporosis,
gastrointestinal disease, liver and renal dysfunction, and thyroid conditions), on VD supplementation
or any medication and those with baseline 25(OH)D ≥ 50 nmol/L. Out of 250 enrolled participants,
13 were excluded for having one of the mentioned conditions, and another 27 for having basal 25(OH)D
levels ≥50 nmol/L. Overall, 210 participants (75 males and 135 females) were able to complete the study
(Figure 1).
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Figure 1. Participant flow chart.
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2.2. Anthropometry and Biochemical Assessments

Anthropometrics which were determined included height (rounded off to the nearest 0.5 cm),
weight (rounded off to the nearest 0.1 kg), waist and hip circumference (centimeters), and mean blood
pressure (systolic and diastolic in mmHg) (average of two readings). Body mass index (BMI) was
calculated as weight in kilograms divided by height in square meters. Fasting blood samples were
collected and transferred immediately to a non-heparinized tube for centrifugation. Fasting glucose,
lipid profile, were measured using a chemical analyzer (Konelab, Espoo, Finland). Serum 25(OH)D
was measured by using commercially available kits using Roche Elecsys Modular Analytics Cobas
e411 utilizing electrochemiluminescence immunoassay (Roche Diagnostics, Mannheim, Germany).
Serum levels of SAP and CRP were measured using ELISA kits (Abcam®, Cambridge, UK and R & D
SYSTEMS®, Minneapolis, MN, USA, respectively) following manufacturers’ instructions. To minimize
inter-assay variability, all samples were analyzed simultaneously and the actual variations were well
within the inter- and intra-assay ranges. All measurements were done at baseline and post-intervention.

2.3. Intervention

VD supplementation was given to all participants in the following manner: (1) 50,000 IU
cholecalciferol tablets given once a week for the first two months (VitaD50000; Synergy pharma, Dubai,
UAE); (2) 50,000 IU cholecalciferol tablets twice a month for the next two months; and (3) 1000 IU
daily (VitaD1000; Synergy pharma, Dubai, UAE) in the last 2 months as maintenance. The Short
Message Service (SMS) was used to encourage participants to take their recommended doses of
VD. For compliance, all participants had to return blister packs to quantify unconsumed tablets
every month before a fresh refill was given. Intervention doses were according to the national and
regional recommendations on management of vitamin D deficiency [21,22]. For stratification purposes,
post-intervention responders were defined as those who achieved 25 (OH)D levels above 50 nmol/L,
while non-responders were those who did not achieve 25 (OH)D levels > 50 nmol/L.

2.4. Statistical Analysis

Data were analyzed using the Statistical Package for Social Sciences (SPSS 22.0, SPSS, Inc., Chicago,
IL, USA). Continuous data were presented as mean ± standard deviation (SD) for normal variables and
non-normal variables were presented in median (first and third) percentiles. All categorical variables
were presented as frequency and percentages. The Independent T-test and Mann-Whitney U test
were used to compare baseline differences between normal and non-normal variables, respectively.
Bonferroni correction was done for multiple comparisons at baseline to minimize type 1 error. The paired
T test and Wilcoxon sign rank test were performed to check the mean and median differences at
baseline and after intervention. Pearson’s and Spearman’s correlation were performed to determine
associations of SAP with other parameters. The Bonferroni-adjusted p-value for baseline comparisons
was p < 0.0038. A p-value < 0.05 was considered significant for the rest of the analysis.

3. Results

A total of 210 (75 males and 135 females) Saudi adults deficient in vitamin D were included in
this 6-month interventional study. Table 1 shows the clinical characteristics of participants before and
after intervention for responders and non-responders to VD supplementation. At baseline and using
the Bonferroni-corrected p-value, responders were significantly older than non-responders (p = 0.007).
Similarly, WHR measures were significantly higher in responders than non-responders (p < 0.001).
Baseline BMI, blood pressure, and other parameters were not significantly different between groups.
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Post-intervention, 25(OH)D and HDL-cholesterol levels significantly increased after 6 months
(p-values < 0.001 and 0.007, respectively) in the responders group. In contrast, SAP levels significantly
decreased post-intervention (p = 0.002), as well as CRP levels (p = 0.014). No significant changes were
observed in other parameters. Among non-responders, no changes in 25(OH)D levels were observed
post-intervention. The same non-significance was observed for SAP and CRP levels. Total cholesterol,
HDL-cholesterol, and triglycerides all significantly increased after intervention (p-values = 0.006, 0.003
and 0.02, respectively). For the rest of the other parameters, no significant differences were observed
(Table 1).

Table 2 shows the between-group comparisons of both responders and non-responders. Serum
25(OH)D increased over time, and this was clinically significant in favor of the responders, even after
adjusting for age and BMI (p < 0.001). A clinically significant decrease in SAP levels was observed over
time, again in favor of responders, and this effect remained significant even after adjusting for age and
BMI (p = 0.001).

Table 2. Between-group comparisons in 25(OH)D and Serum Amyloid P Component.

Parameters
25(OH) D (nmol/L)

Group Effect
Group Effect

(Adjusted)
Responders Non-Responders

Baseline 31.7 ± 11.7 31.9 ± 15.3

<0.001 <0.001

6 month 63.8 ± 19.8 29.1 ± 12.4
Mean Difference 32.1 (29.0–35.2) −2.8 (−6.2–0.7)

Change (%) 103% 8.8%

Time effect <0.001
Time effect (adjusted) <0.001

Serum Amyloid P Component (mg/L)

Responders Non-Responders

0.004 0.001

Baseline 44.9 (3.1–84.8) 40.0 (16.9–57.6)
6 month 41.2 (2.5–69.1) 42.4 (21.7–67.3)

Mean Difference −2.8 (−18.2–1.74) 1.42(−5.6–8.4)
Change (%) 6.2% 3.6%

Time effect 0.017
Time effect (adjusted) <0.001

Note: Data presented as mean ± standard deviation, median (first and 75th) percentiles, and mean and median
change (95% CI); adjusted for age and BMI; significant at p < 0.05.

Table 3 shows comparisons of responders’ characteristics pre- and post-intervention according
to sex. Levels of 25(OH)D significantly increased over time in both sexes (p < 0.001). Similarly, HDL
was significantly increased in both sexes. SAP was significantly decreased over time in both sexes;
remarkably, this reduction in SAP was more significant in males [55.7 (31.2–78.4) vs. 57.3 (27.7–100.9),
p = 0.01] than in females [28.9 (1.4–62.4) vs. 38.4 (1.3–74.1), p = 0.046]. Conversely, CRP was significantly
reduced post-intervention in females [7.8 (4.4–32.4) vs. 22.2 (3.9–61.6), p = 0.036], but no significant
difference was observed in males. No reduction in glucose levels was observed in both sexes; contrary
to what was expected, glucose had a significant increase in males [5.87 ± 0.9 vs. 5.61 ± 0.9, p = 0.029],
with no significant difference observed in females.

Table 4 shows the bivariate correlation coefficients of SAP with other study parameters in responder
participants at baseline, where SAP had a significantly positive relationship with systolic BP (r = 0.20,
p < 0.05) and diastolic BP (r = 0.33, p < 0.01) in our study participants overall. This relationship
was observed for diastolic BP only in males (r = 0.30, p < 0.05) after stratification according to sex.
At baseline, SAP also had a significant inverse correlation with HDL-cholesterol (r = −0.30, p < 0.01).
Overall, this clinically significant inverse correlation persisted in females (r = −0.37, p < 0.01) but not in
males after stratification according to sex. In addition, SAP had a significantly positive correlation with
glucose (r = 0.32, p < 0.05) in males at baseline, as well as with CRP overall and in both sexes (p < 0.001).
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Post-intervention, SAP was inversely correlated with VD overall (r = −0.17, p < 0.05) and only in
males (r = −0.27, p < 0.05) after stratification according to sex, whereas such a relationship was not
observed at baseline. Triglycerides had a significant positive correlation with SAP only in females
post-intervention (r = 0.23, p < 0.05) but not in males.

Table 5 shows the delta change correlation analysis between SAP and other parameters. Overall,
there was a significant inverse relationship between Δ SAP and Δ HDL (r = −0.30, p < 0.01), and it
was positively correlated with Δ CRP (r = 0.28; p < 0.01) in our study population. After stratification
according to sex, Δ SAP was inversely correlated with Δ HDL (r= −0.31; p < 0.05) and Δ triglycerides
(r = −0.27; p < 0.05) only in males.

Table 6 shows the responders’ characteristics pre- and post-intervention using the SAP cut-off
values, a normal reference interval for serum SAP concentration, for both sexes (males; 32 mg/L and
females; 24 mg/L) [23]. Of the participants, 98 (42 males and 56 females) had high values of serum SAP
above referenced normal levels. Over time, 25(OH)D significantly increased in both sexes (p < 0.001).
Remarkably, post-supplementation with VD, the reduction in SAP serum levels was more significant
in this sub-group compared to the main group in both sexes (in males, −9.5 (−33.9–7.1), p = 0.007 vs.
−1.75 (−21.7–7.4), p = 0.011; in females, −13.9 (−33.3–2.2), p < 0.001 vs. −0.57 (−16.5–1.2), p = 0.046).
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4. Discussion

The present interventional study is, to our knowledge, the first to show a clinically significant
reduction in serum SAP levels after 6 months of VD correction. Remarkably, the post-intervention
reduction in serum SAP levels was even more significant than without applying the cut-off values.
At baseline, SAP levels were inversely correlated with cardiometabolic factors, such as BMI and
HDL-cholesterol, and positively correlated with blood pressure, with no association between VD and
SAP. However, at post-intervention, our results showed a significant inverse correlation between SAP
and VD among responders, and this significant correlation persisted in males after stratification for sex.

The link between SAD and VD based on the present results is most likely tied to their associations
with cardiometabolic factors. SAP has a key role in innate immunity and cardiometabolism [24].
Furthermore, like VD, it is also directly influenced by calcium [25]. In a calcium-dependent manner,
SAP binds to many different lipoprotein ligands, and this can have a significant contribution in the
progression of amyloidosis and atherosclerosis [26,27]. In fact, it has been found in the plaques of
advanced human atherosclerosis and is proposed to have an active role in atherogenesis [28]. Previous
studies indicated a significant increase in SAP levels in the early phase of post-acute myocardial
infarction [29]. Furthermore, SAP deficiency prevents the atherosclerotic process [30] and other
pathological processes, such as fibrosis, hypercoagulation, and inflammation [24,31]. Lastly, pentraxins
including SAP have been demonstrated to be involved in obesity and other states of a chronic low-grade
inflammatory [32]. Hence, VD supplementation can reduce the cardiovascular risk associated to
overweight and obesity by reducing the pro-inflammatory pentraxin SAP.

Another highlight of the present study is the significant inverse correlation post-supplementation
between SAP and VD only among male responders, which highlights sex-specific extra-skeletal
properties of VD correction. Previously, we found that VD deficiency and its association with
cardio-metabolic risk factors were mostly limited to males, in a study which involved more than 3000
Saudi adolescents and adults. This led us to believe that correction of VD status could prove more
beneficial to men than women, at least in terms of extra-skeletal benefits [20]. One explanation that
we have also recently documented at the proteomic level is that the conversion of 25(OH)D to its
active form, 1,25(OH)D2, is higher in men than women, and this can be linked to the sex hormone
metabolism [33].

Lastly, it is worthy to discuss that the primary grouping variable used in the present study to
elicit differences between circulating SAP was the participants’ response to vitamin D supplementation.
Despite monitoring all participants for compliance and adherence, it was anticipated that some will not
be able to achieve full vitamin D sufficiency despite large boluses of vitamin D. The failure to achieve
full vitamin D correction despite above-average supplementation has been a consistent dilemma
in Saudi Arabia and the rest of the region, and this has been fully acknowledged by national and
regional experts, prompting vitamin D guidelines unique to the Middle-Eastern region and the Gulf
Cooperation Council (GCC) countries in particular (21, 22). A recent genetic study within the Saudi
community that could partially explain the non-responsiveness to exogenous vitamin D sources are
the variants in vitamin D binding proteins (rs7041 and rs4588), carriers of which are three to 12 times
more likely to be non-responders to vitamin D treatment [34].

The authors acknowledge some limitations. First, we used the non-responders as our comparator
group, since we wanted to clearly delineate that the modest but significant changes in circulating
SAP was associated with acute changes in vitamin D status brought about by a favorable response to
vitamin D supplementation. Furthermore, since VD deficiency is very common in Saudi Arabia, the
use of a true control group (without supplementation) is inappropriate, given that the inclusion criteria
are participants with VD deficiency. Whether the present results will be the same using a control group
remains to be investigated. Second, important factors influencing VD status were not measured in the
current study, such as sunlight exposure, season, and outdoor physical activity, and as such, essential
adjustments were not carried out. Nevertheless, this is the first study of its kind to investigate the
effects of VD supplementation on SAP levels.
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5. Conclusions

This is the first study to demonstrate the inverse relationship between serum VD and SAP.
The present study showed that VD correction can significantly reduce serum SAP concentrations,
particularly in male participants. As such, one of the cardiometabolic benefits of VD supplementation is
through modulation of serum SAP levels, which can decrease risk for atherosclerosis, plaque formation,
and multi-organ fibrosis. Further investigations are needed to determine whether prolonged states
of vitamin D sufficiency can reverse atherosclerotic and fibrotic conditions through normalcy of
SAP levels.
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Abstract: Vitamin D deficiency during pregnancy has been linked to perinatal adverse outcomes.
Studies conducted to date have recommended assessing interactions with other vitamin D-related
metabolites to clarify this subject. We aimed to evaluate the association of vitamin D deficiency during
early pregnancy with preterm birth. Secondary outcomes included low birth weight and small for
gestational age. Additionally, we explored the role that parathyroid hormone, calcium and phosphorus
could play in the associations. We conducted a prospective cohort study comprising 289 pregnant
women in a hospital in Granada, Spain. Participants were followed-up from weeks 10–12 of gestation
to postpartum. Serum 25-hydroxyvitamin D, parathyroid hormone, calcium, and phosphorus were
measured within the first week after recruitment. Pearson’s χ2 test, Mann–Whitney U test, binary and
multivariable logistic regression models were used to explore associations between variables and
outcomes. 36.3% of the participants were vitamin D deficient (<20 ng/mL). 25-hydroxyvitamin D
concentration was inversely correlated with parathyroid hormone (ρ=−0.146, p= 0.013). Preterm birth
was associated with vitamin D deficiency in the multivariable model, being this association stronger
amongst women with parathyroid hormone serum levels above the 80th percentile (adjusted odds
ratio (aOR) = 6.587, 95% CI (2.049, 21.176), p = 0.002). Calcium and phosphorus were not associated
with any studied outcome. Combined measurement of 25-hydroxyvitamin D and parathyroid
hormone could be a better estimator of preterm birth than vitamin D in isolation.

Keywords: vitamin D deficiency; perinatal adverse outcomes; 25-hydroxyvitamin D; parathyroid
hormone; PTH; calcium; phosphorus; cohort study

1. Introduction

Vitamin D deficiency is considered to be a pandemic [1] whose global prevalence varies widely
depending on the studied population, dietary intake, ultraviolet-B light exposure, ethnicity, and age,
amongst other factors [2]. The severe deficiency of this secosteroid is associated with skeletal disorders
as well as other pathologies outside bone metabolism [3]. During pregnancy, vitamin D deficiency has
been linked to pregnancy and perinatal adverse outcomes such as pre-eclampsia, gestational diabetes
mellitus, preterm birth, and low birth weight [4].
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Preterm birth (PTB) is the leading cause of mortality in children under five years old worldwide,
and its global prevalence has been estimated to be 10.6% of all births accounting for 14.84 million
newborns in 2014 [5]. PTB is regarded as a syndrome resulting from different mechanisms such as
uteroplacental dysfunction, inflammation, and infection, along with other immunological processes [6].
Vitamin D exerts important immunomodulatory effects decreasing levels of IL-1, IL-6 and TNF-α
produced by macrophages [7], regulating the activity of lymphocytes B and T [8], and inducing
human cathelicidin production [9], thus playing an important role in both innate and adaptive immune
responses. However, studies evaluating the association between vitamin D deficiency during pregnancy
and prematurity have not reached consensus on their results [10,11].

According to the WHO, low birth weight (LBW) is defined as a birth weight of less than 2500 g [12],
whereas small for gestational age (SGA) is defined as weight below 10th percentile for the gestational
age and depends on the reference population [13]. Several authors have associated vitamin D deficiency
during pregnancy with LBW and SGA [14–17]. Possible mechanisms of action of vitamin D on fetal
growth might consist of anti-inflammatory properties, regulation of genes implicated in angiogenesis,
promotion of trophoblast invasion and control of fetal glucose availability [13,14,16,18]. Meta-analyses
conducted to evaluate the associations between vitamin D deficiency, PTB, LBW or SGA have not
yielded strong evidence [19–23].

25-hydroxyvitamin D (which will be referred to as vitamin D throughout the paper) plays a key role in
calcium and phosphorus homeostasis and its concentration is regulated by the parathyroid hormone (PTH).
However, vitamin D is usually measured in isolation and some authors have highlighted the importance
of assessing interactions with vitamin D-related metabolites when evaluating associations with pregnancy
and perinatal outcomes [24–26]. In this regard, low maternal calcium concentrations have been associated
with LBW [27] and PTB [17,28], but evidence remains unclear. Furthermore, several authors have
described the concept of functional vitamin D deficiency characterized by secondary hyperparathyroidism,
which refers to elevated levels of PTH in combination with low levels of vitamin D [26,29]. According to
this concept, calcium metabolic stress rather than vitamin D insufficiency would be an etiological factor
for fetal growth impairment as a consequence of secondary hyperparathyroidism. In line with this idea,
a recent study has suggested that the combined measurement of 25-hydroxyvitamin D and PTH during
pregnancy could be a better determinant of fetal growth restriction [25]. In this same study, calcium levels
were elevated only among pregnant women with high PTH levels in combination with low concentrations
of vitamin D [25]. Therefore, calcium measurement proved to be an interesting addition to previous
studies [26,29]. Finally, the synthesis of 1,25-dihydroxyvitamin D, which is the most active form of vitamin
D, is closely regulated by PTH, calcium and phosphorus [3]. Hence, 25-hydroxyvitamin D deficiency
could not be indicative of low levels of 1,25-dihydroxyvitamin D without considering the impact that
other metabolites might have on the association [24].

The main purpose of the present research is to study the association between vitamin D deficiency
during early pregnancy and PTB. Secondary outcomes of the study consist of evaluating the influence of
vitamin D deficiency during pregnancy on the odds of LBW, and SGA, as well as to explore the role that
metabolites related to the metabolism of this secosteroid, namely PTH, calcium, and phosphorus, could play
in the associations. We hypothesized that vitamin D deficiency defined as maternal 25-hydroxyvitamin D
levels below 20 ng/mL is associated with higher odds of preterm birth, low birth weight and small for
gestational age, these associations being stronger among women with parathyroid hormone levels above
the 80th percentile.

2. Materials and Methods

To achieve the proposed objectives, we conducted a prospective cohort study at the University
Hospital Complex “Virgen de las Nieves” of Granada, Spain, a medical center with 2956 deliveries in
2019. Pregnant women were recruited from 2018 to 2019 and followed-up from weeks 10–12 of gestation
to one month postpartum. This study was approved by the Ethics Committee of the University of
Granada, number 72-2015, and conducted in accordance with the principles of the Declaration of
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Helsinki, reviewed in Fortaleza, Brazil, in 2003. Results of the present study are reported following the
STROBE statement guidelines for cohort studies [30].

2.1. Participants Data

Women were approached in their first prenatal visit at the obstetrics and gynecology services of
the hospital complex. Inclusion criteria included pregnant women older than 16 years old, able to
speak Spanish, and capable of signing for informed consent between 10–12 weeks of gestation
determined by ultrasonography. Exclusion criteria at enrollment consisted of pregnant women with the
intention to give birth in a different hospital. Other exclusion criteria consisted of women undergoing
voluntary interruption of pregnancy, miscarriage, stillbirth, and multiple pregnancy. Previous history
of pregnancy adverse outcomes was not an exclusion criterion for the present study.

The required sample size for the present study was calculated based on the results obtained in
another study conducted by Perez-Ferre et al., who observed a prevalence of preterm birth amongst
vitamin D deficient women (<20 ng/mL) of 22.9% and a prevalence of preterm birth amongst vitamin
D sufficient women (>20 ng/mL) of 8.25% with a vitamin D sufficiency/deficiency ratio of 0.69 [31].
To achieve a power of 80% to detect differences in the null hypothesis H0:p1 = p2, using χ2 test with a
confidence level of 95%, we estimated a sample size of 203 participants. Given the prospective design
of the study, we estimated 20% of lost to follow-up. Hence, final calculated minimum sample size
consisted of 244 participants to be included in the study.

Sociodemographic characteristics of participants were collected at recruitment by researchers
from self-report and medical records. Considered variables consisted of maternal age, pre-gestational
body mass index (BMI), smoking habit during pregnancy (defined as >1 or 0 cigarettes per day),
parity and gravidity, history of previous pregnancy, and perinatal adverse outcomes (LBW, SGA, PTB,
pre-eclampsia, gestational diabetes mellitus, miscarriage, and stillbirth), ethnicity and seasonality of
sampling. Women with pre-gestational BMI >30 were classified as obese. Data regarding vitamin
D supplementation at recruitment was not collected. However, Spain is a country without vitamin
D supplementation policy, and vitamin D supplementation among Spanish pregnant women is
uncommon in comparison with other European countries [32].

2.2. Clinical and Biochemical Procedures

Fasting maternal blood samples were obtained during the week of enrolment. Sampling was
performed by venipuncture in tubes containing anticoagulant (EDTA, Ethylenediaminetetraacetic acid)
and were immediately transported to the laboratory for analysis.

25-hydroxyvitamin D and intact-PTH (1–84) were quantified by microparticle chemiluminescence
immunoassay (CMIA) using an Alinity I® analyzer (Abbott, Wiesbaden, Germany). Briefly, CMIA
analysis is based on the use of paramagnetic microparticles coated with antibodies. Regarding
25-hydroxyvitamin D, it is first separated from the vitamin D-binding protein (DBP) to be mixed with
the anti-vitamin D antibody-coated microparticle. The complex is labeled with acridinium afterwards.
The reaction conjugate is incubated to be later washed-out, and the correlation between emitted
chemiluminescence light measured in relative light units (RLU) and the 25-hydroxyvitamin D or
intact-PTH concentration is calculated. According to the manufacturer, the method detection limit for
the 25-hydroxyvitamin D assay is 3.5 ng/mL (8.85 nmol/L) and intra-assay coefficient of variation is
3.6% at 39.8 ng/mL (99.4 nmol/L) whilst the quoted PTH assay detection limit is 0.5 pg/mL (0.05 pmol)
and intra-assay coefficient of variation is 2.6% at 63.8 pg/mL (6.76 pmol/L).

Calcium and phosphorus were analyzed using an Alinity C® analyzer (Abbott, Wiesbaden,
Germany). Calcium was analyzed by arsenazo-III colorimetric assay measuring absorbance at 660 nm
whilst phosphorus was analyzed by phosphomolybdate assay measuring absorbance at 340 nm.

Vitamin D deficiency was defined as serum 25-hydroxyvitamin D concentrations <20 ng/mL
(50 nmol/L) whilst vitamin D insufficiency was defined as serum 25-hydroxyvitamin D concentrations
<30 ng/mL (75 nmol/L). Used cut-off points were based on other studies [22]. Chosen cut-off points
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differed from those recommended by the American Institute of Medicine [33], however, optimal vitamin
D cut-off points during pregnancy remain controversial and consensus on this matter has not been
reached to date [34]. The seasonality of sampling was considered as a potential confounder given
the existing association between sun exposure and vitamin D concentration [35]. Due to a lack
of consensus, we considered elevated PTH levels as concentrations above the 80th percentile in
line with another author [26]. Therefore, women with elevated PTH levels were those with PTH
concentrations ≥31.9 pg/mL.

Women were followed-up in subsequent prenatal visits, and cases of pre-eclampsia and gestational
diabetes mellitus were diagnosed. Values of maternal diastolic and systolic blood pressure, proteinuria,
and glucose tolerance test results were collected by researchers during routine controls. Blood pressure
was measured using a validated automatic tensiometer and the measurement was repeated within
15 min. De novo systolic blood pressure >140 mm/Hg and diastolic blood pressure >90 mm/Hg
measurements were considered as gestational hypertension and women were further evaluated by
the obstetrician. Proteinuria was defined as urine protein-to-creatinine ratio above 0.3 mg/mg and
was assessed in routine controls after week 20 of gestation. Proteins in urine were quantified using
benzethonium chloride turbidimetric method and creatinine was analyzed using alkaline picrate
colorimetric assay. An oral glucose tolerance test was performed between weeks 24–28 of gestation.
Blood glucose was analyzed using a hexokinase/glyceraldehyde 3-phosphate dehydrogenase activity
assay kit.

Cases of pre-eclampsia were defined according to the International Society for the Study of
Hypertension in Pregnancy (ISSHP) 2018 classification [36], and GDM cases were defined in line with
the American Diabetes Association criteria [37]. Cases of miscarriage and stillbirth, type of delivery,
and values of gestational age at delivery and birth weight were documented from medical records.
Low birth weight was defined as live birth with less than 2500 g at delivery in accordance with the
International Classification of Diseases, 10th Edition [12]. Preterm birth was defined as live birth with
less than 37 weeks of gestation [38]. Small for gestational age cases were considered as live births with
weight below 10th percentile for the gestational age [13] and were calculated using Spanish reference
percentile charts from 2010–2014, based on gender, parity, and type of delivery [39].

2.3. Statistical Analysis

All statistical analyses were performed using the software SPSS version 25 (IBM Corp®, Armonk,
NY, USA). Normality of continuous variables was examined using Kolmogorov–Smirnov test.
Categorical variables were reported as percentages, and continuous variables were reported as
mean ± standard deviation or median and interquartile range based on normality test results.
Differences between participants depending on vitamin D cut-off points were analyzed using Pearson’s
chi-square (χ2) test for categorical variables and the Mann–Whitney U test for continuous variables.
The Spearman correlation test was used to evaluate the strength of association between vitamin D and
concentrations of PTH, calcium, and phosphorus. A scatter plot was provided to graphically represent
statistically significant correlations. For each outcome, bivariate analysis was performed to evaluate
possible confounders based on the literature. Variables with p-values < 0.20 in bivariate analysis were
chosen for adjustment in multivariable analysis. This cut-off is supported by the literature [40,41].
Other related variables strongly supported by the scientific literature were also considered for
adjustment when applicable. Odds ratios (ORs) with 95% confidence interval (95% CI) were calculated
for each chosen outcome and biomarker using bivariate and multivariable logistic regression models.
In logistic regression models, parathyroid hormone, calcium and phosphorus were analyzed as
continuous variables whilst vitamin D deficiency was a categorical variable (<20 ng/mL/≥20 ng/mL)

Finally, we provided binary logistic regression unadjusted and adjusted models to examine the
associations between concentrations of vitamin D <20 ng/mL and <30 ng/mL along with the PTH 80th
percentile and the odds of PTB, LBW, SGA in the cohort of study. A sensitivity analysis was conducted
to evaluate consistency of the results using the PTH 75th percentile.
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3. Results

3.1. Cohort of Study

We approached 500 women for study participation, 380 of whom signed informed consent and
were enrolled in the study. After follow-up, a completed dataset from 303 women and their children
was available (20.26% lost to follow-up). A final analytical sample of 289 women fulfilled inclusion
criteria and was available for the present study Figure 1.

 

Figure 1. Flow diagram of participants.

3.2. Characteristics of Participants

The sociodemographic characteristics of participants based on vitamin D cut-off points (<20 ng/mL
or ≥20 ng/mL), are presented in Table 1 and concentrations of calcium, phosphorus and parathyroid
hormone are reported in Table 2. Results of the Kolmogorov–Smirnov test showed that maternal age,
BMI, calcium, phosphorus, and PTH concentrations were non-normally distributed across vitamin
D cut-off points. All expected numbers were higher than five in Pearson’s χ2 test for categorical
variables. Vitamin D levels were normally distributed amongst participants. Serum 25-hydroxyvitamin
D mean concentration was 22.36 ± 6.3 ng/mL. Thirty-four women had sufficient levels of vitamin D
(≥30 ng/mL) (11.76%), 150 were vitamin D insufficient (20–29.9 ng/mL) (51.9%), and the 105 remaining
women suffered vitamin D deficiency (<20 ng/mL) (36.33%). Median maternal age was 33 (29–36) years
old, whilst the median pre-pregnancy BMI was 25.1 (21.9–29.3). 52 participants were obese (18%).
With respect to the history of previous pregnancy adverse outcomes, 67 women had history of
miscarriage or stillbirth; one had history of pre-eclampsia; five had history of gestational diabetes
mellitus; and 12 women had history of preterm birth. Regarding ethnicity, three African women were
lost to follow-up, and most of the ethnic women approached did not fulfill the inclusion criteria (speak
Spanish). Therefore, all women who completed the study were Caucasian. Only obesity (pre-pregnancy
BMI ≥30), preterm birth and maternal blood parathyroid hormone concentration varied significantly
across the chosen vitamin D cut-off points (p < 0.05).
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Table 1. Characteristics of participants based on 25-hydroxyvitamin D cut-off points.

Variable
All Participants

(n = 289)
Vitamin D < 20 ng/mL

(n = 105)
Vitamin D ≥ 20 ng/mL

(n = 184)
p-Value

Age 33 (29–36) 34 (30–35.5) 32 (28–36) 0.358
Seasonality

0.159
Spring 42 (14.5%) 12 (11.4%) 30 (16.3%)

Summer 21 (7.3%) 5 (4.8%) 16 (8.7%)
Autumn 216 (74.7%) 82 (78.1%) 134 (72.83%)
Winter 10 (3.5%) 6 (5.7%) 4 (2.17%)

Smoking

0.976Yes 36 (12.5%) 13 (12.4%) 23 (12.5%)
No 253 (87.5%) 92 (87.6%) 161 (87.5%)

Obesity

0.01 *BMI ≥ 30 52 (18%) 27 (25.7%) 25 (13.59%)
BMI < 30 237 (82%) 78 (74.3%) 159 (86.41%)

Parity

0.198Nulliparity 163 (56.4%) 54 (51.4%) 75 (40.76%)
Multiparity 126 (43.6%) 51 (48.6%) 109 (59.24%)

Preterm birth 17 (5.9%) 10 (9.5%) 7(3.8%) 0.047 *
Low birth weight 24 (8.3%) 13 (12.4%) 11 (6%) 0.058

Small for gestational age 27 (9.3%) 14 (13.3%) 13 (7.1%) 0.078

BMI: body mass index. Categorical data are presented as absolute frequency (percentages), and continuous data are
presented as median (interquartile range). p-values were obtained by Pearson’s χ2 test for categorical variables and
the Mann–Whitney U test for continuous variables. * p-value < 0.05.

Table 2. Concentrations of parathyroid hormone, calcium and phosphorus based on 25-hydroxyvitamin
D cut-off points.

Metabolite
All Participants

(n = 289)
Vitamin D < 20 ng/mL

(n = 105)
Vitamin D ≥ 20 ng/mL

(n = 184)
p-Value

Parathyroid
hormone

21 (16–29.3) pg/mL 25.50 (16.6–34.6) pg/mL 19.6 (15.8–26.4) pg/mL 0.002 *

Calcium 9.2 (8.9–9.4) mg/dL 9.2 (9–9.4) mg/dL 9.2 (8.9–9.4) mg/dL 0.914
Phosphorus 3.6 (3.4–3.9) mg/dL 3.6 (3.4–3.9) mg/dL 3.6 (3.4–3.9) mg/dL 0.899

Data are presented as median (interquartile range). p-values were obtained using the Mann–Whitney U test for
continuous variables. * p-value < 0.05.

The spearman correlation test showed an inverse association between vitamin D and parathyroid
hormone concentrations (ρ = −0.146, p = 0.013). This correlation was also evident in the scatter plot in
Figure 2. On the other hand, neither calcium nor phosphorus were correlated with vitamin D in the
Spearman’s test (calcium: ρ = 0.022, p = 0.705, phosphorus: ρ = −0.024, p = 0.689).

 

Figure 2. Scatter plot of the correlation between parathyroid hormone and vitamin D. PTH: parathyroid
hormone; 25(OH)D: 25-hydroxyvtiamin D.
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3.3. Pregnancy and Perinatal Adverse Outcomes

Frequencies of pregnancy and perinatal adverse outcomes observed in the present study compared
to estimated global frequencies and estimated frequencies in the USA and Europe are described in
Table 3. One pre-eclampsia case was a twin pregnancy, thus being excluded from further analyses.
We also excluded type I and pre-gestational type II diabetes cases (four cases) when describing the
frequency of gestational diabetes mellitus in the cohort of study.

Table 3. Frequency of pregnancy and perinatal adverse outcomes compared to global and
regional frequencies.

Outcome Frequency
Estimated Global

Frequency
Estimated Frequency

in the USA
Estimated Frequency

in Europe

Preeclampsia 1.7% 4.6% (2010) [42] 3% (2010) [42] 5.3% (2010) [42]
Gestational

diabetes mellitus
5.6% 16.9% (2013) [43] 4.6–9.2% (2010) [44] 15.2% (2013) [43]

Cesarean section 21.5% 31% (2011) [45] 31.9% (2018) [46] 25.2% (2010) [47]
Preterm birth 5.9% 10.6% (2014) [5] 10.2% (2018) [46] 8.7% (2014) [5]

Low birthweight 8.3% 14.6% (2015) [48] 8.28% (2018) [46] 6.5% (2015) [48]

With the exemption of LBW, frequencies of adverse outcomes in the cohort of study were lower
than average estimated frequencies. Seventeen births were premature (<37 weeks of gestation) (5.9%)
and 24 newborns had low birth weight (<2.500 g) (8.3%). When comparing gestational age and birth
weight data with the Spanish reference percentile charts [39], we obtained a total of 27 SGA cases in
the cohort of study (birth weight < 10th percentile for their gestational age) (9.34%).

3.4. Associations of Vitamin D Deficiency, PTH, Calcium, and Phosphorus with Perinatal Adverse Outcomes

In Table 4, unadjusted and adjusted logistic regression models are presented to describe associations
between vitamin D deficiency (<20 ng/mL/<50 nmol/L), parathyroid hormone, calcium, phosphorus
continuous concentrations, and perinatal outcomes. Covariables with p-values < 0.20 in bivariate
analysis were selected for adjustment in multivariable analysis.

Table 4. Associations between Vitamin D deficiency, parathyroid hormone (PTH), calcium, phosphorus,
and adverse perinatal outcomes in the cohort of study.

Outcome
Vitamin D
Deficiency

p-Value
Parathyroid
Hormone

p-Value Calcium p-Value Phosphorus p-Value

Preterm
Birth

Unadjusted
OR

2.662
(0.982–7.217) 0.054 1.030

(1.002–1.058) 0.035 * 2.024
(0.581–7.048) 0.268 1.021

(0.630–1.652) 0.934

Adjusted
OR 1

3.529
(1.159–10.741) 0.026 * 1.027

(0.997–1.059) 0.083 1.814
(0.513–6.413) 0.355 0.764

(0.240–2.431) 0.648

Low Birth
Weight

Unadjusted
OR

2.222
(0.958–5.157) 0.063 1.019

(0.993–1.046) 0.156 1.572
(0.566–4.366) 0.386 0.738

(0.282–1.927) 0.535

Adjusted
OR 2

1.586
(0.586–4.336) 0.361 1.009

(0.977–1.041) 0.597 1.212
(0.355–4.144) 0.758 0.568

(0.189–1.711) 0.315

Small for
Gestational

Age

Unadjusted
OR

2.024
(0.912–4.488) 0.083 0.985

(0.951–1.020) 0.399 1.215
(0.488–3.022) 0.676 0.735

(0.296–1.913) 0.551

Adjusted
OR 3

1.794
(0.786–4.093) 0.165 0.978

(0.939–1.018) 0.276 1.127
(0.435–2.923) 0.805 0.699

(0.269–1.818) 0.463

Data reported as odds ratios (OR) (95%CI). 1 Adjusted for: history of PTB and pre-eclampsia. 2 Adjusted for:
maternal age, smoking habit, pre-eclampsia, and preterm birth. 3 Adjusted for: seasonality, smoking habit, and parity.
* p-value < 0.05.

Maternal first-trimester vitamin D deficiency was associated with higher odds of preterm birth in
bivariate analysis, but it was not statistically significant (OR = 2.662, 95% CI (0.982, 7.217), p = 0.054).
Only after adjusting for history of PTB and cases of pre-eclampsia, did the association become
statistically significant (OR = 3.529, 95% CI (1.159, 10.741), p = 0.026). PTH concentration and preterm
birth were weakly associated only in bivariate analysis (OR = 1.030, 95% CI (1.002, 1.058), p = 0.035).
Regarding birth weight, there was a trend towards higher odds of low birth weight amongst the
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offspring of vitamin D deficient women. However, this association was not statistically significant
neither in bivariate analysis or after adjusting for confounders (OR = 2.222, 95% CI (0.958, 5.157),
p = 0.06/aOR = 1.586, 95% CI (0.586, 4.336), p = 0.361). In the same fashion, the relationship between
vitamin D deficiency and risk of SGA was not significant neither in crude or adjusted models
(OR = 2.024, 95% CI (0.912–4.488), p = 0.083/aOR = 1.794, 95% CI (0.786–4.093), p = 0.165). We did not
observe any correlation between calcium and phosphorus concentrations with perinatal outcomes.

In Table 5, we presented the associations between vitamin D deficiency and insufficiency along
with the PTH 80th percentile and perinatal outcomes.

Table 5. Associations between combination of maternal serum 25-hydroxyvitamin D and PTH 80th
percentile and perinatal adverse outcomes.

Preterm Birth Low Birth Weight Small for GESTATIONAL Age

n (%) OR aOR 1 n (%) OR aOR 2 n (%) OR aOR 3

25[OH]D ≥ 20 ng/mL (≥50 nmol/L)

PTH > 80th
0/26
(0%) – – 0/26

0% – – 0/26
0% – –

PTH ≤ 80th
7/158

(4.4%)
0.561

(0.207–1.517)
0.581

(0.203–1.667)
11/158
(7%)

0.679
(0.294–1.571)

0.899
(0.333–2.432)

13/158
(8.2%)

0.749
(0.339–1.656)

0.857
(0.376–1.954)

25[OH]D < 20 ng/mL (<50 nmol/L)

PTH > 80th
6/31

(19.4%)
5.389

(1.837–15.812) *
6.223

(1.939–19.970) *
7/31

(19.4%)
4.135

(1.560–10.963) *
2.653

(0.766–9.188)
4/31

(12.9%)
1.514

(0.487–4.705)
1.356

[0.407–4.518]

PTH ≤ 80th
4/74

(5.4%)
0.888

(0.280–2.813)
1.057

(0.313–1.357)
6/74

(8.1%)
0.966

(0.368–2.533)
0.877

(0.268–2.868)
10/74

(13.5%)
1.820

(0.793–4.175)
1.663

(0.705–3.919)

25[OH]D ≥ 30 ng/mL (≥75 nmol/L)

PTH > 80th
0/4

(0%) – – 0/4
0% – – 0/4

0% – –

PTH ≤ 80th
2/30

(6.7%)
1.162

(0.253–5.346)
1.480

(0.310–7.065)
1/30

(3.3%)
0.354

(0.460–2.718)
0.257

(0.024–2.787)
1/30

(3.3%)
0.309

(0.040–2.363)
0.324

(0.041–2.548)

25[OH]D < 30 ng/mL (<75 nmol/L)

PTH > 80th
6/53

(11.3%)
2.611

(0.920–7.411)
2.109

(0.673–6.611)
7/53

(13.2%)
1.960

(0.769–4.998)
1.402

(0.442–4.441)
4/53

(7.5%)
0.756

(0.250–2.285)
0.713

(0.226–2.251)

PTH ≤ 80th
9/202

(4.5%)
0.460

(0.172–1.236)
0.492

(0.171–1.419)
16/202
(7.9%)

0.849
(0.349–2.066)

1.188
(0.391–3.615)

22/202
(10.9%)

2.004
(0.733–5.479)

2.202
(0.772–6.181)

Data reported as OR (95%CI). OR: odds ratios. aOR: adjusted odds ratio. 1 Adjusted for pre-eclampsia and history
of preterm birth. 2 Adjusted for maternal age, smoking habit, pre-eclampsia, and preterm birth. 3 Adjusted for
seasonality, smoking habit, and parity. * p-value < 0.05.

Overall, first-trimester vitamin D insufficiency defined as maternal blood levels of
25-hydroxyvitamin D < 30 ng/mL along with levels of PTH above the 80th percentile correlated
with prematurity, but the association was not statistically significant (OR = 2.611, 95% CI (0.92, 7.411),
p = 0.071). However, vitamin D deficiency (<20 ng/mL) during the first trimester of gestation was
strongly associated with the odds of PTB amongst women with PTH levels above the 80th percentile
(OR = 5.389, 95% CI (1.837, 15.812), p = 0.002). Furthermore, this association remained evident after
adjusting for preterm birth confounders (aOR = 6.587, 95% CI (2.049, 21.176), p = 0.002). Vitamin D
concentrations ≥ 20 ng/mL and PTH levels ≤ 80th percentile did not correlate with PTB (p > 0.05).

Low birth weight was more prevalent amongst women with vitamin D levels <20 ng/mL in
combination with PTH levels > 80th percentile (OR = 4.135, 95% CI (1.560, 10.963), p = 0.004). However,
this association was rendered statistically non-significant after adjusting for confounders (aOR = 2.653,
95% CI (0.766, 9.188), p = 0.124).

Finally, we did not find any association between SGA and vitamin D deficiency or insufficiency
along with the 80th PTH percentile neither in crude nor adjusted models. Sensitivity analyses using the
75th PTH percentile (≥29.25 pg/mL) were performed to evaluate the consistency of the results Table S1.
Overall, associations between studied outcomes and combinations of vitamin D deficiency/insufficiency
with the 75th PTH percentile were similar to those shown in the main analysis.

4. Discussion

The literature about deficiency of vitamin D and perinatal outcomes is inconsistent, and several
authors have suggested that interactions with metabolites linked to the metabolism of vitamin D could
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play an important role in the associations [24–26]. We conducted a prospective cohort study with
289 pregnant women recruited between weeks 10–12 of gestation in a hospital of Granada, Spain,
and associations between 25-hydroxyvitamin D, PTH, calcium, phosphorus, and perinatal adverse
outcomes, namely preterm birth, low birth weight and small for gestational age were evaluated.
We found a trend towards lower maternal 25-hydroxyvitamin D serum levels in the first trimester
of gestation and higher odds of preterm birth. This association was stronger amongst women with
elevated levels of PTH (>80th percentile), and it was not attenuated after adjusting for preterm
birth confounders. Although a similar association was observed for low birth weight, it was not
statistically significant after confounder adjustment. SGA was defined based on weight and weeks of
gestation at delivery from Spanish percentile charts [39] did not correlate either with vitamin D or
related metabolites.

With the exemption of low birth weight, the prevalence of pregnancy and perinatal adverse
outcomes was lower than average estimates in Europe. Preeclampsia is a strong contributor to preterm
birth [49]. The small number of preeclampsia cases could partially explain the low preterm birth cases
observed in the cohort of study.

4.1. Limitations of the Study

The present study has some limitations to be acknowledged. The prevalence of the main outcome of
the study, preterm birth, was more than 30% lower than average estimates in Europe. This could be the
cause of the lack of significance observed in the association between vitamin D deficiency and preterm
birth and might compromise extrapolation of our results to other populations. Regarding secondary
outcomes (SGA and LBW), it is possible that the lack of statistical significance of associations could be
consequence of sample size limitations given that they were not included in sample size calculations.
We did not use liquid chromatography-tandem mass spectrometry (LC-MS/MS), which is considered the
gold-standard method by most authors to analyze 25-hydroxyvitamin D. Due to equipment limitations,
we did not directly measure ionized calcium and we could not determine albumin levels thus we
were not able to estimate ionized calcium concentration which is the most active form of calcium.
Additionally, we could not measure other important bone turnover biomarkers such as alkaline
phosphatase which would be of interest when assessing associations between 25-hydroxyvitamin
D and PTH. Almost 75% of the samples were obtained during autumn, and all participants were
Caucasian. Therefore, it was not possible to adjust the results for ethnicity, and seasonality adjustment
could be inaccurate. These are important factors that can potentially influence maternal vitamin D
blood levels [22].

4.2. Deficiency of Vitamin D and Preterm Birth

Spain is a Mediterranean country with high levels of sun exposure. Despite this fact, vitamin D
deficiency is highly prevalent among Spanish pregnant women [50]. This situation is known as the
“Mediterranean paradox,” and it has been estimated that 41%–90% of all pregnant women living in
Mediterranean countries have vitamin D levels below sufficiency [51]. In line with this data, only 11.76%
of study participants had sufficient vitamin D levels (>30 ng/mL) whilst more than one-third of the
women had levels below 20 ng/mL, which implies a high prevalence of vitamin D deficiency amongst
participants. The observed ratio of vitamin D sufficiency/insufficiency is consistent with the results
obtained by Perez-Ferre et al., who conducted a prospective cohort study in 266 pregnant women
during weeks 24–28 of gestation in Madrid, Spain, finding a significant association between vitamin D
deficiency and preterm birth using the same vitamin D cut-off points, in both unadjusted and adjusted
logistic regression models (OR = 3.31, 95% CI (1.52, 7.19), p = 0.002/aOR = 3.80, 95% CI (1.32, 10.97),
p = 0.013) [31]. However, in the present study, we only observed a statistically significant association
between vitamin D deficiency (<20 ng/mL) and preterm birth after adjusting for confounders with
statistical significance in the univariate model (p < 0.20). Differences between both studies could be
attributed to our significantly smaller number of PTB cases and different sampling time. Another study
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conducted in a Spanish cohort of 2382 pregnant women could not find any association between
25-hydroxyvitamin D and perinatal outcomes, including PTB and SGA. However, almost 50% of the
participants had sufficient levels of vitamin D, which implies a low rate of vitamin D insufficiency in
comparison with average estimates [52].

Using similar study designs, several authors have explored the link between vitamin D deficiency
and prematurity in other countries yielding negative results [10,53], whilst other studies have found a
positive association [11,54]. Authors of these studies state the necessity of conducting well-designed
randomized clinical trials to further clarify this subject. However, meta-analyses of randomized clinical
trials have failed to verify an association between vitamin D supplementation and lower odds of
preterm birth [4,55]. In this sense, randomized clinical trials conducted to date not only have to face
important ethical issues but also lack relevant criteria related to nutrients studies [56]. One important
criterium that is usually overlooked is the optimization of the status of associated nutrients in order to
ensure the causality of observed associations [57].

4.3. Vitamin D Associated Metabolites and Perinatal Outcomes

Vitamin D regulates calcium and phosphorus homeostasis, and its production is controlled by
PTH [58]. Santorelli et al. measured 25-hydroxyvitamin D, PTH, and calcium in a heterogeneous
population composed of 1010 pregnant women differentiating between white and Pakistani participants.
They observed that higher calcium levels were associated with lower odds of PTB amongst white
participants, whilst vitamin D exerted a protective effect on the overall risk of SGA. However, none
of the studied metabolites were associated with SGA in white participants [17]. In the present study,
we did not observe any significant association between calcium and preterm birth in Caucasian
pregnant women. Nonetheless, due to sample limitations, we were not able to examine the impact that
ethnicity could have on the analyses.

Other authors have explored the concept of functional vitamin D deficiency in pregnancy as a
cause of calcium metabolic stress, which could ultimately lead to perinatal adverse outcomes associated
with the deficiency of this secosteroid. This concept has been applied to examine the association
between vitamin D deficiency, gestational hypertensive disorders, and fetal growth restriction [26,29].
Scholl et al. observed a higher incidence of SGA cases amongst pregnant women with PTH > 62 pg/mL
in combination with 25-hydroxyvitamin D < 20 ng/mL or calcium intakes below 60% of the estimated
average requirement (OR = 2.23, 95% CI (1.23, 4.33)) [29]. In the same line, Hemmingway et al.
found a 2.38-fold increased risk of SGA amongst pregnant women with serum 25-hydroxyvitamin
D levels < 12 ng/mL (<30 nmol/L) in combination with PTH > 80th percentile in the cohort of study
(RR = 2.38, 95% CI (1.31, 4.33)). However, this association was not statistically significant after
confounder adjustment [26]. More recently, Meng et al. prospectively measured PTH, calcium,
and 25-hydroxyvitamin D in 3407 participants in China, finding that maternal 25-hydroxyvitamin D
levels <12 ng/mL and <20 ng/mL (<50 nmol/L) along with PTH concentrations >75th percentile were
associated with increased risk of SGA and lower mean birth weight compared to vitamin D sufficient
women. This association was not attenuated in sensitivity analyses (PTH > 80th percentile) [25]. On the
other hand, Tao et al. evaluated the effect of the duration of vitamin D supplementation (400–600 IU/d)
on fetal growth, finding a direct association between more prolonged vitamin D supplementation
and higher weeks of gestation and weight at delivery independently of calcium and phosphorus
concentrations [59]. In the present study, we found a correlation between low birth weight and
vitamin D < 20 ng/mL in combination with high levels of PTH (>80th). However, this association
was not significant after adjustment for confounders, which implies that gestational age at delivery
was the main underlying factor for the association. In the same fashion, the risk of SGA was not
correlated with vitamin D or PTH in any subgroup analysis. Nonetheless, we observed that women
with PTH levels > 80th percentile and 25-hydroxyvitamin D < 20 ng/mL had more than five times
higher odds of PTB compared to the reference group, and this relationship persisted after adjusting
for confounders. These results were consistent with those obtained in the sensitivity analysis using
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the 75th PTH percentile instead Table S1. It is possible that vitamin D deficiency could exert an effect
on birth weight by influencing the length of gestation [23]. Finally, neither calcium nor phosphorus
concentrations were associated with any studied outcome.

Our results do not support the hypothesis that elevated levels of PTH in combination with vitamin
D deficiency are associated with fetal growth restriction. However, reference levels for PTH during
pregnancy are not firmly established, and SGA is defined depending on specific reference charts and,
thus, results could not be extrapolated to other populations.

5. Conclusions

In the present study, we observed that vitamin D deficiency defined as 25-hydroxyvitamin D
concentrations below 20 ng/mL, in combination with parathyroid hormone maternal levels above
the 80th percentile during the first trimester of gestation, was a better estimator of preterm birth
than the assessment of vitamin D deficiency in isolation. However, we did not observe the same
association with low birth weight after controlling for weeks of gestation or small for gestational age.
Interventional studies with vitamin D supplementation would benefit from measuring parathyroid
hormone in order to demonstrate a potential causal association between deficiency of vitamin D and
perinatal adverse outcomes.
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Abstract: Background: Metabolic syndrome (MetS) increases the risk of cardiovascular disease,
with atherogenic dyslipidemia being a major contributing factor. Methods: A systematic review
was conducted following the Preferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) statement to assess whether vitamin D supplementation (VDS) alleviates dyslipidemia in
adults with MetS. Scientific databases (PUBMED, MEDLINE, CINAHL, EMBASE, Cochrane Library,
ClinicalTrials.gov, International Clinical Trials Registry Platform) and the gray literature were searched
for randomized controlled trials of VDS, reporting on blood lipids. A narrative review, meta-analyses,
sensitivity analyses, and appraisal of the risk of bias and overall quality of evidence produced were
conducted. Results: Seven studies were included, and four were meta-analyzed. The risk of bias was
generally low, and the final quality of evidence was low or very low. VDS, whether in high or low dose,
significantly increased endline vitamin D blood levels; did not affect total, low-density, high-density
cholesterol levels, and novel lipid-related biomarkers; yet, significantly increased triglycerides (TG)
levels compared with placebo (MD: 30.67 (95%CI: 4.89–56.45) mg/dL; p = 0.02 for low-dose VDS;
and MD: 27.33 (95%CI: 2.06–52.59) mg/dL; p = 0.03 for high-dose VDS). Pertaining heterogeneity
was high (I2 = 86%; and I2 = 51%, respectively), and some included studies had significantly higher
baseline TG in the intervention arm. The sensitivity analyses revealed robust results. Conclusion:
VDS seems not to affect blood lipids in adults with MetS.

Keywords: vitamin D supplementation; metabolic syndrome; dyslipidemia; cholesterol; triglycerides;
adult; systematic review; meta-analysis

1. Introduction

Metabolic syndrome (MetS) is a conglomeration of cardiometabolic disorders that collectively
increases a person’s risk for developing type 2 diabetes mellitus (T2DM) and cardiovascular disease
(CVD) [1,2]. Over the last two decades, the number of people diagnosed with MetS has increased
considerably, encompassing 20% to 25% of the adult population and presenting an enormous public
health issue [3,4].
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The precise definition of MetS varies slightly between guidelines issued by expert groups
including the World Health Organization (WHO); the National Cholesterol Education Program
Third Adult Treatment Panel (NCEP ATP III); the International Diabetes Federation (IDF); and the
American Heart Association/National Heart, Lung, and Blood Institute [5]. Yet, the core components
of this syndrome consist of glucose intolerance, hypertension, dyslipidemia—specifically, reduced
high-density lipoprotein cholesterol (HDL-C), elevated triglycerides (TG), and central obesity [6].

Individuals with MetS are at an increased risk for CVD, with atherogenic dyslipidemia (low HDL-C
and hypertriglyceridemia) being a major underlying cause for its development [7]. Atherogenic
dyslipidemia emerges as the greatest competitor of low-density lipoprotein cholesterol (LDL-C) among
lipid risk factors for CVD [8–10]. Achieving a better understanding of this atherogenic dyslipidemia
and factors associated with it may provide clues and further insight into possible interventions that
may reduce the risk of CVD in this patient population [5,10].

Vitamin D supplementation (VDS) is among those interventions suggested to alleviate atherogenic
dyslipidemia in patients with MetS [11]. Vitamin D is a fat-soluble vitamin that has an integral role
in skeletal and immune system disorders [12], along with numerous metabolic functions, including
glucose homeostasis, insulin regulation of body weight, and a potent modifier of cardiovascular risk [13].
Vitamin D deficiency, or low levels of 25-hydroxyvitamin D, is associated with a higher risk of MetS.
Additionally, suboptimal levels of the vitamin may increase the severity of the syndrome [14,15].
Concentrations of 25-hydroxyvitamin D are lower in patients with MetS compared with those without
it [16], and the prevalence of MetS is reduced by half if individuals have high 25-hydroxyvitamin
D concentrations [17]. Specifically, vitamin D might modulate the atherogenic components of MetS.
A significant inverse relationship has been observed between higher levels of serum 25-hydroxyvitamin
D and hypertriglyceridemia, in addition to a positive association with HDL-C [18–20]. Nevertheless,
some studies report a controversial association between low levels of 25-hydroxyvitamin D and MetS
and its individual components [21,22]. Numerous randomized controlled trials (RCTs) have investigated
the effect of VDS on dyslipidemia among patients with MetS and found conflicting results [16,23,24].
Therefore, the aim of this systematic review and meta-analysis is to summarize the available evidence of
RCTs to establish the impact of VDS on dyslipidemia among adult patients with MetS.

2. Materials and Methods

2.1. Review Design

The review was conducted according to the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) statement [25] and following a predefined protocol that was registered at the
OSF registries (DOI: 10.17605/OSF.IO/XBJM8). Ethical approval was not required for the current study.

2.2. Criteria for Study Inclusion

This systematic review included randomized controlled trials (RCTs) conducted on adults with
the metabolic syndrome, including an intervention group that received supplementation with vitamin
D and a control group, where dyslipidemia was reported as an outcome.

RCTs supplementing vitamin D3 or D2 in any form to the intervention group, and a placebo or a
lower dose of vitamin D provided to the control group; investigating at least one of the dyslipidemia
components of the metabolic syndrome (Total Cholesterol (TC), LDL-C, HDL-C, or TG) measured in
the fasting state; including adult participants, as defined by the investigators—e.g., aged > 18 years at
baseline, suffering from the metabolic syndrome (irrespective of the definition adopted)—were included.
Only RCTs with a minimum duration of 4 weeks were included to ensure that the intervention had
sufficient time to produce an effect. Additionally, RCTs involving a co-intervention were included if
both arms of the study received the same co-intervention.
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Studies were excluded if they were conducted on healthy participants, or participants with chronic
or acute conditions other than the metabolic syndrome, or participants receiving medication known to
influence vitamin D metabolism.

2.3. Search Strategy

The search strategy considered two key concepts: (1) vitamin D and (2) metabolic syndrome.
For each concept, Medical Subject Headings (MeSH) and keywords were mapped. Search terms
included but were not limited to vitamin D, cholecalciferol, ergocalciferol, or calcidol, combined
with metabolic syndrome. The following databases were searched: PUBMED, MEDLINE, CINAHL,
EMBASE, the Cochrane Library, ClinicalTrials.gov, and the International Clinical Trials Registry
Platform (ICTRP) [26,27]. No language restrictions were applied to the search; however, the timeline
was limited to studies published after the year 1998—when the first definition of the metabolic
syndrome was issued by the World Health Organization [3]—until 31 July 2020. The electronic
search strategy was validated by a medical information specialist and is described in the Supplement.
Bibliographies of included RCTs and relevant reviews were also hand-searched for eligible studies.

2.4. Study Selection

Two pairs of authors screened titles and/or abstracts retrieved by the search and identified studies
that potentially meet the inclusion criteria outlined above. The two pairs then reviewed the full texts of
potentially eligible studies independently and in duplicate, and assessed them for eligibility. To ensure
the validity of the study selection process, a calibration exercise was first conducted. Disagreements
were solved through consensus or with the help of a third reviewer.

2.5. Data Extraction

Two pairs of authors extracted data from eligible studies independently and in duplicate using
a data extraction form. A calibration exercise was first conducted to ensure the validity of the data
extraction process. For all eligible records, the authors recorded characteristics of the study, details of the
population, interventions (type, form, and the dose of vitamin D in experimental groups, comparator,
and duration), outcomes assessed, as well the main findings. Serum 25OHD was converted to nmol/L,
if it was reported as ng/mL by multiplying by a factor of 2.496. Serum TC, LDL-C, HDL-C, and TG
were converted to mmol/, if they were reported as mg/dL, using the respective multiplication factors:
0.0259 for TC, LDL-C, and HDL-C, and 0.0113 for TG.

2.6. Quality Assessment

Two pairs of authors assessed independently and in duplicate the risk of bias of included RCTs
following the Cochrane criteria (sequence generation, allocation concealment, blinding of participants
and outcome assessors, incomplete outcome data, and selective outcome reporting) [28]. Each potential
source of bias was graded as low, high, or unclear risk. Disagreements were solved through consensus
or with the help of a third reviewer.

The overall quality of the evidence generated by the meta-analysis was assessed according to
the Grading of Recommendations Assessment, Development and Evaluation (GRADE) methodology
(high risk of bias, imprecision, indirectness, heterogeneity, and publication bias). The evidence was
presented using GRADE Evidence Profiles developed in the GRADEpro software [29].

2.7. Data Synthesis

When a meta-analysis was not possible, a narrative review of the findings was performed.
Meta-analyses were conducted when participants, treatments, and the outcomes were similar enough
to allow pooling. Standard meta-analyses comparing VDS with no supplementation in patients
with metabolic syndrome were performed using RevMan version 5.3 (The Cochrane Collaboration,
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The Nordic Cochrane Centre). A fixed-effects model was used when analyzing two studies and
a random-effects model when analyzing more than two studies. The results were reported on
as a weighted mean difference with 95% confidence intervals. The I2 statistic was used to assess
heterogeneity among different studies. The I2 metric ranges from 0 to 100%, with higher values
indicating greater heterogeneity. In cases of moderate to substantial heterogeneity, with I2 values
greater than 50%, the potential causes were explored and reported on, and relevant sensitivity analyses
were conducted.

3. Results

3.1. Search Results

Details of the search process are presented in Figure 1. Seven studies were included in the
systematic review. Out of the seven included studies, four yielded data that could be combined in
the meta-analysis.
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(n = 2553) 

Records excluded, with reasons (n = 2523) 
Animal study (n = 62); Not original article (n = 
1124); Not on vitamin D supplementation (n = 
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= 632); Not fasting lipids as outcome (n = 2); 

Medication interfering with vitamin D (n = 2); 
Not RCT (n = 288); RCT<4 weeks (n = 2) 
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(n = 4) 

Eligible articles identified 
through reference 

screening of included 
studies (n = 0) 

Figure 1. Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) diagram
of study selection. ICTRP: International Clinical Trials Registry Platform; RCT: Randomized
Controlled Trial.

3.2. Characteristics of Included Studies

Characteristics of included studies are given in Table 1. The studies by Makariou [30–32] were
conducted on the same sample, but reported on different outcomes in three different manuscripts.

122



Nutrients 2020, 12, 3352

Three of the studies were conducted in Greece [30–32], two in Iran [33,34], one in Thailand [33] and
one in China [34]. The number of trial participants varied from 50 to 123, and a mean age ranging
between 40 and 65 years. All of the studies were conducted on participants suffering from the MetS,
diagnosed either by the NCEP-ATP III [30–34], the IDF [35], or the joint interim statement between
several major organizations [36]. The follow-up period varied from 8 weeks [33] to 1 year [34].

In three studies, the intervention consisted of vitamin D3 supplementation with dietary
intervention [30–32], one study used vitamin D (without specifying its type) supplementation with
physical activity [35], two studies supplemented only with vitamin D3 [34,36], and one study
supplemented with vitamin D2 [33]. The average daily dose of VDS ranged from 700 IU [34] to
7142.85 IU [36], whereby four studies were supplemented with 2000 IU per day [30–32,35]. Four RCTs
were placebo-controlled [33–36], and in the other three RCTs [30–32], the comparator was dietary
intervention according to the NCEP-ATP III guidelines. Only Yin et al. [34] included a co-intervention
in the form of calcium supplementation.

As for study outcomes detailed in Table 2, TC, TG, HDL-C, and LDL-C were analyzed in four
studies [30,33,35,36]. In addition, Salekzamani et al. [36] assessed TG/HDL-C and LDL-C/HDL-C.
Yin et al. [34] analyzed TG, HDL-C, and LDL-C only. Novel lipid-related biomarkers were also
assessed in Makariou et al. [30]—i.e., apo A1 and Apo B; Makariou et al. [32]—i.e., oxidized-LDL,
oxidized-LDL/LDL, and oxidized LDL/ApoB; Makariou et al. [31]—i.e., sLDL-C and mean LDL size.

3.3. Assessment of Risk of Bias

The assessment of the risk of bias of included studies is presented in Figure 2. The quality of
the RCTs design and reporting was low in general and varied across studies. Random allocation
of participants was reported in the three studies by Makariou et al. [30–32] and in the study by
Salekzamani et al. [36], and was unclear in the other three studies [33–35]. Only Salekzamani et al. [36]
gave sufficient detail to ascertain adequate allocation concealment, while this was unclear in the other
studies [30–35]. Blinding of participants was impossible in the studies by Makariou et al. [30–32],
reflecting a high risk of bias, and was guaranteed only in the study by Salekzamani et al. [36] and
Wongwiwatthananukit et al. [33]. All trials had adequate blinding of outcome assessment, complete
outcome data, and low selective reporting bias.

3.4. Results of Included Studies

Table 2 describes the findings from the included studies. All the included studies [30–36] reported
a significant increase in vitamin D status in the intervention groups at endline. Regarding end-point
values of lipid parameters, Makariou et al. [30], Wongwiwatthananukit et al. [33], and Yin et al. [34]
found no significant differences in TC, TG, LDL-C, and HDL-C between the compared groups.
In Farag et al. [35], TG at baseline was significantly higher in the vitamin D group compared with the
other groups, and HDL-C was significantly higher in the vitamin D + physical activity group compared
with the other groups, which hindered the direct comparison between the three groups at endline.
The authors reported that endline TC was significantly lower in the vitamin D group compared with
the other groups, LDL-C was significantly lower in the vitamin D group compared with the placebo
group, and HDL-C was significantly higher in the vitamin D + physical activity group compared
with the other groups. Regarding within-group changes, there was a greater significant decrease in
TC and LDL-C in the vitamin D + physical activity group compared with the placebo group; and no
other differences in changes in TG and HDL-C between baseline and endline were noted in the three
groups [35]. Additionally, in Salekzamani et al. [36], at baseline, TG and TG/HDL-C were significantly
higher in the intervention group than the control group. At endline, the authors reported a greater
decrease in TG and TG/HDL-C in the vitamin D group compared with the C group, but did not find
significant changes in other parameters, namely TC, HDL-C, LDL-C, and LDL-C/HDL-C [36]. Similarly,
no significant changes in novel lipid-related biomarkers were noted with VDS in the two studies by
Makariou et al. [31,32].
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Figure 2. Risk of bias of included studies from consensus between a pair of raters.
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3.5. Results of the Meta-Analyses

Two of the studies by Makariou et al. [31,32] and that by Yin et al. [34] were not included in the
meta-analysis; as Makariou et al. [31,32] solely reported on novel lipid-related biomarkers, namely
oxidized LDL-C and small-density LDL-C (sdLDL-C), and the study by Yin et al. [34] was conducted
over the period of one year—a duration that is much longer than the other studies. Moreover, in the
study by Farag et al. [35], the intervention arm entailing vitamin D + physical activity was excluded
from the meta-analysis since the control arm consisted of administration of placebo only, without
physical activity. In contrast, the study by Makariou et al. [30] was included in the analysis since both
arms entailed a dietary intervention, allowing it to be canceled out.

Based on the administered daily dose equivalent of vitamin D, two sets of meta-analyses were
conducted. The first one included the studies by Makariou et al. [30], Farag et al. [35], and the I2 arm of
the study by Wongwiwatthananukit et al. [33]. The analysis consisted of comparing a low dose of VDS
versus no supplementation, namely placebo or dietary intervention. The other analysis included the
study by Salekzamani et al. [36] and the I1 arm of the study by Wongwiwatthananukit et al. [33] and
consisted of comparing a high dose of VDS versus placebo.

Forest plots for the mean difference in LDL-C, HDL-C, TC, and TG for the two sets meta-analyses
based on the daily dose equivalent of vitamin D in the intervention arms are presented in Figures 3 and 4,
respectively. The first set of meta-analyses revealed no statistically significant difference in LDL-C, HDL-C,
and TC between patients receiving low-dose VDS compared with those not receiving it. Furthermore,
the meta-analysis revealed a statistically significant increase in TG in the group receiving VDS compared with
placebo (mean difference, 30.67 (95% CI, 4.89, 56.45) mg/dL; p = 0.02). Yet, the heterogeneity of this analysis
was substantially high (I2 = 86%) (Figure 3). The final quality of evidence of all the meta-analyses was very
low (Supplement 2). Supplement 3 presents the results of the sensitivity analyses, which were based on the
exclusion of Farag et al. [35], as a source of heterogeneity. The study had inadequate randomization that
is reflected in the incomparable baseline TG of the randomized arms. Excluding this study dropped the
heterogeneity to none, yet, the sensitivity analyses did not affect the results.

 
(a) 

 
(b) 

 
(c) 

Figure 3. Cont.
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(d*) 

Figure 3. Meta-analysis of effects of low-dose VDS on LDL-C, HDL-C, TC, and TG. Mean differences for
each study are represented by squares, and 95% Confidence Intervals are represented by the lines through
the squares. The pooled mean differences are represented by diamonds. Between-study heterogeneity
was assessed with the use of the I2 statistic. VDS: Vitamin D Supplementation; LDL-C: Low-density
Lipoprotein Cholesterol; HDL-C: High-density Lipoprotein Cholesterol; TC: Total Cholesterol;
TG: Triglycerides. (a) Forest plot of mean differences in LDL-C (in mg/dL) between subjects receiving
low-dose VDS compared with those not receiving VDS. (b) Forest plot of mean differences in HDL-C
(in mg/dL) between subjects receiving low-dose VDS compared with those not receiving VDS. (c) Forest
plot of mean differences in TC (in mg/dL) between subjects receiving low-dose VDS compared with
those not receiving VDS. (d) Forest plot of mean differences in TG (in mg/dL) between subjects receiving
low-dose VDS compared with those not receiving VDS. * The study by Makariou et al. [30] was excluded
from the primary analysis since the data are reported as median and range. The median cannot be
assumed the same as the mean, and the standard deviations cannot be extrapolated from the range
since the sample size is small. In addition, the study explicitly reports on the use of median and range
when the distribution is skewed. * In the study by Farag et al. [35], TG at baseline was significantly
higher in the intervention group compared with the control group.

Similarly, the meta-analyses revealed no statistically significant difference in LDL-C, HDL-C,
and TC between patients receiving high-dose VDS compared with those receiving a placebo.
Additionally, the meta-analysis revealed a statistically significant increase in TG in the group receiving
VDS compared with placebo (mean difference, 27.33 (95% CI, 2.06, 52.59) mg/dL; p = 0.03) (Figure 4).
The heterogeneity of this analysis was also high (I2 = 51%). Similar to the first set of meta-analyses,
one of the included studies, namely that by Salekzamani et al. [36], had unequal baseline TG levels
between the randomized arms. Excluding this study and conducting a sensitivity analysis was
impossible, as this set of meta-analyses included only two studies. The final quality of evidence of
these meta-analyses was low (Supplement 2).

 
(a) 

 
(b) 

Figure 4. Cont.
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(c) 

 
(d*) 

Figure 4. Meta-analysis of effects of high-dose VDS on LDL-C, HDL-C, TC, and TG. Mean differences for
each study are represented by squares, and 95% Confidence Intervals are represented by the lines through
the squares. The pooled mean differences are represented by diamonds. Between-study heterogeneity
was assessed with the use of the I2 statistic. VDS: Vitamin D Supplementation; LDL-C: Low-density
Lipoprotein Cholesterol; HDL-C: High-density Lipoprotein Cholesterol; TC: Total Cholesterol; TG:
Triglycerides. (a) Forest plot of mean differences in LDL-C (in mg/dL) between subjects receiving a high
dose of VDS compared with those not receiving VDS. (b) Forest plot of mean differences in HDL-C
(in mg/dL) between subjects receiving a high dose of VDS compared with those not receiving VDS.
(c) Forest plot of mean differences in TC (in mg/dL) between subjects receiving a high dose of VDS
compared with those not receiving VDS. (d) Forest plot of mean differences in TG (in mg/dL) between
subjects receiving a high dose of VDS compared with those not receiving VDS. * The mean differences
of the two studies are very different and the heterogeneity is 51%. This might be due to the study by
Salekzamani et al. [36] since TG at baseline was significantly higher in the intervention group compared
with the control group.

4. Discussion

Vitamin D deficiency is a worldwide public health problem that affects all age groups [37]. It is
widespread even in sunny countries [38] and in those that have implemented a rigorous VDS strategy
for years [1,2]. The high prevalence of vitamin D deficiency is associated with various factors, including
genetics, skin pigmentation, latitude, air pollution, obesity, in addition to behavioral lifestyle factors,
such as sun avoidance, reduced outdoor activities, and use of sunscreen [39].

In parallel, MetS has recently surfaced as a major public health problem and a leading risk
factor for the progression of T2DM and CVD [8–10]. Specifically, atherogenic dyslipidemia in MetS
emerged as a key factor for CVD and a target for future interventions aiming at reducing poor patient
outcomes [7,10]. Patients with MetS were reported to have decreased 25-hydroxyvitamin D levels [40].
Accordingly, correcting vitamin D deficiency through VDS was suggested to alleviate MetS, specifically
the atherogenic dyslipidemia component of this syndrome [11]. This topic is gaining attention in the
research world and is of clinical relevance [41].

To date, the literature presents conflicting results on the effects of VDS on the dyslipidemia
component of MetS. Specifically, observational data indicate an inverse association between
hypovitaminosis D and dyslipidemia in patients with MetS [16]. However, our findings indicate
that correcting suboptimal vitamin D levels through supplementation was not effective in improving
dyslipidemia. VDS, whether as D2 or D3, in a high or low dose, for a short or long duration, although
significantly increased vitamin D blood levels, did not significantly affect TC, LDL-C, and HDL-C
levels, nor the levels of novel lipid-related biomarkers. Furthermore, VDS significantly increased
TG levels compared with placebo, although the baseline TG levels of compared arms in two of the
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included studies [35,36] were not comparable, which limits this finding. Our results are similar to
those of other reviews reporting no meaningful changes in blood lipid values secondary to VDS in
healthy, obese, or diabetic subjects [42,43].

The direct or indirect mechanisms through which vitamin D influences the lipid profile remain
unclear [44]. Since the observational and interventional studies have conflicting evidence, it has
been suggested that the association between vitamin D and metabolic disorders may be confounded
by obesity rather than being a causal relationship. Obesity reduces the detectable serum levels of
25-hydroxyvitamin D through the sequestration of vitamin D in body fat tissue or decreased skin
synthesis of vitamin D due to the limited outdoor activity and sun exposure [40,45]. Moreover, chronic
inflammatory processes, which usually present in obese patients, might decrease 25-hydroxyvitamin
D levels [46] and simultaneously affect various metabolic parameters. Accordingly, the relationship
between vitamin D deficiency and poor metabolic profile may be explained by the fact that both of
these factors are prone to cluster in obese subjects. It is thus possible that high vitamin D levels are not
the cause of good health, rather its outcome, since healthy people generally stay outdoors longer and
have better eating habits [42].

Furthermore, the dose, frequency, and duration of supplementation with vitamin D might also
explain the discouraging results of interventional studies. For instance, supplementation for a period
of three months may not be long enough to have a significant effect. The concentration of serum
vitamin D would need to be in the range 100–150 nmol/L for cardiovascular disease protection [47],
whereas the mean endline vitamin D levels in the intervention groups of the studies included in this
review fell well below this level. Furthermore, VDS should be administered on a daily basis to ensure
stable circulating concentrations for optimal functioning of the endocrine system [48]. Therefore,
short treatment durations and bolus doses of some of the included RCTs could explain the null effects.
Finally, it is also possible that vitamin D could provide benefits for cardiometabolic health through
improvement in markers other than the lipid profile, such as in endothelial function [49], or through
its effect on improving serum calcium profile early in the disease course. The latter observation is
suggested by RCTs showing improvements in lipid profile in non-lean healthy subjects with low
dietary calcium intake following vitamin D and calcium supplementation [50].

It is worthy to note that, to date, there is no consensus on the most suitable approach to correct
vitamin D deficiency, and we lack information on the form, dose, frequency, and duration of vitamin D
intervention that would be required to improve the metabolic components of MetS.

Multiple determinants may affect vitamin D status including genetic variation which could
have a clinically important impact on response to VDS treatment among different individuals with
identical doses [51,52]. For a better understanding of the regulation of vitamin D metabolism and
its relation to dyslipidemia, variants of several genes including VDR which encodes the vitamin D
receptor, DHCR7 which encodes the enzyme 7-dehydrocholesterol reductase, CYP2R1 which encodes
the hepatic enzyme 25- hydroxylase, CYP24A1 which encodes 24-hydroxylase, and GC which encodes
DBP the transporting protein for vitamin D DBP should all be considered [53]. Moreover, it is possible
that single nucleotide polymorphisms (SNPs) in genotypes could modify the optimal vitamin D status
required to reduce MetS disease outcomes [54]. Other confounding factors such as seasonal variation
(vitamin D levels rise in summer and drop in winter) and geographic latitude have an important
impact on vitamin D status and its correlation with health risk assessment [55]. Since the reviewed
RCTs have not examined the genetic predisposition, nor the seasonal effect, it could be misleading
to firmly conclude that VDS had no impact on dyslipidemia among MetS patients and hence further
investigations are still warranted.

5. Strengths and Limitations

To our knowledge, this is the first review to systematically assess the effect of VDS and its effect
on dyslipidemia, specifically in adults with MetS. The main strength of our review is that we included
only RCTs, which generally had a low risk of bias. Another strength is that we conducted this review
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according to a predefined protocol, following standard methods for reporting systematic reviews
(Moher, 2010), and using a comprehensive and sensitive search strategy with multiple databases and
gray literature. We also employed several sensitivity analyses to assess the robustness of our results,
whereby in cases of moderate to substantial heterogeneity, we explored and reported on the potential
causes. However, our findings are limited by the small number of identified studies, their small
sample sizes, and short duration. Furthermore, three of the included studies [32,35,36] started out with
significantly higher baseline lipid levels in the intervention group, which limits the results generated
by this review and pertaining meta-analyses.

6. Conclusions

Physiological mechanisms throughout epidemiological data suggest a link between vitamin D
deficiency and MetS. Yet, we report inconsistent results on the relationship between vitamin D status
and dyslipidemia in adults with MetS, mainly pointing towards a lack of effect, despite improvement
in vitamin D status. Our results should be interpreted with caution given the limited number of
included RCTs, the small sample size, and limited intervention period. It is plausible that potentially
the associations between vitamin D and cardiometabolic health are not causal; this was also suggested
regarding the link between vitamin D and a wide range of acute and other chronic health disorders [56].
Despite the fact that the positive outcome of VDS for improving dyslipidemia among patients with
MetS was weak, this does not eliminate the beneficial effect of vitamin D in this subpopulation of
patients as an anti-inflammatory hormone which mediates muscle strength and homeostasis [57].
The use of vitamin D status for clinical implications has been well established for many diseases
including CVDs [58,59]. Several mendelian randomization studies have supported the protective role
of VDS against some diseases such as MS [60]. Hence, further studies are needed before making any
solid conclusions about the vitamin D status for clinical implications for dyslipidemia in the context of
MetS. Till then, it remains crucial to achieve vitamin D sufficiency in patients with MetS.
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Abstract: Vitamin D deficiency co-exists in patients with COVID-19. At this time, dark skin color,
increased age, the presence of pre-existing illnesses and vitamin D deficiency are features of severe
COVID disease. Of these, only vitamin D deficiency is modifiable. Through its interactions with
a multitude of cells, vitamin D may have several ways to reduce the risk of acute respiratory
tract infections and COVID-19: reducing the survival and replication of viruses, reducing risk of
inflammatory cytokine production, increasing angiotensin-converting enzyme 2 concentrations,
and maintaining endothelial integrity. Fourteen observational studies offer evidence that serum
25-hydroxyvitamin D concentrations are inversely correlated with the incidence or severity of
COVID-19. The evidence to date generally satisfies Hill’s criteria for causality in a biological
system, namely, strength of association, consistency, temporality, biological gradient, plausibility (e.g.,
mechanisms), and coherence, although experimental verification is lacking. Thus, the evidence seems
strong enough that people and physicians can use or recommend vitamin D supplements to prevent
or treat COVID-19 in light of their safety and wide therapeutic window. In view of public health
policy, however, results of large-scale vitamin D randomized controlled trials are required and are
currently in progress.

Keywords: cathelicidin; COVID-19; endothelial dysfunction; IL-6; immune system; inflammation;
MMP-9; SARS-CoV-2; vitamin D; 25-hydroxyvitamin D

1. Introduction

Until the 21st century, vitamin D was primarily recognized for its role in regulating calcium and
bone health and preventing rickets [1]. In the last 20 years, however, research has shown that vitamin
D also profoundly influences immune cells and generally lowers inflammation [2,3]. Vitamin D is
a powerful epigenetic regulator, influencing more than 2500 genes [4] and impacting dozens of our
most serious health challenges, including cancer [5,6], diabetes mellitus [7], acute respiratory tract
infections [8], and autoimmune diseases such as multiple sclerosis [9].

According to the Worldometer website [10], the world had recorded 40,628,492 cases and
1,122,733 deaths from COVID-19 by 19 October 2020.

There are a number of findings regarding COVID-19 that may be related to vitamin D status.

• Seasonal dependence: it began in winter in the northern hemisphere and both case and death rates
were lowest in summer, especially in Europe, and rates began increasing again in July, August, or
September in various European countries [10]; it is thus generally inversely correlated with solar
UVB doses and vitamin D production [11,12].
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• African Americans and Hispanics have higher COVID-19 case and death rates than European
Americans [13,14], possibly due to darker skin pigmentation and lower 25-hydroxyvitamin D
[25(OH)D] concentrations [15].

• Much of the damage from COVID-19 is thought to be related to the “cytokine storm”, which is
manifested as hyperinflammation and tissue damage [16].

• The body’s immune system becomes dysregulated in severe COVID-19 [17].

This narrative review examines the evidence indicating that vitamin D could play important roles
in reducing the risk and severity of and death from infections, including COVID-19.

2. Findings Regarding Vitamin D and COVID-19

2.1. Vitamin D Deficiency Increases the Risk and Severity of COVID-19

Mainly owing to the recency and novelty of the SARS-CoV-2 virus, the evidence that vitamin D
status affects the risk of COVID-19 comes primarily from observational and ecological studies. Clinical
trials involving vitamin D supplementation and incidence of COVID-19 have not been reported to date.
Of the 48 clinical trials on vitamin D and COVID-19 listed in the Clinical Trials registry maintained by
the U.S. government [18], only four will investigate prevention, and three of those are enrolling health
care workers, a group that is highly exposed to COVID-19.

Table 1 lists the findings from observational studies regarding 25(OH)D concentration and
COVID-19 as of 15 October 2020, listed in ascending order by date first posted online. The table lists
the study parameters and findings as well as the strengths and limitations of the studies. Two of the
studies used 25(OH)D concentrations 10–14 years before the COVID-19 incidence data; the others
generally used 25(OH)D concentrations at the time of hospital admission. Many of the studies have
small numbers of COVID-19 patients. Other than the two studies with long intervals between 25(OH)D
concentrations and COVID-19, and one observational study from Austria, the studies found inverse
correlations between COVID-19 severity and/or risk of death.

Table 1. Summary of observational study findings regarding COVID-19 and 25(OH)D concentrations
posted at pubmed.gov by 27 September 2020.

Location Participants
Outcomes vs. 25(OH)D

(ng/mL)
Strengths,

Limitations
Reference

1 UK
449 C19 patients
348,598 controls
from UK Biobank

Incidence for 25(OH)D
<10 vs. >10
Univariable OR = 1.37
(1.07–1.76, p = 0.01)
Multivariable OR = 0.92
(0.71–1.21, p = 0.56)

Some confounding
variables should not be
used since they affect
25(OH)D
concentrations [19,20]
25(OH)D data were
from blood drawn
from 2006 to 2010
Participant 25(OH)D
concentrations change
over time, reducing
correlations with
disease outcomes [21]

Hastie [22]

2 Switzerland

27 patients PCR+
for SARS-CoV-2;
80 patients PCR–
1377 controls with
25(OH)D measured
in same period in
2019

Patients PCR+ had mean
25(OH)D = 11 vs. 25 for
patients PCR– (p = 0.004)
Controls had 25(OH)D =
25, not significantly
different from patients
PCR– (p = 0.08)

PCR+ is for antibodies;
may not be active
COVID-19
Small number of PCR+

D’Avolio [23]
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Table 1. Cont.

Location Participants
Outcomes vs. 25(OH)D

(ng/mL)
Strengths,

Limitations
Reference

3 UK, Newcastle
upon Tyne

92 C19, non-ITU;
42 C19, ITU
Patients were
supplemented with
vitamin D3 at doses
inversely
correlated with
baseline 25(OH)D
concentration

Non-ITU vs. ITU:
25(OH)D 19 ± 15 vs. 13
± 7 (p = 0.30) 25(OH)D
<20 vs. >20 (p = 0.02)
RR for death, 25(OH)D =
0.97 (0.42–2.23, p = 0.94)

Lack of correlation of
death with baseline
25(OH)D was likely
due to graded
supplementation with
vitamin D

Panagiotou [24]

5 Italy

42 C19 hospitalized
patients; mean age
65 ± 13 years, 88
with ARDS

!L6 for 25(OH)D >30: 80
± 40 pg/L; for 25(OH)D
<10, 240 ± 470 pg/L
After 10 days, patients
with 25(OH)D <10 had a
50% mortality vs. 5% for
25(OH)D <10 (p = 0.02)

Patients with 25(OH)D
<10 ng/mL had a mean
age of 74 ± 11 years vs.
63 ± 15 years for
patients with 25(OH)D
≥10 ng/mL

Carpagnano
[25]

6 Korea

50 C19 patients
with PCR+, 150
controls; mean age
= 52 ± 20 years

C19 vs. control:
16 (SD 8) vs. 25 (SD 13)
(p < 0.001); ≤20, 74% vs.
43% (p = 0.003); ≤10, 24%
vs. 7% (p = 0.001)

Strengths: measured B
vitamin, folate,
selenium and zinc
concentrations as well
as 25(OH)D
Weaknesses: small
number of patients;
incomplete analysis of
data for C19 outcomes

Im [26]

7 Russia

80 C19 patients
with
community-acquired
pneumonia

Severe: 25(OH)D = 12 ±
6 ng/mL; moderate to
severe: 25(OH)D = 19 ±
14 ng/mL
Death: 25(OH)D = 11 ± 6
ng/mL; discharged: 18 ±
6 ng/mL
Obesity rates: 62% for
severe, 15% for
discharged, p < 0.001

Strengths: studied the
effect of obesity
Weaknesses: small
numbers

Karonova [27]

8 Mexico 172 hospitalized
C19 patients

Mean 25(OH)D = 17 ± 7
ng/mL for hospitalized
C19 patients
Survivors: mean age =
48 ± 13 years; 25(OH)D
= 17 ± 7 ng/mL
Death: mean age = 65 ±
12 years; 25(OH)D = 14
± 6 ng/mL
(p value for difference in
25(OH)D = 0.0008)

Weaknesses: survivors
were much younger
than non-survivors
Comorbid factors not
reported

Tort [28]

9 UK

105 patients with
C19 symptoms;
70 C19 PCR+, 35
PCR–; mean age =
80 ± 10 years

PCR+: 25(OH)D = 11
(8–19);
PCR–: 25(OH)D = 21
(13–129)
(p = 0.0008)
Comorbid diseases were
not significantly
correlated with ≤12 vs.
>12;

PCR+ is for antibodies;
may not be active
COVID-19

Baktash [29]
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Table 1. Cont.

Location Participants
Outcomes vs. 25(OH)D

(ng/mL)
Strengths,

Limitations
Reference

10 UK

656 C19, 203 died
from C19; 340,824
controls from UK
Biobank

Incidence for 25(OH)D
<10 vs. >10
Univariable OR = 1.56
(1.28–1.90, p < 0.0001)
Multivariable OR = 1.10
(0.88–1.37, p = 0.40)
Death for 25(OH)D <10
ng/mL vs. >10 ng/mL
Univariable OR = 1.61
(1.14–2.27, p = 0.0007)
Multivariable OR = 1.21
(0.83–1.76, p = 0.31)

Same comments as for
earlier UK Biobank
study

Hastie [30]

11 Germany 185 C19; median
age = 60 years

Multivariable HR for
death for 25(OH)D <12:
IMV/D, 6.1 (2.8–13.4, p <
0.001);
D, 14.7 (4.2–52.2, p <
0.001)

Strengths: HR adjusted
for age, gender, and
comorbidities
Weaknesses: Small
number of IMV and
deaths

Radujkovic [31]

12 Austria

109 C19
hospitalized
patients; mean age
= 58 ± 14 years

Mild: 26 ± 12
Moderate: 22 ± 8
Severe: 20 ± 10
(p = 0.12)
PTH increased
significantly with age (p
= 0.001)

The vitamin D finding
may have been limited
owing to the high
mean 25(OH)D
concentrations
Mild C19 patients had
mean age = 46 ± 16
years; moderate and
severe patients has
mean age = 60 ± 13
years
PTH increases with
age [32]

Pizzini [33]

13 Spain

80 emergency
department
patients with a
PCR+ test within
the past three
months;
retrospective study

49 non-severe C19,
25(OH)D = 19 ng/mL; 31
severe C19, 25(OH)D =
13 ng/mL (p = 0.15)
For patients under 65
years, 30 non-severe C19,
25(OH)D = 22 (11–31)
ng/mL; 10 severe C19,
25(OH)D = 11 (9–12)
ng/mL (p = 0.009)
Multivariable OR for
severe C19 for 25(OH)D
<20 ng/mL = 3.2 (95% CI,
0.9 to 11.4, p = 0.07)

Weaknesses: small
study;
prevalence of
advanced chronic
kidney disease was
higher in severe than
non-severe cases (45%
vs. 24%, p = 0.054)

Macaya [34]

14 China 62 C19 patients, 80
healthy controls

age, 25(OH)D:
controls: 43 years, 29
(23–33) ng/mL;
mild/moderate C19:
39 (30–49) years, 23
(18–27) ng/mL;
severe/critical C19:
65 (54–69) years, 15
(13–20) ng/mL
Multivariate OR for
severe/critical C19 for
25(OH)D <20 ng/mL =
15 (1.2 to 187, p = 0.03)

Strengths: many
factors measured
Weaknesses: the
severe/critical patients
were much older than
mild/moderate
patients and controls

Ye [35]

Abbreviations: ARDS, acute respiratory distress syndrome; C19, COVID-19 patients; D, death; HR, hazard ratio;
IMV, invasive mechanical ventilation; ITU, intensive treatment unit; OR, odds ratio; PCR, polymerase chain reaction;
PTH, parathyroid hormone; RR, relative risk; SD, standard deviation.

The study from Newcastle upon Tyne, UK, supplemented patients with vitamin D3 depending on
their baseline 25(OH)D concentration [24]. Those with 25(OH)D concentration <5 ng/mL were given
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300,000 IU vitamin D3 followed by 1600 IU/d. Those with 25(OH)D between 5 and 10 ng/mL were
given 200,000 IU vitamin D followed by 800 IU/d. Those with 25(OH)D between 10 and 16 ng/mL were
given 100,000 IU vitamin D followed by 800 IU/d. Those with 25(OH)D between 16–30 ng/mL were
given 800 IU/d, while those with 25(OH)D >30 ng/mL were not given vitamin D. Probably as a result,
baseline 25(OH)D concentrations were not associated with mortality (p = 0.94).

Table 2 presents data on SARS-CoV-2 positivity for large populations independent of whether the
participants had symptomatic COVID-19.

Table 2. Summary of observational study findings regarding SARS-CoV-2 positivity in general
populations and 25(OH)D concentrations by date of first publication up to October 15, 2020.

Location Participants
Outcomes vs. 25(OH)D

(ng/mL)
Strengths,

Limitations
Reference

1 Israel

Data from a
hospital in Tel Aviv
involving patients
who had previous
25(OH)D
measurements and
were tested for
SARS-CoV-2 using
PCR
782 patients PCR+
7025 patients PCR–

Univariate: 20–29 vs.
>30: OR = 1.59
(1.24–2.02, p = 0.005);
<20 vs. >30, OR = 1.58
(1.13–2.09, p = 0.0002).
Multivariate: <30 vs.
>30, OR = 1.50
(1.13–1.98, p = 0.001)

Strengths: large
number of participants.
Weakness: PCR+ is not
COVID-19.

Merzon [36]

2 US

489 C19 patients,
PCR+; mean age =
49 ± 18 years with
25(OH)D
concentrations
were from
preceding 12
months

124 <20 vs. 287 >20,
RR = 1.77 (1.12–2.81,
p = 0.02)

Strengths: this is a
retrospective study in
which serum 25(OH)D
concentrations and
vitamin D
supplementation
history were obtained
during the preceding
12 months.

Meltzer [37]

3 US

191,779 patients
tested for 25(OH)D
and SARS-CoV-2
positivity during
the past year
by Quest
Diagnostics

SARS-CoV-2 positivity
for 25(OH)D <20 =
12.5% (95% CI,
12.2–12.8%); positivity
for 25(OH)D >55 = 5.9%
(95% CI, 5.5–6.4%).
For 25(OH)D <20,
SARS-CoV-2 positivity
rates were: black
non-Hispanic, 19%;
Hispanic, 16%; white
non-Hispanic, 9%

Strengths: large
number of participants
and is a retrospective
study. 25(OH)D
concentrations were
seasonally adjusted.
Weaknesses:
SARS-CoV-2 positivity
is a precursor to
COVID-19, but many
with positivity do not
develop COVID-19.
There may be bias in
who was tested since
the tests were ordered
by physicians.

Kaufman[38]

The study from Israel reported that 25(OH)D concentration inversely correlated with COVID-19
in both univariate and multivariate regression analyses except for multivariate hospitalization of
patients [36]. For hospitalization of patients, the only significant factor in the multivariate hospitalization
was age 50 years and older, implying that vitamin D status becomes less important with age. Yet, the
study from the UK with patients of mean age 80 ± 10 years reported that 25(OH)D concentration was
significantly lower for COVID-19 PCR+ patients than COVID-19 PCR– patients [29].

The observational study from the U.S. based on test data from Quest Diagnostics (Secaucus, NJ,
USA) [38] is the largest observational study to date, with data for 191,779 patients with a mean age of
50 years (interquartile range, 40–65 years) tested for SARS-CoV-2 between 9 March and 19 June with
25(OH)D tests in the preceding 12 months at Quest Diagnostics. The study reported the following
rates of SARS-CoV-2 positivity vs. 25(OH)D concentration: 39,120 patients <20 ng/mL, 12.5% (95% CI,
12.2–12.8%); 27,870 patients, 30–34 ng/mL, 8.1% (7.8–8.4%); 12,321 patients, >55 ng/mL, 5.9% (5.5–6.4%).
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The finding that the SARS-CoV-2-positive rate in the U.S. varied from 6.5% for 25(OH)D
concentration between 40 and 50 ng/mL to approximately 11.3% for 25(OH)D = 20 ng/mL may
be due to the effect of vitamin D in reducing survival and replication of the virus by induction of
cathelicidin and defensins as well as by increasing concentrations of free ACE2 [39], thereby preventing
SARS-CoV-2 from entering cells via the ACE2 receptor [39]. The regression fit to all the data indicates
that SARS-CoV-2 positivity is 40% lower for 25(OH)D >50 ng/mL than for 20 ng/mL, the value
recommended by the Institute of Medicine [40,41]. The SARS-CoV-2-adjusted OR (aOR) for northern
(>40◦) vs. southern (<32◦) was 2.66 (95% CI, 2.54–2.79), whereas that for central (32◦–40◦) vs. southern
was 1.22 (1.16–1.38).

Regarding the higher rates in the northern states, a genetic variation was evident in SARS-CoV-2
from the original spike protein amino acid D614 form in China to the D614G mutated form it took
in Europe [42]. (The Spike D614GF amino acid change is caused by an A-to-G nucleotide mutation
at position 23,403 in the Wuhan reference strain.) The D614G form has greater transmission and
was introduced to New York by people returning from Europe. Thus, that genetic change probably
accounts for some of the higher SARS-CoV-2 positivity rate in the north. However, the shape of the
25(OH)D positivity rate is similar for all three latitude regions.

As for race/ethnic differences, African Americans have increased rates of social determinants
predisposing them to COVID-19, such as lower income, education, and employment as well as higher
rates of existing conditions such as diabetes, hypertension, cardiovascular disease, obesity, and lung
disease [43]. Those factors may help explain why black people and Hispanic people have 7% and
4% higher SARS-CoV-2 positivity rates, respectively, than white people at 30 ng/mL. Nonetheless,
the SARS-CoV-2 positive rate spread was much higher for black and Hispanic people than for white
people near 20 ng/mL (18%, 16%, and 9%, respectively) than near 60 ng/mL (11%, 9%, and 5%,
respectively), suggesting that vitamin D status plays a role in the increased COVID-19 rate for black
and Hispanic people.

It can be argued that the association of low serum 25(OH)D concentrations with various diseases
is due to “reverse causation”, i.e., that the disease state lowers the concentrations in proportion to
the severity of the disease. That argument was made to explain why randomized controlled trials
(RCTs) with vitamin D supplementation often fail to support observational studies reporting inverse
correlations between 25(OH)D concentration and disease risk [44,45]. There are several counters to
that argument.

One is that many vitamin D RCTs did not enroll participants with low 25(OH)D concentrations
and did not supplement with sufficient vitamin D to produce a significant change in health outcome.
Robert Heaney pointed out that vitamin D RCTs should be guided by serum 25(OH)D concentrations,
not vitamin D dose [46] (see also, [47]). In addition, more recent RCTs have found that vitamin D
supplementation can reduce risk of some of the non-skeletal health disorders considered by Autier in
2017: cancer incidence and death according to secondary analyses [48], cancer mortality rate [49] and
progression from prediabetes to diabetes in the secondary analyses [7].

A second argument is that the 25(OH)D concentrations used in prospective observational studies
are obtained from blood drawn prior to the disease outcomes of interest. Only three observational
studies listed in Table 1 were prospective studies with less than one year lag between blood draw and
COVID-19 or SARS-CoV-2 positivity [36–38].

A counter argument is that there is evidence that an acute-inflammatory disease state lowers
25(OH)D concentrations. A systematic review summarized results from eight studies reported between
1992 and 2013 regarding changes in 25(OH)D concentrations after acute inflammatory insult [50].
Four studies involved surgery. One involving 19 patients undergoing cardiopulmonary bypass
reported an 8 ng/mL drop in five minutes with return to near baseline after 24 h [51]. Three involving
knee or knee/hip arthroplasty or orthopedic surgery reported two-day decreases of 7 ng/mL [52],
4 ng/mL [53] and 1 ng/mL for males, 3 ng/mL for females [54]. There was no significant change for
malarial infection [55] and a one ng/mL decrease for acute pancreatitis [56]. The largest decease was

144



Nutrients 2020, 12, 3361

15 ng/mL after three days for an injection of bisphosphonate [57]. The nearest outcome to COVID-19
was malaria infection, for which no change was found. Thus, from these studies, it is unclear whether
acute inflammation not associated with surgery results in reduction in 25(OH)D.

2.2. Vitamin D and Treatment of COVID-10

A study by Ohaegbulam and colleagues involved four COVID-19+ patients in New York [58].
Two, a male aged 41 years and a female aged 57 years, were given five daily 50,000 IU vitamin D2

doses, whereas another two, males aged 53 and 74 years, were given five daily 1000 IU vitamin D3

doses. Baseline 25(OH)D concentration was between 17 and 22 ng/mL, whereas achieved 25(OH)D
was 40 and 51 ng/mL for patients treated with high-dose vitamin D and 19 and 20 ng/mL for those
treated with standard-dose vitamin D.

Biomarkers of inflammation were significantly reduced with high-dose treatment: CRP went
from 31 to 2 mg/dL and from 17 to 8 mg/dL, compared with 13 to 22 mg/dL and 21 to 18 mg/dL for
low-dose treatment; IL-6 went from 14 and 10 pg/mL to <5 pg/mL for high-dose treatment and from
<5 and 6 pg/mL to <5 and 11 pg/mL for low-dose treatment.

The length of stay was 10 days for the high-dose patients and 13 and 14 days for the low-dose
patients. The oxygen requirement went from zero and 15 L to zero for the high-dose patients and from
2 and 3 L to 2 and 7 L for the low-dose patients. The strengths of this study include that high-dose
vitamin D3 supplementation was used and that baseline and post-supplementation values for many
parameters were measured. The main limitation was that only two patients were supplemented with
high-dose vitamin D3.

The results of pilot RCT of treatment of COVID-19 patients in Spain with calcifediol were
announced on August 29 [59]. (Calcifediol [25(OH)D] is often used in Spain. It raises serum 25(OH)D
concentration more quickly but does not last as long in the serum as a result of its lower lipophilia [60].)
The mean age of the patients was 53 ± 10 years. None of the prognostic factors evaluated except
previous high blood pressure [15 (58%) without treatment vs. 11 (24%) with treatment] significantly
affected the outcome. In this study, 50 patients were given soft capsules of 0.532 mg of calcifediol on
the day of admission, then 0.266 ng on day 3 and 7, and then weekly until discharge or admission
to the intensive care unit (ICU). Thus, those in the treatment arm received approximately 130,000 IU
of vitamin D during the first week, then approximately 33,000 IU/week thereafter. Serum 25(OH)D
concentrations were not measured, but the calcifediol dose in the treatment arm was high enough to
raise 25(OH)D concentration by approximately 20 ng/mL.

Forty-nine of the calcifediol-treated patients did not require the ICU, whereas 13 of the 26 not
receiving that treatment did require the ICU. In addition, two of the patients admitted to the ICU died.
The odds ratio (OR) for ICU in treated vs. control patients was 0.02 (95% CI, 0.002 to 0.17), which
increased slightly when adjusted for hypertension and type 2 diabetes mellitus [OR = 0.03 (95% CI,
0.003 to 0.25)]. A meta-analysis of 34 studies found that hypertension was a significant risk factor
for several or fatal COVID-19 compared to non-severe/non-fatal COVID-19: OR = 3.2 (95% CI 2.5 to
4.1) [61]. Thus, prevalence of hypertension should have been considered when dividing patients into
treatment and control groups. The results of this study cannot be used for policy decisions. The main
value of this study is that it is a pilot study for a study involving 1000 COVID-19 patients.

A “quasi-experimental study” of bolus vitamin D supplementation of residents in a French nursing
home was conducted preceding and during a COVID-19 outbreak in the nursing home [62]. Residents
were normally given a bolus dose of 80,000 IU vitamin D3 every two to three months. COVID-19
affected many of the residents starting in March 2020.

Fifty seven of the residents, who had received 80,000 IU vitamin D3 in the preceding month,
were included in the “intervention group” while nine who had not were included in the “comparator
group”. The mean age of the residents was 87 ± 9 years. The mean follow-up time was 36 ± 7 days.
Forty-seven (83%) of the intervention group survived compared to only four (44%) of the comparator
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group (p = 0.02). The fully adjusted HR for mortality according to vitamin D supplementation was 0.11
(95% CI, 0.03 to 0.48, p = 0.003).

A clinical trial was conducted regarding bolus vitamin D dose (100,000 IU vitamin D3)
supplementation involving 30 older (71 ± 6 years) and ten younger (38 ± 8 years) subjects and
ten older controls (71 ± 10 years) [63]. Baseline 25(OH)D was 27 ± 8 ng/mL, rising to 42 ± 9 ng/mL
within six days, then falling in a linear fashion to 32 ng/mL after 70 days. Thus, bolus vitamin D3

supplementation monthly would be appropriate for nursing-home residents.

2.3. Vitamin D Helps Immune Cells Produce Antimicrobial Peptides

Many studies have shown that vitamin D activates immune cells to produce AMPs, which include
molecules known as cathelicidins and defensins [64–67]. AMPs have a broad spectrum of activity, not
only antimicrobial but also antiviral, and can inactivate the influenza virus [68]. The antiviral effects of
AMPs are the result of, among other effects, the destruction of envelope proteins by cathelicidin [69–71].
See Figure 1.

 
Figure 1. The cascade of events by the innate immune system in response to viral infections. Among
the functions of AMPs (antimicrobial peptides) is chemotaxis, the movement of cells in response
to a chemical stimulus, here macrophages, mast cells, monocytes, and neutrophils. Other effects
include activation of the innate immune system, effects on angiogenesis, antiendotoxin activity, and
opsonization (the molecular mechanism whereby pathogenic molecules, microbes, or apoptotic cells
(antigenic substances) are connected to antibodies, complement, or other proteins to attach to the cell
surface receptors on phagocytes and NK cells). LMS (lipopolysaccharide)

Cathelicidins are a distinct class of proteins present in innate immunity of mammals. In humans,
the primary form of cathelicidin is known as LL-37 [72]. LL-37 also blocks viral entry into the cell
similarly to what is seen with other antimicrobial peptides [73].

2.4. Vitamin D Reduces Inflammatory Cytokine Production

Elevated inflammation is an important risk factor for COVID-19 [16]. For example, much of
the pathogenesis surrounding COVID-19 infection involves microvascular injury induced by
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hypercytokinemia, namely, by an important inflammatory cytokine—interleukin 6 (IL-6) [74,75].
Thus, it is useful to examine the role of vitamin D in reducing inflammation.

A number of reviews have suggested that one of the hallmarks of COVID-19 severity is the
presence of a “cytokine storm” [76–79]. The “cytokine storm” is defined as the state of out-of-control
release of a variety of inflammatory cytokines [79]. Observational studies, however, have found that
cytokine concentrations are elevated in COVID-19 patients compared to controls, but not as high as in
some other diseases.

A study in the Netherlands compared cytokine levels in critically ill patients [80]. The study
involved 46 COVID-19 patients, 51 with septic shock with acute respiratory tract syndrome (ARDS),
15 with septic shock without ARDS, 30 with out-of-hospital cardiac arrest (OHCA), and 62 with trauma.
Levels of (TNFα) for COVID-19 patients were lower than for septic shock patients but higher than for
OHCA or trauma patients. Levels of IL-6 and IL-8 for COVID-19 patients were lower than for septic
shock patients but comparable with those for OHCA and trauma patients.

A recent review examined whether IL-6 concentrations might affect the outcome of COVID-19 [75].
The evidence presented included age-stratified IL-6 concentrations from a healthy Italian population
were highly correlated with age-stratified Italian COVID-19 deaths, which in turn were highly correlated
with age-stratified COVID-19 death rates in the UK. The researchers also cited trials of vitamin D
supplementation and its effect on IL-6 concentrations, of which eight of 11 showed a significant lowering
of IL-6. People for whom a significant lowering was not found were healthy older adults, asthma
patients, and prediabetic adults. That reviewshowed how IL-6 increases the severity of COVID-19
by upregulating angiotensin-converting enzyme 2 (ACE2) receptors and induction of macrophage
cathepsin L. Cathepsin L mediates the cleavage of the S1 subunit of the coronavirus surface spike
glycoprotein. That cleavage is necessary for coronavirus entry into human host cells, virus–host cell
endosome membrane fusion, and viral RNA release for the next round of replication [81].

A study from Ireland investigated cytokine concentrations of healthy controls, stable
COVID-19 patients, ICU COVID-19 patients, and ICU community-acquired pneumonia patients [75].
ICU-COVID-19 patients had the highest concentrations of IL-1β, IL-6, IL-6 to IL-10 ratio, and tumor
necrosis factor receptor superfamily member 1A (TNFR1). Stable COVID-19 patients had concentrations
that were between the levels noted for healthy controls and those of ICU COVID-19 patients for all of the
cytokines. ICU-community-acquired pneumonia patients had inflammatory cytokine concentrations
between stable and ICU COVID-19 patients but higher IL-10 concentrations.

A study of COVID-19 hyperinflammation (COV-HI) was conducted on 269 polymerase
chain reaction (PCR)-confirmed COVID-19 patients admitted to two UK hospitals in March [82].
Hyperinflammation was defined as CRP concentration greater than 150 mg/L or doubling within 24 h
from greater than 50 mg/L, or a ferritin concentration greater than 1500 μg/L. Ninety (33%) of the
patients met the criteria for COV-HI at admission. Forty percent of COV-HI patients died compared to
26% of the non-COV-HI patients. Meeting the COV-HI criteria was significantly associated with risk of
next-day escalation of respiratory support or death (hazard ratio = 2.24 (95% CI, 1.62 to 2.87)).

Another study developed a more extensive set of criteria for COV-HI [83]. The criteria included
elevated temperature, macrophage activation (elevated ferritin), haemotological dysfunction related to
neutrophils and lymphocytes, coagulopathy (elevated D-dimer), hepatic injury (elevated lactate
dehydrogenase or aspartate aminotransferase concentration), and cytokinaemia (elevated IL-6,
triglyceride, or CRP concentration). It is not clear whether vitamin D supplementation could affect any
of these factors other than cytokinaemia.

Other papers have noted that concentrations of many cytokines are elevated in COVID-19
patients [75,84,85].

There are several reasons why the cytokine storm is associated with severe COVID-19 and
death [86,87]. As outlined in the review by Hojyo [86], the hypothesis that the main cause of death of
COVID-19 is ARDS with cytokine storms can be explained by at least two reasons. One is intravascular
coagulation as an important cause of multiorgan injury, which is mainly mediated by inflammatory
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cytokines such as IL-6 [88]. The other is that the SARS-CoV-2 virus affects endothelial cells, causing
further cell death, which leads to vascular leakage and induces a cytopathic effect on airway epithelial
cells [89].

2.5. Type II Pneumocytes and Surfactants in the Lungs

The type II pneumocytes in the lung are the primary target for coronaviruses because the ACE2
receptors to which the virus binds are highly expressed on those cells. One problem with COVID-19 is
that it impairs the function of type II pneumocytes, which then decreases the surfactant concentration in
the alveolar–air interface [90]. That is important because surfactant prevents the collapse of the alveoli.

Surfactant allows alveoli to stay open and compliant during both inhalation and exhalation.
During inhalation, alveoli may collapse if they do not contain surfactant. If they collapse, gas exchange
across the alveoli wall cannot occur. Without surfactant, each breath taken is like blowing up a collapsed
balloon and then letting the air out of that balloon (lungs) and then doing it all over again with the
next breath cycle. Simply put, having enough surfactant is necessary for alveoli to stay open and gas
exchange to occur. Another aspect of surfactant is its protein A (SP-A), which binds to influenza A
viruses via its sialic acid residues and thereby neutralizes the virus [91]. Surfactant protein D clears
influenza A from the lungs of mice [92]. There is some evidence that 1α,25(OH)2D increases surfactant
production [93]. Such activity can be generalized to other viruses.

2.6. Vitamin D, Angiotensin II, and ACE2 Receptors

Angiotensin-converting enzyme (ACE) is part of the renin–angiotensin system (RAS), which
controls blood pressure by regulating the volume of bodily fluids. Angiotensin-converting enzyme 1
(ACE1) converts the hormone angiotensin I to the active vasoconstrictor angiotensin II [94]. Angiotensin
II is a natural peptide hormone best known for increasing blood pressure through stimulating
aldosterone [95] ACE2 normally consumes angiotensin I, thereby lowering its concentrations. However,
SARS-CoV-2 infection downregulates ACE2, leading to excessive accumulation of angiotensin II.

Cell cultures of human alveolar type II cells with vitamin D have shown that the SARS-CoV-2
virus interacts with the ACE2 receptor expressed on the surface of lung epithelial cells. Once the virus
binds to the ACE2 receptor, it reduces its activity and, in turn, promotes ACE1 activity, forming more
angiotensin II, which increases the severity of COVID-19 [96,97]. That effect may also be related to the
vitamin D binding protein [98].

The vitamin D metabolite calcitriol increases expression of ACE2 in the lungs of experimental
animals [99]. (Calcitriol has also been found to increase ACE2 protein expression in rat microglia BV2
cells [100].) The additional ACE2 expressed as a consequence of vitamin D supplementation might
reduce lung injury [101] because it can promote binding of the virus to the pulmonary epithelium.
As mentioned, calcitriol also induces α-1-antitrypsin synthesis, which is vital for lung integrity and
repair, by CD4+ T cells, which is required for the increased production of anti-inflammatory IL-10.
Calcitriol should not be used to treat COVID-19 given the risk of hypercalcemia; however, vitamin
D supplementation increases calcitriol concentrations [102] through its regulated conversion in the
proximal tubules of the kidney and in extrarenal cells at the nuclear membrane.

High concentrations of angiotensin II may cause ARDS or cardiopulmonary injury. Renin,
by contrast, is a proteolytic enzyme and a positive regulator of angiotensin II. Vitamin D is a potent
inhibitor of renin. Vitamin D supplementation prevents angiotensin II accumulation and decreases
proinflammatory activity of angiotensin II by suppressing the release of renin in patients infected with
COVID, thus reducing the risk of ARDS, myocarditis, or cardiac injury [103].

Although vitamin D increases expression of ACE2, which promotes the binding of the virus,
it prevents the constriction response of the lung blood vessel in COVID-19, as illustrated in Figure 2 [104]
(permission to reuse granted by copyright holder). ARDS is also due to a variety of mechanisms,
including cytokine storm, neutrophil activation, and increased (micro)coagulation, and it is likely
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that vitamin D supplementation would counter those mechanisms [105]. ARDS is responsible for
approximately 70% of fatal COVID-19 cases [106].

Figure 2. The role of vitamin D regarding ACE in response to SARS-CoV-2. ACE: angiotensin-converting
enzyme.

2.7. Reduces Risk of Endothelial Dysfunction

Jun Zhang and colleagues outlined how endothelial dysfunction (ED) contributes to
COVID-19-associated vascular inflammation and coagulopathy, two hallmarks of severe
COVID-19 [107]. Four stages of ED were identified that contribute to inflammation and coagulopathy.
Stage 1 is Type I endothelial cell (EC) activation after infection by SARS-CoV-2 entering through the
ACE2 receptor. That results in the loss of anticoagulant molecules. Stage 2 is Type II EC activation which
leads to the de novo synthesis of procoagulant molecules. Stage 3 is endothelial apoptosis involving
endothelial detachment and denudation of basement membrane. Stage 4 is endothelial necrosis.

A number of papers have discussed how vitamin D can reduce risk of ED. In a second review,
Zhang and colleagues notes that vitamin D likely protects against ED by reducing oxidative stress and
NF-κB activation [108,109]. A recent review outlined how vitamin D maintains endothelial function by
reducing the production of reactive oxygen species as well as reducing proinflammatory mediators
such as TNF-α and IL-6 and suppressing the NF-κB pathway [110]. A laboratory study involving mice
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as well as type II alveolar epithelial cells found that vitamin D attenuated lung injury by stimulating
type II alveolar epithelial cell proliferation and migration, reducing epithelial cell apoptosis and
inhibiting TGF-β-induced epithelial mesenchymal transition [111].

2.8. Matrix Metalloproteinase 9

Matrix metalloproteinase-9 (MMP-9) is a member of the family of proteases that degrade
extracellular matrix remodeling proteins. MMP-9 has been widely studied in acute lung injury
and acute lung disease [112]. A study in Norway investigated correlations between respiratory failure
and MMP-9 in 21 COVID-19 patients with respiratory failure in comparison with seven COVID-19
patients without respiratory failure [113].

Respiratory failure was defined as arterial partial pressure of oxygen to fraction of inspired oxygen
ratio (P/F ratio) <40 kPa (300 mmHg), corresponding to the threshold in ARDS. The researchers found a
significant inverse correlation of the P/F ratio with respect to the log10 (MMP-9) as well as significantly
higher MMP-9 concentrations for P/F below the threshold than above it. In a study of 171 healthy
British Bangladeshi adults, vitamin D status was the sole determinant of circulating MMP-9 (inversely)
and an independent determinant of CRP (inversely) [114].

A search of pubmed.gov for articles regarding vitamin D, MMP-9 and infections did not
find any related to viral infections, but did find some regarding bacterial infections. A laboratory
study in the UK found that Mycobacterium tuberculosis induced the production of MMP-1, MMP-7,
and MMP-10 [115]. MMP-9 gene expression, secretion and activity were significantly inhibited by
1α,25(OH)2D3 irrespective of infection.

2.9. RAS-Mediated Bradykinin Storm

Several recent publications looked at the role of bradykinin (BK) in the progression of COVID-19.
Jacobson used the Summit supercomputer at Oak Ridge National Lab in Tennessee is the second fastest
supercomputer in the world and in the summer of 2020 analyzed data on more than 40,000 genes
from 17,000 samples from COVID-19 patients [116]. The analysis revealed that SARS-CoV-2 actively
upregulates ACE2 receptors in places where they’re typically expressed at low levels, including
the lungs.

Additionally, an imbalance in RAS was also found, represented by decreased ACE in combination
with increases in ACE2, renin, angiotensin, key RAS receptors, kininogen and many kallikrein enzymes
that activate it, and both BK receptors, which produces a BK storm [116]. Since BK dilates blood vessels
and increases permeability, excessive BK leads to fluid to soft tissue fluid accumulation. This leads to
several adverse effects seen in COVID-19 patients, including on the heart, vascular system, pulmonary
system, brain, and muscles [116]. The authors suggested that vitamin D could reduce the risk of the
BK storm through several mechanisms including regulation of RAS.

Renin is the enzyme that catalyzes the first step in the activation pathway of angiotensinogen
by cleaving angiotensinogen to form angiotensin I, which is then converted to angiotensin II by
angiotensin I converting enzyme. In the COVID samples Jacobson analyzed renin levels were increased
380-fold compared to controls. Vitamin D is a negative endocrine RAS modulator and inhibits renin
expression and generation [40] and it appears likely that vitamin D deficiency amelioration would
limit the COVID-19 BK storm. However, further investigation is needed to evaluate the role of vitamin
D in this context

2.10. Summary: How Vitamin D Might Reduce Risk, Severity, and Death from COVID-19

Many reviews consider the ways in which vitamin D reduces the risk of viral
infections [8,15,76,117–125]. Vitamin D probably reduces the risk of viral respiratory infections because
it influences several immune pathways [126].

Vitamin D appears to decrease the risk of respiratory tract infections, including COVID-19, through
six potential mechanisms:
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• Inactivates some viruses by stimulating antiviral mechanisms such as antimicrobial peptides,
as discussed in Section 2.3.

• Reduces proinflammatory cytokines through modulating the immune system, as discussed in
Section 2.4.

• Increases ACE2 concentrations and reduces risk of death from ensuing ARDS, as discussed in
Section 2.5.

• Reduces risk of endothelial dysfunction, as discussed in Section 2.7.
• Reduces MMP-9 concentrations, as discussed in Section 2.8.
• Reduces risk of the bradykinin storm, as discussed in Section 2.9.

However, much further research is required to confirm the mechanisms by which vitamin D
reduces the risk and severity of COVID-19.

2.11. Vitamin D Seasonality and COVID-19

Since epidemic influenza rates are higher in winter than in summer [127], it was expected that
COVID-19 would also exhibit a seasonal dependence. Two recent papers provide evidence on monthly
and seasonal variation of viral infections. One in 2019 performed a systematic analysis of global
patterns in monthly activity of influenza virus, respiratory syncytial virus, parainfluenza virus and
metapneumovirus [128].

The second one, published in 2020, did the same for the global seasonality of human seasonal
coronaviruses [129]. For nearly all of these viruses, infection rates in northern mid and high latitudes
are highest from November through March. They examined correlations of meteorological conditions
with coronavirus infections, finding the highest correlation with low temperature combined with
high relative humidity. In winter, high relative humidity is associated with low absolute humidity.
Low absolute humidity was found as an important factor for transmission of epidemic influenza [130].

A recent analysis of influenza seasonality in northern Europe found that low temperature was the
most important factor facilitating transmission, followed by solar UV radiation and low humidity [131].
That paper also noted that high humidity favors transmission in tropical and subtropical zones,
in accordance with the findings by Li et al. [129]. According to data posted at WorldoMeter [10],
COVID-19 case rates in Northern Europe peaked in spring, were very low in summer, then started
rising in July (e.g., Spain), August (e.g., Italy) or September (e.g., the UK).

At higher latitudes in the southern hemisphere, COVID-19 rates were very low through April,
then started to rise in June and continued rising into October as in Argentina. On the other hand, in the
tropical South American countries such as Brazil, COVID-19 rates started rising in April, peaking around
early August then declined, in general agreement with other coronavirus infections [129]. Of course,
a number of factors help determine the case rate including the extent to which social distancing and
mask wearing are practiced, when school attendance begins, and solar and meteorological factors.
However, mortality rates were only high in the spring. Most likely the low mortality rates in September
were due to the COVID-19 rates being highest for those aged 20 to 29 years [132]. Yet, with time,
COVID-19 rates will increase among the elderly as well.

2.12. Racial/Ethnic Disparities

As mentioned in the introduction, African American and Hispanic individuals have higher
COVID-19 case and death rates than European Americans [13,14], possibly due to darker skin
pigmentation and lower 25(OH)D concentrations [15]. Confounding these findings, however, is that
both African Americans and Hispanics are also at greater risk of COVID-19 due to other factors such
as working and living in close proximity to many people and having higher rates of hypertension and
other chronic diseases such as type II diabetes, often associated with COVID-19 [133].

The findings regarding SARS-CoV-2 positivity by race/ethnicity from the Quest Diagnostics data
set are useful regarding racial/ethnic variations in risk of COVID-19 [38]. Mean serum 25(OH)D
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concentrations for different racial/ethnic groups in the U.S. can be used to estimate the effect of
vitamin D status on the risk of COVID-19. Figure 2 shows that Black non-Hispanics with 25(OH)D
≤20 ng/mL had a 19% SARS-CoV-2 positivity, Hispanics with 25(OH)D concentration = 21 ng/mL
had 15% positivity, while white non-Hispanics with 25(OH)D concentrations near 26 ng/mL had a
positivity near 8%. If black non-Hispanics had a mean 25(OH)D concentration near 26 ng/mL, it is
projected that they would have a positivity of approximately 17%.

Thus, the contribution of vitamin D status to positivity higher than for white non-Hispanics
is 2%(19%–8%) ~20%, while that for Hispanics is 2%(15%–8%) to ~30%. Thus, while disparities in
vitamin D status do not explain much of the ethnic/racial differences in SARS-CoV-2 positivity, if black
non-Hispanics were to raise their mean serum 25(OH)D concentration to 50 ng/mL, they could lower
risk by approximately 40%, Hispanics by ~50%, and white non-Hispanics by ~25%. A recent letter
suggested that African Americans have a high risk of severe disease and mortality by SARS-CoV-2
due to vitamin D deficiency [134]. The mechanism proposed was reduced ACE2 due to vitamin
D deficiency.

An analysis of physician deaths in the UK showed that 18 of 19 doctors and dentists who died
by 22 April 2020, were of black, Asian, and mixed ethnicity [135]. Presumably, they were not of low
socioeconomic status and had similar contact with patients as their white counterparts. They could
have had low vitamin D status due to darker skin and/or vegetarian or vegan diets. In England, a study
involving white residents reported that vegans and vegetarians have 25(OH)D concentrations as much
as 8 ng/mL lower than those of meat eaters [136].

2.13. Vitamin D Reduces Risk of COVID-19 in a Causal Manner

Hill’s criteria for causality offer a scientific approach to determine causal relationships in biological
systems [137]. The important criteria for vitamin D include temporality, strength of association,
dose–response relationship, consistency of findings, plausibility (e.g., mechanisms), accounting for
alternate explanations, experiment (e.g., randomized controlled trial), and coherence with known facts.

Annweiler and colleagues evaluated the evidence that vitamin D reduces the risk and severity of
COVID-19 in a causal manner [138]. An updated summary of the evidence is presented in Table 3.
Most of the criteria are satisfied. A number of mechanisms have been identified or proposed regarding
how vitamin D could reduce risk of COVID-19. Further experimental verification is warranted for
some of them.

Table 3. Hill’s criteria for causality applied to vitamin D and COVID-19.

Criterion Evidence Reference

Strength of association
A retrospective study in Chicago found a 77%

increased risk of COVID-19 for 25(OH)D
<20 ng/mL vs. >20 ng/mL

[37]

Consistency

Thirteen of 16 observational studies of
COVID-19 or SARS-CoV-2 positivity reported
inverse correlations with respect to 25(OH)D
concentration. Two studies that did not find
an inverse association used 25(OH)D values
from more than a decade prior to COVID-19
and in the multivariable analysis used some

confounding factors that affect 25(OH)D

Tables 1 and 2
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Table 3. Cont.

Criterion Evidence Reference

Temporality

Four retrospective studies found inverse
correlations between serum 25(OH)D and

incidence of COVID-19 or
SARS-CoV-2 positivity

[34,36–38]

Biological gradient
The large observational study of SARS-CoV-2

positivity found a large decrease as serum
25(OH)D increased from <20 to 50 ng/mL

[38]

Plausibility
Mechanisms have been proposed to explain
how vitamin D reduces risk of SARS-CoV-2

infection and COVID-19

Discussed in this
review

Coherence with known
facts

Serum 25(OH)D concentrations are inversely
correlated with risk and outcome of many

diseases, also supported by RCTs in
several cases

[5,7,8,44,139]

Experiment

Two intervention studies provide weak
experimental support.

Many RCTs are either planned or in progress
to evaluate the role of vitamin D

supplementation on COVID-19 risk and
outcomes [18]

[58,59]

Analogy Vitamin D supplementation reduces risk of
some acute respiratory tract infections [8]

Account for confounding
factors

Univariate or multivariate regression
analyses with confounding factors [29,31,36,37]

The pilot calcifediol treatment RCT conducted in Spain was of low quality due to the low number
of participants and failure to measure 25(OH)D concentrations [59]. While the meta-analysis of acute
respiratory tract infections found a significant reduction with respect to vitamin D supplementation
in RCTs [8], vitamin D supplementation does not reduce risk of all respiratory tract infections, e.g.,
pneumonia in infancy and early childhood [140].

Hill stated: “None of my nine viewpoints can bring indisputable evidence for or against the
cause-and-effect hypothesis and none can be required as a sine qua non. What they can do, with greater
or less strength, is to help us to make up our minds on the fundamental question—is there any other
way of explaining the set of facts before us, is there any other answer equally, or more, likely than
cause and effect?” p. 36 in [137].

Evidence-based medicine (EBM) has generally come to mean a heavy reliance on RCTs. Yet, that
was only one type of evidence proposed by Sackett, the father of EBM. The practice of evidence-based
medicine means integrating individual clinical expertise with the best available external clinical
evidence from systematic research. By best available external clinical evidence, we mean clinically
relevant research, often from the basic sciences of medicine, but especially from patient-centered clinical
research into the accuracy and precision of diagnostic tests (including the clinical examination), the
power of prognostic markers, and the efficacy and safety of therapeutic, rehabilitative, and preventive
regimens [141].

Indeed, several reviews of EBM have discussed the relative roles of RCTs and observational
studies. A review from 2004 compared results from RCTs and observational studies for four health
outcomes, reporting that if a reasonable number of each type of study was available, the results were
very similar [142]. A review from 2010 proposed a hierarchy with meta-analysis on top, followed by
systematic review, RCT, and so on [143].

A review tabulated the ways both RCTs and their meta-analyses could have biased results, either
in domains or in design [144]. One design bias is the wrong dose, often a problem with vitamin D
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RCTs in that vitamin D doses have generally been 1000 IU/d or less until recently. Another problem
is enrolling participants with relatively high 25(OH)D concentrations and giving doses too low to
be effective [46]. Finally, a review published in 2017 compared RCTs with “real-world studies”
(observational studies) [145]. Among other strengths, observational studies generally include more
diverse and larger populations than RCTs.

Regarding the comparison of findings for vitamin D from observational studies and RCTs, they are
in general agreement—though with some caveats. RCTs support the role of vitamin D supplementation
in reducing the risk of acute respiratory tract infections (ARTIs) [8]. However, an RCT reporting that
vitamin D supplementation reduced risk of influenza type A for schoolchildren showed no reduction
for influenza type B [146]. Vitamin D3 supplementation (14,000 IU/wk) did not result in a lower
risk of tuberculosis infection, tuberculosis disease, or ARTIs than placebo among vitamin D-deficient
schoolchildren in Mongolia [147]. Thus, vitamin D supplementation does not reduce risk of all types
of respiratory tract infections in all places.

2.14. Other Nutrients That May Augment the Effectiveness of Vitamin D Supplementation

Magnesium supplementation is recommended when taking vitamin D supplements. Magnesium
facilitates vitamin D-related processes. All the enzymes that metabolize vitamin D seem to require
magnesium, which acts as a cofactor in the enzymatic reactions in the liver and kidneys [148]. The dose
of magnesium should be in the range of 250–500 mg/d. Magnesium activates more than 600 enzymes and
influences extracellular calcium concentrations [149]. It is essential for the stability of cell function, RNA
and DNA synthesis, and cell repair, as well as maintaining the cell’s antioxidant status. Magnesium
is an important cofactor for activating a wide range of transporters and enzymes [150,151], many of
which involve vitamin D metabolism.

Although vitamin D is likely to be the most important nutrient to optimize COVID-19 prevention,
other nutrients, such as magnesium, vitamin K2 and other micronutrients, are also known to impact
the immune system and infection risk [152–154].

3. Conclusions

As discussed here, there is emerging evidence that higher serum 25(OH)D concentrations are
associated with the reduced risk and severity of COVID-19. It might do so through a variety of
mechanisms, such as maintaining intact epithelial layers, reducing the survival and replication of
viruses, reducing the production of pro-inflammatory cytokines, and increasing ACE2 concentrations.
More research is required to evaluate the mechanisms whereby vitamin D might reduce the risk
of COVID-19.

The strongest evidence to date comes from 14 observational studies that report inverse correlations
between serum 25(OH)D concentrations and SARS-CoV-2 positivity and/or COVID-19 incidence,
severity and/or death. Hill’s criteria for causality in a biological system are largely satisfied for vitamin
D in reducing risk of COVID-19, with the exception of successful large-scale vitamin D supplementation
RCTs demonstrating significantly reduced risk of or improved outcome for COVID-19. Such RCTs are
now under way [18,155]. Until then, individuals and physicians can use vitamin D supplementation
as they wish, but public health policies likely will not include vitamin D to reduce risk or death from
COVID-19 until large-scale RCTs are reported demonstrating significant reductions in COVID-19
incidence, severity, and/or death from vitamin D supplementation.
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125. Belančić, A.; Kresović, A.; Rački, V. Potential pathophysiological mechanisms leading to increased COVID-19
susceptibility and severity in obesity. Obes. Med. 2020, 19, 100259. [CrossRef] [PubMed]

160



Nutrients 2020, 12, 3361
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Abstract: Background. The objective of this quasi-experimental study was to determine whether
bolus vitamin D supplementation taken either regularly over the preceding year or after the diagnosis
of COVID-19 was effective in improving survival among hospitalized frail elderly COVID-19 patients.
Methods. Seventy-seven patients consecutively hospitalized for COVID-19 in a geriatric unit were
included. Intervention groups were participants regularly supplemented with vitamin D over the
preceding year (Group 1), and those supplemented with vitamin D after COVID-19 diagnosis (Group
2). The comparator group involved participants having received no vitamin D supplements (Group 3).
Outcomes were 14-day mortality and highest (worst) score on the ordinal scale for clinical improvement
(OSCI) measured during COVID-19 acute phase. Potential confounders were age, gender, functional
abilities, undernutrition, cancer, hypertension, cardiomyopathy, glycated hemoglobin, number of
acute health issues at admission, hospital use of antibiotics, corticosteroids, and pharmacological
treatments of respiratory disorders. Results. The three groups (n = 77; mean ± SD, 88 ± 5 years; 49%
women) were similar at baseline (except for woman proportion, p = 0.02), as were the treatments used
for COVID-19. In Group 1 (n = 29), 93.1% of COVID-19 participants survived at day 14, compared to
81.2% survivors in Group 2 (n = 16) (p = 0.33) and 68.7% survivors in Group 3 (n = 32) (p = 0.02). While
considering Group 3 as reference (hazard ratio (HR) = 1), the fully-adjusted HR for 14-day mortality
was HR = 0.07 (p = 0.017) for Group 1 and HR = 0.37 (p = 0.28) for Group 2. Group 1 had longer
survival time than Group 3 (log-rank p = 0.015), although there was no difference between Groups 2
and 3 (log-rank p = 0.32). Group 1, but not Group 2 (p = 0.40), was associated with lower risk of OSCI
score ≥5 compared to Group 3 (odds ratio = 0.08, p = 0.03). Conclusions. Regular bolus vitamin D
supplementation was associated with less severe COVID-19 and better survival in frail elderly.
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1. Introduction

Since December 2019, the COVID-19 caused by SARS-CoV-2 is spreading worldwide, affecting
millions of people and leaving hundreds of thousands dead, mostly in older adults. With the lack of
effective therapy, chemoprevention, and vaccination [1], focusing on the immediate repurposing of
existing drugs gives hope of curbing the pandemic. Importantly, a recent unbiased genomics-guided
tracing of the SARS-CoV-2 targets in human cells identified vitamin D among the three top-scoring
molecules manifesting potential infection mitigation patterns through their effects on gene expression [2].
In particular, by activating or repressing several genes in the promoter region of which it binds to the
vitamin D response element, [3] vitamin D may theoretically prevent or improve COVID-19 adverse
outcomes by regulating i) the renin–angiotensin system (RAS), ii) the innate and adaptive cellular
immunity, iii) the physical barriers, and iv) the host frailty and comorbidities [4,5]. Consistently,
epidemiology shows that hypovitaminosis D is more common from October to March at northern
latitudes above 20 degrees, [3] which corresponds to the latitudes with the highest lethality rates of
COVID-19 during the first months of winter 2020 [1]. In line with this, significant inverse associations
were found in European countries between serum 25-hydroxyvitamin D (25(OH)D) concentration
and the number of COVID-19 cases, as well as with COVID-19 mortality [6]. This suggests that
increasing serum 25(OH)D concentration may improve the prognosis of COVID-19. However, no large
well-designed randomized controlled trial (RCT) has tested the effect of vitamin D supplements on
COVID-19 outcomes yet. We had the opportunity to examine the association between the use of bolus
vitamin D supplements and COVID-19 outcomes in a sample of hospitalized frail elderly patients
infected with SARS-CoV-2. The main objective of this hospital-based quasi-experimental study was to
determine whether bolus vitamin D supplementation taken either regularly during the preceding year
or after the diagnosis of COVID-19 was effective in improving survival among frail elderly COVID-19
patients. The secondary objective was to determine whether this intervention was also effective in
limiting the clinical severity of the infection.

2. Materials and Methods

2.1. Study Population

The study consisted in a quasi-experimental study conducted in one geriatric acute care unit
dedicated to COVID-19 patients. Data of the GERIA-COVID study were retrospectively collected from
patients’ records. The inclusion criteria were as follows: (1) patients hospitalized in the geriatric acute
care unit of Angers University Hospital, France, in March–May 2020; (2) no objection from the patient
and/or relatives to the use of anonymized clinical and biological data for research purpose. The inclusion
criteria for the present analysis were as follows: (1) COVID-19 diagnosed with RT-PCR and/or chest
CT-scan; (2) data available on the treatments received, including vitamin D supplementation, since the
diagnosis of COVID-19 and over the preceding year at least; (3) data available on the vital status
14 days after the diagnosis of COVID-19. Seventy-seven patients were consecutively diagnosed with
COVID-19 during the study period in the unit. All of them were recruited in the GERIA-COVID study.
They all met the other inclusion criteria and were included in the present analysis.

2.2. Intervention: Vitamin D Supplementation

The regular intake of bolus vitamin D supplements over the preceding year was systematically
noted from the primary care physicians’ prescriptions and sought by questioning the patients and
their relatives.
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“Group 1” was defined as all COVID-19 patients who had received oral boluses of vitamin D
supplements over the preceding year. Bolus included the doses of 50,000 IU vitamin D3 per month,
or the doses of 80,000 IU or 100,000 IU vitamin D3 every 2–3 months. None received D2 or intramuscular
supplements, and no patient in Group 1 received additional supplements following the diagnosis
of COVID-19.

“Group 2” was defined as the COVID-19 patients usually not supplemented with vitamin D,
but who received an oral supplement of 80,000 IU vitamin D3 within a few hours of the diagnosis
of COVID-19.

Finally, “Group 3” was defined as the Comparator group, i.e., all COVID-19 patients who had
received no vitamin D supplements, neither over the preceding year nor after the diagnosis of
COVID-19; the absence of vitamin D treatment being mostly explained by the patients’ refusal to be
supplemented, since vitamin D supplementation is recommended with no biological testing in all
patients over 65 years of age in France [3].

2.3. Primary Outcome: 14-Day COVID-19 Mortality

The primary outcome was the 14-day mortality. Follow-up started from the day of COVID-19
diagnosis for each patient and continued for 14 days or until death when applicable.

2.4. Secondary Outcome: Ordinal Scale for Clinical Improvement (OSCI) Score for COVID-19 in Acute Phase

The secondary outcome was the score on the 9-point World Health Organization’s ordinal scale
for clinical improvement (OSCI) for COVID-19 [7]. The OSCI distinguishes between several levels of
COVID-19 clinical severity according to the outcomes and dedicated treatments required, with a score
ranging from 0 (no clinical or virological sign of infection) to 8 (death). The score was determined
by the geriatrician of the hospital unit on admission, then revised regularly according to the clinical
course of the patients. The highest score during hospitalization was used for the present analysis,
corresponding to the most severe acute phase of COVID-19 for each patient. A score of 3 corresponds
to a degree of severity requiring hospitalization (i.e., all GERIA-COVID participants had an OSCI score
≥3 here), a score of 5 corresponds to the introduction of non-invasive ventilation, and a score of 6 to
intubation and invasive ventilation [7]. Severe COVID-19 was defined here as a score of 5 or more.

2.5. Covariables

Potential confounders were age, gender, functional abilities, severe undernutrition, history
of cancer, hypertension, cardiomyopathy, glycated hemoglobin, number of acute health issues at
admission, hospital use of antibiotics, systemic corticosteroids, and pharmacological treatments of
respiratory disorders. Functional abilities prior to COVID-19 were measured from 1 to 6 (best) with the
iso-resources groups (GIR) [8]. Serum albumin concentration, C-reactive protein (CRP), and glycated
hemoglobin were measured at hospital admission. Severe undernutrition was defined as albumin
<30 g/L. Acute health issues were defined as diseases with sudden onset and rapid progression, whatever
their nature or site [9]. History of hematological and solid cancers, hypertension, and cardiomyopathy
were noted from the medical register, and by interviewing patients, their relatives, and family physicians.
The use of systemic corticosteroids and/or antibiotics (i.e., quinolones, beta-lactams, sulfonamides,
macrolides, lincosamides, aminoglycosides, among others), and/or pharmacological treatments of
respiratory disorders (i.e., beta2-adrenergic agonists, inhaled corticosteroids, antihistamines, among
others) were noted from prescriptions during hospitalization.

2.6. Statistical Analysis

The participants’ characteristics were summarized using means and standard deviations (SD)
or frequencies and percentages, as appropriate. As the number of observations was higher than
40, comparisons were not affected by the shape of the error distribution and no transformation was
applied [10]. Firstly, comparisons between participants separated into three groups according to the
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intervention (i.e., regular supplementation versus supplementation initiated after COVID-19 diagnosis
versus no supplementation) were performed using analysis of variance (ANOVA) or Mann–Whitney–U
and Kruskal–Wallis tests for quantitative variables as appropriate, and using Chi-square test or Fisher
exact test for qualitative variables as appropriate. To address the issue of multiple comparisons, analyses
were completed by a post hoc Fisher’s least significant difference (LSD) test. Secondly, a fully-adjusted
Cox regression was used to examine the associations of 14-day mortality (dependent variable) with
vitamin D supplementation and covariables (independent variables). The model produces a survival
function that provides the probability of death at a given time for the characteristics supplied for the
independent variables. Third, the elapsed time to death was studied by survival curves computed
according to the Kaplan–Meier method and compared by log-rank test. Finally, a multiple logistic
regression was used to examine the association of vitamin D supplementation (independent variable)
with severe COVID-19 defined as an OSCI score ≥5 (dependent variable), while adjusting for potential
confounders. p-values <0.05 were considered significant. All statistics were performed using SPSS
(v23.0, IBM Corporation, Chicago, IL, USA) and SAS (v9.4, Sas Institute Inc, Cary, NC, USA).

2.7. Ethics

The study was conducted in accordance with the ethical standards set forth in the Helsinki
Declaration (1983). No participant or relatives objected to the use of anonymized clinical and
biological data for research purposes. Ethics approval was obtained from the Ethics Board of the
University Hospital of Angers, France (2020/100). The study protocol was also declared to the National
Commission for Information Technology and civil Liberties (CNIL; ar20-0087v0) and registered on
ClinicalTrials.gov (NCT04560608).

3. Results

Seventy-seven participants (mean ± SD age 88 ± 5 years, range 78−100 years; 49.4% women)
were included in this quasi-experimental study. Seventeen participants experienced severe COVID-19,
and 62 participants survived COVID-19 at day 14, while 15 died.

Table 1 indicates the characteristics of participants separated into Group 1 who regularly received
vitamin D supplements over the preceding year (n = 29), Group 2 who received vitamin D supplements
after the diagnosis of COVID-19 (n = 16), and Group 3 who had not received vitamin D supplements
(n = 32). The three groups were similar at baseline with no significant difference regarding the age
(p = 0.22), the functional abilities (p = 0.36), the history of various comorbidities, the number of acute
health issues at hospital admission (p = 0.22), and the use of treatments dedicated to COVID-19
(Table 1). At hospital admission, all participants had an OSCI score for COVID-19 of 3 or more. Only
the proportion of women differed between groups (p = 0.02). At the end of the study, the proportion of
participants experiencing severe COVID-19 was lower in Group 1 (10.3%) compared to Group 3 (31.3%,
p = 0.047), just like the 14-day mortality (6.9% in Group 1 versus 31.3% in Group 3, p = 0.02). In contrast,
participants in Group 2 did not experience less severe COVID-19 (p = 0.75) and less mortality (p = 0.50)
than participants in Group 3 (Table 1). Similarly, there were no outcome differences between Groups 1
and 2 (p = 0.23 for the onset of severe COVID-19, and p = 0.33 for 14-day mortality).
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Figure 1 shows a statistically significant and clinically relevant inverse association between regular
vitamin D supplementation and 14-day mortality. While considering Group 3 as the reference (hazard
ratio (HR) = 1), the HR for mortality in Group 1 was 0.19 (95% confidence interval (95% CI): 0.04; 0.85)
(p = 0.03) in the unadjusted model, HR = 0.18 (95% CI: 0.04; 0.85) (p = 0.03) after partial adjustment
for age, gender and GIR score, and HR = 0.07 (95% CI: 0.01; 0.61) (p = 0.017) after full adjustment
for all potential confounders. In contrast, being supplemented with vitamin D after the diagnosis of
COVID-19 (Group 2) was not associated with lower mortality risk (HR = 0.37 (95% CI): 0.06; 2.21),
p = 0.28). The history of hematological and solid cancers was associated with greater mortality risk
(HR = 5.56, p = 0.01). Using the season of COVID-19 diagnosis as an additional potential confounder
did not affect the results (data not shown). Consistently, Kaplan–Meier distributions showed in Figure 2
that COVID-19 participants in Group 3 had shorter survival time than those in Group 1 (log-rank
mboxemphp = 0.015), although there was no difference between Groups 2 and 3 (log-rank p = 0.32)
and between Groups 1 and 2 (log-rank p = 0.22).

Figure 1. Hazard ratio for 14-day mortality according to vitamin D interventions among participants with
COVID-19, adjusted for potential confounders (n = 77). CI: confidence interval; COVID-19: coronavirus
disease 2019; GIR: Iso Resource Groups; HR: hazard ratio; OSCI: World Health Organization’s Ordinal
Scale for Clinical Improvement; *: while using Group 3 (no vitamin D supplementation) as a reference
(HR= 1); †: serum albumin concentration<30 g/L; ‡: quinolones, beta-lactams, sulfonamides, macrolides,
lincosamides, aminoglycosides, among others; ||: beta2-adrenergic agonists, inhaled corticosteroids,
antihistamines, among others.

 

Figure 2. Kaplan–Meier estimates of the cumulative probability of COVID-19 participants’ survival
according to vitamin D interventions (n = 77). Arm 1: regular vitamin D supplementation; Arm 2:
vitamin D supplementation initiated after COVID-19 diagnosis; Arm 3: no vitamin D supplementation.
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Finally, the multiple logistic regression model in Table 2 revealed that regular vitamin D
supplementation (Group 1) was associated with a lower proportion of participants with severe
COVID-19 in acute phase (odds ratio (OR) = 0.08 (95% CI): 0.01; 0.81), p = 0.033) compared to Group 3
without vitamin D supplementation. In contrast, Group 2 was not associated with any beneficial effect
compared to Group 3 (OR = 0.46 (95% CI): 0.07; 2.85), p = 0.40).

Table 2. Multiple logistic regressions showing the association between vitamin D interventions
(independent variable) and the risk of severe COVID-19 * (dependent variable), adjusted for participants’
characteristics (n = 77).

Severe COVID-19 *

OR (95% CI) p-Value

Interventions
Group 1: regular vitamin D supplementation 0.08 (0.01; 0.81) 0.033

Group 2: vitamin D supplementation initiated after
COVID-19 diagnosis 0.46 (0.07; 2.85) 0.40

Group 3: no vitamin D supplementation 1
Age 1.05 (0.88; 1.25) 0.61

Female gender 1.43 (1.29; 7.13) 0.66
GIR score 0.76 (0.44; 1.33) 0.33

Severe undernutrition † 0.42 (0.07; 2.48) 0.34
History of cancer 7.30 (1.37; 38.8) 0.02

History of hypertension 0.51 (0.11; 2.33) 0.39
History of cardiomyopathy 10.01 (1.44; 69.88) 0.02

Glycated hemoglobin ‡ 0.96 (0.56; 1.63) 0.87
Number of acute health issues at hospital admission 1.19 (0.76; 1.88) 0.45

Use of antibiotics || 1.12 (0.18; 6.85) 0.91
Use of systemic corticosteroids 2.53 (0.34; 17.00) 0.34

Use of pharmacological treatments of respiratory disorders § 0.26 (0.02; 2.86) 0.27

CI: confidence interval; COVID-19: coronavirus disease 2019; GIR: Iso Resource Groups; OR: odds ratio; OSCI:
World Health Organization’s Ordinal Scale for Clinical Improvement; *: defined as OSCI score for COVID-19 in acute
phase ≥5; †: serum albumin concentration <30 g/L; ‡: 6 missing data; ||: quinolones, beta-lactams, sulfonamides,
macrolides, lincosamides, aminoglycosides, among others; §: beta2-adrenergic agonists, inhaled corticosteroids,
antihistamines, among others.

4. Discussion

The main finding of this quasi-experimental study is that, irrespective of all measured potential
confounders, regular bolus vitamin D3 supplementation was associated with less severe COVID-19 and
better survival rate in hospitalized frail elderly. Being supplemented with 80,000 IU vitamin D3 after the
diagnosis of COVID-19 was not associated with improved COVID-19 outcomes. These novel findings
provide a scientific basis for vitamin D replacement trials attempting to improve COVID-19 prognosis.

To our knowledge, we provide here the first quasi-experimental data comparing the effects
of chronic and recent vitamin D supplementations on survival in COVID-19 patients. Growing
evidence supports a link between vitamin D and COVID-19. The first reports indicated that adults
with hypovitaminosis D were at greater risk of being infected with SARS-CoV-2 (relative risk 1.77
with p < 0.02), [11] and that cases with COVID-19 had lower 25(OH)D concentrations compared to
controls without COVID-19 (respectively, 11.1 ng/mL versus 24.6 ng/mL, p = 0.004) [12]. Similarly,
significant inverse correlations were found in 20 European countries between the mean serum 25(OH)D
concentrations and the number of COVID-19 cases, as well as with mortality [6]. The severity of
hypovitaminosis D appears to relate to the prognosis of COVID-19, since COVID-19 cases with
hypovitaminosis D were more prone to experience severe COVID-19 (relative risk 1.59 with p = 0.02 if
vitamin D insufficiency <30ng/mL) [13]. Finally, hypovitaminosis D was found to be associated with
greater COVID-19 mortality risk (incident relative risk 1.56 with p < 0.001 if vitamin D deficiency;
p = 0.404 after adjustment) [14]. These results support that enhancing serum 25(OH)D concentration
may improve the prognosis of COVID-19, as demonstrated by a pilot controlled trial reporting
that the administration of calcifediol versus no calcifediol reduced the need for ICU treatment in
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76 hospitalized participants with COVID-19 also receiving best available therapy (mean age, 53 years;
40.8% women) [15]. Following these preliminary findings, larger interventional studies dedicated
to COVID-19 with groups properly matched are warranted for investigating the role of vitamin D
supplementation on COVID-19 outcomes. Interestingly, previous meta-analyses found that high-dose
prophylactic vitamin D supplementation was able to reduce the risk of respiratory tract infections [16].
Based on this observation, we and others are conducting an RCT, the COVIT-TRIAL study, designed
to test the effect of high-dose versus standard-dose vitamin D3 on 14-day mortality in COVID-19
older patients (https://clinicaltrials.gov/ct2/show/NCT04344041). While waiting for the recruitment
of this RCT to be completed, the findings of the present quasi-experimental study strongly suggest
benefits of regular vitamin D3 supplementation on COVID-19 outcomes and survival, which reinforces
the recommendations of some scientific societies to supplement all elderly people with vitamin D,
in order to improve COVID-19 mortality [17,18]. Additionally, our results support the observation that
a single standard dose of 80,000 IU vitamin D3 initiated after the diagnosis of COVID-19 brings no
significant benefit on COVID-19 outcomes, which justifies using low-dose vitamin D supplements as a
comparator in the COVIT-TRIAL study to determine the effect of higher-dose vitamin D supplements
on the prognosis of COVID-19.

How vitamin D supplementation improves COVID-19 outcomes and survival is not fully
elucidated. Four mechanisms are likely: regulation of i) the RAS, ii) the innate and adaptive cellular
immunity, iii) the physical barriers, and iv) the host frailty and comorbidities [3–5]. First, vitamin D
reduces pulmonary permeability in animal models of acute respiratory distress syndrome (ARDS) by
modulating the activity of RAS and the expression of the angiotensin-2 converting enzyme (ACE2) [19].
This action is crucial since SARS-CoV-2 reportedly uses ACE2 as a receptor to infect host cells [20] and
downregulates ACE2 expression [21]. ACE2 is expressed in many organs, including the endothelium
and the pulmonary alveolar epithelial cells, where it has protective effects against inflammation [22].
During COVID-19, downregulation of ACE2 results in an inflammatory chain reaction, the cytokine
storm, complicated by ARDS [23]. In contrast, a study in rats with chemically-induced ARDS showed
that the administration of vitamin D increased the levels of ACE2 mRNA and proteins [24]. Rats
supplemented with vitamin D had milder ARDS symptoms and moderate lung damage compared
to controls. Second, many studies have described the antiviral effects of vitamin D, which works
either by induction of antimicrobial peptides with direct antiviral activity against enveloped and
non-enveloped viruses, or by immunomodulatory and anti-inflammatory effects [25]. These are
potentially important during COVID-19 to limit the cytokine storm. Vitamin D can prevent ARDS [26]
by reducing the production of pro-inflammatory Th1 cytokines, such as TNFα and interferon γ [26].
It also increases the expression of anti-inflammatory cytokines by macrophages [25]. Third, vitamin D
stabilizes physical barriers [4]. These barriers are made up of closely linked cells to prevent outside
agents (such as viruses) from reaching tissues susceptible to viral infection. Although viruses alter the
integrity of the cell junction, vitamin D contributes to the maintenance of functional tight junctions
via E-cadherin [4]. Fourth, the literature over the past decade on the non-bone effects of vitamin D
has repeatedly reported that hypovitaminosis D is accompanied by various comorbidities including
diabetes mellitus, hypertension, chronic cardiovascular and respiratory diseases, and cancers [3],
all conditions that are associated with an increased risk of COVID-19 worsening and death [1].
Prolonged hypovitaminosis D may thus be considered as a factor of poor prognosis of COVID-19,
potentiating the risk of cardiorespiratory severity in frail older adults infected with SARS-CoV-2.

All these actions of vitamin D may explain the protective effect of regular long-term vitamin D
supplementation, the latter providing the body with a desirable vitamin D environment allowing the
various beneficial effects to be expressed and potentiated in the protection against COVID-19. On the
contrary, we assume that vitamin D supplementation initiated after the diagnosis of COVID-19 was
started too late for the effects of vitamin D to be effective against the infection. It is also possible that
the single dose of 80,000 IU was too low to generate protective effects in a very short time, a hypothesis
tested in the COVIT-TRIAL RCT.
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We also noted, in the present study, a 14-day mortality rate of 31.3% among frail older adults not
supplemented with vitamin D (Table 1). This result is consistent with previous literature that points
out a special vulnerability of frail older adults. Mortality is less than 1.1% in patients aged <50 years
and it increases exponentially after that age up to around 30% [27], especially in frail older adults who
have the highest proportion of severe cases of COVID-19 and fatal outcomes [28]. Thus, this result
validates the consistency of our cohort and of our main results, notably the protective effect of the
regular intake of vitamin D supplements on COVID-19 outcomes.

The strengths of the present study include (i) the originality of the research question on an
emerging infection for which there is no scientifically validated treatment [1], (ii) the follow-up and the
detailed description of the participants’ characteristics allowing the use of multivariate Cox models
to measure adjusted longitudinal associations according to three vitamin D regimens, and (iii) the
standardized collection of data from a single research center.

Regardless of that, a number of limitations also existed. First, the study participants were restricted
to a limited number of hospitalized frail elderly patients who might be unrepresentative of all older
adults. It is also possible that the limited sample size in each group had resulted in a lack of power
with increased beta risk. Second, although we were able to control for the important characteristics
that could modify the association, residual potential confounders might still be present such as the
serum concentration of 25(OH)D at baseline—a low level classically ensuring the efficacy of the
supplementation [29], or the OSCI score on admission. The OSCI score was collected here in the most
acute phase of COVID-19 as it was reported that COVID-19 can get worse between 7–10 days due
to the cytokine storm regardless of the initial disease severity [30]. Third, the quasi-experimental
design of our study is less robust than an RCT. Participants in the Comparator group did not receive
vitamin D placebo. Moreover, there was no randomization. It is plausible that the participants who
regularly received vitamin D supplementation (Group 1) were treated better by their family physicians
than the others, thereby exhibiting more stable chronic diseases such as cardiovascular comorbidities.
It is also plausible that patients or relatives refused taking vitamin D supplementation in Group 3,
because the conditions of patients were too severe for them to take the supplements. It should yet be
noted that the history did not differ between the 3 groups and that their demographical and health
characteristics were similar at baseline, except for the proportion of women (who are likely to suffer
from osteoporosis and may have received corresponding treatment that includes vitamin D). While
gender is a recognized prognostic factor for COVID-19 [30], the effect of vitamin D supplementation
on COVID-19 outcomes persisted after adjustment for all studied confounders including the gender,
which allows interpreting the severity and survival differences as being explained by the interventions
based on vitamin D supplementation.

5. Conclusions

In conclusion, we were able to report, among hospitalized frail elderly patients with COVID-19,
that regular bolus vitamin D3 supplementation was associated with less severe COVID-19 and better
survival rate. Vitamin D3 supplementation may represent an effective, accessible, and well-tolerated
adjuvant treatment for COVID-19, the incidence of which increases dramatically and for which there are
currently no validated treatments. Further large prospective, preferentially interventional studies are
needed to confirm whether supplementing older adults regularly with vitamin D3 prevents COVID-19
onset and/or improves COVID-19 outcomes; and whether higher-dose bolus of vitamin D3 given after
the diagnosis of COVID-19 is able to improve its prognosis.
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Abstract: We have previously described increased fasting plasma glucose levels in patients with
normocalcemic primary hyperparathyroidism (NPHPT) and co-existing prediabetes, compared
to prediabetes per se. This study evaluated the effect of parathyroidectomy (PTx) (Group A),
versus conservative follow-up (Group B), in a small cohort of patients with co-existing NPHPT and
prediabetes. Sixteen patients were categorized in each group. Glycemic parameters (levels of fasting
glucose (fGlu), glycosylated hemoglobin (HbA1c), and fasting insulin (fIns)), the homeostasis model
assessment for estimating insulin secretion (HOMA-B) and resistance (HOMA-IR), and a 75-g oral
glucose tolerance test were evaluated at baseline and after 32 weeks for both groups. Measurements
at baseline were not significantly different between Groups A and B, respectively: fGlu (119.4 ± 2.8 vs.
118.2 ± 1.8 mg/dL, p = 0.451), HbA1c (5.84 ± 0.3 %vs. 5.86 ± 0.4%, p = 0.411), HOMA-IR (3.1 ± 1.2 vs.
2.9 ± 0.2, p = 0.213), HOMA-B (112.9 ± 31.8 vs. 116.9 ± 21.0%, p = 0.312), fIns (11.0 ± 2.3 vs. 12.8 ±
1.4 μIU/mL, p = 0.731), and 2-h post-load glucose concentrations (163.2 ± 3.2 vs. 167.2 ± 3.2 mg/dL,
p = 0.371). fGlu levels demonstrated a positive correlation with PTH concentrations for both groups
(Group A, rho = 0.374, p = 0.005, and Group B, rho = 0.359, p = 0.008). At the end of follow-up, Group
A demonstrated significant improvements after PTx compared to the baseline: fGlu ((119.4 ± 2.8 vs.
111.2 ± 1.9 mg/dL, p = 0.021) (−8.2 ± 0.6 mg/dL)), and 2-h post-load glucose concentrations ((163.2
± 3.2 vs. 144.4 ± 3.2 mg/dL, p = 0.041), (−18.8 ± 0.3 mg/dL)). For Group B, results demonstrated
non-significant differences: fGlu ((118.2 ± 1.8 vs. 117.6 ± 2.3 mg/dL, p = 0.031), (−0.6 ± 0.2 mg/dL)),
and 2-h post-load glucose concentrations ((167.2 ± 2.7 vs. 176.2 ± 3.2 mg/dL, p = 0.781), (+9.0 ±
0.8 mg/dL)). We conclude that PTx for individuals with NPHPT and prediabetes may improve their
glucose homeostasis when compared with conservative follow-up, after 8 months of follow-up.

Keywords: normocalcemic primary hyperparathyroidism; parathyroidectomy; prediabetes;
fasting glucose

1. Introduction

Primary hyperparathyroidism (PHPT) is biochemically confirmed by hypercalcemia and
inappropriately increased concentrations of parathyroid hormone (PTH) [1]. Apart from its
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well-documented musculoskeletal effects, PHPT has been associated with an increased prevalence of
metabolic clinical conditions including disorders of glucose homeostasis [2–5]. However, thus far the
potential metabolic benefits of parathyroidectomy (PTx) have not been established in these clinical
conditions [3–8].

In vivo studies demonstrated that PTH administration has been associated with a reduction
in insulin-stimulated glucose uptake, and a decrease in glucose transporter-4 and insulin receptor
substrate-1 protein expression [2–4]. PTH also has been reported to down-regulate insulin intracellular
signaling, resulting in an increase in peripheral insulin resistance [4–6], and is also inversely correlated
with insulin sensitivity [5–7]. Epidemiological studies have also indicated that chronic inappropriate
PTH secretion is a predisposing factor for the impairment of glucose homeostasis [7,8].

Normocalcemic primary hyperparathyroidism (NPHPT) is recognized as a new subclinical entity
in the field of parathyroid disorders, and is characterized by increased serum PTH concentrations where
serum calcium levels are within normal values, after the exclusion of other causes of high PTH [9,10].
In the field of metabolic complications, available results are conflicting regarding the effects of NPHPT
as a potential risk factor for the development of cardiovascular and metabolic complications, although
it has been associated with increased fasting glucose levels in patients with type 2 diabetes [11–14].

We have also reported that vitamin D deficiency, in combination with increased PTH, is associated
with higher fasting glucose profiles in elderly individuals with prediabetes [15] and patients with
co-existing NPHPT and prediabetes, compared to individuals with prediabetes per se [16]. However,
the effect of a surgical intervention, compared to conservative follow-up in these populations,
remains obscure.

This study evaluated the effect of parathyroidectomy (PTx) (Group A), compared to conservative
follow-up (Group B), in a small cohort of individuals with co-existing NPHPT and prediabetes.

2. Materials and Methods

2.1. Study Population

The inclusion period was from December 2016 to March 2020. A total of 32 patients with NPHPT
and prediabetes were initially included. NPHPT was defined as elevated serum PTH concentration
(>65 pg/mL) and normal corrected serum Ca concentration [1,10]. Corrected Ca and PTH concentrations
were measured on at least two occasions during a 3–6-month period, to confirm the persistence of
the hyperparathyroid state. Prediabetes was diagnosed using the American-Diabetes Association
(ADA) criteria, either as impaired fasting-plasma glucose (IFG) (fasting glucose (fGlu): 101–125 mg/dL)
or impaired glucose tolerance (IGT) (2-h plasma glucose in the 75-g oral glucose tolerance (OGTT):
140–199 mg/dL), or as HbA1c values between 5.7% (39 mmol/mol) and 6.4% (46 mmol/mol) [17].
Exclusion criteria for both groups were as follows: (a) patients with pre-existing diabetes; (b) patients
on any medication that could affect glucose metabolism and PTH dynamics (e.g., loop diuretics, lithium,
denosumab); (c) previous medical thyroidectomy/parathyroidectomy; (d) conditions affecting vitamin
D metabolism, such as malabsorption syndromes and chronic renal failure (stage 3–5); (e) patients with
a body mass index (BMI) of >35 kg/m2; (f) hypercalciuria (>4 mg/kg body weight/day); (g) patients
with familial hypocalciuric hypercalcemia (detected by 24 h urine Ca excretion and calcium-creatinine
clearance formula) [1,18].

All participants underwent a physical examination and anthropometric measurements including
height, body weight (BW), body mass index (BMI), waist circumference (WC), body fat (BF) mass
and percentage, and lean body mass (LBM). Height was measured to the nearest 0.1 cm (cm) with
a Holtain wall stadiometer. Waist circumference (WC) was measured midway between the lowest
rib and the iliac crest by using an anthropometric tape. BMI was calculated as the ratio of weight in
kilograms divided by the height in the meters squared (kg/m2). Body fat (BF) mass and percentage,
muscle mass (MM) and lean body mass (LBM) were measured using bioelectrical impedance analysis
(BIA) (SC-330S, Tanita Corporation, Tokyo, Japan).
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Three months prior to baseline evaluation, all participants were supplemented with a daily vitamin
D regimen (ranging from 1.200 to 4.000 IU) according to their latest available 25-hydroxy-vitamin
D (25(OH)D) concentrations. This was in order to achieve 25(OH)D concentrations ≥ 30 ng/mL,
according to international criteria [1,9,10], to avoid the effects of vitamin D deficiency on PTH
values [18]. All participants underwent methoxy isobutyl isonitrile (MIBI) scintigraphy and parathyroid
gland ultrasonography prior to inclusion. Imaging findings from parathyroid scintigraphy and
ultrasonography were positive for the existence of a single parathyroid adenoma in 23 participants,
whereas in four participants, findings were negative in ultrasonography and positive in scintigraphy.
Finally, in the five individuals where no evidence of a parathyroid lesion was found, a conservative
follow-up was suggested. According to a recent re-evaluation of these cases, two of these patients
were confirmed as being positive for an adenoma (MIBI scintigraphy).

PTx was suggested to 21 participants at baseline, according to internationally adopted criteria
for the management of PHPT [1] or patient preference. A total of five participants to whom PTx was
suggested preferred conservative follow-up. Conservative follow-up consisted of a regular (3 month)
biochemical evaluation of calcium homeostasis (total calcium (Ca), phosphorus (P), albumin, PTH,
25-hydroxy-vitamin D (25(OH)D), and 24 h urine calcium) for the assessment of hypercalcemia or
hypercalciuria. Subsequently, participants were included in two groups, A (n = 16) and B (n = 16),
following PTx or conservative approach, respectively. Anthropometric evaluation was repeated 32
weeks after PTx or conservative approach, for both groups. For the entire study period, participants
in both groups followed regular dietetic guidance focused on prediabetes management according
ADA recommendations [17]. A similar isocaloric diet was implemented for both groups, aiming at
maintaining initial body weight. Participants were contacted via telephone and/or e-mail twice during
the intervention to confirm their adherence to diets and to resolve any potential issues.

During the entire study period, participants were advised to maintain a stable level of physical
activity, namely 150 min per week of moderate-intensity aerobic exercise, according to the ADA
recommendations [17]. We did not use a specific method (e.g., a wearable device) to monitor physical
activity. However, participants were strongly advised to conform to the recommendations, and the
importance of such compliance was repeatedly emphasized by the research team. For the majority
of participants, the suggested level of physical activity was slightly more intense than their habitual
exercise status.

All participants were supplemented with a daily vitamin D regimen (1200 to 4000 IU daily) until
the end of the study, with target 25(OH)D levels of ≥30 ng/mL [18]. Written informed consent was
obtained from all participants. The study was conducted according to the Declaration of Helsinki
for research involving humans. An ethical approval by the scientific committee was obtained by the
Institution involved (Cyan Cross Hospital Ethics Committee).

2.2. Laboratory Evaluation

Laboratory evaluation was conducted both at baseline and after 32 weeks after PTx or conservative
approach, for both groups. Blood samples were drawn after a 12-h overnight fast and stored at −20 ◦C
prior to analysis. Fasting samples for total Ca, P, albumin, PTH, 25(OH)D, and glycemic parameters
(fGlu, HbA1c, fasting insulin (fIns)) were obtained. Homeostasis model assessment (HOMA) was used
for estimating insulin secretion (HOMA-B) and resistance (HOMA-IR) according to previously reported
formulas [19]. Subsequently, all participants from both groups underwent a 75-g OGTT to evaluate
2-h post-load glucose response. Glucose and insulin measurements were performed using the Cobas
INTEGRA clinical chemistry system (D-68298; Roche® Diagnostics, Mannheim, Germany). Reference
ranges were reported previously [16]. Corrected Ca was calculated according to the type Ca (mg/dL)
+ 0.8X (4 (mg/dL)—albumin (mg/dL)). Vitamin D status was assessed through the measurement of
serum 25(OH)D, by competitive electrochemiluminescent immunoassay (Roche® Modular E170). PTH
was measured using the electrochemiluminescence immunoassay ECLIA (Roche® Diagnostics GmbA,
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Mannheim, Germany). Coefficient variations and reference ranges have been reported previously for
both assays [16].

2.3. Statistical Analysis

Continuous data are presented as mean ± standard deviation (SD). Comparisons among groups
were performed using a Student’s t-test for unpaired data or using a Mann–Whitney U test. Proportions
were compared with a Fisher exact test. The Pearson correlation coefficient (Pearson’s r) was also used
for the examination of correlations of normally distributed variables, and Spearman’s rank correlation
coefficient (rho) for non-normally distributed variables. A p-value < 0.05 was considered statistically
significant. Two-way ANOVA analysis was conducted for comparisons between groups and within
the same group.

Statistical analysis was performed using SPSS 13.0 software. We used the best available data of a
suggested background prevalence of NPHPT in women of reproductive age, of 0.06% [12].

The required sample size was calculated using the STATA corporation statistical platform and
was based on detecting a change in prevalence from 0.06% in the general population to 1% or more in
our population. One per cent prevalence for NPHPT was chosen, as it is generally regarded as the
lowest value that may stimulate a change in clinical practice. A one-tailed test with a power of 80%
(i.e., β = 0.2) and significance level (α) of 5% showed a minimum requirement of 22 NPHPT patients
with binomial 95% confidence intervals around the 1% prevalence of 0.23–3.19%. Descriptive statistics
were calculated in Excel® (V14.6, 2010, Microsoft®, Washington, USA).

3. Results

3.1. Baseline

Demographic, anthropometric, and biochemical data are presented in Table 1. Individuals in both
groups did not differ with respect to age, female to male ratio, BMI, waist circumference, body fat, and
lean body mass.

Table 1. Comparative baseline demographic and anthropometric characteristics between groups.

Parameter Group A Group B p-Value *

Participants; Women (n (%)) 16; 12 (75%) 16; 11 (68.75%) 0.091
Age (years) 58.9 ± 1.0 56.2 ± 3.2 0.391
Weight (kg) 77.2 ± 18.8 77.6 ± 17.1 0.420
BMI (kg/m2) 28.1 ± 0.7 28.2 ± 1.3 0.814

Waist circumference (cm) 94± 1.9 96.1 ± 3.7 0.543
Body fat (%) 33.6 ± 7.6 35.4 ± 9.1 0.126

Lean body mass (kg) 50.7 ± 12.1 47.5 ± 9.9 0.283

Data are presented as mean ± standard deviation. *: Mann–Whitney test. Abbreviations: PTH: parathyroid
hormone; BMI: body mass index; WC: waist circumference; 25(OH)D: 25-hydroxy-vitamin D.

Both groups manifested a similar profile for calciotropic hormones (Table 1).
With respect to glucose homeostasis markers at baseline, fGlu (119.4 ± 2.8 vs. 118.2 ± 1.8 mg/dL,

p = 0.451), HbA1c (5.84 ± 0.0 vs. 5.86 ± 0.0%, p = 0.415), HOMA-IR (3.1 ± 1.2 vs. 2.9 ± 0.2, p = 0.211),
HOMA-B (112.9 ± 31.8 vs. 116.9 ± 21.0%, p = 0.314), fIns (11.0 ± 2.3 vs. 12.8 ± 1.4 μIU/mL, p = 0.731),
and 2-h post-load glucose concentrations (163.2 ± 3.2 vs. 167.2 ± 3.2 mg/dL, p = 0.371), were not
different in the two groups at baseline (Table 2).

When calciotropic hormones were evaluated for interactions with glucose homeostasis, fGlu was
positively associated with PTH concentrations (Group A, rho = 0.374, p = 0.005 and Group B, rho =
0.359, p = 0.008).
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Table 2. Comparative anthropometric and biochemical data throughout the study.

Baseline Week 32
p-Value for Trend
within Groups *

p-Value for
Group × Time
Interaction *

Weight (kg)
Group A 77.2 ± 18.8 77.8 ± 18.1 0.714 0.420
Group B 77.6 ± 17.1 78.0 ± 16.8

BMI (kg/m2)
Group A 28.1 ± 0.7 28.4 ± 0.6 0.811 0.652
Group B 28.2 ± 1.3 28.8 ± 1.9

Waist circumference (cm)
Group A 94.0± 1.9 96.4 ± 1.2 0.514 0.541
Group B 96.1 ± 3.7 97.1 ± 3.1

Body fat (%)
Group A 33.6 ± 7.6 34.7 ± 14.8 0.651 0.134
Group B 35.4 ± 9.1 32.2 ± 7.3

Lean body mass (kg)
Group A 50.7 ± 12.1 49.1 ± 15.6 0.783 0.178
Group B 47.5 ± 9.9 48.5 ± 10.4

PTH (pg/mL)
Group A 94.2 ± 2.4 44.2 ± 1.4 †,a < 0.01 < 0.01
Group B 96.2 ± 3.2 86.2 ± 2.2

25-hydroxy-vitamin D
(ng/mL)

Group A 36.3 ± 2.1 32.3 ± 3.1 0.145 0.383
Group B 33.2 ± 1.3 31.2 ± 1.9

Serum corrected calcium
(mg/dL)

Group A 9.9 ± 0.0 9.1 ± 0.0 †,a 0.031 0.045
Group B 9.8 ± 0.1 9.7 ± 0.2

Serum phosphorus (mg/dL)
Group A 3.5 ± 0.0 3.9 ± 0.1 †,a 0.011 0.031
Group B 3.4 ± 0.1 3.6 ± 0.1

Fasting glucose (mg/dL)
Group A 119.4 ± 2.8 111.2 ± 1.9 †,a 0.021 0.020
Group B 118.2 ± 1.8 117.6 ± 2.3

Fasting insulin (μIU/mL)
Group A 11.0 ± 2.3 10.8 ± 1.1 0.601 0.731
Group B 12.8 ± 1.4 13.1 ± 1.8

HOMA-IR
Group A 3.1 ± 1.2 3.0 ± 1.1 0.631 0.213
Group B 2.9 ± 0.2 3.4 ± 1.1

HOMA-B (%)
Group A 112.9 ± 31.8 114.1 ± 11.0 0.619 0.312
Group B 116.9 ± 21.0 114.2 ± 19.0

HbA1c (%)
Group A 5.84 ± 0.0 5.81 ± 0.0 0.411 0.511
Group B 5.86 ± 0.0 5.88 ± 0.0

2-h post-load glucose
(mg/dL)

Group A 163.2 ± 3.2 144.4 ± 3.2 †,a 0.041 < 0.010
Group B 167.2 ± 2.7 176.2 ± 3.2

Abbreviations: PTH: parathyroid hormone; BMI: body mass index; WC: waist circumference; 25(OH)D:
25-hydroxy-vitamin D; HbA1c: glycated hemoglobin A1c; HOMA-IR: homeostatic model assessment for insulin
resistance; HOMA-B: homeostatic model assessment for beta-cell function. Data are presented as mean ± standard
deviation. *: 2-way analysis of variance (ANOVA). a: compared to baseline (comparisons within the same group).
†: compared to B group (comparisons between groups at the same time point).
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3.2. Following PTx or Conservative Approach

Anthropometric and biochemical features of calcium homeostasis for both groups are presented
in Table 2. Individuals in both groups did not differ with respect to BMI (28.4 ± 0.6 vs. 28.8 ± 1.9 kg/m2,
p = 0.652) and waist circumference (96.4 ± 1.2 vs. 97.1 ± 3.1 cm, p = 0.541).

At the end of follow-up, Group A demonstrated significant improvements in fGlu after PTx
compared to baseline ((119.4 ± 2.8 vs. 111.2 ± 1.9 mg/dL, p = 0.021), (−8.2 ± 0.6 mg/dL)), as well as in
2-h post-load glucose concentrations ((163.2 ± 3.2 vs. 144.4 ± 3.2 mg/dL, p = 0.041), (−18.8 ± 0.3 mg/dL)).
Group B demonstrated non-significant differences in fGlu ((118.2 ± 1.8 vs. 117.6 ± 2.3 mg/dL, p = 0.031),
(−0.6 ± 0.2 mg/dL)) and 2-h post-load glucose concentrations ((167.2 ± 2.7 vs. 176.2 ± 3.2 mg/dL,
p = 0.781), (+9.0 ± 0.8 mg/dL)) (Table 2).

As expected, calciotropic homeostasis was significantly improved in Group A compared to Group
B, for PTH (44.2 ± 1.4 vs. 86.2 ± 2.2 pg/mL, p < 0.01), corrected Ca (9.1 ± 0.0 vs. 9.7 ± 0.2 mg/dL,
p = 0.044), and P (3.9 ± 0.1 vs. 3.6 ± 0.1 mg/dL, p = 0.031), whereas 25(OH)D serum concentrations
were similar for the two groups (32.3 ± 3.1 vs. 31.2 ± 1.9 ng/mL, p = 0.383) (Table 2). In addition,
Group A demonstrated significant improvements vs. Group B in fGlu levels ((111.2 ± 1.9 vs. 117.6
± 2.3 mg/dL, p = 0.02), (−6.4 ± 0.7 mg/dL)) and 2-h post-load glucose concentrations ((144.2 ± 3.2 vs.
176.2± 3.2 mg/dL, p < 0.01), (−32 ± 0.4 mg/dL)), respectively (Table 2).

4. Discussion

The purpose of this study was to investigate potential effects of PTx on glucose profiles of patients
with co-existing prediabetes and NPHPT, versus conservative treatment. Our results indicated an
improvement of glucose homeostasis following PTx, compared to the non-interventional strategy of
conservative follow-up. This is the first report identifying an early (32 weeks post-surgery) beneficial
glycemic effect of a surgical intervention (PTx) where there is the co-existence of both subclinical
entities. The most plausible explanation for this early effect could result from the robust reduction of
PTH concentrations after PTx, possibly explaining the improvement of glycemic parameters observed
in our analysis.

Previous in-vitro studies indicated that increased concentrations of PTH have an adverse effect on
mitochondrial oxidative phosphorylation, as well as adenosine triphosphate (ATP) islet content [20].
The increased milieu of calcium in the cytosol, as a result of the reduction of Ca exocytosis, has been
associated with deterioration of glucose-stimulated insulin secretion, particularly in the preclinical or
prediabetic state [21].

Of major interest are in vivo animal models which have indicated that PTH administration
promotes a plethora of biological phenomena, including a decrease in insulin-stimulated glucose
uptake, protein kinase B (AKT) activity (phosphorylated AKT/total AKT protein expression), and a
reduction in glucose transporter-4 and insulin receptor substrate-1 protein expression. PTH also induced
an increase of insulin receptor substrate-1 (IRS-1) phosphorylation on serine 307, which has been
reported to down-regulate insulin intracellular signaling, resulting in an increase in peripheral insulin
resistance. These results indicate that chronic PTH over-secretion is implicated in the development of
dyshomeostasis on β-cells function, as well as development of insulin resistance in adipose tissue [20].
However, previous clinical human studies have not consistently reported a deterioration of peripheral
insulin action [8–10]. In this study, no differences in HOMA-IR or HOMA-B indices between groups
were evident, probably as a result of the small sample size.

In this regard, PTH has also been shown to inversely correlate with insulin sensitivity index
(ISI), and has also been proven to be an independent negative determinant of ISI, with a decrease of
0.247 μmol/L/m2/min/pmol/L in ISI for each pg/mL increase in plasma PTH levels [22]. These reports
were also confirmed by large-scale observational and epidemiological data, implying that elevated
PTH concentrations are positively associated with abnormal glucose metabolism [23,24]. However,
these results have not been confirmed by available intervention trials. We recently demonstrated a
significant increase of glucose-stimulated glucagon-like peptide 1 secretion after successful PTx for
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asymptomatic primary hyperparathyroidism [25], indicating a favorable profile in incretion secretion
physiology after surgical intervention.

Hagström et al. [12] evaluated the incidence of metabolic diseases (including diabetes mellitus) in
30 subjects with NPHPT (treated either with PTx or conservatively) during a five-year follow-up period,
compared with age-matched controls. In their study [12], PTx had no effect on fGlu and HbA1c values.
In this study, we also did not observe differences in HbA1c, probably due to the shorter follow-up
period, which could outline a potential improvement in this setting. On the other hand, the discrepancy
in fGlu concentrations was likely the result of differences in dietary practices and physical exercise
between the two studies. In our study, a detailed dietary and exercise regimen was suggested to the
participants, whereas in the Hagström et al. [12] study no such supervision was reported. Recently,
a case–control study investigating the effect of PTx on cardiovascular risk factors in patients with
normocalcemic and hypercalcemic PHPT [26] showed that after PTx improvements in blood pressure,
serum total cholesterol, HOMA-IR, and cardiovascular risk scores were reported for both groups.

Our results suggest that in patients with NPHPT the reduction in PTH secretion after PTx results
in significant improvement in the context of prediabetes only 32 weeks after surgery, indicating
that surgical management of NPHPT might be a rational approach, particularly in cases where a
deterioration of glucose homeostasis is evident during conservative follow-up. Although available
guidelines [1,2,18] recommend that PTx is suggested primarily for musculoskeletal complications, our
results indicate that PTx for metabolic reasons may be a future option.

A relative strength of our study is that we used strict criteria for diagnosing NPHPT and
prediabetes, prior to patient inclusion in this analysis [18]. We have also excluded patients with other
causes of increased PTH concentrations.

Main limitations include the lack of inclusion of a control group of participants with normal glucose
homeostasis and other components of the metabolic syndrome (to draw more complete conclusions
about the association between insulin resistance and dysfunction of parathyroid glands), the small
sample size, and the use of HOMA indexes to evaluate insulin resistance and beta-cell function, instead
of using the gold standard of clamping [27]. Moreover, we were not able to incorporate additional
markers for evaluating insulin resistance and insulin secretion, such as the Matsuda index and the
insulin secretion-sensitivity index-2. Finally, the follow-up period after PTx was relatively short in
order to identify additional beneficial effects on glycemic homeostasis.

Measurements of additional components of the metabolic syndrome were absent, limiting the
generalizability of these findings regarding the effects of PTx in the cardiometabolic profile of this
cohort, as well as the association of insulin resistance with NPHPT. In this setting, more appropriately
designed future studies could improve and elucidate the pathophysiological interplay between these
preclinical entities.

In conclusion, these results indicate that PTx in individuals with NPHPT and prediabetes may
improve glucose homeostasis compared to conservative follow-up, after 8 months of follow-up. Similar
studies are required in larger population groups to confirm these results in the co-existence of these
subclinical entities.
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Abstract: Purpose: While an increasing number of studies demonstrate the importance of vitamin
D for athletic performance, the effects of any type of exercise on vitamin D metabolism are
poorly characterized. We aimed to identify the responses of some vitamin D metabolites to
ultra-marathon runs. Methods: A repeated-measures design was implemented, in which 27
amateur runners were assigned into two groups: those who received a single dose of vitamin D3

(150,000 IU) 24 h before the start of the marathon (n = 13) and those (n = 14) who received a placebo.
Blood samples were collected 24 h before, immediately after, and 24 h after the run. Results: In both
groups of runners, serum 25(OH)D3, 24,25(OH)2D3, and 3-epi-25(OH)D3 levels significantly increased
by 83%, 63%, and 182% after the ultra-marathon, respectively. The increase was most pronounced in
the vitamin D group. Body mass and fat mass significantly decreased after the run in both groups.
Conclusions: Ultra-marathon induces the mobilization of vitamin D into the blood. Furthermore, the
24,25(OH)2D3 and 3-epi-25(OH)D3 increases imply that the exercise stimulates vitamin D metabolism.

Keywords: endurance exercise; 3-epi-25(OH)D3; 24,25(OH)2D3; 25(OH)D3

1. Introduction

Vitamin D plays a crucial role in the regulation of multiple physiological processes. Its activity is
mainly ascribed to the active form, 1,25(OH)2D3, which acts via a specific vitamin D receptor (VDR).
VDR is a transcriptional factor that regulates the expression of approximately 1000 genes. VDR is present
in almost all human tissues [1,2]. Consistently, vitamin D deficiency has been associated with multiple
morbidities, such as cancer, diabetes, multiple sclerosis, cardiovascular diseases, and others [3–6].
Therefore, it is recognized that vitamin D status is an important risk factor for several diseases
of civilization. Moreover, more and more athletes also show a low vitamin D status, which may
negatively impact the health, performance, and training efficiency of athletes [7,8].
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Vitamin D is produced in the skin in response to ultraviolet (sunlight) exposure. Subsequently, it is
hydroxylated at positions 25 and 1 to gain full hormonal activity. On the other hand, 25-OH vitamin D
[25(OH)D3] is a good marker of vitamin D status. The kidney, brain, bone, skin, prostate, and white
blood cells can convert 25(OH)D3 to its active form [1,25(OH)2D3]. It can be anticipated that low serum
levels of 25(OH)D3 will limit the synthesis of the active form in all these tissues. Serum 25(OH)D3

levels are mainly determined by exposure to sunlight and vitamin D supplementation. In addition,
higher fat tissue content is associated with lower serum 25(OH)D3 levels, possibly because of its ability
to store vitamin D [9,10]. On the other hand, higher physical activity is associated with better vitamin
D status, even though many athletes are vitamin D-deficient [11]. Vitamin D supplementation is the
easiest way to correct its deficiency and single high doses have been demonstrated to be effective in
short periods [12].

Among many factors, exercise-induced release of vitamin D from adipose tissue has been postulated
as an important mechanism that leads to increased vitamin D levels in the blood [13]. However, the effect
of exercise on vitamin D status is not fully understood. Of note, vitamin D metabolism is involved in
the formation of other metabolites, such as 3-epi-25(OH)D3 and 24,25(OH)2D3. These metabolites are
not considered to be physiologically active. However, based on recent studies, they play an important
role in the regulation of general metabolism. For example, 3-epi-25(OH)D3 levels are associated
with an improved cardiovascular risk profile, and 3-epi-1,25(OH)2D3, derived from 3-epi-25(OH)D3,
effectively reduces blood parathormone without inducing changes in the plasma calcium levels [14,15].
In addition, 24,25(OH)2D3, considered to be an inactive form of vitamin D, protects cells from
1,25(OH)2D3 toxicity and modulates the antioxidant potential by binding catalase [16]. Furthermore,
studies involving animal models demonstrated that 24,25(OH)2D3 plays an important role in normal
bone integrity, function, and healing [17,18]. Interestingly, high 24,25(OH)2D3 levels are associated
with a reduced disability status in multiple sclerosis patients [19].

Collectively, the above observations indicate that vitamin D metabolites have important biological
functions, which are far from being completely understood. Therefore, it is crucial to study the
effects of exercise on vitamin D metabolism. Exercise stimulates the release of several hundreds of
proteins (myokines) into circulation from the skeletal muscle while also stimulating the liberation of
bioactive proteins (exerkines) from other tissues [20]. An example of such an exerkine is fibroblast
growth factor 23, whose concentration increases after exercise [21]. This exerkine is responsible for the
regulation of plasma phosphate levels and modifies vitamin D metabolism by inhibiting the formation
of 1,25(OH)2D3 [22].

Ultra-marathon is a type of exercise that pushes the boundaries of human performance.
This extreme type of physical activity, involving continuous running over a distance well above
the 42 km of a regular marathon run, is associated with enormous energy expenditure. Until now,
knowledge about vitamin D metabolism associated with strenuous exercise like ultra-marathon has
been limited [23]. Running and walking for extreme durations, so-called ultra-marathons, have become
increasingly popular in the last years throughout the world, particularly in the USA, Europe, Japan,
and South Africa [24]. Hence, it seems important to evaluate the effect of this type of prolonged
exercise on the physiological responses of the human body, both under conditions of supplementation
and where supplementation is not provided. Especially vitamin D supplementation could prevent
exercise-induced inflammation processes and other adverse body reactions. We proposed that
ultra-marathon, which alters the production of hundreds of exerkines [25] and has the potential to
reduce the amount of adipose tissue [26], influences vitamin D metabolism.

Here, we performed a double-blind randomized controlled trial to determine the impact of extreme
endurance exercise on vitamin D metabolites in relation to vitamin D supplementation. We found
that ultra-marathon induced a significant increase in metabolites of vitamin D3 which do not possess
classical metabolic effects of the active form of vitamin D3.
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2. Materials and Methods

2.1. Experimental Overview

The study was designed as a double-blind randomized controlled trial with parallel groups.
Participants were randomly assigned to two groups: the supplementation group and the control
group. The supplementation protocol involved a single high dose of vitamin D3 before the start of the
ultra-marathon. During the initial visit, data on the subject’s age, body composition, and height were
collected. All runners were examined by a professional physician. A sample of venous blood was
obtained before the ultra-marathon start and immediately after and 24 h after the run to evaluate the
vitamin D metabolites. Additionally, before starting the actual experiment, to evaluate body responses
to a high dose of vitamin D, profiles of vitamin D analogues were assessed. All laboratory analyses
were performed at the Gdansk University of Physical Education (Gdansk, Poland).

2.2. Participants

Twenty-seven male ultra-marathon runners taking part in the Lower Silesian Mountain Runs
Festival Ultra-Marathon Race participated in the study. The runners were randomly assigned
to the experimental (supplemented, UM-S; n = 13) and control (placebo, UM-C; n = 14) groups.
The characteristics of the groups are shown in Table 1. The participants were physically active
ultra-marathon amateur runners. None of the runners had any history of known diseases or reported
any intake of medication due to illnesses in six months before the experiment. All runners had previous
ultra-marathon race experience (not less than two). During all testing periods and 1 week before
testing, the participants refrained from alcohol, caffeine, guarana, theine, tea, chocolate, and any other
substance intake which may potentially influence exercise performance. Furthermore, the participants
were asked to adopt a similar eating pattern on the days of measurements, based on a randomized
diet for their age group and physical intensity. The study protocol was accepted by the Bioethics
Committee for Clinical Research at of the Collegium Medicum University of Nicolaus Copernicus
(decision number KB-124/2017) and conducted according to the Declaration of Helsinki. The study
was registered as clinical trial: NCT03417700. Written informed consent was obtained from all study
participants, who were also informed about the possibility of withdrawal of consent at any time and
for any reason. Prior to participation, subjects were informed about the study procedures but not about
the rationale and study aim, so as to keep them naive about the potential effect of supplementation.

Table 1. Characteristics of the participants (n = 27).

Variable
UM-S (n = 13) UM-C (n = 14)

Effect Size (η2)
Mean ± SD (95% CI) Mean ± SD (95% CI)

Age (years) 42.00 ± 8.44 (36.00–47.00) 40.00 ± 8.11 (36.00–45.00) 0.01
Body mass 74.29 ± 7.51 (70.12–78.45) 78.64 ± 10.66 (72.20–85.09) 0.05
Body height
(cm) 174.80 ± 3.80 * (172.54–177.45) 181.30 ± 5.43 (178.43–183.56) 0.34

Body mass
index 23.92 ± 2.42 (21.10–25.65) 24.18 ± 1.83 (22.95–25.41) 0.01

Fat mass (%) 12.58 ± 3.25 10.25–14.90 12.43 ± 4.65 9.31–15.56 0.02

Note: UM-S, runners given vitamin D3; UM-C, runners without vitamin D supplementation (control group).
Significant difference at * p ≤ 0.05.

2.3. Pilot Study

Although vitamin D metabolism is well documented, to date, changes in serum levels of vitamin
D metabolites after administration of a high dose of vitamin D have not been evaluated. To evaluate
body responses to a high dose of vitamin D, profiles of vitamin D analogues were assessed. For this
purpose, four physically active non-ultra-marathon runners (volunteers) took two doses of vitamin D3
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(100,000 or 200,000 IU) 28 day apart. The blood samples were taken at selected time points (days 0 to
45) and profiles of vitamin D analogues were analyzed as described in Section 2.6. The following were
analyzed: 25(OH)D3, 3-epi-25(OH)D3, and 24,25(OH)2D3, and the ratios of the last two compounds to
25(OH)D3.

2.4. Ultra-Marathon Run

One day after the first blood sample collection, physician examination, and supplementation,
all runners (UM-C and UM-S groups) participated in the Lower Silesian Mountain Run Festival
(19 July 2018). The start and finish points were in the town of Lądek Zdrój (Lower Silesian Voivodeship,
Poland).

The running festival took place in the Kłodzko Land (latitude of 50◦ N) and consisted of seven
mountain trails, with a maximum course length of 240 km, a maximum altitude of approximately
1425 m a.s.l., and a minimum altitude of approximately 261 m a.s.l. The entire altitude range was
approximately 1164 m, and the total ascent and descent was 7670 m. (Figure 1). The run started at
18:00 h and the temperature during the run varied from 18 ◦C at the start point to 4 ◦C on the top of the
Śnieżnik Mountain. Most of the time, the sky was overcast.

Figure 1. Ultra-marathon track characteristics of the Lower Silesian Mountain Run Festival 2018,
Lądek Zdrój. The entire track (A) and select track parts and distances (B) are shown (Mountain
Marathons Foundation).
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2.5. Vitamin D Supplementation

Each participant from the experimental group received a single high dose of vitamin D3 (150,000 IU)
24 h before the start of the ultra-marathon. The decision was based on the pilot study, which showed
the highest concentration of vitamin D metabolites within 24–48 h. The control group received a
placebo solution with the taste (anise), color, and consistency matching those of the vitamin D solution
(pure vegetable oil solution).

The participants and researchers had no knowledge of the groups and differences in the
supplementation procedures.

2.6. Sample Collection and Measurements of Vitamin D Metabolite Levels

Blood (9 mL) was collected three times: 24 h before and after the race and immediately
after the run (up to 5 min after the run). Venous blood samples were collected into Sarstedt
S-Monovette tubes (S-Monovette® Sarstedt AG&Co, Nümbrecht, Germany) without anticoagulant
for serum separation (with a coagulation accelerator). The serum was separated using standard
laboratory procedures, aliquoted, and frozen at −80 ◦C until further analysis. Sample preparation was
based on serum protein precipitation and derivatization. Quantitative analysis was performed
using liquid chromatography coupled with tandem mass spectrometry (QTRAP®4500 (Sciex)
coupled with ExionLC HPLC system) with minor changes according to previously published
method [27]. Serum samples were analyzed in the positive ion mode, using electrospray
ionization. The raw data were collected using Analyst® software, while to process and quantify
the collected data MultiQuant® was used. Various reagents were used in the sample preparation
procedure. Furthermore, 4-(4′-Dimethylaminophenyl)-1,2,4-triazoline-3,5-dione (DAPTAD) was
used as a derivatization agent. It was synthesized by Masdiag Laboratory (Warsaw, Poland).
Additionally, solvents such as water, ethyl acetate (POCh S.A., Gliwice, Poland), and methanol
(Honeywell, Sigma-Aldrich, Gillingham, Dorset, UK) were used.

Mobile phases were prepared using acetonitrile (ACN) (Honeywell, Sigma-Aldrich, Gillingham,
Dorset, UK), water (POCh S.A., Gliwice, Poland), and formic acid (FA) (Merck KGaA, Darmstadt,
Germany). All solvents were of LC-MS grade.

The following were determined: 25(OH)D3, 24,25(OH)2D3, 3-epi-25(OH)D3, and 25(OH)D2 levels
and the ratios of 25(OH)D3 to 24,25(OH)2D3 and 25(OH)D3 to 3-epi-25(OH)D3. The concentrations of
vitamin D metabolites were corrected to change in plasma volume [28,29].

2.7. Statistical Analysis

Descriptive statistics included mean ± standard deviation (SD) for all measured variables.
A two-way ANOVA with repeated measures (2 × 3) was performed to investigate the impact of
ultra-marathon running (marathon: 24 h before, immediately after, and 24 h after the run) on vitamin D
metabolites and physical characteristics in relation to vitamin D supplementation (group: UM-S, UM-C).
In case of a significant interaction, Tukey’s post-hoc test was performed to assess differences in specific
subgroups. In addition, the effect size was determined by eta-squared statistics (η2). Values equal
to or more than 0.01, 0.06, and 0.14 indicated a small, moderate, and large effect, respectively. All
calculations and graphics were conducted using Statistica 12 software (StatSoft, Tulsa, OK, USA).
Differences were considered statistically significant when p ≤ 0.05.

3. Results

In the control study, four volunteers who were not participating in any sport activities were
given a single high dose of vitamin D on days 0 and 28, with two doses tested. Regardless of the
dose, the 25(OH)D3 and 3-epi-25(OH)D3 levels increased within the first 48–72 h, following which
the concentration gradually decreased. A similar relationship was observed for the 24,25(OH)2D3

metabolite, with the highest concentration noted between days 4 and 7 after administration. Its levels
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remained relatively constant once the peak was reached. Interestingly, the (slow) increase in the
25(OH)D3 levels began 12 h after vitamin D administration, while the 24,25(OH)2D3 levels started to
increase 24 h after vitamin D administration (Figure 2).

Figure 2. Changes in vitamin D metabolite levels in the serum, and metabolite ratios over time, in four
healthy volunteers after receiving two doses of vitamin D3. The doses were given on days 0 and
28. Notation: green lines and symbols—participants administered with 100,000 IU; yellow lines and
symbols—participants administered with 200,000 IU. The following were determined: 25(OH)D3 levels
(A); 24,25(OH)2D3 levels (B); f25(OH)D3 levels (C); 25(OH)D2 (D); ratio of 25(OH)D3 to 24,25(OH)2D3

(E); ratio of 25(OH)D3 to 3-epi-25(OH)D3 (F).

Changes in the serum levels of vitamin D after the ultra-marathon are presented in Figure 3.
The two-way ANOVA revealed a significant ultra-marathon effect in all analyzed variables on serum
of vitamin D3 levels (Table 2). Regardless of vitamin D3 supplementation, a significant increase in the
levels of 25(OH)D3 (82.9%), 24.25(OH)2D3 (63.3%), and 3-epi-25(OH)D3 (182.6%), 25(OH)D2 (17.7%)
and the ratio of 25(OH)D3 to 24,25(OH)2D3 (45.8%) was observed, as well as a significant decrease in
the ratio of 25(OH)D3 to 3-epi-25(OH)D3 (18.4%) immediately after the ultra-marathon. A significant
increase in the levels of 24,25(OH)2D3, 3-epi-25(OH)D3, and 25(OH)D2 and the ratios of 25(OH)D3

to 24,25 (OH)2D3 and 25(OH)D3 to 3-epi-25(OH)D3 was also apparent 24 h after the ultra-marathon
(Table 2). The two-way ANOVA also revealed a significant group effect in 25(OH)D3, 3-epi-25(OH)D3,
and 25(OH)D3: 24,25(OH)2D3 ratio (Table 2). The UM-S group showed a 30.1% higher concentration
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of 25(OH)D3, a 61.8% higher concentration of 3-epi-25(OH)D3, and a 24.7% higher ratio of 25(OH)D3 to
24,25(OH)2D3 in comparison with the UM-C group.

Figure 3. An effect of ultra-marathon on the serum levels of vitamin D metabolites. Data for runners
supplemented with vitamin D3 (green symbols and lines) and runners without supplementation (red
symbols and lines) are shown. (A) 25(OH)D3 levels; (B) 24,25(OH)2D3 levels; (C) 3-epi-25(OH)D3

levels; (D) 25(OH)D2 levels; (E) 25(OH)D3: 24,25(OH)2D3 ratio; (F) 25(OH)D3: 3-epi-25(OH)D3 ratio.
Time points: I, 24 h before the ultra-marathon; II, immediately after the ultra-marathon; III, 24 h after
the ultra-marathon. The values are presented as mean ± SD. * significant difference vs. group without
supplementation at p < 0.05; # significant difference vs. I time point at p < 0.05.
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Table 2. Two-way (2 groups × 3 repeated measurements) ANOVA of the serum levels of vitamin D3

induced by ultra-marathon run.

Variable Effect F df p Effect Size (η2) Post-Hoc Outcome

25(OH)D3

GR
UM

GR × UM

6.59
67.00
7.43

1, 30
2, 60
2, 60

0.01 *
0.01 **
0.01 **

0.19
0.70
0.20

S > C
I < II, III

S-I < S-II, S-III
C-I < C-II, C-III

S-II > C-II S-III >
C-III

24,25(OH)2D3

GR
UM

GR × UM

2.91
49.90
3.72

1, 30
2, 60
2, 60

0.09
0.01 **
0.02 *

0.08
0.62
0.11

I < II < III
S-I < S-II, S-III

C-I < C-II, C-III

3-epi-25(OH)D3

GR
UM

GR × UM

7.84
58.32
7.66

1, 30
2, 60
2, 60

0.01 **
0.01 **
0.01 **

0.21
0.66
0.20

S > C
I < II < III

S-I < S-II, S-III
C-I < C-II, C-III

S-II > C-II S-III >
C-III

25(OH)D2

GR
UM

GR × UM

0.26
34.06
1.05

1, 30
2, 60
2, 60

0.61
0.01 **
0.35

0.01
0.53
0.03

I < II < III

Ratio
25(OH)D3:
24,25(OH)2D3

GR
UM

GR × UM

6.79
70.82
8.06

1, 30
2, 60
2, 60

0.01 *
0.01 **
0.01 **

0.18
0.70
0.21

S > C
I < II < III

S-I < S-II, S-III
C-I, C-II < C-III

S-II > C-II S-III >
C-III

Ratio
25(OH)D3:
3-epi-25(OH)D3

GR
UM

GR × UM

0.06
47.38
1.34

1, 30
2, 60
2, 60

0.81
0.04 *
0.26

0.01
0.10
0.04

II < III

Note: GR, group; UM, ultra-marathon; S, runners supplemented with vitamin D3; C, runners without
supplementation (control group); I—24 h before the ultra-marathon; II—immediately after the ultra-marathon;
III—24 h after the ultra-marathon. Significant difference at * p ≤ 0.05, ** p ≤ 0.01.

Furthermore, the analysis of variance of the 25(OH)D3 and 3-epi-25(OH)D3 levels and the ratio of
25(OH)D3 to 3-epi-25(OH)D3 also showed a significant interaction of the group and ultra-marathon
factor. An interaction analysis of the ‘group’ and ‘ultra-marathon’ factors indicated that the 25(OH)D3

and 3-epi-25(OH)D3 levels and the ratio of 25(OH)D3 to 24,25(OH)2D3 immediately after and 24 h after
the ultra-marathon were significantly higher in the group supplemented with vitamin D3 than in the
control group (Figure 3).

4. Discussion

The main goal of the current study was to define whether vitamin D supplementation (150,000 IU)
affects vitamin D metabolism after an acute exercise, such as an ultra-marathon. We demonstrated
that serum 25(OH)D3, 24,25(OH)2D3, and 3-epi-25(OH)D3 levels significantly increased after the
ultra-marathon. We also showed that in volunteers supplemented with large dose of vitamin D,
similar changes were observed after the run; however, the time of changes differed. In addition,
the control experiment demonstrated that application of single high dose of vitamin D is effective in
correcting vitamin D deficiency, as reported before [12]. This observation indicates that exercise in
addition to supplementation modifies vitamin D metabolism.

According to several reports, vitamin D is stored in adipose tissue and, therefore, increased lipolysis
observed during exercise, which leads to vitamin D release into the blood [30,31]. In fact, 30 min of
cycling increases 25(OH)D3 levels by approximately 20 nmol/L, while 5 weeks of progressive endurance
exercise increases 25(OH)D levels by 2 nmol/L [13,32]. We confirmed, here, these observations,
as we noted almost a 20 nmol/L increase in 25(OH)D levels in the control group runners and an
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even higher increase in the vitamin D-supplemented runners. However, contrary to the findings of
Sun et al. [32], in the current study, 25(OH)D levels did not return to baseline values after 24 h but
remained elevated. Detailed analysis of individual responses revealed that in 3 of 14 runners from
the control group, 25(OH)D3 levels did not increase and even slightly decreased. On the other hand,
25(OH)D3 levels did not change after the run in two runners from the vitamin D-supplemented group.
This could be explained by recent studies concerning the responders and non-responders to vitamin
D supplementation; however, the detailed molecular mechanism of such variable responsiveness
remains to be determined [33]. It cannot be excluded that vitamin D released from adipose tissue is
reabsorbed by adipose tissue, and the reabsorption is affected by exercise to a lesser degree than the
release. This would explain an earlier observation of a rapid return of 25(OH)D3 levels after exercise
to the initial value [13]. The upper body subcutaneous adipose depot is a more important source of
plasma fatty acids during exercise than visceral adipose tissue [34]. In addition, visceral adipose tissue
accumulates more vitamin D than subcutaneous adipose tissue [35]. Hence, subtle differences in
visceral adipose tissue may significantly affect serum levels of vitamin D and vitamin D metabolism
during and after exercise. In addition, the adipose tissue content of vitamin D may be significantly
different between individuals (4 to 500 ng/g) [36], which could also partially explain the different
responses to the ultra-marathon.

In one study involving team-sport athletes, 12-week vitamin D supplementation resulted in
increased serum 25(OH)D3 levels; however, a significant increase in 24,25(OH)2D3 levels was observed
only after 70,000 IU of vitamin D3 was administered per week, while half of this dose had no effect [37].
Certainly, the observed effects were related to both, supplementation and training. Here, we observed
a significant increase in 24,25(OH)2D3 levels in both supplemented and non-supplemented runners.
This indicates an increased hydroxylation of vitamin D in C-24 position as a result of extreme exercise,
such as an ultra-marathon. In addition, no direct correlation between an increase in 25(OH)D3 and
24,25(OH)2D3 levels was apparent in the above study [37]. That is probably associated with the
activation of 24-hydroxylase after a certain cellular 25(OH)D3 threshold is exceeded. In the current
study, 25(OH)D3 levels after the ultra-marathon were approximately 40 and 35 ng/mL in runners with
and without supplementation, respectively. These levels were much lower than those observed in
athletes supplemented with a lower dose of vitamin D (approximately 60 ng/mL) in whom changes
in 24,25(OH)2D3 levels were not observed [37]. Furthermore, the ratio of 25(OH)D3 to 24,25(OH)2D3

also significantly increased after the ultra-marathon, which indicated a lack of direct dependency
between these two compounds, implying that the exercise stimulates the synthesis of 24,25(OH)2D3.
Conversely, in the control subjects, the ratio of 25(OH)D3 to 24,25(OH)2D3 initially rapidly increased as
a result of a faster increase in the 25(OH)D3 levels than that of the 24,25(OH)2D3 levels. Over time, the
ratio decreased, which was associated with a further production of 24,25(OH)2D3.

Exercise induces the release of several myokines and exerkines [20,38], and some of these molecules
possibly stimulate C-24 hydroxylation. However, this requires further study. The 24,25(OH)2D3

metabolite is considered to be an inactive form of vitamin D. Nevertheless, according to recent studies,
this metabolite has many biological functions, including protection against 1,25(OH)2D3 toxicity,
reduction in inflammation, stimulation of bone healing, and some others [17,39]. Hence, an increase in
its levels during exercise could have important implications for the body that should be investigated in
future studies.

Another metabolite, whose concentration increased after the ultra-marathon, was 3-epi-25(OH)D3.
C-3 epimerization is a common metabolic pathway of major metabolites of vitamin D3.
25(OH)D3 undergoes epimerization and 3-epi-25(OH)D3 is the most prevalent form [40]. The biological
function of 3-epi-25-(OH)D3 is not well understood. Its concentration has been reported to be in the
range of 0–9.01 ng/mL [41]. In the current study, 3-epi-25-(OH)D3 was detectable before and after the
ultra-marathon in all runners. Interestingly, 3-epi-25(OH)D3 can be converted to 3-epi-1,25-(OH)D3,
which participates in the suppression of parathormone secretion without inducing hypercalcemia and
induces surfactant phospholipid synthesis in pulmonary cells [15,42]. To the best of our knowledge,
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this is the first paper reporting an exercise-induced increase in 3-epi-25(OH)D3 levels. The physiological
meaning of this changes remains to be determined. Further, the relative contribution of 3-epi-25(OH)D3

to serum vitamin D does not correlate with 25(OH)D3 levels in individuals with hypervitaminosis
D [43]. Conversely, here, we showed a decrease in the ratio of 25(OH)D3 to 3-epi-25(OH)D3 after
the run or supplementation, indicating that increased serum 25(OH)D3 levels lead to a rise in C-3
epimerization. Hence, epimerization may be the first line of defense of the body against high levels
of 25(OH)D3, since epimeric forms of 1,25(OH)2D3 are considered to be less biologically active than
native forms.

The consumption of vitamins during an ultra-marathon is a common nutritional habit and, along
with the growing interest in this type of physical activity, has been studied [44,45]. It should be
highlighted that intake of typical antioxidants, such as vitamins C and E, as anti-inflammatory and
antioxidative factors in endurance training could even blunt training adaptations and attenuate some
of the cellular adaptations in skeletal muscle [46]. Furthermore consumption of those vitamins did
not affect physiological aspects related to sport performance and did not improve sport results [47].
That is why there is a need for searching for proper supplementation methods, where vitamin D
supplementation can be beneficial for ultra-marathon runners’ health.

In conclusion, this is the first report demonstrating that endurance exercise significantly increases
serum levels of 24,25(OH)2D3, 3-epi-25(OH)D3, and 25(OH)D3, possibly by liberating vitamin D from
adipose tissue and stimulating its metabolism. These observations imply that formation of vitamin D
metabolites can, on the one hand, protect from vitamin D toxicity, and on the other hand, they can
exert some other biological functions, e.g., anti- inflammatory and antioxidative. All of these data
indicate that these changes in vitamin D metabolism are a physiological response to endurance exercise.
The changes are affected by vitamin D status; thus, one can predict that low adipose or skeletal muscle
vitamin stores may negatively influence physiological response to exercise. However, more work is
needed to explore the role of vitamin D metabolites in physiological response to exercise.

Author Contributions: Conceptualization, J.M., M.A.Ż. and J.A.; data curation, J.M.; formal analysis, J.M., A.K.,
B.N., K.K., R.R. and T.B.; investigation, J.M., B.S., T.K. and K.K.; methodology, J.M., B.S., B.N., K.K., R.R. and T.B.;
project administration, A.K.; supervision, J.M.; validation, M.A.Ż.; writing—original draft, J.M., B.S., K.K., R.R.
and J.A.; writing—review and editing, J.M., A.K., B.N., T.K., M.A.Ż., T.B. and J.A. All authors have read and
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Abstract: The COVID-19 pandemic is having major economic and personal consequences for collegiate
and professional sports. Sporting events have been canceled or postponed, and even when baseball
and basketball seasons resumed in the United States recently, no fans were in attendance. As play
resumed, several players developed COVID-19, disrupting some of the schedules. A hypothesis now
under scientific consideration is that taking vitamin supplements to raise serum 25-hydroxyvitamin
D [25(OH)D] concentrations could quickly reduce the risk and/or severity of COVID-19. Several
mechanisms have been identified through which vitamin D could reduce the risks of infection and
severity, death, and long-haul effects of COVID-19: (1) inducing production of cathelicidin and
defensins to reduce the survival and replication of the SARS-CoV-2 virus; (2) reducing inflammation
and the production of proinflammatory cytokines and risk of the “cytokine storm” that damages the
epithelial layer of the lungs, heart, vascular system, and other organs; and (3) increasing production
of angiotensin-converting enzyme 2, thus limiting the amount of angiotensin II available to the
virus to cause damage. Clinical trials have confirmed that vitamin D supplementation reduces
risk of acute respiratory tract infections, and approximately 30 observational studies have shown
that incidence, severity, and death from COVID-19 are inversely correlated with serum 25(OH)D
concentrations. Vitamin D supplementation is already familiar to many athletes and sports teams
because it improves athletic performance and increases playing longevity. Thus, athletes should
consider vitamin D supplementation to serve as an additional means by which to reduce risk of
COVID-19 and its consequences.

Keywords: athletic performance; COVID-19; acute respiratory tract infections; immunity; team
sports; vitamin D; 25-hydroxyvitamin D

1. Introduction

The COVID-19 pandemic has had and continues to have a major impact on life and economics
globally. Among people affected are athletes and sports teams at all levels of play. The Summer
Olympics originally scheduled for summer 2020 in Japan are now postponed until summer 2021.
Professional sports organizations have experienced delays, interruptions, and cancelations despite
practicing significant measures designed to reduce COVID-19 risk. Collegiate sports seasons have
been delayed, canceled, or dramatically altered by the pandemic [1–3]. Some programs have even
been eliminated in light of growing financial challenges [4]. High school sports, amateur races,
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and recreational sports have been put on hold. A Google Forms survey of 692 elite and semi-elite
South African athletes conducted in April found that in response to COVID-19 reductions in sports
events, many of the athletes consumed excessive amounts of carbohydrates, felt depressed, and
required motivation to keep active. [5]. Thus, additional methods to reduce risk of COVID-19 for
athletes would be useful, especially if they might also improve athletic performance.

This narrative review outlines the use of vitamin D supplementation to raise serum
25-hydroxyvitamin D [25(OH)D] concentrations to optimal values, which may be at least 40 ng/mL
for sports (e.g., [6]). The benefits of vitamin D for athletic performance and general well-being are
similarly reviewed.

2. Results

2.1. Introduction to COVID-19

COVID-19 is caused by the body’s dysregulated immune response to the SARS-CoV-2 virus [7].
(macrophage activation, associated with the “cytokine storm,” promotes the dysregulation of innate
immunity [8].) The virus enters largely through the lungs. The virus can enter cells by attaching
to the angiotensin-converting enzyme 2 (ACE2) receptor. SARS-CoV-2’s binding to ACE2 makes
more angiotensin II available to cause damage [9]. The infection also increases inflammation by
ramping up production of both proinflammatory and anti-inflammatory cytokines, which can result
in a cytokine storm [10]. By increasing inflammation, the cytokine storm injures the epithelial
layer of the lungs—which can lead to pneumonia, acute respiratory distress syndrome (ARDS),
and sepsis [7]—and later, other internal organs, which can lead to permanent damage. The T-helper 1
(Th1) and macrophage-based proinflammatory cytokines are interleukin 1β (IL-1β), IL-2, IL-6, tumor
necrosis factor α, and IL-17 [7,10,11]. Approximately 70% of fatal COVID-19 cases are due to ARDS,
whereas sepsis accounts for approximately 28% [7].

COVID-19 can progress through various stages [12]. The first stage is generally limited to upper
respiratory tract infection accompanied by fever, fatigue, and muscle ache, whereas nausea and
diarrhea are infrequent symptoms at onset [13]. The second stage is pneumonia (infection of the lower
respiratory tract) with or without dyspnea (labored breathing). The third stage is complications, which
could include ARDS, sepsis, cardiac and kidney injury, and secondary infection [14]. The fourth stage
is death or healing. Death is unlikely for athletes because the main risk factors for death are older
age [15], various chronic diseases, and elevated systemic inflammation [16].

A rapidly increasing body of research reports the benefits of vitamin D in reducing risk and
severity of SARS-CoV-2 infection and COVID-19. A recent review summarized the findings as of
mid-October 2020 [17]. By that time, at least 14 observational studies and a few intervention studies as
well as several mechanisms related to vitamin D had been published.

2.2. Observational Studies of 25(OH)D and COVID-19

More than 15 observational studies of COVID-19 incidence, severity, and/or death with respect
to serum 25(OH)D concentrations have been published in peer-reviewed journals. The findings
in those studies are tabulated in a companion paper [17]. Although three studies reported no
beneficial effect related to 25(OH)D, the others reported an inverse correlation between 25(OH)D
concentrations and severity of COVID-19. Two of those studies that showed no benefit used 25(OH)D
concentration values from blood drawn more than a decade before the incidence of COVID-19 and in
the multivariable analysis included factors that affect 25(OH)D concentrations. In summary, mean
25(OH)D concentrations <15 ng/mL are generally associated with greater severity and risk of death
for COVID-19 patients, whereas mean 25(OH)D concentrations for less severe but still hospitalized
COVID-19 patients ranged from 17 to perhaps 30 ng/mL. Thus, the 10 observational studies suggest
that 25(OH)D concentrations <30 ng/mL are associated with increased risk of COVID-19 infection but
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that the risk with respect to higher concentrations cannot be ruled out. Thus, it would be prudent to
assume that higher values, such as between 40 and 60 ng/mL, might be the more appropriate range.

An observational study conducted in Chicago included 489 COVID-19 patients with a mean age of
49 ± 18 years, 75% of whom were women. Those patients presented at University of Chicago Medicine
between March 3 and April 10, 2020, and had 25(OH)D concentrations measured within the past
year [18]. Patients were deemed vitamin D deficient if their most recent serum 25(OH)D concentrations
within 1 year before their first COVID-19 tests were <20 ng/mL for 25(OH)D or <18 pg/mL for
1,25(OH)2D. Patients were deemed not deficient if their most recent concentrations were ≥20 ng/mL
for 25(OH)D or ≥18 pg/mL for 1,25(OH)2D. The relative risk of COVID-19 was 1.77 (95% confidence
interval [CI], 1.12 to 2.81; p = 0.02) for deficient vs. non-deficient vitamin D status. The relative risk for
COVID-19 for non-white vs. white race was 2.54 (95% CI, 1.26 to 5.12; p = 0.009).

Observational studies by themselves are not considered reliable indicators of causal relationships
because confounding factors may play important roles. For 25(OH)D, sun exposure and diet [19]
are two important contributing factors other than vitamin D supplementation, and they may have
effects independent of vitamin D such as destroying viruses [20]. In addition, the disease state may
affect 25(OH)D concentrations [21,22]. That concern is particularly important for people with chronic
diseases. Thus, randomized controlled trials (RCTs) are considered the best way to determine causality.

Observational studies have also offered insight into who is at greater risk of developing COVID-19
and the severity of the disease. In the United States, African Americans and Hispanics have had
much higher rates of infection and death than European Americans. [23–25]. In addition, people who
are elderly, who are obese, and/or who have chronic conditions are at greater risk [25]. Diabetes is
also an important risk factor [26]. Although African Americans and Hispanics have lower 25(OH)D
concentrations than European Americans [27], many other factors help explain the incidence–severity
relationships such as prevalence of other diseases and working and living in close contact with many
people. A recent review outlined the evidence regarding elevated chronic disease rates for African
Americans, including cardiovascular disease, diabetes, hypertension, and pulmonary disease [23].
A recent publication outlined the reasons why vitamin D deficiency in African Americans contributes
to their increased risk of COVID-19 [28]. In June 2020, another publication noted the increase in
COVID-19 death rates of dark-skinned Americans [29].

Seropositivity to SARS-CoV-2 is a precursor to COVID-19, which can develop after a dysregulated
immune response to the virus. The correlation between SARS-CoV-2 positivity with respect to
deseasonalized serum 25(OH)D concentrations measured within the past year for more than 190,000
patients by Quest Diagnostics was reported recently [30]. Non-Hispanic black people had approximately
double the SARS-CoV-2 seropositivity of non-Hispanic white people over the 25(OH)D concentration
range from <20 to >60 ng/mL, whereas Hispanic people had seropositivity rates approximately 60%
higher than those of non-Hispanic white people. On the basis of the dependence of seropositivity on
race and serum 25(OH)D concentration, researchers estimated that mean population serum 25(OH)D
concentrations explained 20% of SARS-CoV-2 seropositivity among non-Hispanic black people and
30% of SARS-CoV-2 seropositivity among Hispanic people [17].

2.3. Treating COVID-19 with Vitamin D

The results of the first vitamin D RCT to treat COVID-19 patients were reported in late August
2020 [31]. The mean age of patients was 53 ± 11 years, and 54% of treated patients were males.
Fifty were randomized to be treated with calcifediol [25(OH)D] in addition to the standard of care,
whereas 26 were treated only with the standard of care. The calcifediol treatment was 0.532 mg on the
day of admission and then 0.266 mg on days 3 and 7 and then weekly until discharge or admission
to the intensive care unit (ICU). The conversion from calcifediol to cholecalciferol (vitamin D3) was
given as 3.2 times the molecular weight of each; therefore, 0.532 mg of calcifediol is approximately
68,000 IU of vitamin D3. Calcifediol has an advantage over vitamin D3 in not having to go through the
liver to be processed. However, as reported in the New York study, large doses of vitamin D were
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effective in treating COVID-19 patients [32]. Whereas only one treated patient had to enter the ICU,
13 of those given only the standard of care treatment had to do so. The univariate risk odds ratio for
ICU for patients with calcifediol treatment was 0.02 (95% CI, 0.002 to 0.17).

A second vitamin D RCT to treat COVID-19 patients was reported from India [33]. COVID-19
patients admitted to a tertiary care hospital in north India were invited to the study. The criteria for
participation included being mildly symptomatic or asymptomatic with or without comorbidities,
that serum 25(OH)D was <20 ng/mL, and that participants were able to take oral vitamin
D supplementation (e.g., not requiring invasive ventilation or with significant comorbidities).
Forty patients were enrolled: 16 were randomized to receive 60,000 IU/day of vitamin D3 for 7 days,
whereas 24 served as controls. Members of the treatment group who did not achieve a 25(OH)D
concentration >50 ng/mL in the 7 days were supplemented with 60,000 IU/day for another 7 days.
The mean age was ~50 years (range, 36 to 51 years). Mean 25(OH)D was 9 ng/mL (range, 7 to 13 ng/mL)
in the treatment group and 19 ng/mL (range, 8 to 13 ng/mL) in the control group. Serum 25(OH)D
increased by 42 ng/mL (range, 39 to 49 ng/mL) in the treatment group and 5 ng/mL (range, 0 to
12 ng/mL) in the control group. Fibrinogen decreased from 4.1 g/L (range, 3.7 to 5.1 g/L) to 3.2 g/L
(range, 1.7 to 4.1 g/L) in the treatment group but was essentially unchanged in the control group: 3.7 g/L
(range, 3.4 to 4.3 g/L) vs. 3.7 g/L (range, 2.4 to 4.3 g/L) (p = 0.001). As a result, 10 (63%) participants in
the intervention group and five (22%) participants in the control arm (p < 0.02) became SARS-CoV-2
RNA negative.

A recent “quasi-experimental” study of high-dose vitamin D supplementation in a French nursing
home shows the benefit of maintaining high 25(OH)D concentrations [34]. Sixty-three of 96 elderly
residents developed COVID-19. The residents had been receiving single oral doses of 80,000 IU of
vitamin D3 every 2–3 months. During 36 ± 17 days of follow up, 83% (57) residents who had received
vitamin D within 1 month before to 1 week after diagnosis of COVID-19 compared to 44% of the nine
who did not. The fully adjusted hazard ratio for survival with respect to vitamin D was 0.11 (95% CI,
0.03 to 0.48; p = 0.003). Those authors reported similar results for 77 consecutive COVID-19 patients
in a geriatric hospital [35]. Of course, many athletes are larger than nursing home residents and so
should take higher daily average vitamin D supplements. As of 9 November 2020, 30 observational
studies report that COVID-19 or SARS-CoV-2 positivity was associated with lower serum 25(OH)D
concentration [36]. In addition, two small-scale RCTs with vitamin D supplementation have been
reported and at least 33 clinical trials have been registered [37].

2.4. Mechanisms of Vitamin D against SARS-CoV-2 and COVID-19

Vitamin D has several main mechanisms by which it reduces risks of COVID-19 [17,38]. One is
through mounting a defense against the virus, in part through induction of cathelicidin (LL-37) and
defensins. LL-37 acts at several steps in viral infection and is effective against both enveloped and
non-enveloped viruses [39]. LL-37 also affects regulatory T cells. In one study, higher levels of
LL-37 in serum corresponded to lower expression of IL-17 in the tonsils and to lower levels of its
transcription factor, RORC2, both of which are necessary for the development of Th17 cells [40], FOXP3
(a transcription factor involved in inducing regulatory T cells) also was expressed at lower levels [41].
Several papers suggested that IL-17 was involved in the pathology of COVID-19, including risk of
thrombosis [42] and ARDS [43]. A 2016 article reported that athletes who took 5000 IU/day of vitamin
D3 for 14 weeks increased mean 25(OH)D from 22 to 50 ng/mL, resulting in a 15% increase in the
concentration of cathelicidin in plasma [44].

A second mechanism is to regulate the production of cytokines, generally upregulating
anti-inflammatory cytokines such as IL-10, and downregulating proinflammatory cytokines such
as IL-6 [45]. Such regulation can reduce risk of the cytokine storm. An ecological study reported
that influenza case-fatality rates in the United States during the 1918–1919 influenza pandemic
were significantly lower in southwestern communities than in northeastern communities [46].
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The mechanism proposed was vitamin D production from solar ultraviolet-B (UVB) exposure through
reducing the cytokine storm.

A third mechanism is through increasing concentration of ACE2. That higher concentration
counters the effect of SARS-CoV-2′s binding to the enzyme ACE2, making more angiotensin II
available to cause damage [9]. In addition, increasing ACE2 may shift the balance within the
renin–angiotensin–aldosterone system toward the favorable ACE2–Ang-(1-7)–MasR pathway [47].
Thus, vitamin D inhibits mediators of the renin–angiotensin–aldosterone system—present in nearly all
cells of the human body—and by inhibiting ACE activity and increasing ACE2, it lowers angiotensin II
levels [9] A recent article reported that ACE2 concentrations are inversely correlated with damage to
heart and lung tissues [48].

The apparent role of angiotensin II in modulating or suppressing B-cell response may also become
of great interest for a better understanding of the pathophysiology of coronavirus infections [49].
As discussed in a recent review, vitamin D affects B-cell activation [8], as discussed in an earlier
paper [50].

In general, innate immune responses (Toll-like receptors, type I interferons, macrophages,
and dendritic cells) represent the initial host defense against invading pathogens. The innate immune
system inhibits virus replication, promotes virus clearance, induces tissue repair, and triggers a
prolonged adaptive immune response (T cells produce proinflammatory cytokines via the NF-κB and
mitogen-activated protein kinase signaling pathways) against the viruses. Pulmonary and systemic
inflammatory responses associated with coronaviruses are usually triggered by the innate immune
system when it recognizes the viruses [51,52].

2.5. COVID-19 and Athletes

Of particular concern to athletes is that COVID-19 can cause both short-term and permanent
damage to many organs. Damage has been noted in the lungs [53], respiration regulation
mechanisms [54], and cardiovascular system [55]. Other organs also are damaged [10]. Organ damage
would reduce athletic performance. A recent review concluded that physical function and fitness are
impaired following SARS-CoV-2 infection, and impairments can last for a year or more [56]. Thus, it is
imperative that athletes try to reduce risk of COVID-19; supplementing with vitamin D appears to be
an effective and efficient way to do so if high enough 25(OH)D concentrations are achieved.

Athletes who recover from COVID-19 may have lingering damage or other health concerns
such as chronic fatigue, which could be considered a fifth stage of the disease. Lung damage is
one concern [57]. More importantly, heart damage also is a concern. Damage to the heart from
the cytokine storm can include decrements in heart function as well as myocarditis, acute coronary
syndromes, heart failure, arrhythmias, and venous thromboembolism [58]. The clinical syndromes
include acute myocardial injury, myocarditis, acute coronary syndromes, heart failure, arrhythmias,
and venous thromboembolism [59]. Adverse effects can also befall the musculoskeletal, hematologic,
and gastrointestinal systems [60]. Thus, athletes who have had COVID-19 should be monitored by
physicians before returning to practice and competition [58].

Another concern is that because physical activity is curtailed during and shortly after COVID-19,
maintenance of key physical qualities, such as game-specific contact skills and decision-making ability,
are challenged, affecting performance and risk of injury on resumption of training and competition.
However, strategies exist that can dramatically mitigate potential losses [61].

Several publications offer recommendations for competitive athletes returning to sports.
An infographic has been prepared for graduated return-to-play guidance after COVID-19 infection [62].
Another publication proposed an algorithm for return to sports [63]. Another gave ideas to consider
when fans are permitted to attend events [64]. The Australian Institute of Sport presented a framework
for rebooting sport in a COVID-19 environment [65], as did the Royal Spanish Football Federation [66].
Unfortunately, those publications do not address the long-haul problem of chronic fatigue, which
exercise exacerbates. Inflammatory myocarditis also has been suggested [67].
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2.6. Other Micronutrients

Several other micronutrients have been studied regarding their impact on COVID-19 incidence
and treatment, including vitamin A (retinol), vitamin C (ascorbic acid), magnesium, selenium, and zinc.
Several general reviews discussed the role of micronutrients in improving the immune response to
viral infections, including COVID-19 [68–73].

2.7. African Americans

In the United States, many collegiate and professional athletes are of African American or
Hispanic race or ethnicity. As a result of dark skin pigmentation, they generally have lower 25(OH)D
concentrations than European Americans. For the period 2009–2010, mean 25(OH)D concentrations
determined from the National Health and Nutrition Examination Survey (NHANES) dataset were as
follows: non-Hispanic black, 18 ± 2 ng/mL; Mexican American, 22 ± 1 ng/mL; non-Hispanic white,
30 ± 1 ng/mL [74]. For the period 2011–2014, the prevalence of 25(OH)D concentration <12 ng/mL
in the United States for different ethnicities was as follows: non-Hispanic black, 18%; Hispanic, 6%;
non-Hispanic white, 2% [75]. African Americans have stronger bones than European Americans as a
result of excreting calcium at lower rates, most likely as an adaptation to life in the hot, dry environment
of Africa [76]. Because the classical benefit of vitamin D relates to regulation of calcium and phosphorus
absorption and metabolism, many people think that African Americans do not need to increase serum
25(OH)D concentrations. However, it is now realized that for non-skeletal effects, the role of vitamin D
is essentially independent of race or ethnicity (Ames, Grant, Willett, in preparation).

African Americans and Hispanic Americans have much higher case and mortality rates of
COVID-19 than European Americans or Asian Americans [77]. One reason is that they have higher
rates of chronic diseases that are risk factors for COVID-19, including cardiovascular disease, diabetes
mellitus, hypertension, and pulmonary disease [23]. Those diseases are associated with chronic
systemic inflammation, and COVID-19 might be likely to induce production of enough additional
cytokines to result in a cytokine storm [78]. Another reason for the higher disease prevalence in
African Americans is their overrepresentation in high-risk broad occupational categories, such as health
occupations, as well as working in low-income occupations that put them at greater risk of exposure to
COVID-19 than other workers [79]. A third reason is that they have lower 25(OH)D concentrations.
For the period 2001–2004, white males aged 20–39 years had mean 25(OH)D concentrations of 26 ng/mL,
black men had 15 ng/mL, and Mexican American men had 22 ng/mL [27]. In the UK, “deceased doctors
of Black, Asian and minority ethnic (BAME) comprised 94% of the total deaths figures in the UK,
notwithstanding that they represent 44% of the workforce. The trend was similar among nurses; 71%
of COVID-19 fatalities were in the BAME group, although they account for 20% of the workforce.” [80].

2.8. Athletic Performance

For some time, sports teams have been aware of the benefits of vitamin D supplementation to
improve athletic performance. A 2009 review by Cannell and colleagues increased the interest of
vitamin D among athletes [81]. It reviewed the evidence that many athletes have vitamin D deficiency,
that Russian and German investigators showed improved athletic performance though UVB irradiation
starting in the 1930s, that athletic performance improves after solar or artificial UVB irradiation,
and that vitamin D has been shown to improve athletic performance. Interestingly, after publication of
that review, the Chicago Blackhawks ice hockey team was supplemented with 5000 IU/day of vitamin
D3 and improved from near the bottom rank in 2009 to win the Stanley Cup in 2010 [82]. Now many
sports teams have their players supplement with vitamin D [83,84].

A 2020 review by de la Puente Yague and colleagues outlined the important benefits of vitamin D
for athletes [85]. Table 1 presents selected findings related to those benefits.
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Table 1. Benefits of higher vitamin D status for athletes.

Benefit Population Intervention Results Reference

Muscle strength 163 healthy athletes
Vitamin D3 supplementation

(5000 IU/day) in RCTs,
meta-analysis

No significant effect * [86]

Muscle strength
22 adult male white

national-level
judoka athletes

Bolus dose of 150,000 IU
vitamin D3

25(OH)D concentration
increased from 13 to 17 ng/mL
and muscle strength by 13% in

8 days

[87]

Muscle strength
and power

25 Polish elite
judoists

Observational study,
25(OH)D ranged from 8 to

30 ng/mL

Left hand grip, total work
during extension of the right

and left lower limb, and
muscle power increased by

20–30% (r = 0.22 to 0.32)

[88]

Muscle repair 14 recreationally
active adults

Intense leg exercise of
one leg

Serum 25(OH)D
concentrations inversely

predicted (p < 0.05) muscular
weakness (i.e., control leg vs.
exercise leg peak isometric

force) immediately and days
(i.e., 48 and 72 h)

[89]

Muscle repair

30 reportedly
healthy and

modestly active
adult males

(31 ± 5 years,
31 ± 8 ng/mL)

Randomly assigned to
4000 IU/day of vitamin D3 or
placebo for 28 days and then

subjected to a one-legged
exercise routine

Supplemental vitamin D
increased serum 25(OH)D
concentrations (p < 0.05;

≈70%) and enhanced recovery
in peak isometric force after

the damaging event (p < 0.05;
≈8% at 24 h). Supplemental

vitamin D attenuated (p < 0.05)
immediate and delayed (48, 72,
or 168 h) increase in circulating
biomarkers representative of
muscle damage (ALT or AST)
without ameliorating muscle

soreness (p > 0.05)

[90]

Muscle repair
20 males with

baseline 25(OH)D
= 18 ± 10 ng/mL

Participants performed
knee-damaging exercise,
supplements with 4000
IU/day of vitamin D3

or placebo

Supplemental vitamin D3
increased serum 25(OH)D and

improved recovery of peak
torque at 48 h and 7 days

postexercise

[91]

Stress fractures
118 NCAA

Division I athletes
in South Carolina

Vitamin D supplementation
in winter

Stress fracture rate dropped
from 7.5% to 1.7% (p = 0.009) [92]

Lung function
28 active

college-age males,
Gdansk, Poland

6000 IU/day of vitamin D3
for 8 weeks or placebo,

January to March; mean
25(OH)D increased from 20

to 60 ng/mL

Significant improvements in
maximal aerobic and

anaerobic power; VO2max test,
maximal lung minute

ventilation (VEmax mL·min−1),
maximal breath frequency
(BFmax 1·min−1) improved

significantly

[93]

Immune function
225 endurance

athletes in
winter, UK

Observational study

A significantly higher
proportion of subjects

presented with symptoms of
URTI in the vitamin

D-deficient status group
(initial plasma 25(OH)D
< 12 ng/mL) than in the

optimal vitamin D group (>48
ng/mL); total number of URTI

symptom days and median
symptom-severity score in

vitamin D-deficient group was
significantly higher

[6]

205



Nutrients 2020, 12, 3741

Table 1. Cont.

Benefit Population Intervention Results Reference

Heart size

521 male
national-level

athletes in Qatari;
244 lightly

exercising controls

Observational study with
respect to serum 25(OH)D

concentration

Severely 25(OH)D-deficient
athletes (25(OH)D < 10 ng/mL)
present significantly smaller
cardiac structural parameters
than insufficient and sufficient

athletes; athletes had larger
cardiac parameters

than controls

[94]

Traumatic brain
injury

Three patients,
aged 17, 23,

and 31 years

Case series treated with
vitamin D, progesterone,

omega-3 fatty acids,
and glutamine

Reversed coma and improved
clinical outcomes [95]

Stress fractures

600 navy
servicewomen
diagnosed with
stress fracture of
the tibia or fibula
and 600 controls
matched by race,
length of service,

day of blood draw

Observational study with
respect to serum 25(OH)D

concentration

OR for stress fracture for high
25(OH)D quintile

(mean = 50 ng/mL) vs. low
quintile (mean = 14 ng/mL) =

0.51 (95% CI, 0.34 to 0.76,
p < 0.01)

[96]

25(OH)D, 25-hydroxyvitamin D; 95% CI, 95% confidence interval; ALT, alanine aminotransferase; AST, aspartate
aminotransferase; BFmax, maximal breath frequency; r, regression coefficient; OR, odds ratio; RCT, randomized
controlled trial; URTI, upper respiratory tract infection; VE, maximum minute ventilation; VO2max, maximal oxygen
uptake. * Trial lasted only 4 weeks and got half the athletes to levels >31 ng—enough for strength to start to increase.

A review of the effects of vitamin D on muscles noted that vitamin D increases the number of
type II, or fast-twitch, muscle cells, including type IIA fibers, which are associated with muscular
high-power output [97].

A recent study confirmed the benefit of vitamin D supplementation in maintaining optimal serum
25(OH)D concentrations after the summer season. A 12 week intervention study was conducted in
which 19 college swimmers in Virginia were given 5000 IU/day of vitamin D3 or placebo from August
to November [98]. Those in the treatment arm increased mean 25(OH)D concentration from 47 to
61 ng/mL, whereas those in the control arm had 25(OH)D decrease from 44 to 33 ng/mL. Fat-free mass
increased in the treatment arm but not in the control arm. Those in the treatment arm performed better
on dead-lift and vertical-jump tests than participants in the control arm.

Researchers at Virginia Tech sent questionnaires to all NCAA Division I head athletic trainers
to learn about 25(OH)D testing, vitamin D supplementation, and vitamin D-related protocols and
procedures [84]. Responses were received from 249 trainers (72% response rate). The 139 programs
with a full-time registered dietitian or nutritionist were more likely to have a protocol in place (p < 0.05).
A range of 25(OH)D concentration targets resulted: 20–30 ng/mL, 3%; 30–40 ng/mL, 6%; 40–50 ng/mL,
27%; >50 ng/mL, 13%; unsure, 51%. Programs that participated in the Football Bowl Subdivision were
more likely to have 25(OH)D concentrations measured.

2.9. Observational Studies of 25(OH)D Concentrations in Athletes

Dietary sources of vitamin D such as eggs, fish, and meat do not supply enough vitamin D to affect
either athletic performance or risk of COVID-19. An analysis of dietary intake for U.S. professional
football players indicated that 24 defensive players were obtaining 180 ± 100 IU/day of vitamin D3

from dietary intake, whereas 20 offensive players were obtaining 150 ± 90 IU/day [99].
An analysis was reported for 25(OH)D concentrations in 2011 for 80 members of one U.S. football

team [100]. The mean age was 27 ± 4 years and the mean 25(OH)D concentration was 27 ± 12 ng/mL.
Sixty-seven players were black and 13 were white or Polynesian. Twenty-one (31%) black players
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had 25(OH)D <20 ng/mL, whereas no white or Polynesian players did. However, only 15 (22%) black
players had 25(OH)D >32 ng/mL vs. 10 (77%) white or Polynesian players.

An analysis was reported of 25(OH)D concentrations for 33 professional football players in the
National Football League ca. 2014 [101]. By race, black players had mean 25(OH)D of 27 ± 9 ng/mL,
white players had 48 ± 14 ng/mL, and players of other races had 23 ± 5 ng/mL.

An observational study in Poland looked at changes of biomarkers of iron, inflammation,
and vitamin D during an 8 month competitive season [102]. Among the participants, 14 players had an
average of 20 ± 5 years of training plus competition; 10 non-athletes served as controls. A measure of
inflammation, IL-6, increased by 77% (95% CI, 35% to 131%) between athletes and controls. Serum
25(OH)D concentrations decreased by 12% (95% CI, 20% to 3%) between athletes and controls. Systemic
inflammation is an important hallmark of chronic disease [103], so taking steps to slow the increase in
systemic inflammation with playing time and age, such as through vitamin D supplementation, could
reduce risk of chronic diseases later in life.

A study of 25(OH)D concentrations for 105 professional ice hockey players from three teams in
Canada and the United States was conducted in September 2015 [104]. The results showed 13% with
insufficient 25(OH)D (<32 ng/mL), 22% with sufficient 25(OH)D (≥32 to 39.9 ng/mL), and 65% with ideal
25(OH)D concentration (≥40 ng/mL). Evidently the 2009 publication by Cannell and colleagues [81] in
this journal had a lasting impact on the sport. Interestingly, the authors noted that vitamin D-sufficient
players were nearly 3 years older than those who were vitamin D insufficient. The researchers suggested
that the players’ higher vitamin D status enabled them to have a longer playing career.

A review of 25(OH)D concentrations, fractures, and rates of being drafted into the National
Basketball Association (NBA) in round 1 or 2 was conducted for 279 athletes participating in the
2009–2013 NBA Combine [105]. The number of players in each vitamin D category were as follows:
deficiency [25(OH)D = 20 ng/mL], 32%; insufficiency (20–30 ng/mL), 41%; sufficiency (>30 ng/mL),
27%. Approximately 55% of players had sustained at least one fracture, but rates were independent of
25(OH)D concentration. The rate of being drafted into the NBA increased with increasing vitamin D
status: 70% for deficient, 82% for insufficient, and 85% for sufficient (p = 0.007).

A vitamin D supplementation study was conducted on 10 male and 10 female collegiate basketball
players [106]. Five with mean baseline 25(OH)D concentration of 36 ± 6 ng/mL took 5000 IU/day of
vitamin D3, whereas 13—11 of whom were African American, with mean baseline of 23 ± 3 ng/mL—took
10,000 IU/day. Five months later in postseason, those taking 5000 IU/day lost 4 ± 4 ng/mL, whereas
those taking 10,000 IU/day gained 14 ± 11 ng/mL.

High vitamin D intake and high 25(OH)D concentrations have few adverse effects—hypercalcemia
being the most severe. The symptoms of hypercalcemia may include neuropsychiatric manifestations,
such as difficulty in concentration, confusion, apathy, drowsiness, depression, psychosis, and in extreme
cases, a stupor and coma [107]. Only a few of the symptoms would be present in mild hypercalcemia.
However, hypercalcemia seldom has serious long-term consequences if corrected, as shown in a case
in which a health adviser recovered from hypercalcemia after taking 1 million IU/day of vitamin D3

for a month, during which his 25(OH)D concentration reached 900 ng/mL [108]. Once his 25(OH)D
concentration dropped below 400 ng/mL, his hypercalcemia vanished. A study in Minnesota involving
20,308 total 25(OH)D concentration measurements over a 10 year period reported only one case of
clinical toxicity associated with hypercalcemia; the concentration was 364 ng/mL [109]. One effect of
high-dose vitamin D supplementation is increased absorption of calcium from the gastrointestinal
tract [110]. Calcium supplementation has been linked to increased risk of myocardial infarction [111].
Thus, it is recommended that calcium supplementation be reduced when taking high-dose vitamin D.

In a meta-analysis of 48 studies with 19,833 participants in vitamin D RCTs, kidney stones were
reported in only nine trials, with a tendency for fewer subjects reporting stones in the vitamin D
arm than in the placebo arm (risk ratio [RR] = 0.66; 95% CI, 0.41 to 1.09; p = 0.10). In 37 studies,
hypercalcemia was shown with increased risk shown for the vitamin D group (RR = 1.54; 95% CI, 1.09
to 2.18; p = 0.01). Similar increased risk of hypercalciuria was shown in 14 studies for the vitamin
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D group (RR = 1.64; 95% CI, 1.06 to 2.53; p = 0.03). [112]. However, one study used 100,000 IU/day,
two studies used vitamin D2, and 11 studies included calcium. Eleven of the vitamin D2 or calcium
studies had findings that supported the placebo to cause hypercalcemia, whereas only three had
findings that supported vitamin D2 supplementation. If those 14 studies, representing 63% of the data,
are omitted from the analysis, it appears very likely that the risk of hypercalcemia due to vitamin D
supplementation would not be significant.

A later meta-analysis was reported by the same team, this time including studies with >2800
IU/day of vitamin D2 or D3 for a year or longer, involving 15 studies with 3150 participants [113].
“Long-term high-dose vitamin D supplementation did not increase total adverse events compared to
placebo in 1731 participants from 10 studies (RR = 1.05; 95% CI = 0.88, 1.24; p = 0.61), nor kidney stones
in 1336 participants from 5 studies (RR = 1.26; 95% CI = 0.35, 4.58; p = 0.72). However, there was a
trend for vitamin D to increase risk of hypercalcemia in 2598 participants from 10 studies (RR = 1.93;
95% CI = 1.00, 3.73; p = 0.05); while its effect on hypercalciuria in only 276 participants from 3 studies
was inconclusive (RR = 1.93; 95% CI = 0.83, 4.46; p = 0.12).” However, if one study that involved
vitamin D supplementation not appropriate for athletes—100,000 IU of vitamin D3 per day—is omitted
from the meta-analysis, the risk ratio would not have been significant.

By contrast, a psychiatric hospital in Ohio found no relationship between vitamin D and
hypercalcemia: “During this time, we have admitted over 4700 patients, the vast majority of whom
agreed to supplementation with either 5000 or 10,000 IUs/day. Due to disease concerns, a few agreed to
larger amounts, ranging from 20,000 to 50,000 IUs/day. There have been no cases of vitamin D3 induced
hypercalcemia or any adverse events attributable to vitamin D3 supplementation in any patient” [114].

2.10. Other Health Benefits of Vitamin D

For people likely to be athletes from their teenage years to their mid-30s, several health outcomes
that may be affected by vitamin D status are of interest. Table 2 lists some of those outcomes along
with the evidence for beneficial effects of vitamin D.

Table 2. Evidence for beneficial effects of vitamin D for selected outcomes.

Outcome Population Intervention Results Reference

Progression to
diabetes mellitus

2423 participants
with prediabetes

Randomized to receive
4000 IU/day of vitamin

D3 or placebo,
24 month duration

Various groups had reduced
progression to diabetes mellitus in

the secondary analyses
[115]

Progression to
diabetes mellitus

2423 participants
with prediabetes

Randomized to receive
4000 IU/day of vitamin

D3 or placebo,
24 month duration

Hazard ratio for diabetes for an
increase of 10 ng/mL in intratrial
25(OH)D level was 0.75 (95% CI,

0.68 to 0.82) among those assigned
to vitamin D and 0.90 (95% CI,

0.80 to 1.02) among those assigned
to placebo

[116]

Acute respiratory
tract infection

25 eligible RCTs;
IPD obtained for
10,933 of 11,321

participants

Vitamin D
supplementation

Protective effects seen in
individuals receiving daily or

weekly vitamin D without
additional bolus doses

(aOR = 0.81; 95% CI, 0.72 to 0.91)

[117]

Pregnancy and
birth outcomes Pregnant women Review

Having 25(OH)D concentration
>40 ng/mL during pregnancy has
many important benefits for both

mother and fetus/infant

[118]

95% CI, 95% confidence interval; aOR, adjusted odds ratio; IPD, individual participant data; RCT, randomized
controlled trial.
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3. Discussion

Debate is ongoing regarding the advisability of measuring serum 25(OH)D concentrations.
The benefits include that such measurements can help guide vitamin D supplementation doses [119].
Many factors affect the relationship between vitamin D dose and serum 25(OH)D concentration,
including body mass, genetics related to absorption of vitamin D from the gastrointestinal tract,
conversion from vitamin D to 25(OH)D, and baseline 25(OH)D concentrations. On the negative side is
the cost and time required. In the past few years, mail-in blood spot tests have been developed that are
inexpensive, convenient, and accurate [120].

Government agencies and disease organizations offer many recommendations regarding vitamin
D supplementation and 25(OH)D concentrations. Two better known ones are from the U.S. Institute
of Medicine [121] and the U.S. Endocrine Society [122]. The Institute of Medicine recommendations
were based on requirements for bone health, recommending 600 IU/day up to age 70 years and
800 IU/day for people older than 70 years, with 20 ng/mL considered an adequate concentration.
The Endocrine Society recommendation was for patients, advising 1000–2000 up to 4000 IU/day of
vitamin D supplementation, with 30 ng/mL considered sufficient. The consensus statement from a
vitamin D conference held in Warsaw, Poland, in 2017 stated: “The bone-centric guidelines recommend
a target 25(OH)D concentration of 20ng/mL (50nmol/L), and age-dependent daily vitamin D doses of
400-800IU. The guidelines focused on pleiotropic effects of vitamin D recommend a target 25(OH)D
concentration of 30 ng/mL (75 nmol/L), and age-, body weight-, disease-status, and ethnicity dependent
vitamin D doses ranging between 400 and 2000 IU/day.” [123]. However, another analysis “estimated,
for example, that doses of 1885, 2802 and 6235 IU per day are required for normal weight, overweight
and obese individuals respectively to achieve natural 25(OH)D concentrations (defined as 23 to
68 ng/mL).” [124].

Most of the action of vitamin D is due to the hormonal metabolite, 1,25(OH)2D, entering vitamin
D receptors attached to chromosomes, thereby affecting gene expression. A study was conducted
involving “30 healthy adults randomized to receive 600, 4,000 or 10,000 IU/day of vitamin D3 for
6 months. Circulating parathyroid hormone (PTH), 25(OH)D, calcium and peripheral white blood
cells broad gene expression were evaluated. We observed a dose-dependent increase in 25(OH)D
concentrations, decreased PTH and no change in serum calcium. A plateau in PTH concentrations was
achieved at 16 weeks in the 4000 and 10,000 IU/day groups. There was a dose-dependent 25(OH)D
alteration in broad gene expression with 162, 320 and 1289 genes up- or down-regulated in their white
blood cells, respectively.” [125]. That finding offers additional justification for 10,000 IU/day of vitamin
D3 for athletes.

A review from Italy took a more cautionary view of vitamin D supplementation by athletes.
The review noted that vitamin D can confer several benefits, including reduced risk of cancer, better
brain health, improved immune system and reduced inflammation, and better muscle function by
decreasing oxidative stress and supporting mitochondrial function. However, those authors also noted
that some athletes take high doses to improve performance but run the risk of vitamin D toxicity
manifested as hypercalcemia [126]. Also mentioned was the increased risk of prostate and pancreatic
cancer at high levels of 1α,25(OH)2D. Findings of observational studies do indicate that mild prostate
cancer incidence rates increase with increasing 25(OH)D concentrations [127]. However, prostate
cancer mortality rates decrease with increasing 25(OH)D concentrations [128]. What appears to explain
that dichotomy is that the classic role of vitamin D is to regulate absorption of calcium and phosphorus
from the gastrointestinal tract and that calcium and phosphorus concentrations are associated with
prostate cancer risk [129]. High calcium intake is a risk factor for aggressive prostate cancer for African
Americans but not European Americans [130].

Of course, athletes also require other nutrients for optimal health and performance. A 2018 review
discusses which nutrients might need to be supplemented for athletes [131].

Vitamin D comes in two forms, cholecalciferol (vitamin D3) and ergocalciferol (vitamin D2).
Cholecalciferol is made by animals, whereas ergocalciferol is made by fungi, including yeast. In general,
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cholecalciferol is considered better than ergocalciferol, in part because it raises serum 25(OH)D
concentration for longer and in part because it is more likely to produce beneficial health outcomes.
A meta-analysis of 52 trials with a total of 75,454 participants reported that all-cause mortality rates in
trials with vitamin D3 were significantly lower (RR = 0.95; 95% CI, 0.90 to 1.00), whereas those with
vitamin D2 had an increased risk (RR = 1.03; 95% CI, 0.98 to 1.09). A systematic review of vitamin D
supplementation regarding muscle strength in athletes indicated that vitamin D3 had a positive impact
on muscle strength [132].

Diet also affects serum 25(OH)D concentrations. A study conducted in England showed that
meat eaters and fish eaters had much higher 25(OH)D than vegetarians and vegans: mean 25(OH)D
concentrations were 30, 29, 26, and 22 ng/mL, respectively [19]. Animal products such as eggs, fish,
and meat can have vitamin D as both vitamin D3 and 25(OH)D3 [133]. However, because food
frequency tables generally do not include the contribution of vitamin D from 25(OH)D, it is generally
overlooked in dietary intake studies.

4. Conclusions

Athletes and people associated with them could benefit from better athletic performance, better
health, and reduced risk for COVID-19 by maintaining serum 25(OH)D concentrations above 40 ng/mL.
To achieve that concentration could take supplementation of vitamin D3 at perhaps 4000–10,000 IU/day
depending on body size, skin pigmentation, and other personal factors. The 10,000 IU/day dosing
level will yield a good serum concentration of vitamin D in several months. If a high concentration is
desired sooner for sports performance or to avoid COVID-19, a person should consider starting with a
bolus dose.

Vitamin D supplementation can be useful in reducing risk of COVID-19 and its severity, but it
should not be the only measure employed. Athletes should also follow official guidelines such as
regarding wearing masks, social distancing, and periodic testing.
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Abstract: Vitamin D can be synthesized in the skin via sunlight exposure as well as ingested
through diet. Vitamin D deficiency is currently a major global public health issue, with increasing
prevalence in both low and high latitude locations. This cross-sectional analysis aimed to compare
the intensity of individual Ultraviolet B radiation levels between women of the same ethnicity living
in England and Brazil, respectively; and to investigate the association with circulating 25(OH)D
concentrations. We analysed data from 135 Brazilian women (England, n = 56, 51◦ N; Brazil, n = 79,
16◦ S) recruited for the D-SOL study (Interaction between Vitamin D Supplementation and Sunlight
Exposure in Women Living in Opposite Latitudes). Serum 25(OH)D concentrations were analysed
by high performance liquid chromatography tandem mass spectrometry (HPLC-MS), individual
UVB radiation via UVB dosimeter badges and dietary intake via 4-day diet diaries. Anthropometric,
skin phototype, sociodemographic and lifestyle patterns were also assessed. Mean serum 25(OH)D
concentration of England residents was significantly lower than Brazil residents. Daily individual UVB
radiation level showed a strong significant positive correlation with serum 25(OH)D concentrations.
The required UVB radiation to achieve 75 nmol/L was 2.2 SED and 38.8% of the total variance in
25(OH)D concentrations was explained uniquely by daily individual UVB radiation, after controlling
for the influence of age and body mass index. Thus, these results highlight the strong positive
association between serum 25(OH)D concentrations and individual UVB radiation and the influence
of different individual characteristics and behaviours. Collectively, these factors contribute to
meaningful, country-specific, public health strategies and policies for the efficient prevention and
treatment of vitamin D inadequacy.

Keywords: vitamin D; sunlight exposure; latitude; vitamin D intake

1. Introduction

Prolonged and severe vitamin D deficiency can lead to rickets in children and osteomalacia/
osteoporosis in adults [1–3]. Vitamin D is naturally present in very few foods and in small quantities.
The main source of Vitamin D is considered to be casual exposure of the skin to the UVB portion of
sunlight (290–350 nm), which converts the molecule 7-dehydrocholesterol naturally present in the
epidermis, to pre-vitamin D [2–5].

Sunlight will need to travel through the atmosphere before reaching the skin to produce vitamin D.
The availability of UVB radiation is determined mainly by the solar zenith angle, which is influenced
by latitude, season and time of day. Therefore, the solar irradiation on the surface of the earth,
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and concomitantly the local UVB radiation, will depend on the verticalization of the solar zenith angle
in each particular latitude [3,6]. In other words, populations living within the tropics, namely low
latitude locations (e.g., South America), are exposed to substantially higher levels of solar UVB
radiation throughout the year than those living in high latitude locations (i.e., Europe) [6]. For instance,
the annual total horizontal irradiation in Surrey, UK (latitude 51◦ N) is approximately 1000 kWh/m2 [7]
in comparison to the annual average of 5500 kWh/m2 in Goiás, Brazil (16◦ S) [8]. Nevertheless,
recent reports of an increasing prevalence of low vitamin D concentrations in both low and high
latitude locations show that vitamin D deficiency is rapidly becoming, if not already, a major global
public health issue [9–13].

Advisory agencies (Government led or otherwise) have consistently highlighted the challenges
in establishing reference values for adequate vitamin D recommendations, particularly due
to the individual variation as well as the influence of external environmental factors [14–16].
The inappropriateness of direct comparison of data from studies conducted in different locations is
mainly due to significant variations in results between different laboratories, different latitudes and
different populations/ethnic groups—and therefore influencing factors, adding greatly to the difficulty
in finding a global consensus. Moreover, very few studies to date have investigated the relationship
between actual individual exposure to UVB radiation and serum 25(OH)D concentrations [6,17,18],
with most data derived from in vitro or animal studies. Another important limitation to the current
recommendations regarding optimal dietary intakes and sunlight exposure to maintain adequate
levels, is that they are generally based on studies of Caucasian populations in high latitude countries,
with limited robust data for other ethnicity and/or different geographical locations. Consequently,
there is a substantial lack of evidence on the effect of individual sunlight exposure in low latitude
countries and in their native non-Caucasian populations.

In order to develop effective vitamin D guidelines, we need to fully understand the actual impact
of sunlight on 25(OH)D concentrations, based not only on UVB radiation availability (latitude) but also
individual UVB radiation exposure, as well as the relative contribution of key influential factors, such as
dietary intake, adiposity, skin pigmentation and lifestyle. Therefore, the aim of this cross-sectional
analysis was to compare the intensity of individual UVB radiation levels between Brazilian adult
women living in England and Brazilian adult women living in Brazil, and to investigate the association
with circulating 25(OH)D concentrations.

2. Materials and Methods

This is a cross-sectional analysis of data collected by the D-SOL study (Interaction between
vitamin D supplementation and Sunlight exposure in women living in Opposite Latitudes;
registered at clinicaltrials.gov as NCT03318029). The study was approved by the University of Surrey
(UEC/2016/009/FHMS) and Federal University of Goiás Ethics Committees and by the Brazilian National
Ethics Committee (CONEP) (CAAE 62149516.9.0000.5083, CEP-UFG nº 2013222; CONPEP nº 1972029;
respectively). All participants at commencement of the study provided written informed consent.

2.1. Study Location

The D-SOL study was conducted at the University of Surrey, Guildford, Surrey (51◦ N), England,
from December 2016 to March 2017 (high latitude group) and at the University of Goiás, Goiás (16◦ S),
Brazil, from June to September 2017 (low latitude group). Surrey has a temperate climate (throughout
the year a maximum of ~25 ◦C and minimum of ~0 ◦C) with a summer mean temperature of 22 ◦C and
winter mean temperature of 6 ◦C, whereas Goiás has a typical tropical savannah climate (throughout
the year a maximum of ~36 ◦C and minimum of ~15 ◦C), with a summer mean temperature of 26 ◦C
and winter mean temperature of 24 ◦C. The UV index never exceeds 8 in the UK (peaking towards
the end of June), and in clear contrast, the minimum in Brazil is 8 in winter, reaching up to 14 during
hotter months.
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2.2. Study Design

Participants were selected if they were female of Brazilian nationality (born in Brazil and having
at least one parent born in Brazil), aged 20–59 years. Exclusion criteria included: currently receiving
treatment for medical conditions that are likely to affect vitamin D metabolism (osteoporosis therapy,
anti-estrogens treatment, antiepileptic drugs, cancer treatment); taking supplements containing vitamin
D (if the prospective participants agreed to stop vitamin D supplementation to join the study, a wash-out
period of 8 weeks prior to commencing the trial was accepted), being pregnant or planning a pregnancy
during the study period, being post-menopausal (defined as permanent cessation of menstruation) and
living in the UK for less than 3 months at the commencement of the study (for England participants
only).

Participants in England were recruited through advertisements distributed locally in Surrey
and London. Brazilian institutions in the UK, such as the Brazilian Embassy in London and the
Brazilian Researchers Association (ABEP-UK), agreed to circulate a recruitment letter to their contact
lists. Participants in Brazil were also recruited locally form the residents of the city of Goiânia, Goiás.
For both trials, recruitment via social media and online platforms was also used.

2.3. Anthropometric Measures

For measurement of weight participants were asked to remove shoes, socks and heavy coats before
stepping on the scale (England: Tanita Body Composition Analyser MC-180MA, Tanita Coopertatives,
Tokyo, Japan; Brazil: standard weighing scale, Balmak®). Waist circumference was measured with a
non-extendable standard measure tape, at the narrowest point of the torso, to the nearest 0.1 cm. If this
point could not be estimated, the level of the umbilicus was used as the reference point. Body Mass
Index (BMI) was classified according to the World Health Organization as underweight (<18.5 kg/m2),
normal weight (18.5–24.9 kg/m2), overweight (25.0–29.9 kg/m2) or obese (>30 kg/m2) [19].

2.4. Lifestyle and Sun Exposure

A lifestyle questionnaire, adapted for each country, was administered to assess for cultural
and general lifestyle aspects. Dietary intake of participants was determined by 4 consecutive days
of estimated diet diaries, commencing on a Sunday to ensure weekdays and weekend days were
represented. Participants were trained by the research team on how to correctly complete the diary.

Participants were instructed to maintain their habitual sunlight exposure and sun protective
measures (if part of their habitual routine) as well as their usual dietary intake for the duration of the
study and were requested to report any significant changes to their habits or normal routine.

To determine individual exposure to ambient UVB radiation, participants were asked to wear
individual polysulphone film badge dosimeters (provided by the University of Manchester, UK) on their
outer clothing. Participants were instructed to wear their dosimeters around the upper shoulder/chest
region from sunrise to sunset for a full week (7 consecutive days), starting the day after blood samples
were taken. All dosimeters, for both the England and Brazil trials, were read at the University of Surrey,
prior to and after use, with a Cecil Aquarius CE7200 Double Beam Spectrophotometer (which has
a CV < 1%) at 330 nm, to detect change in absorbency [6]. The amount of UVB captured by each
dosimeter badge was then translated to a standard erythematous dose (SED): 1 SED is equal to 100 J m−2

of erythemal (sun burning) UVB radiation. A measure of 3 SED is roughly equivalent to one minimal
erythema dose [MED] in unacclimatized, sensitive white skin. An exposure of 5–8 SED will result in
moderate sunburn and 10 SED or more can result in a painful, blistering sunburn, in unacclimatized,
sensitive white skin [18].

2.5. Skin Pigmentation

Race and skin type were both self-reported via the lifestyle questionnaire. Race categories were
based on the Brazilian ethno-race national demographic spectrum [20], which includes: White, Black,
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Brown/Mixed (“Pardo” in Portuguese), Indigenous and “Yellow” (Asian-descendent). Participants were
asked to indicate which category they most identified with. Skin type was based on the Fitzpatrick
validated classification for skin photo-types, which classifies the skin according to the ability of
each skin type to tan under sun exposure and its sensitivity and tendency to turn red under solar
radiation [21]. Participants were asked to choose one category only that best represented the effect
of sunlight exposure on their skins. For the purpose of this study, Fitzpatrick’s photo-types were
combined into skin type categories as follow: Type I (Always burns; Never tan; Very sensitive to
the Sun) and II (Always burning; Very little tan; Sun sensitive) were classified as ‘white’; Type III
(Burns moderately; Bronze moderately; Normal sensitivity to the Sun) and IV (Burns a little; Always tan;
Normal sensitivity to the Sun) as ‘brown’; Type V (Rarely burns; Always tan; Not sensitive to the sun)
and VI (Never burn; Totally pigmented; Insensitive to the Sun) as ‘black’.

2.6. Laboratory Analysis

An overnight fasted (8 h) blood sample was collected by venipuncture by trained phlebotomists
in both centres. For serum, the collected blood samples were left to clot for 1 h at room temperature
followed by centrifugation at 3000 g for 10 min at 4 ◦C (England trial: Sigma 3–16 K Centrifuge,
SciQuip, Shropshire, UK; Brazil trial: Eppendorf™ 5702R Centrifuge, UK). Processed serum samples
were distributed into aliquots and stored at −80 ◦C at the University of Surrey, prior to analysis.
Samples collected in Brazil followed the exact same procedures and were temporarily stored at −80 ◦C
at the University of Goiás. The samples were then sent by air to the UK to be stored at the University
of Surrey, prior to analysis.

All samples, from both countries, were analysed for 25(OH)D, serum calcium and serum albumin
at Imperial College London. Serum 25(OH)D concentrations were determined by HPLC-MS/MS
method on a Waters Acuity TQD using a PFP column following supported liquid extraction (SLE).
Laboratory intra- and interassay CVs were 5.6% and 7.8%, respectively. Serum calcium was measured
by using an endpoint spectrophotometric reaction based on the o-cresolphthalein complexone
methodology, and serum albumin was measured by using an endpoint spectrophotometric reaction
based on the bromocresol green solution dye binding methodology. Serum calcium concentrations
were adjusted for albumin concentrations.

Due to the lack of global consensus as to the definition of vitamin D status, for the purpose of this
study vitamin D deficiency was defined as 25(OH)D concentrations below 25 nmol/L, as suggested
by the UK Scientific Advisory Committee on Nutrition [14]; insufficiency as concentrations between
25–49.9 nmol/L and adequacy between 50–74.9 nmol/L, as recommended by the US Institute of
Medicine [15]; and optimal levels as concentrations above 75 nmol/L, as proposed by the US Endocrine
Society [16].

2.7. Statistical Analysis

Statistical analysis of the data was undertaken using SPSS software for Windows (version 26.0,
2019; IBM Corp, Armonk, NY, USA). Data were tested for normality using the Kolmogorov-Smirnov
test. Non-normally distributed variables were log transformed and reported in the original scale.
Non-parametric tests were used when log transforming did not normalize the data. For categorical
variables, frequency and percentage were reported. The distribution of skin type and BMI classification
were compared between countries using chi squared tests.

Mean circulating serum 25(OH)D concentrations were compared between different aspects of
lifestyle, individual characteristics and individual UVB radiation levels using independent t-tests,
or Mann-Whitney U tests for non-normally distributed data; or one-way ANOVA with post-hoc Tukey
tests, or Kruskal-Wallis for non-normally distributed data. Standard linear regression models were
run to investigate the predictive ability of individual daily sunlight exposure on circulating serum
25(OH)D concentrations.

A p value of <0.05 was considered significant.
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3. Results

Of the 335 participants enrolled for the D-SOL study after the screening process, 135 participants
were included in this cross-sectional analysis (n = 56 in England and 79 in Brazil). Reasons for
exclusion at screening are detailed in Figure 1. In the Brazil cohort, one participant did not have valid
laboratory results and was therefore excluded from the database as previously described in Mendes
et al. (2020) [22]. In the England cohort, five participants were post-menopausal. There were no
differences between analyses including or excluding the five post-menopausal women, and therefore,
only analyses including these participants are reported here.

Figure 1. Flow diagram of participant enrolment.

3.1. Participant Characteristics

Participant characteristics, specifically age, weight, BMI, vitamin D and calcium intake and
25(OH)D, PTH and calcium serum concentrations, have been previously published in Mendes et al.,
2019 [22]. Brazilian women living in England were older, heavier and had a greater waist circumference
than those living in Brazil (p < 0.01). There were no significant differences between Brazilian women
living in England and in Brazil for BMI classification distributions although, in line with the weight
data, the mean BMI was significantly greater for Brazilian women residing in England.

Figure 2 shows the difference in serum 25(OH)D concentrations between the two countries,
with concentrations ranging from 5.0 to 73.5 nmol/L for participants living in England and from
36.2 to 148.6 nmol/L for those living in Brazil. Mean serum 25(OH)D concentration of England
residents was significantly lower than Brazil residents (36.0 ± 14.9 nmol/L and 75.0 ± 22.1 nmol/L,
respectively p < 0.001), as previously published [22]. The statistical significance remained after
controlling for daily UVB radiation level, age, BMI and waist circumference (ANCOVA, p < 0.001).
Only participants living in Brazil had serum 25(OH)D concentrations above 100 nmol/L (n= 3), of which
two women had concentrations above 130 nmol/L (134.9 and 148.6 nmol/L). There were no significant
differences in serum albumin-corrected calcium concentrations between England and Brazil residents
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(2.3 ± 0.07 and 2.2 ± 0.06 mmol/L, respectively, p = 0.066), with all participants having concentrations
within the normal range of 2.1–2.6 mmol/L.

Figure 2. Serum 25(OH)D concentrations for women living in England (n = 56) and women living in
Brazil (n = 79). Hashed lines represent thresholds of 25 (deficiency), 50 (insufficiency) and 75 (optimal)
nmol/L.

The proportions of women with deficient and insufficient levels were significantly higher in
those living in England than in Brazil (p < 0.001). Amongst women living in England 25% had serum
25(OH)D concentrations below 25 nmol/L, while there were no participants with concentrations below
this threshold living in Brazil. There were no participants living in England with concentrations
above 75 nmol/L, while half (50.6%) of the participants in Brazil presented levels above this threshold.
The majority (82.1%) of women living in England in comparison to 11.4% of those living in Brazil,
had concentrations below the insufficiency cut off value of 50 nmol/L.

Overall (n = 135), serum 25(OH)D concentration was negatively correlated with age (r = −0.282,
p = 0.001) and waist circumference (r = −0.361, p < 0.001), and there was a trend for a negative
association with BMI (r = −0.169, p = 0.052) (Table 1). Within each country, no correlations were found
between serum 25(OH)D concentration and age nor anthropometry (BMI or waist circumference)
(all p > 0.406). Overall, women younger than 30 years of age had significantly higher mean 25(OH)D
concentrations than those aged 30–44 years (64.7 ± 27.4 and 51.6 ± 27.2 nmol/L, p = 0.027); however,
no significant differences amongst age groups were observed within each country (Table 1).

The proportion of white women in the England cohort was significantly higher (p = 0.012) while
in the Brazil cohort there was an even distribution between white and brown (51.9% and 44.3%,
respectively). With respect to skin type classification, the majority of participants classified themselves
as type III and IV (63% overall, 66.1% of England and 60.8% of Brazil residents) (Table 1). There were
no significant differences in mean serum 25(OH)D concentrations between ethno-race or skin type
(all p > 0.081). Amongst England residents, those living in Southern England for more than 2 years had
significantly lower 25(OH)D concentrations than those that had recently moved to the UK (less than a
year) (p = 0.039) (Table 2).
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3.2. Dietary Habits

Participant data by country for vitamin D intake have been previously published [22].
Overall (n = 119), mean habitual vitamin D dietary intake was 2.45 ± 1.91 μg/day. Vitamin D
and calcium intakes were significantly higher in England residents compared to Brazil residents
(p < 0.001 and p = 0.003, respectively). In total (n = 119), 21.8% had dietary vitamin D intakes below
1 μg/day and 100% had intakes below the IOM Recommended Daily Allowance (RDA) of 15 μg/day [23].

Those consuming eggs more than five times per week had significantly higher 25(OH)D
concentrations (77.5 ± 30.5 nmol/L) than those consuming eggs once a week or less (47.1 ± 23.1 nmol/L,
p = 0.001 and 51.4 ± 23.3 nmol/L, p = 0.014, respectively). There was also a difference in mean 25(OH)D
concentration according to frequency of milk consumption, although post-hoc tests did not identify
which groups differed significantly (p = 0.009). The same was observed for oily fish consumption within
the overall sample, and a clearer difference was observed within England participants, with those
consuming fish 2–5 times per week having significantly higher concentrations (48.4 ± 21.2 nmol/L)
compared to those consuming it less than once a week (31.6 ± 16.2 nmol/L, p = 0.034). There were
no significant differences according to frequency of liver consumption or level of supplement intake
within the last year (Table 2).

3.3. Sun Exposure Behaviour

The patterns of all sunlight-related behaviour reported by the life-style questionnaire were
significantly different between women living in England and women living in Brazil (p ≤ 0.05),
except for sunscreen use in general and sun protection factor (SPF) during holidays (p > 0.05) (Table 3).

Table 3. Sun-exposure behaviours of adult Brazilian women overall and by country of residence (n= 135) 1.

All England (n = 56) Brazil (n = 79) p2

Body parts exposed
Face only 1 (0.7%) 1 (1.8%) 0 <0.001

Hands and face 48 (35.6%) 33 (58.9%) 15 (19%)
Hands/face + arms and/or legs 71 (52.6%) 15 (26.8%) 56 (70.9%)
Hands/face + arms/legs + torso 15 (11.1%) 7 (12.5%) 8 (10.1%)

Sunscreen use
No 41 (30.4%) 14 (25%) 27 (34.2%) 0.253
Yes 94 (69.6%) 42 (75%) 52 (65.8%)

SPF at home §

15 11 (11.7%) 10 (23.8%) 1 (2.27%) 0.003
20 14 (14.8%) 12 (28.5%) 1 (2.27%)
30 30 (31.9%) 6 (14.2%) 23 (54.5%)

40 or over 32 (34.0%) 14 (32.5%) 18 (40.9%)
Missing 7 (7.4%) 0 7

SPF on holidays §

15 8 (8.4%) 7 (16.7%) 1 (0.19%) 0.06
20 3 (3.2) 2 (4.7%) 1 (0.19%)
30 34 (35.8%) 17 (40.6%) 17 (32.6%)

40 or over 39 (41%) 15 (35.8%) 24 (46.1%)
Missing 11 (11.6%) 1 (2.1%) 9 (21.4%)

Natural sunbathing habit
No 92 (68.1%) 33 (58.9%) 59 (74.7%) 0.05
Yes 43 (31.9%) 23 (41.1%) 20 (25.3%)

Artificial sunbed use
No 131 (97%) 52 (92.9%) 79 (100%) 0.036
Yes 3 (2.2%) 3 (5.4%) 0

Missing 1 (0.8%) 1 (1.7%) 0
1 Values are n (%).2 Statistical analysis: Pearson Chi Squares. § Amongst participants who said “Yes” to previous
item. SPF: Sun Protection Factor.

Overall and within just the Brazil participants, there were significant differences in serum
25(OH)D concentrations according to the number of body parts exposed (both p < 0.04). Amongst Brazil
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participants, those reporting the usual exposure of hands and face + arms and/or legs had significantly
higher 25(OH)D concentrations than those exposing their hands and face only (78.5 ± 21.8 and
62.2 ± 20.0 nmol/L, respectively; p = 0.029).

In total, around 70% if participants reported habitual use of sunscreen, although for non-holiday
use those living in England were most likely to report SPF of 15 or 20 (52.3%) compared to 95.4%
of those living in Brazil who reported using SPF of 30, 40 or over (p = 0.003). England residents
were more likely than Brazil to report natural sunbathing (41.1% and 25.3%, respectively, p = 0.05),
whilst only 3 women in England, and none in Brazil, reported having ever used an artificial sunbed.
Self-reported sunbathers were most likely to report higher SPF use on holiday (60% reported using 30,
40 or more compared to only 9% using SPF 15 or 20). There were no significant differences in 25(OH)D
concentrations between sunscreen users and non-users. However, overall, those reporting using a SPF
15 sunscreen during holidays had significantly lower levels than those reporting the use of SPF ≥ 40
(34.1 ± 16.6 and 62.0 ± 29.1, respectively; p = 0.034).

3.4. Individual UVB Radiation Levels

The average daily individual UVB radiation levels at the beginning of winter are shown in Figure 3,
labelled by country of residence. Values are expressed in units of standard erythema dose (SED) [18].
Individual UVB radiation levels differed significantly between the two countries with concentrations
ranging from 0.0031 to 0.0984 SED for England residents and from 0.3283 to 12.0393 SED for Brazil
residents (mean values 0.035 ± 0.026 and 1.75 ± 2.32 SED, respectively p < 0.001). All England dwelling
participants recorded daily exposure levels of less than 1 SED compared to around half of those living
in Brazil (53.6%).

Figure 3. Daily individual Ultraviolet B radiation levels for women living in England (n = 46) and women
living in Brazil (n = 69). Hashed lines represent mean daily individual UVB radiation level for women
living in England (measured between October to March) and Brazil (measured between June to September).

Overall, vitamin D status was associated with individual UVB radiation (Table 4), with women
presenting serum 25(OH)D concentrations above 75 nmol/L having significantly higher mean UVB
radiation (2.26 ± 3.04 SED) than those with deficient (0.02 ± 0.01 SED), insufficient (0.25 ± 0.43 SED)
or suboptimal (0.98 ± 1.00 SED) status (p < 0.001). Within those living in Brazil there was also a
significant association (p < 0.040), with those in the higher vitamin D status groups presenting higher
UVB radiation. There were no differences in women living in England, in which a mean SED below
0.04 was observed for all vitamin D status groups.

Overall, daily individual UVB radiation level showed a strong significant positive correlation
with serum 25(OH)D concentrations (n = 112, r = 0.673, p < 0.001; with n = 3 outliers removed from
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analysis due to daily SED > 10) (Figure 4) and remained statistically significant after controlling for
vitamin D intake (dietary intake), age and BMI (r = 0.669, p < 0.001). In this linear model (Figure 4),
a daily exposure of 0.07 SED and 2.2 SED predicted a serum 25(OH)D concentration of 50 nmol/L and
75 nmol/L, respectively.

Table 4. Association between Vitamin D status and mean individual UVB radiation level 1.

All England Brazil

Vitamin D status n Mean ± SD p2 n Mean ± SD p2 n Mean ± SD p2

<25 nmol/L 12 0.02 ± 0.01 a <0.001 12 0.02 ± 0.018 0.666 0 N/A 0.040
25–49.9 nmol/L 34 0.25 ± 0.43 b 26 0.038 ± 0.028 8 0.94 ± 0.42
50–74.9 nmol/L 33 0.98± 1.00 c 8 0.037 ± 0.027 25 1.28 ± 0.97
>75 nmol/L 36 2.26 ± 3.04 a,b,c 0 N/A 36 2.26 ± 3.04
1 Values: mean ± SD. 2 Statistical analysis: one-way ANOVA with post-hoc Tukey’s test. Values in same column
with same superscript letters are significantly different (a p = 0.002; b p < 0.001; c p = 0.020). N/A: not applicable.

Figure 4. Relationship between baseline serum 25(OH)D concentration and baseline individual daily
sunlight exposure level in participants with daily individual UVB exposure levels below 10 SED (n = 112).

3.5. Prediction of Circulating 25(OH)D Concentrations: Mathematical Modeling

Preliminary analyses ensured no violation of normality, linearity, generalizability (sample size),
multicollinearity and homoscedasticity. Due to the differences in mean age and anthropometric
measures and the significant correlations with serum 25(OH)D, a hierarchical multiple regression
analysis was used to investigate the ability of daily individual UVB radiation levels (SED) to predict
25(OH)D concentrations (nmol/L), after controlling for the influence of age, weight and BMI.

Age and BMI were entered at Step 1, explaining 7.7% of the variance in 25(OH)D concentrations.
After entry of daily individual sunlight exposure level at step 2, the total variance explained by the
model as a whole was 46.5%. The added UVB radiation measure explained an additional 38.8% of the
variance 25(OH)D concentrations, after controlling for the influence of age and BMI, (F (3, 111) = 32.16,
p < 0.001). In the final model, only UVB radiation made a unique statistically significant contribution
to the prediction of 25(OH)D concentrations. According to the slope coefficient for daily individual
UVB radiation levels, 25(OH)D concentration increased by 20.2 nmol/L for each extra SED of UVB
radiation, regardless of age and BMI (p < 0.001).
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4. Discussion

Individual daily UVB radiation levels were strongly and positively correlated with serum vitamin
D concentrations. Moreover, 38.8% of the total variance in 25(OH)D concentrations was explained
uniquely by daily individual UVB radiation, after controlling for the influence of age and BMI.
Mean serum 25(OH)D concentration of Brazilian women living in England was significantly lower
than those living in Brazil. If the threshold of 75 nmol/L recommended by the Endocrine Society [16] is
applied, suboptimal status was universal amongst England residents and affected half (49.3%) of the
women living in Brazil.

Although significant differences in serum vitamin D concentrations between the two countries
were expected, it is no less remarkable that concentrations in ethnically identical adult women ranged
from 5.0 to 73.5 nmol/L for participants living in England and from 36.2 to 148.6 nmol/L for those living
in Brazil. Similar serum concentrations to those observed in Brazil have been previously reported in
Africa, ranging from 70 to 170 nmol/L [12], and amongst high UVB-exposure individuals (tanners,
surfers, and outdoor workers, ≤162 nmol/L) [12].

The prevalence of deficiency found in this study for women living in England (25%) was similar to
the yearly average of 21.7% deficiency reported for UK Caucasian adult women [14]. Brazilian women
who had been living in England for more than 2 years had lower 25(OH)D concentrations than their
Brazilian peers with shorter residency, indicating a worsening of status over time. Amongst the women
in this study living in Brazil, there were no records of vitamin D deficiency and just less than half of the
sample had insufficient or sub optimal levels. Studies conducted previously in Brazil have observed
a high prevalence of insufficiency (ranging from 28–38%) and sub-optimal status (ranging from
43–81%) [24–27]. To our knowledge, our study was the first to investigate vitamin D status in the State
of Goiás, located in mid-west Brazil, and the higher prevalence reported previously (in samples from
southern or northern Brazil) may reflect regional and cultural differences, i.e., variations in season
patterns and climate, and cultural habits with regards to sun exposure behaviour and food intake.

It was estimated in this cohort, that each extra SED of UVB radiation (a safe limit of daily UVB
radiation level enough to produce vitamin D for skin types I-IV [28]), would increase 25(OH)D
concentration by 20.2 nmol/L, independent of age and BMI. Furthermore, a daily individual UVB
radiation of around 2 SED would be required to maintain serum 25(OH)D at 75 nmol/L. It is surprising
that such a high proportion of participants in Brazil presented relatively low individual daily exposure
levels (53.6% < 1SED), considering the high minimum winter UVB index in Brazil of 8. However,
this may reflect known influential factors such as behaviour towards sunlight exposure, pollution,
weather variations, sun avoidance due to concerns regarding skin damage and time spent indoors
(i.e., work, physical activity and commuting inside vehicles) [29].

The importance of direct skin exposure was also shown, since those women living in Brazil who
exposed more body parts had a better Vitamin D status. In fact, a recent study conducted in Ireland,
with 5138 community-dwelling participants aged >60 years and blood sampling throughout the year,
showed that individuals who avoided sun exposure were at higher risk of deficiency (<40 nmol/L),
whilst those who reported enjoying sun exposure tended to be vitamin D sufficient (≥50 nmol/L).
Moreover, UVB dose and sunshine enjoyment seemed to improve prediction of vitamin D deficiency
in individuals not taking supplements [30]. Such observations build on the affirmation that individual
UVB radiation level is better determined by individual behaviour towards sunlight rather than
estimated local UVB radiation availability and so recommendations need to help individuals to
optimize their own sun exposure to balance safety and vitamin D production.

Additionally, although there were no differences in mean 25(OH)D concentrations between
sunscreen users and non-users, those reporting using a SPF 15 sunscreen during holidays had
significantly lower Vitamin D levels than those reporting the use of SPF of ≥40. This suggests that
higher factor use may be a marker for higher overall exposure and greater likelihood of sunbathing.
In fact, it was observed in this study that self-reported sunbathers were more likely to use higher factor
sunscreen on holiday, supporting this behavioural association. A similar study conducted in Australia
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did not observed any statistically significant association between the 25(OH)D concentrations and the
use of sunscreens, but also reported that participants who used sunscreen presented some of the highest
25(OH)D concentrations. The authors hypothesized that the use of sunscreens is likely to be an indicator
of increased sun exposure in general [10]. Such observations reinforce the importance of considering
habitual behaviour towards sunlight and how it can affect 25(OH)D cutaneous production in the
skin when determining vitamin D and sunlight exposure recommendations for different populations.
From a holistic point of view, taking high factor sunscreen alone as an indicator of lower UVB radiation
reaching the skin, for instance, could potentially underestimate individual exposure UVB radiation
level if higher SPF is also a marker for greater length of time spent in the sun.

The influence of skin pigmentation has also been well observed in studies showing poorer vitamin
D status in dark-skinned compared to lighter-skinned individuals, with higher amounts of UVB
required in pigmented skins to achieve adequate 25(OH)D concentrations. In the present study,
no associations were found between 25(OH)D concentrations and self-declared ethno-race or skin
type. The reason for this is likely due to the potential inconsistency in self-declared ethno-race and
skin colour in the Brazilian population because of subjective definitions and cultural influence on
ethnic identification. This was indeed observed in this study where 63% of participants identified
themselves as white and 33.3% as brown while, conversely, 31.1% classified themselves as type I and II
(white) and 63% as type III and IV (light and moderate brown). This inconsistency suggests that simple
classifications of ethnicity and skin colour to investigate the effect of skin pigmentation on vitamin D
status might not be appropriate for some populations or countries. Other more objective methods such
as measures of melanin density via spectral reflectance of the skin [10] or classification by a trained
researcher based on observed skin type characteristics may be better options in certain populations.

There are still very few studies that have investigated the effects of UVB exposure in vivo in
South America, and specifically in Brazil, which has led to formulation of recommendations based
on data derived from studies conducted mainly in the USA and Europe, where the UVB availability
and the sun exposure habits are considerably different from those observed in low latitude countries.
The strength of this cross-sectional analysis is the directly comparable data on serum 25(OH)D
concentrations and daily individual UVB radiation measurement that represents personal and habitual
solar radiation in real-life scenarios. This study addresses key knowledge gaps with two parallel studies,
using identical methodologies to examine same sex and ethnicity individuals (minimizing confounding
due to cultural habits and skin pigmentation), directly comparing individual UVB radiation levels
and habitual behaviour towards sunlight between high and low latitudes. Further strengths of the
present study include serum 25(OH)D measurement via liquid chromatography–mass spectrometry,
the gold-standard method for assessing vitamin D status and data collection during the same season in
both countries. Furthermore, to date, this is also the first study to measure habitual UBV radiation
levels using a personal UVB dosimeter in Brazil and the first study to show the strong correlation of
individual levels with vitamin D serum concentrations in the Brazilian population.

It is important to note that these findings may not be generalizable to other groups such as
men, children, adolescents and pregnant or older women and other ethnic groups with different
characteristics, habits or culture. Participants in this study had a generally healthy BMI and therefore,
findings may not reflect populations with overweight or obesity due to the known influence of adiposity
on vitamin D status. The study was conducted during wintertime in England in order to achieve a
minimal sun exposure so this cohort would represent the minimal habitual UVB exposure in comparison
to a high (but not extreme) exposure in Brazil. Additionally, the study was conducted in Brazil also
during wintertime so that we could minimize the extreme radiation and boosted sunlight exposure
habits during summer. Alternatively, the same study could have been done during summertime in both
latitudes in order to compare differences in the influence of sun exposure when sunlight availability is
at its highest.
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5. Conclusions

The prevalence of vitamin D deficiency and insufficiency was extremely high in adult Brazilian
women residing in southern England. This study has highlighted the strong positive association
between vitamin D serum 25(OH)D concentrations and individual UVB radiation. Given the perhaps
previously underappreciated variation in individual UVB radiation levels this study highlights
the importance of measuring rather than assuming individual exposure. Vitamin D deficiency or
inadequacy, strongly associated with low individual UVB radiation levels, could put these women at a
greater risk of poor bone health at the end of winter, particularly in England. Further work should
focus on extending the sample to include a wider demographic range, including more overweight
individuals, males, and other ethnic and age groups in different latitudes.
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Abstract: The association between vitamin D status and autism spectrum disorder (ASD) is well-
investigated but remains to be elucidated. We quantitatively combined relevant studies to estimate
whether vitamin D status was related to ASD in this work. PubMed, EMBASE, Web of Science,
and the Cochrane Library were searched to include eligible studies. A random-effects model was
applied to pool overall estimates of vitamin D concentration or odds ratio (OR) for ASD. In total,
34 publications involving 20,580 participants were identified in this present study. Meta-analysis
of 24 case–control studies demonstrated that children and adolescents with ASD had significantly
lower vitamin D concentration than that of the control group (mean difference (MD): −7.46 ng/mL,
95% confidence interval (CI): −10.26; −4.66 ng/mL, p < 0.0001, I2 = 98%). Quantitative integration
of 10 case–control studies reporting OR revealed that lower vitamin D was associated with higher
risk of ASD (OR: 5.23, 95% CI: 3.13; 8.73, p < 0.0001, I2 = 78.2%). Analysis of 15 case–control studies
barring data from previous meta-analysis reached a similar result with that of the meta-analysis of
24 case–control studies (MD: −6.2, 95% CI: −9.62; −2.78, p = 0.0004, I2 = 96.8%), which confirmed
the association. Furthermore, meta-analysis of maternal and neonatal vitamin D showed a trend
of decreased early-life vitamin D concentration in the ASD group (MD: −3.15, 95% CI: −6.57; 0.26,
p = 0.07, I2 = 99%). Meta-analysis of prospective studies suggested that children with reduced
maternal or neonatal vitamin D had 54% higher likelihood of developing ASD (OR: 1.54, 95% CI:
1.12; 2.10, p = 0.0071, I2 = 81.2%). These analyses indicated that vitamin D status was related to the
risk of ASD. The detection and appropriate intervention of vitamin D deficiency in ASD patients and
pregnant and lactating women have clinical and public significance.

Keywords: autism spectrum disorder; vitamin D; maternal and neonatal vitamin D; systematic re-
view; meta-analysis

1. Introduction

Autism spectrum disorder (ASD) is a group of neurodevelopmental disorders char-
acterized by impaired social interaction and communication, repetitive and stereotyped
behaviors, and restricted interests [1]. Autism is becoming increasingly common. Recently,
the Centers for Disease Control and Prevention reported that the prevalence of autism
among 8-year-old children in the United States in 2016 was 1/54, with a 4.3:1 ratio of males
to females [2]. Autistic individuals manifest problematic behaviors, such as attacking, self-
injury, resistance to orders, and failure of normal conversation, and are usually comorbid
with social-anxiety, attention-deficit/hyperactivity, sleep-wake disorders, and obsessive-
compulsive disorders. As such, it is difficult for them to obtain the same education levels
as their neurotypical peers, find full-time jobs, or live independently [1,3]. Fortunately,
evidence indicates that appropriate and early intervention could help autistic individuals
improve their symptoms and life quality [4]. Notably, research shows that nutritional and
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dietary intervention is an effective way to improve nutritional status, non-verbal IQ, and
autism symptoms [5]. Therefore, it is essential to identify physiological dysfunction and ab-
normal nutritional status in autistic individuals and then take corresponding interventions.

Autism is a multifactorial disorder resulting from an interaction of genetic and envi-
ronmental factors. Hundreds of autism risk genes and various environmental factors have
been discovered [6,7]. Possible environmental factors include folic acid deficiency, neona-
tal hypoxia, maternal obesity, and gestational diabetes mellitus [7]. Recently, emerging
evidence suggests that vitamin D deficiency might be an unfavorable factor of autism [8].
Vitamin D is a steroid hormone; it is primarily synthesized in the skin under UV-B light, and
a small amount is derived from dietary intake [9]. Although the underlying mechanisms
between vitamin D and autism are unclear, there is some biological evidence indicating
the potential link. Vitamin D-metabolizing enzymes and vitamin D receptors are widely
expressed in immune cells, the placenta, and the developing and adult brain; high levels of
vitamin D surface receptor (protein disulfide isomerase family A members 3, PDIA3) are
found in the cortex and hippocampus, which suggests the association between vitamin
D, and brain development and function [10–12]. Indeed, vitamin D has important effects
on brain development and function, including neuronal differentiation, proliferation and
apoptosis, regulating synaptic plasticity, the ontogeny of the dopaminergic system, im-
munomodulation, and reducing oxidative burden [10]. In addition, vitamin D plays an
important role in the regulation of gene expression. One study showed that 223 ASD risk
genes in the SFARI database were vitamin D3-sensitive genes, which meant that these ASD
related genes might be regulated by vitamin D [13].

Besides the plausible biological explanations, some epidemiological studies also
reached related conclusions. A large number of case–control studies investigating the
vitamin D status of children and adolescents with ASD from different countries and races
showed that autistic children and adolescents had lower vitamin D status [14–31], but
seven studies reached the opposite conclusions [32–37]. Moreover, several prospective
studies investigated the role of maternal and neonatal vitamin D deficiency in autism onset.
A nested case–control study from a Swedish population cohort suggested that neonatal
vitamin D was slightly associated with a later risk of ASD, but maternal vitamin D was
not related to ASD [38]. In contrast, a cohort study based on a Netherlands birth cohort
revealed that neonatal vitamin D was not associated with ASD, but pregnant women with
deficient vitamin D concentration at mid-gestation had a more than twofold chance to give
birth to autistic infants [39]. Another nested case–control study from China supported the
point that reduced neonatal vitamin D was associated with a higher risk of ASD [40], but
studies from Canada and the United States did not support this point [41–43].

A meta-analysis on 11 case–control studies found that, compared with healthy chil-
dren, children with ASD had 8.63 ng/mL lower 25(OH)D concentration overall [44]. How-
ever, as mentioned above, case–control studies measuring vitamin D levels of children
and adolescents with ASD have constantly been emerging in recent years, with some
contradictions in the results. In addition, several prospective studies have been performed
on early-life vitamin D levels before ASD diagnosis, which provide evidence on whether
autism onset is associated with reduced early-life vitamin D, also with inconsistent results.
Individual vitamin D level is affected by many factors, including sunlight, diet, ethnicity,
genetic polymorphism, and physiological conditions. Researchers could not completely
control these factors between ASD and control groups, and the etiology and clinical mani-
festations of ASD are of high heterogeneity. Meta-analysis can merge the results of multiple
studies and increase the sample size to reach a consistent conclusion and increase the
credibility of that conclusion. Therefore, we conducted an updated meta-analysis of the
case–control studies and meta-analysis of prospective studies to investigate links between
vitamin D and ASD and to explore the potential source of heterogeneity between studies.
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2. Materials and Methods

This systematic review and meta-analysis were conducted and reported in accordance
with the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA)
guidelines [45] and Meta-Analyses of Observational Studies in Epidemiology (MOOSE)
guidelines [46]. The protocol was registered in the International Prospective Register
of Systematic Reviews (PROSPERO) with a registration number of CRD42020161819 at
www.crd.york.ac.uk/PROSPERO.

2.1. Search Strategy and Study Selection

We performed a systematic literature search in PubMed, EMBASE, Web of Science,
and the Cochrane Library from database inception to 27 November 2019 to identify studies
on vitamin D and the risk of autism. The search terms we used were MeSH phrases
combined with text words relating to autism (“autism” OR “autistic” OR “ASD”) and
vitamin D (“vitamin D” OR “1,25 dihydroxyvitamin d3” OR “d3,1,25 dihydroxyvitamin”
OR “25 hydroxyvitamin d2” OR “25 hydroxyvitamin d3” OR “25(OH)D OR 1 alpha, 25 di-
hydroxy 20 epi vitamin d” OR “1,25 dihydroxy 20 epi vitamin d3”). No restrictions were
applied for the languages, date, and location of the studies. Besides database searching, we
manually checked the reference lists of the identified studies and relevant reviews. Two
reviewers (WZQ and DR) independently checked the titles and abstracts of each paper
to filter irrelevant papers and then read the full texts of the remaining studies to identify
studies that met the eligibility criteria. Any disagreement was resolved by discussion.

2.2. Eligibility Criteria

Eligibility criteria were set according to PICOS approach: the participants (P), the
interventions or exposure (I), the comparison (C), the outcome (O), the study design (S), as
follows. Each letter in PICOS means a component: Participants: children or adolescents
aged less than 18, pregnant women, and neonates. Intervention/exposure: insufficient or
deficient vitamin D level in peripheral blood. Comparison: sufficient vitamin D level in
peripheral blood. Outcome: autism spectrum disorder. Study design: case–control, cohort,
and nested case–control studies. Duplicated studies with the same data were excluded.
No limits were applied for the form of vitamin D. Studies had to report the mean and
standard deviation of vitamin D concentration or odds ratio (OR)/relative risk (RR) for
ASD incidence. Studies were excluded if participants were reported to be comorbid with
any other disease that could affect vitamin D levels, such as epilepsy and ADHD.

2.3. Data Extraction

Data were independently extracted from eligible studies by two reviewers (WZQ and
DR), including the first author’s name, year, country, study design, sample size, participants’
age, gender ratio, diagnostic criteria, sample for detecting, vitamin D measurement method,
mean ± SD of vitamin D concentrations, p-value compared to controls, adjusted variable
or confounding variable, and OR/RR (95% confidence interval (CI)) for ASD incidence.

2.4. Study Quality Assessment

For eligible studies, we used the Newcastle–Ottawa Scale (NOS) [47] to assess whether
they had the general characteristics of an observational study. This scale comprised three
aspects: study-participant selection, 0–4; the comparability of study participants, 0–3; the
exposure or outcome of studies, 0–3, ranging from 0 to 9, among which 0–6 was regarded
as low-quality, and 7–9 was high-quality. Two reviewers (WZQ and DR) independently
evaluated the eligible studies. Any discrepancies were resolved by discussion.

2.5. Statistical Analysis

For the continuous variable, mean ± SD of vitamin D concentration was obtained to
calculate the overall effect size and 95% confidence interval (95% CI). Mean difference (MD)
was used to describe the difference of mean concentration between ASD and control groups
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in each study. If the concentration of vitamin D was present in nmol/L, we converted it
into ng/mL, according to the formula, 1 ng/mL = 2.5 nmol/L. Meta-analysis of all eligible
case–control studies was performed. In order to check the robustness of the results, we
conducted an additional meta-analysis, barring data from previous meta-analyses [44].
In addition, prospective studies that reported mean ± SD were combined to examine
if there was any difference in maternal and neonatal vitamin D between the ASD and
control groups.

For the categorical variable, we obtained OR/RR from eligible studies to calculate
the pooled OR/RR and 95% CI. Some case–control studies did not report vitamin D
concentration but provided OR and 95% CI for the possibility of ASD exposed to vitamin D
insufficiency or deficiency. Therefore, a meta-analysis on case–control studies with OR was
performed. Prospective studies included nested case–control and cohort studies, providing
either OR or RR. The prevalence of ASD was less than 10%, so we assumed that OR was
approximatively equal to the RR and conducted meta-analysis from prospective studies.

Considering the anticipated large heterogeneity, we used the DerSimonian–Laird
random-effects model for all meta-analyses. If there was no or low heterogeneity, the
fixed-effects model was used. Cochran’s Q test and I2 statistic were used to measure
heterogeneity. I2 referred to the percentage of heterogeneity, and I2 ≥ 50% indicated greater
heterogeneity. Subgroup and meta-regression analyses were created to explore sources
of heterogeneity. Subgroup analysis was based on the study population, measurement
method, latitude, location, sample size, age, number of adjusted variables, and study
quality. To eliminate the influence of individual studies, especially small sample and
low-quality studies, leave-one-out sensitivity analysis was conducted. The funnel plot was
used to evaluate publication bias, and Egger’s linear regression was conducted to check
the symmetry of the funnel plot. A forest plot was created to visualize the overall effect
size and 95% CI of the studies. All statistical analyses were performed in R (version 3.6.2),
including the meta (version 4.11-0) and metaphor (version 2.1-0) packages. Two-tailed
p < 0.05 was statistically significant.

3. Results

Figure 1 shows the process of identifying the eligible publications. A total of 1088 arti-
cles were retrieved through the databases: 221 records in PubMed, 439 records in EMBASE,
380 records in Web of Science, and 48 records in the Cochrane Library. In total, 16 articles
were manually searched in the reference lists of relevant publications. After removing
duplicates, 598 articles remained to be screened by title and abstract. Of these, 67 articles
were left for full-text reading. Lastly, 34 eligible articles (a total of 20,580 participants)
were included in the meta-analysis. Of these, 26 case–control studies [14–32,34–37,48–50]
(1792 ASDs, 1969 controls) reported the blood vitamin D concentration of children and ado-
lescents; three case–control studies [42,43,51], and two nested case–control studies [38,40]
(2687 ASDs, 3574 controls) examined the neonatal vitamin D concentration of participants;
one case–control study [52] and one nested case–control study [38] (517 ASDs, 642 controls)
assessed maternal vitamin D concentration of the ASD and control groups; two cohort
studies [39,41] (5442 neonates, 3957 pregnant women) investigated the OR/RR for ASD
incidence after being exposed to early-life vitamin D deficiency or insufficiency. The partic-
ipants of two articles included not only neonates but also pregnant women, so there were
36 total studies from 34 articles.

The detailed study characteristics of each eligible study are demonstrated in Tables S1–S3.
In general, these studies were published from 2010 to 2019 and involved participants from
Asia (n = 18), America (n = 6), Europe (n = 5), and Africa (n = 5). The ASD diagnostic
criteria used in studies were DSM-IV, DSM-IV-TR, ADOS, ADIR, DSM-V, ICD-9, ICD-10,
ICD-F84.0, or a combination of the above. All eligible studies measured a total of 25(OH)D2
and 25(OH)D3 or 25(OH)D3 from serum, plasma, or dried blood spot as the biomarker
of vitamin D; 25(OH)D3 was considered approximately equal to the total of 25(OH)D2
and 25(OH)D3, so the form of vitamin D in each study was not distinguished. The quality
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scores of the included studies are shown in Table S4, ranging from 4 to 9, of which, 9 studies
were evaluated as low-quality, 25 studies were high-quality, and the median NOS score of
all studies was 7.

Figure 1. Flow chart of identification of eligible studies.

3.1. Meta-Analysis of Case–Control Studies Involving Children and Adolescents

A total of 24 case–control studies were included in the meta-analysis, providing
mean ± SD vitamin D concentration in children and adolescents with and without ASD, of
which two samples were plasma and 22 were serum. Meta-analysis showed that vitamin
D concentration of the ASD group was 7.46 ng/mL lower than that of the control group
(95% CI: −10.26; −4.66 ng/mL, p < 0.0001; Figure 2, Table S5) using a random effects
model, with a large heterogeneity (I2 = 98%, p < 0.01). In subgroup analysis, vitamin D
measured by ELISA (MD: −10.19 ng/mL, 95% CI: −17.53; −2.86 ng/mL, p = 0.006) and
radioimmunoassay (MD: −4.33, 95% CI: −6.81; −1.85, p = 0.0006) in the ASD group was
significantly reduced compared to that of the control group, with slightly decreased hetero-
geneity between studies, while statistical significance disappeared in studies measured by
HPLC (MD: −9.13, 95% CI: -19.33; 1.06; 1.06, p = 0.079) and LC–MS/MS (MD: −4.32, 95%
CI: −15.20; 6.56, p = 0.436). With regard to latitude, subgroup analysis with a latitude below
30 (MD: −13.3, 95% CI: −20.83; −5.76, p = 0.0005) and between 30 and 40 (MD: −3.81,
95% CI: −5.83; −1.79, p = 0.0002) illustrated that vitamin D concentration was significantly
lower in the ASD group than that in the control group. However, when latitude was
beyond 40, there was no significant difference between the two groups. Studies performed
in different areas showed quite different results. Subjects with ASD in Africa had largely
reduced vitamin D concentration compared with that of the control group (MD: −15.56,
95% CI: −24.77; −6.35, p = 0.0009). In Asia, the difference in vitamin D concentration was
also significant between the ASD and control groups (MD: −6.2, 95% CI: −9.15; −3.25,
p < 0.0001). However, in Europe, subgroup analysis demonstrated that the ASD group
had higher but nonsignificant vitamin D concentration than that of the control group
(MD: 3.03, 95% CI: −6.78; 12.83, p = 0.545). In America, vitamin D levels did not differ
between subjects with and without ASD (MD: −6.01, 95% CI: −13.42; 1.39, p = 0.11). More
details about subgroup analysis are shown in Table S5. Univariate meta-regression analysis
indicated that latitude (p = 0.0107) was associated with a mean difference of vitamin D
concentration between the two groups, accounting for 8.08% of heterogeneity.
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Figure 2. Forest plot of meta-analysis of 24 case control studies based on vitamin D concentration,
showing that children and adolescents with autism spectrum disorder (ASD) have an average of
7.46 ng/mL lower vitamin D concentration than that of the controls, with 98% heterogeneity. MD,
mean difference; CI, confidence interval.

Since 10 case–control studies reported OR, meta-analysis based on OR was conducted.
Results indicated that reduced vitamin D status was significantly associated with increased
risk of ASD (OR: 5.23, 95% CI: 3.13; 8.73, p < 0.0001, Figure 3, Table S6). However, there
was high heterogeneity between studies (I2 = 78.2%, p < 0.0001). The criteria for vitamin D
deficiency or insufficiency were inconsistent. Included studies regarded 20 or 30 ng/mL as
the cutoff of vitamin D insufficiency or deficiency. In the subgroup analysis, the association
was significant when cutoff was 30 ng/mL (OR: 6.13, 95% CI: 3.39; 11.09, p < 0.0001,
I2 = 83.7%), but association was nonsignificant when cutoff was 20 ng/mL (OR: 2.83, 95%
CI: 0.91; 8.72, p = 0.07, I2 = 40.2%). On the basis of latitude, assessment methods, age,
study quality, and number of adjusted variables, all subgroups demonstrated a significant
association between reduced vitamin D status and increased risk of ASD (Table S6).

Figure 3. Forest plot of meta-analysis of 10 case–control studies based on odds ratio (OR), demon-
strating that children with vitamin D insufficiency and deficiency are about 5.23 times more likely to
develop ASD than vitamin D sufficient children are, with 78% heterogeneity. CI, confidence interval.

3.2. Meta-Analysis of Case–Control Studies Barring Data from Previous Meta-Analysis

Previous meta-analysis integrated case–control studies measured vitamin D concentra-
tion in ASD and control groups before May 2015. In order to evaluate the robustness of the
association between ASD and vitamin D status, we carried out meta-analysis of 15 studies
excluding studies before May 2015. Results showed that children and adolescents with
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ASD had 6.2 ng/mL lower vitamin D concentration than that of the control group (95%
CI: −9.62; −2.78, p = 0.0004, I2 = 96.8%; Figure 4, Table S7), which was similar to results
of the previous meta-analysis [44]. Significant difference in vitamin D status between
the two groups was observed in several subgroups: latitude between 30 and 40, mean
age of participants >5, high study quality, adjusted variable = 2 (Table S7). Univariate
meta-regression analysis suggested that age (p = 0.0486) had a slightly significant effect on
the mean difference of vitamin D concentration between the two groups.

Figure 4. Forest plot of meta-analysis of 15 case–control studies based on vitamin D concentration,
showing that children and adolescents with ASD have an average of 6.20 ng/mL lower vitamin D
concentration than that of the control in studies conducted after May 2015, with 97% heterogeneity.
MD, mean difference; CI, confidence interval.

3.3. Meta-Analysis of Prospective Studies about Neonates and Pregnant Women

Meta-analysis of maternal and neonatal vitamin D concentration indicated that there
was a trend of lower vitamin D concentration in subjects with ASD (MD: −3.15, 95% CI:
−6.57; 0.26, p = 0.07, I2 = 99%; Figure 5, Table S8). Subgroup analysis showed that maternal
and neonatal vitamin D concentration in the ASD group was 3.04 and 3.28 ng/mL lower
than that of the control group (95% CI: −6.86; 0.77, p = 0.102, I2 = 93.3% and 95% CI: −8.47;
1.91, p = 0.228, I2 = 99.3%), respectively, but no statistical significance was observed.

Figure 5. Forest plot of meta-analysis of seven studies based on vitamin D concentration. Overall,
children with ASD tend to have 3.15 ng/mL lower neonatal or maternal vitamin D concentration than
that of children without ASD, with 97% heterogeneity. MD, mean difference; CI, confidence interval.

241



Nutrients 2021, 13, 86

Nested case–control and cohort studies were also summarized to a pooled OR of
1.54 (95% CI: 1.12; 2.10; Figure 6, Table S9), suggesting that the lower level of maternal
and neonatal vitamin D caused a 54% higher risk of later ASD onset. Subgroup analysis
demonstrated that decreased maternal vitamin D concentration contributed to the develop-
ment of ASD (OR: 2.72, 95% CI: 1.61; 4.59, p = 0.0002, I2 = 44.7%) but neonatal vitamin D
concentration was not found to be significantly related to the risk of ASD (OR: 1.2, 95% CI:
0.94; 1.54, p = 0.15, I2 = 65.3%).

Figure 6. Forest plot of meta-analysis of nine prospective studies based on OR. Overall, children
with lower maternal or neonatal vitamin D levels have a 54% higher chance to develop ASD, with
81% heterogeneity. OR, odds ratio; CI, confidence interval.

3.4. Sensitivity Analysis and Publication Bias

Leave-one-out sensitivity analysis was applied to check if there was any individual
study affecting the overall results. For three separate meta-analyses of case–control studies,
we did not find any outlier that significantly influenced the results. Intriguingly, with
respect to meta-analysis on maternal and neonatal vitamin D concentrations, sensitivity
analysis suggested that the elimination of Wu et al. (2017) [40] (MD: −1.43, 95% CI: −2.63;
−0.24, p = 0.0189, I2 = 83.3%) or Windham et al. (2019) [43] (MD: −3.79, 95% CI: −7.58;
−0.002, p = 0.0499, I2 = 99.1%), respectively, led to a significant difference between the ASD
and control groups. Sensitivity analysis of the meta-analysis of prospective studies did
not significantly alter the summarized results. The funnel plots shown in Figures S1–S5
indicate that all meta-analyses have no publication bias, and p > 0.05 in both the Egger’s
test and Begg’s test.

4. Discussion

The present meta-analysis confirmed that children and adolescents with ASD have
significantly lower vitamin D concentration than that of healthy children and adolescents,
which was consistent with previous meta-analysis [44]. Both meta-analyses of the ORs
in 10 case–control studies and of vitamin D concentrations in 15 case–control studies
conducted after May 2015 yielded the same findings, which increased the credibility of the
results. Furthermore, overall estimates of vitamin D concentrations in prospective studies
indicated that early-life vitamin D levels of both maternal and neonatal vitamin D tended to
be lower in subjects later diagnosed with ASD. Meta-analysis of ORs in prospective studies
showed that decreased early-life vitamin D led to a 54% higher risk of later diagnosed
ASD. In subgroup analysis, maternal vitamin D was shown to be associated with ASD, but
neonatal vitamin D was not.

There are several probable reasons for the phenomenon that children and adolescents
with ASD have lower vitamin D concentration than that of healthy controls. First, the
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lifestyle habits of ASD children are different from healthy children. Compared with healthy
children, ASD children are pickier eaters, eating limited kinds of foods and consuming
less vitamin D [53]. Moreover, one study showed that ASD children spent less time on
outdoor activities than healthy controls did in the second year of life, which suggested
that autistic children were less exposed to solar UV-B, indicating that they received less
vitamin D from cutaneous synthesis [54]. These factors may be partly responsible for the
lower vitamin D status in ASD children. Second, vitamin D levels may be related to genetic
factors. Vitamin D metabolic and vitamin D receptor gene variants that were shown to be
associated with ASD risk might influence vitamin D status [55–57]. The use of drugs like
antiepileptic drugs might also cause vitamin D loss [58].

In the subgroup analysis, we found that case–control studies from different areas
yielded different estimates. Studies from African countries were estimated to show maximal
vitamin D concentration difference between ASD and control groups, followed by Asian
countries; estimates from American and European countries were not significant. This may
be due to different health care services and awareness of autism management. Furthermore,
latitude was associated with mean difference according to the meta-regression, although
latitude can only account for 8% heterogeneity. Subgroup analysis stratified by latitude
showed that participants with and without ASD from lower-latitude areas presented larger
vitamin D concentration differences. Studies from the latitude and area subgroups were
little overlapped. Data from these meta-analyses showed the mean vitamin D level of
children with and without ASD from low-latitude areas was higher than that from high
and medium latitude areas, respectively, which suggested that latitude was an important
factor influencing vitamin D level. However, the difference in vitamin D concentration
between children with and without ASD in low-latitude areas became larger; that is to say,
increasing light exposure in autistic children did not cause an equal increase in vitamin D
as in the healthy controls. Therefore, we hypothesized that children with ASD might show
a weak ability of cutaneous synthesis of vitamin D, which remains to be investigated.

HPLC and LC–MS/MS are gold standards for measuring vitamin D concentration,
but the vitamin D level between ASD and control groups was not significantly different in
the subgroup analysis of these two methods. Considering the special status of HPLC and
LC–MS/MS, we combined these two subgroups for additional meta-analysis and found
that vitamin D concentration in the ASD group was lower than that in the control group
(MD: −6.72, 95% CI: −13.99; 0.55, p = 0.07, I2 = 97.8%), but it was still not statistically sig-
nificant. These two subgroups consisted of six studies, of which the results of three studies
were significant (p < 0.05) and the other three were not (p > 0.05). The average vitamin
D concentration of the ASD groups in the six studies was in the range of 10–30 ng/mL
(Table S1), which meant that children with ASD were with low vitamin D status. With
regard to the control groups, average vitamin D concentration in three studies with signifi-
cant results was above 30 ng/mL (Table S1), but in the three studies with nonsignificant
results, it was in the range of 10–30 ng/mL (Table S1), which was comparable to the ASD
group. Vitamin D deficiency or insufficiency are global problems. Thus, we speculated that
the reason why there was no significant difference in vitamin D concentration between
the ASD and control groups was because the control children were also in low vitamin
D states.

Vitamin D status after ASD diagnosis is affected by lifestyle characteristics, such
as diet and outdoor activities. Fortunately, early-life vitamin D status is not affected by
children’s lifestyle factors. Vitamin D can be transferred to the fetus through the placenta
to support fetal development, so a fetus’ vitamin D status depends on maternal vitamin
D concentration. However, nearly one-half of pregnant women lack vitamin D [59]. The
neonatal period is also a sensitive period of neurodevelopment, and vitamin D plays a
pivotal role in this period. Vitamin D deficiency during neurodevelopmental periods could
result in brain-structure alterations and behavioral problems [60,61]. Thus, we combined
maternal and neonatal vitamin D studies to determine whether their insufficiency or
deficiency was associated with ASD diagnosis. Our results showed that early-life vitamin
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D deficiency led to a slight increase in ASD risk. However, there were some points about
cutoffs to distinguishing vitamin D status. First, cutoffs in the studies were different; some
chose 20 ng/mL as the criterion [62], while others chose the lowest quantile as vitamin D
deficiency. Second, neonatal vitamin D was lower than maternal vitamin D, but researchers
used the same standard to define maternal and neonatal vitamin D deficiency. Different
cutoffs might exert an influence on the pooled estimates. On the other hand, vitamin D was
measured at a single time and no other time-point in all studies, which could not represent
the average level of vitamin D concentration during developmental stages. At this point,
we can only speculate whether early-life vitamin D is linked to ASD risk. Future large-scale
birth cohort studies and well-designed randomized controlled-trial studies about vitamin
D supplementation effects of ASD are needed to confirm this association.

Several underlying mechanisms may explain the association between vitamin D
deficiency and ASD. A large number of studies showed that vitamin D significantly
contributes to neurodevelopment, playing important roles in neurogenesis, cell prolif-
eration, differentiation, apoptosis, and neurotransmitter metabolism [63]. Vitamin D also
has anti-inflammatory and antioxidant properties; for instance, vitamin D supplementation
decreased serum interleukin 10 and 12 concentration and increased total antioxidant capac-
ity [64]. In addition, one study showed that vitamin D deficiency induced increased reactive
oxygen species (ROS) in the periphery and brain and caused excitatory and inhibitory
neurotransmitter imbalance in animal models [65]. Autism is regarded as a condition
that affects the brain, and increasing evidence has indicated that oxidative stress and
inflammation are involved in the pathogenesis of autism, which may be related to vitamin
D deficiency.

4.1. Implication

Our findings indicated that vitamin D level in children and adolescents with autism
is significantly lower than that in healthy controls, which has clinical implications. Con-
sidering the importance of vitamin D and the high prevalence of vitamin D deficiency,
regular screening of vitamin D levels in autistic individuals and necessary intervention
are recommended. Furthermore, pregnant and lactating women consume more vitamin D
than usual and are generally deficient in vitamin D [66]; maternal and neonatal vitamin D
status may be associated with subsequent diagnosis of ASD. Vitamin D status should be in-
cluded in routine screening during pregnancy and lactation in order to provide appropriate
clinical intervention.

4.2. Limitations

Several limitations in this study should be considered. First, the causal relationship
between vitamin D and autism could not be confirmed. Case–control studies of vitamin
D levels in autistic individuals cannot provide evidence of causation. In the prospective
studies, researchers only measured vitamin D levels at one point, which may have failed
to reflect vitamin D status across developmental stages. Second, large heterogeneity was
observed across studies, which may have resulted from differences in demographic charac-
teristics, measurement methods of vitamin D, seasons, and adjusted variables. Although a
random-effects model was used, a substantial amount of heterogeneity remained. There-
fore, the effect sizes of meta-analysis should be interpreted with caution. However, a
significant relationship between vitamin D status and autism persisted in most subgroups
stratified by multiple study characteristics. Third, different cutoffs were chosen in the
prospective studies to define vitamin D deficiency, under which circumstances, the same
vitamin D level may have belonged to different categories. In addition, in the same study,
researchers applied the same kind of standard to determine maternal and neonatal vitamin
D status, which led to bias because maternal vitamin D concentration is much higher than
neonatal vitamin D concentration is.
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5. Conclusions

Our findings suggest that vitamin D status has an association with autism. Some
caution should be taken when results are interpreted because of the substantial heterogene-
ity between studies and unconfirmed causality. Given the high prevalence of vitamin D
deficiency in children and adolescents with autism and pregnant and lactating women,
screening and appropriate interventions for vitamin D may have significant effects on
autism prevention and treatment. Further studies are needed to investigate the causal
relationship between vitamin D and autism and elucidate its mechanism.
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Abstract: Evidence of synergic health effects of co-supplementation with vitamin D and probiotics
is emerging. Following the Preferred Reporting Items for Systematic Reviews and Meta-Analyses
PRISMA statement, scientific databases and the grey literature were searched, and a narrative review
and risk of bias assessment were conducted. Seven randomized controlled trials were included, which
had low risk of bias. Six studies were double-blind, and once single-blind, extended over 6–12 weeks,
and included 50–105 participants. Conditions explored included schizophrenia, gestational diabetes,
type 2 diabetes and coronary heart disease, polycystic ovarian syndrome, osteopenia, irritable bowel
syndrome (IBS), and infantile colic. Supplementation frequency was daily or bi-monthly, with
mainly vitamin D3, and Lactobacillus, Bifidobacterium, and Streptococcus. Comparators were placebo,
vitamin D, lower vitamin D dose, and probiotics and lower vitamin D dose. The co-supplementation
yielded greater health benefits than its comparators did in all studies except in one assessing IBS.
Beneficial effects included decreased disease severity, improved mental health, metabolic parameters,
mainly insulin sensitivity, dyslipidemia, inflammation, and antioxidative capacity, and lower use of
healthcare. Co-supplementation of vitamin D and probiotics generated greater health benefits than its
comparators did. More studies in other diseases and various populations are needed to confirm these
findings and to elucidate the optimal form, composition, and frequency of this co-supplementation.

Keywords: vitamin D; probiotic; supplementation; adults; randomized controlled trial; systematic review

1. Introduction

The gut microbiota refers to the assemblage of microorganisms, including bacteria,
viruses, and fungi, located in the gastrointestinal (GI) tract [1]. There has been increasing
emphasis on the role of the microbiota in physiology, suggesting that it can be considered
as another human organ [2]. Furthermore, emerging evidence suggests that this invisible
organ is a key driver of human health and disease. Gut microbiota plays a critical role in
maintaining metabolic and immune health, synthesis of vitamins, obtaining inaccessible
nutrients from the diet, renewal of epithelial cells, fat storage, maintaining intestinal bar-
rier integrity, and brain development [3,4]. Dysbiosis, or alteration in the gut microbiota
composition, is a crucial risk factor for the development of several disorders such as inflam-
matory bowel disease, obesity, diabetes, asthma, and allergies [5,6]. The gut microbiota
composition is affected by intrinsic and extrinsic factors like genetics, age, dietary changes,
in addition to physiological and psychological stress [2,7].
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Specifically, vitamin D and the vitamin D receptor (VDR) were shown to modu-
late the gut microbiota [8]. Increased VDR expression may decrease microbial dysbio-
sis, enhance barrier function, increase the expression of antimicrobial peptides, decrease
pro-inflammatory cytokines, and increase the commensal production of short-chain fatty
acids [2,8]. Likewise, probiotics, which are ingestible nonpathogenic living microorganisms,
were also shown to improve the balance of intestinal microbiota by regulating microbial
components and metabolites [9]. Probiotics simulate the immune system, balance commen-
sal and pathogenic bacteria, and reestablish homeostasis. They protect barrier integrity,
alter toxic compounds, and host products. Thus, they ameliorate inflammation and prevent
and repair cell damage [9].

Vitamin D deficiency and defects in VDR signaling have been related to several
metabolic, cardiovascular, neurodevelopmental and cancer diseases [10,11]. Yet, interven-
tional studies have conflicting evidence on the effect of vitamin D supplementation in
their treatment [12–16]. Similarly, human probiotic supplementation studies generated
conflicting evidence regarding the effectiveness of probiotics in the treatment of several
health conditions such as allergies, GI disorders, metabolic syndrome, and obesity [17–20].

Recently, a promising evidence of synergic effects of combined supplementation with
vitamin D and probiotics in modulating the gut microbiota and metabolome, in addition to
fostering healthy microbe–host interactions, is emerging [9,21,22]. This co-supplementation
holds a preventive and therapeutic potential with crucial clinical implications. Biologically
plausible mechanisms support this interplay. Probiotics were shown to increase vitamin D
intestinal absorption, and increase VDR protein expression and transcriptional activity [9].
Likewise, VDR status seems to be crucial in regulating the mechanisms of action of pro-
biotics and modulating their anti-inflammatory, immunomodulatory and anti-infective
benefits, suggesting a two-sided pathway [6,8].

The aim of this systematic review is to investigate the literature and summarize the
available evidence of randomized controlled trials (RCTs) on the various health effects of a
combined supplementation of vitamin D and probiotics among children and adults.

2. Materials and Methods

2.1. Review Design

The reporting of this systematic review followed the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) statement [23]. A predefined protocol
for this systematic review was registered at the OSF registries.

2.2. Criteria for Study Inclusion

Randomized controlled trials (RCTs) conducted on adults or children, healthy or with
disease other than those known to influence vitamin D metabolism, and including an
intervention group that received a co-supplementation of vitamin D and probiotics, and a
control group of placebo, or a lower dose of vitamin D or probiotics, or a different form
of vitamin D, or different strains of probiotics, were included in this systematic review.
RCTs with a duration of a minimum of 1 month were included; this duration was deemed
sufficient for the intervention to produce an effect. Additionally, RCTs involving other
co-interventions were included, only if both arms received the same co-intervention.

Studies were excluded if they were non-randomized, uncontrolled, involving partic-
ipants taking medication known to influence vitamin D metabolism or with conditions
affecting vitamin D metabolism such as chronic kidney disease, chronic liver disease, or
malabsorption states, or entailing a supplementation with either vitamin D or probiotics.

2.3. Search Strategy

The systematic search included Medical Subject Headings (MeSH) and keywords
for three concepts: (1) vitamin D, (2) probiotics, and (3) randomized controlled trial,
and was conducted in PubMed, MEDLINE, CINAHL, EMBASE, the Cochrane Library,
ClinicalTrials.gov, and the International Clinical Trials Registry Platform (ICTRP), from
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inception until 4 November 2020, without language restrictions. The electronic search
strategy, detailed in the Tables S1 and S2, was validated by a medical information specialist.
Reference lists of included RCTs and relevant reviews were also hand-searched for eligible
studies.

2.4. Study Selection

The titles and/or abstracts retrieved by the search were screened by two pairs of
authors, and the full text of all relevant papers was assessed for eligibility independently
and in duplicate. A calibration exercise was conducted before study selection to ensure the
validity of the process. Inconsistencies were discussed amongst reviewers, and unresolved
discrepancies were settled by a third reviewer.

2.5. Data Extraction

Data from the selected articles were extracted by two pairs of authors using a data
extraction form. Changes from baseline for the intervention were compared with the control
in all the parameters analyzed. A calibration exercise was first conducted. Disagreements
were resolved through discussion or with the help of a third reviewer.

2.6. Quality Assessment

The risk of bias for the included studies was assessed using the Cochrane criteria
(sequence generation, allocation concealment, blinding of participants and outcome as-
sessors, incomplete outcome data, and selective outcome reporting) [24], whereby each
potential source of bias was graded as low, high, or unclear risk. The process was carried
out by two pairs of authors independently and in duplicate. They underwent a calibration
exercise before performing the assessment of risk of bias. Conflicts were resolved through
discussion amongst the pair of reviewers or through consultation with a third reviewer.

2.7. Data Synthesis

A narrative review of the findings was performed and is included in Table S2.

3. Results

3.1. Search Results

Study selection process is detailed in Figure 1, whereby seven studies meeting the
inclusion criteria were included in the systematic review.

3.2. Characteristics of Included Studies

Characteristics of included RCTs are detailed in Table 1. The studies were published
between 2015 [25,26] and 2019 [27,28]. Five studies were conducted in Iran [27–31], one in
Italy [25], and one in the United Kingdom [26]. All the studies were randomized double-
blind [26–31], except for Savino et al. [25], which was single-blind. The duration of the
studies ranged between 6 [29,31] to 12 weeks [25–28,30]. The number of participants
ranged between 50 [31] and 105 [25]. The studies were conducted on infants [25], pregnant
women [29], and other adults with diseases [26–28,30,31]. Health conditions that were stud-
ied included schizophrenia [27], gestational diabetes mellitus (GDM) [29], type 2 diabetes
mellitus (T2DM) and coronary heart disease (CHD) [30], polycystic ovarian syndrome
(PCOS) [28], osteopenia [31], irritable bowel syndrome [26], and infantile colic [25].

In the studies by Ghaderi et al. [27], Ostadmohammadi et al. [28], Raygan et al. [30]
interventions consisted of a co-supplementation with vitamin D and probiotics, and the
control group received placebo only [27,28,30]. In the study by Tazzyman et al. [26], the
intervention group received a co-supplementation with vitamin D and probiotics, one of
the control groups received a placebo, and the other one received placebo and vitamin
D [26]. In Savino et al. [25], the intervention group received vitamin D and probiotics,
but the control group received vitamin D only. In the study by Jafarnejad et al. [31], the
intervention group received probiotics, yet vitamin D was supplemented in all groups.
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This co-intervention rendered the comparison between the intervention group receiving
probiotics and vitamin D and the control group receiving placebo and a similar dose of
vitamin D. Additionally, in the study by Jamilian et al. [29] the intervention consisted of
a co-supplementation with vitamin D and probiotics; one of the control groups received
probiotics, and the other one received placebo. Yet, in this study [29], all the groups also
received a lower dose of vitamin D. This co-intervention rendered the comparison between
the intervention group receiving probiotics and a high dose of vitamin D, the first control
group receiving probiotics and a lower dose of vitamin D, and the second control group
receiving placebo and a lower dose of vitamin D [29].

Figure 1. Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) Diagram of Study Selection.
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The frequency of supplement administration ranged between daily [25,26,31] and
bi-monthly [27–30]. Probiotic supplementation was given in the form of a capsule in
all studies [25–31], whereas supplementation of vitamin D was either in the form of a
capsule [26–31] or sublingual liquid spray [25]. The form of vitamin D supplemented
was not specified in the studies by Jamilian et al. [29], Ostadmohammadi et al. [28], and
Jafarnejad et al. [31], and studies by Ghaderi et al. [27], Raygan et al. [30], Tazzyman
et al. [26], and Savino et al. [25] used vitamin D3, and the daily dose equivalent ranged from
200 International Units (IU) [31] to 4571.4 IU [29]. Probiotic strains that were investigated
included Lactobacillus in all the studies [25–31], Bifidobacterium in all the studies [26–31]
except for the one by Savino et al. [25], and Streptococcus only in Jafarnejad et al. [31].
The supplemented doses greatly varied across studies, and in the majority of the studies,
it consisted of 8 × 109 Colony Forming Units (CFU) per day.

There was a high rate of compliance in all studies [25–31], and the drop-out rate
ranged from 0% [25,26,28,29] to 20% [31], and was almost equal between the compared
groups in all studies [25–28,30,31], except in Jamilian et al. [29].

3.3. Assessment of Risk of Bias

Risk of bias assessment of included RCTs is available in Table 2. In general, the quality
of the RCTs design and reporting was high. In all studies [25–31], random allocation of
participants was adequate, and allocation was concealed. Blinding of participants and
personnel was reported in all of the included studies [26–31], except in the one by Saviano
et al. [25], where both patients and physicians, except outcome assessors, were aware of
their allocation. All studies reported complete outcome data [25,26,28,29,31], except for
the studies conducted by Ghaderi et al. [27] and Raygan et al. [30] who did not mention
how missing data were dealt with. Finally, in all studies [25–31], all pre-specified outcomes
were reported on.

Table 2. Risk of bias of included studies from consensus between a pair of raters.

First Author,
YEAR

Random
Sequence

Generation
(Selection

Bias)

Allocation
Concealment

(Selection
Bias)

Blinding of
Participants

and Personnel
(Performance

Bias)

Blinding of
Outcome

Assessment
(Detection

Bias)

Incomplete
Outcome

Data
(Attrition

Bias)

Selective
Reporting
(Reporting

Bias)

Other
Bias

Ghaderi, 2019
[27]

Jafarnejad, 2017
[31]

Jamilian, 2018
[29]

Ostadmohammadi,
2019 [28]

Raygan, 2018
[30]

Savino, 2015 [25]

Tazzyman, 2015
[26]

Low risk of bias Unclear risk of bias High risk of bias.

3.4. Results of Included Studies

The outcomes assessed and the findings of included RCTs are presented in Table 3.
In Ghaderi et al. [27], Ostadmohammadi et al. [28], Raygan et al. [30], and Savino et al. [25],
co-supplementation with probiotics and vitamin D yielded greater health benefits than
either placebo [27,28,30] or vitamin D on its own [25]. Specifically, in Ghaderi et al. [27], the
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co-supplementation, compared with placebo, had a favorable effect on schizophrenia symp-
toms severity, as well as other metabolic outcomes, mainly insulin sensitivity, inflammation,
and antioxidative capacity. In Ostadmohammadi et al. [28], vitamin D and probiotic co-
supplementation in women with PCOS, compared with placebo, had beneficial effects on
mental health parameters, namely depression, anxiety and stress, as well as hormonal,
inflammatory, and antioxidative parameters, and on the symptoms of PCOS, specifically,
hirsutism. However, the co-supplementation was not associated with improvements in sex
hormone-binding globulin, nor with other symptoms of PCOS, namely acne and alopecia,
nor were there improvement in sleep quality [28]. In Raygan et al. [30], combined sup-
plementation with vitamin D and probiotics for people with T2DM and CHD, compared
with placebo, improved anxiety and depression, insulin sensitivity, inflammatory markers,
antioxidative capacity and dyslipidemia, specifically high-density lipoprotein-cholesterol.
However, this intervention did not result in a better control of fasting glucose, other mark-
ers of dyslipidemia, specifically triglycerides, very low and low lipoprotein-cholesterol,
nor with blood pressures [30]. In the study by Savino et al. [25], compared with vitamin
D supplementation alone, vitamin D and probiotic co-supplementation to newborns was
associated with a reduction of more than two pediatric consultations and phone calls re-
garding infantile colic over a 12-week period. The co-supplementation was also associated
with a lower use of pain-relieving agents and of infant formula [25].

In the study by Jamilian et al. [29], all women with GDM in all groups were being
supplemented with 1000 IU (low dose) vitamin D. The group supplemented with probiotics
and high dose vitamin D, compared with placebo and low dose vitamin D, showed greater
improvement in glucose control, insulin sensitivity, dyslipidemia, inflammatory markers,
and antioxidative capacity [29]. Additionally, upon birth, newborns of mothers in this arm
had lower incidence of both hyperbilirubinemia and hospitalization [29]. Moreover, the
group supplemented with probiotics and high dose vitamin D, compared with probiotics
and low dose vitamin D, exhibited a greater improvement in dyslipidemia, inflammation
and antioxidative capacity [29]. Furthermore, newborns had better health outcomes [29].
Similarly, in the study by Jafarnejad et al. [31], all groups received 200 IU of vitamin
D, and the group receiving probiotics had improvement in osteopenia markers (bone
resorption and turnover), namely, bone-specific alkaline phosphatase, collagen type 1 cross-
linked C-telopeptide, tumor necrosis factor α, and parathyroid hormone, but did not show
an improvement in bone mineral density nor other serum indicators of osteopenia [31],
compared with the group receiving placebo and vitamin D.

The only study where the co-supplementation was not found to be more effective
than its comparators was the one conducted by Tazzyman et al. [26], where no significant
difference in the symptoms of irritable bowel syndrome (IBS) was evident, between co-
supplementation with probiotics and vitamin D, compared with vitamin D alone, or
with placebo.
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4. Discussion

So far, probiotic or vitamin D trials have shown major inconsistency in preventive or
therapeutic effects on various health outcomes. The emergence of promising experimental
studies on the interplay between vitamin D/VDR and probiotics in modulating the gut
microbiota and influencing health and disease has led to several clinical trials of a combined
supplementation in human subjects. Our exhaustive search identified seven eligible studies,
which were included in our review. Our results show that a combined supplementation
with vitamin D and probiotics was mostly more beneficial than placebo, vitamin D or
probiotics alone in improving health outcomes in various populations, and suggest a
dose-dependent effect.

Vitamin D deficiency had long been seen as a concern in metabolic and inflammatory
disorders [32–34]. In the included studies, the majority of inflammatory markers improved
with the co-supplementation. It is now evident that VDR expression regulates responses to
inflammation through numerous mechanisms, such as inhibiting the nuclear factor-kappa
B (NF-kB) pathway and activating autophagy [6]. VDR has an essential role for innate
immune cells in intestinal inflammation, whereby the deletion of VDR in macrophages and
granulocytes significantly increases the expression of pro-inflammatory cytokines in the
colon [35]. In contrast, VDR signaling stimulates anti-inflammatory cytokine secretion [36].
Being a transcription factor, VDR can regulate the expression and signaling of target genes
involved in intestinal inflammation and dysbiosis, such as Atg16l1 [6]. A genome-wide as-
sociation study of the gut microbiota showed that VDR gene variation in humans influences
the intestinal microbiota [37]. Genetic variation at the VDR locus significantly influences
microbial co-metabolism and the gut–liver axis [37]. Another study in VDR knockout mice
found that the lack of VDR in the intestine leads to dysbiosis, with profound alterations in
the gut microbiome profile characterized by an increased abundance of Bacteroidaceae [38].
However, to date, the mechanisms behind the change of human VDR protein after using
vitamin D supplementation and its role in regulating the gut microbiome in health and
inflammation are not entirely known [6]. In parallel, the anti-inflammatory markers and
properties of probiotics are reliant on VDR expression [39]. There are data showing that
probiotic treatment enhances VDR expression and activity in the host. In a probiotic mono-
associated pig model, treatment with Lactobacillus plantarum in cultured intestinal epithelial
cells resulted in an increase in VDR expression and cathelicidin mRNA [39]. Other data
show that probiotics did not inhibit inflammation in mice lacking VDR [39]. Future research
is needed to enhance our understanding of the complex interplay of nuclear receptors and
probiotics, specifically VDR’s contribution to probiotic-induced anti-inflammation and its
potential role in inflammatory conditions such as inflammatory bowel diseases [39].

Besides, our review documented improvement in insulin sensitivity, anti-oxidative
patterns, and dyslipidemia markers with co-supplementation of vitamin D and probiotics.
The same positive direction was also highlighted elsewhere [6,8]. Previous research doc-
umented a functional link existing between probiotic metabolism and nuclear receptors
involved in regulating insulin sensitivity [22]. In a mice model of genetic dyslipidemia and
intestinal inflammation, supplementation with a mixture of probiotic strains, including
Streptococcus thermophiles, Bifidobacterium breve, Bifidobacterium lactis, Lactobacillus acidophilus,
Lactobacillus plantarum, Lactobacillus paracasei, and Lactobacillus helveticus modified the nu-
clear receptors’ expression including VDR, and caused their direct transactivation, leading
to reversing insulin resistance in liver and fat tissues and protecting against steatohepatitis
and atherosclerosis [40]. Yet, these results although emanating from high-quality studies,
are far from being conclusive, and future trials are needed before we can confidently
establish the effectiveness and superiority of this co-supplementation.

More human experimental studies are needed to fully elucidate the interplay between
nuclear receptors and probiotics in metabolic diseases. Shaping our understanding of this
unexplored path might pave the way for multi-target preventive and therapeutic strategies,
especially in situations where dietary and lifestyle changes have failed [22].
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Additionally, improvement in mental health has been reported in this review. Vitamin
D is involved in numerous brain processes including neuroimmunomodulation, neuropro-
tection, as well as brain development; all of which suggests a link between vitamin D and
mental health [41,42]. Vitamin D may positively affect mental health through up-regulating
tyrosine hydroxylase gene expression and increasing bioavailability of key neurotransmit-
ters, such as norepinephrine and dopamine [43]. In parallel, mechanisms through which
gut bacteria can affect mental status include microflora biosynthesis and the regulation of
neurotransmitters, including serotonin [44] and gamma aminobutyric acid (GABA) [45].
Existing evidence also pinpoint an association between mood disorders and gut microbiota,
and specify a role of the gut–brain axis in the physiopathology of clinical depression [46].
It is highly plausible that the synergism in vitamin D and probiotics’ anti-inflammatory,
antioxidant, and immunomodulatory effects might augment their impact on mental health.
This is yet to be confirmed by future interventional human studies.

The only study in this review that reported null results with the co-supplementation
was a trial by Tazzyman et al. [26] which did not show any improvement in the symptoms
of patient with IBS whose vitamin D was repleted. This study had a limited sample size
(underpowered trial), and a limited duration of follow-up. Additionally, in that study,
the group receiving placebo showed an improvement in vitamin D levels, which might
be due to seasonal differences in sun exposure, and a placebo effect was observed on
symptom scores. The authors speculated that increased sunlight exposure had increased
vitamin D levels which in turn improved IBS symptoms. All of these limitations may
have prevented the authors from detecting a significant difference in symptom scores
between the placebo and supplemented groups. Additionally, individuals might need
higher doses of vitamin D plus probiotic supplementation for a longer period of time to
provide appropriate circulating levels for improving symptoms.

Understanding the mechanisms of the interplay between vitamin D and probiotics
in modulating the gut microbiota and regulating host responses, and exploring the ef-
fectiveness of this form of supplementation in high-quality human studies are crucial
before applying it to prevent and manage disease. Studies included in this review had
revealed thoroughly the superiority of co-supplementing with vitamin D and probiotics.
Vitamin D has shown benefits in cellular restoration and reducing inflammation. The latter
has been implicated in the pathophysiology of an unlimited number of conditions and
diseases. VDR expression and transcriptional activity can be a research focus for future
genetic studies. In parallel, data about probiotics and their role in optimizing microbiota
and absorption pathways would be very useful not only for vitamin D but for many other
nutrients or enzymes involved to boost immunity and host response.

5. Strengths and Limitations

To our knowledge, this is the first review to systematically compile human inter-
ventional evidence on the effectiveness of a combined supplementation of vitamin D
and probiotics. Our review has numerous strengths [47]. It was conducted following
standard methods for reporting systematic reviews [23], and according to a pre-defined
protocol, which was published a priori. To increase the comprehensiveness of our search,
we searched multiple scientific databases and the grey literature, and did not limit our
search to any publication language or time. All the steps of study inclusion, data extraction
and quality assessment were conducted in duplicate. We only included RCTs, and assessed
their risk of bias using a validated tool; and, in general, the included studies were of high
quality. However, included trials were limited in number, and conditions assessed. They
were also limited by the small sample size, and short duration of follow-up. Moreover, only
two studies [25,26] provided details regarding the strain of bacteria in the used probiotics.
None of the studies provided analyses of the gut microbiota, disabling us from establishing
whether the co-supplementation changed the composition of the microbiota, or ascertaining
whether the observed changes were due to changes in the gut microbiota. Furthermore, we
could not pool the studies in a meta-analysis due to the heterogeneity in the populations,

261



Nutrients 2021, 13, 111

conditions assessed, outcomes, doses and forms of vitamin D supplemented, and doses
and strains of probiotics supplemented.

6. Conclusions

A combined supplementation with vitamin D and probiotics seems to play a role on
the physiological and psychological attributes of the human body, and represents a novel
insight in the management of chronic diseases. The findings of this systematic review
suggest a superiority of vitamin D and probiotics supplementation over placebo, vitamin
D or probiotics alone, and propose a dose-dependent effect. However, solid conclusions
cannot be drawn at this level, and these findings remain certainly not robust enough and
should be interpreted with caution. Future high-quality studies in other disease areas
and various populations are needed to confirm these findings and to inform on the form,
composition, and frequency of this co-supplementation for optimal outcomes.

Supplementary Materials: The following are available online at https://www.mdpi.com/2072-6
643/13/1/111/s1, Table S1: Characteristics of included studies, Table S2: Outcomes and results of
included studies.

Author Contributions: Conceptualization M.A. and R.R.; design M.A. and R.R.; methodology M.A.
and R.R.; S.H. performed the searches; project administration F.A. and D.P.; funding acquisition
S.H., R.R. and M.A. writing-review and editing S.H., R.R. and M.A.; writing-original draft N.M.
All authors have read and agreed to the published version of the manuscript.

Funding: College of Natural and Health Sciences, Zayed University, Dubai, United Arab Emirates.
The funding body will not be involved in the design of the study and collection, analysis, and
interpretation of data or in writing the manuscript. Cluster grant R18030.

Institutional Review Board Statement: Not applicable to this review.

Informed Consent Statement: Not applicable to this review.

Acknowledgments: We would like to thank Aida Farha for her assistance in developing the search
strategy.

Conflicts of Interest: The authors declare that they have no competing interests.

References

1. Quigley, E.M.M. Microbiota-Brain-Gut Axis and Neurodegenerative Diseases. Curr. Neurol. Neurosci. Rep. 2017, 17, 94. [CrossRef]
2. Ogbu, D.; Xia, E.; Sun, J. Gut instincts: Vitamin D/vitamin D receptor and microbiome in neurodevelopment disorders. Open Biol.

2020, 10, 200063. [CrossRef]
3. Sun, J. Dietary Vitamin D, Vitamin D Receptor, and Microbiome. Curr. Opin. Clin. Nutr. Metab. Care 2018, 21, 471–474. [CrossRef]

[PubMed]
4. Strandwitz, P. Neurotransmitter modulation by the gut microbiota. Brain Res. 2018, 1693, 128–133. [CrossRef] [PubMed]
5. Butel, M.-J.; Waligora-Dupriet, A.-J.; Wydau-Dematteis, S. The developing gut microbiota and its consequences for health. J. Dev.

Orig. Health Dis. 2018, 9, 590–597. [CrossRef] [PubMed]
6. Bakke, D.; Chatterjee, I.; Agrawal, A.; Dai, Y.; Sun, J. Regulation of Microbiota by Vitamin D Receptor: A Nuclear Weapon in

Metabolic Diseases. Nucl. Recept. Res. 2018, 5. [CrossRef] [PubMed]
7. Hawrelak, J.A.; Myers, S.P. The Causes of Intestinal Dysbiosis: A Review. Altern. Med. Rev. 2004, 9, 180–197.
8. Battistini, C.; Nassani, N.; Saad, S.M.; Sun, J. Probiotics, Vitamin D, and Vitamin D Receptor in Health and Disease. In Lactic Acid

Bacteria; Cavalcanti de Albuquerque, M.A., de Moreno de LeBlanc, A., LeBlanc, J.G., Bedani, R., Eds.; CRC Press: Boca Raton, FL,
USA, 2020; pp. 93–105. ISBN 978-0-429-42259-1.

9. Shang, M.; Sun, J. Vitamin D/VDR, Probiotics, and Gastrointestinal Diseases. Curr. Med. Chem. 2017, 24, 876–887. [CrossRef]
10. Holick, M.F.; Chen, T.C. Vitamin D deficiency: A worldwide problem with health consequences. Am. J. Clin. Nutr. 2008, 87,

1080S–1086S. [CrossRef]
11. Trehan, N.; Afonso, L.; Levine, D.L.; Levy, P.D. Vitamin D Deficiency, Supplementation, and Cardiovascular Health. Crit. Pathw.

Cardiol. 2017, 16, 109–118. [CrossRef]
12. AlAnouti, F.; Abboud, M.; Papandreou, D.; Mahboub, N.; Haidar, S.; Rizk, R. Effects of Vitamin D Supplementation on Lipid

Profile in Adults with the Metabolic Syndrome: A Systematic Review and Meta-Analysis of Randomized Controlled Trials.
Nutrients 2020, 12, 3352. [CrossRef] [PubMed]

13. Abboud, M. Vitamin D Supplementation and Blood Pressure in Children and Adolescents: A Systematic Review and Meta-
Analysis. Nutrients 2020, 12, 1163. [CrossRef] [PubMed]

262



Nutrients 2021, 13, 111

14. Spedding, S. Vitamin D and Depression: A Systematic Review and Meta-Analysis Comparing Studies with and without Biological
Flaws. Nutrients 2014, 6, 1501–1518. [CrossRef] [PubMed]

15. Zmijewski, M.A. Vitamin D and human health. Int. J. Mol. Sci. 2019, 20, 145. [CrossRef]
16. Batacchi, Z.; Robinson-Cohen, C.; Hoofnagle, A.N.; Isakova, T.; Kestenbaum, B.; Martin, K.J.; Wolf, M.S.; De Boer, I.H. Effects

of vitamin D2 supplementation on vitamin D3 metabolism in health and CKD. Clin. J. Am. Soc. Nephrol. 2017, 7, 1498–1506.
[CrossRef]

17. Sivamaruthi, B.S.; Kesika, P.; Suganthy, N.; Chaiyasut, C. A Review on Role of Microbiome in Obesity and Antiobesity Properties
of Probiotic Supplements. BioMed Res. Int. 2019, 1–20. [CrossRef]

18. Isolauri, E. Probiotics in the Development and Treatment of Allergic Disease. Gastroenterol. Clin. 2012, 41, 747–762. [CrossRef]
19. Tomaro-Duchesneau, C.; Saha, S.; Malhotra, M.; Jones, M.L.; Labbé, A.; Rodes, L.; Kahouli, I.; Prakash, S. Effect of orally

administered L. fermentum NCIMB 5221 on markers of metabolic syndrome: An in vivo analysis using ZDF rats. Appl. Microbiol.
Biotechnol. 2014, 98, 115–126. [CrossRef]

20. Varankovich, N.V.; Nickerson, M.T.; Korber, D.R. Probiotic-based strategies for therapeutic and prophylactic use against multiple
gastrointestinal diseases. Front. Microbiol. 2015, 6. [CrossRef]

21. Mohammadi-Sartang, M.; Bellissimo, N.; Mazloomi, S.M.; Fararouie, M.; Bedeltavana, A.; Famouri, M.; Mazloom, Z. The effect of
daily fortified yogurt consumption on weight loss in adults with metabolic syndrome: A 10-week randomized controlled trial.
Nutr. Metab. Cardiovasc. Dis. 2018, 28, 565–574. [CrossRef]

22. Shang, M.; Sun, J. Vitamin D, VDR, and probiotics in health and disease: A mini review. CAB Rev. 2017, 24, 876–887.
23. Moher, D.; Liberati, A.; Tetzlaff, J.; Altman, D.G. Preferred Reporting Items for Systematic Reviews and Meta-Analyses: The

PRISMA Statement. PLoS Med. 2009, 6, e1000097. [CrossRef] [PubMed]
24. Higgins, J.P.; Thomas, J.; Chandler, J.; Cumpston, M.; Li, T.; Page, M.J.; Welch, V.A. (Eds.) Cochrane Handbook for Systematic Reviews

of Interventions; John Wiley & Sons: New York, NY, USA, 2019.
25. Savino, F.; Ceratto, S.; Poggi, E.; Cartosio, M.E.; Cordero di Montezemolo, L.; Giannattasio, A. Preventive effects of oral probiotic

on infantile colic: A prospective, randomised, blinded, controlled trial using Lactobacillus reuteri DSM 17938. Benef. Microbes 2015,
6, 245–251. [CrossRef] [PubMed]

26. Tazzyman, S.; Richards, N.; Trueman, A.R.; Evans, A.L.; Grant, V.A.; Garaiova, I.; Plummer, S.F.; Williams, E.A.; Corfe, B.M.
Vitamin D associates with improved quality of life in participants with irritable bowel syndrome: Outcomes from a pilot trial.
BMJ Open Gastroenterol. 2015, 2, e000052. [CrossRef] [PubMed]

27. Ghaderi, A.; Banafshe, H.R.; Mirhosseini, N.; Moradi, M.; Karimi, M.-A.; Mehrzad, F.; Bahmani, F.; Asemi, Z. Clinical and
metabolic response to vitamin D plus probiotic in schizophrenia patients. BMC Psychiatry 2019, 19, 77. [CrossRef] [PubMed]

28. Ostadmohammadi, V. Vitamin D and probiotic co-supplementation affects mental health, hormonal, inflammatory and oxidative
stress parameters in women with polycystic ovary syndrome. J. Ovarian. Res. 2019, 12. [CrossRef]

29. Jamilian, M.; Amirani, E.; Asemi, Z. The effects of vitamin D and probiotic co-supplementation on glucose homeostasis,
inflammation, oxidative stress and pregnancy outcomes in gestational diabetes: A randomized, double-blind, placebo-controlled
trial. Clin. Nutr. 2019, 38, 2098–2105. [CrossRef]

30. Raygan, F. The effects of vitamin D and probiotic co-supplementation on mental health parameters and metabolic status in type 2
diabetic patients with coronary heart disease: A randomized, double-blind, placebo-controlled trial. Prog. Neuropsychopharmacol.
2018, 8, 50–55. [CrossRef]

31. Jafarnejad, S.; Djafarian, K.; Fazeli, M.R.; Yekaninejad, M.S.; Rostamian, A.; Keshavarz, S.A. Effects of a Multispecies Probiotic
Supplement on Bone Health in Osteopenic Postmenopausal Women: A Randomized, Double-blind, Controlled Trial. J. Am. Coll.
Nutr. 2017, 36, 497–506. [CrossRef]

32. Autier, P.; Boniol, M.; Pizot, C.; Mullie, P. Vitamin D status and ill health: A systematic review. Lancet Diabetes Endocrinol. 2014, 2,
76–89. [CrossRef]

33. Schippa, S.; Conte, M.P. Dysbiotic Events in Gut Microbiota: Impact on Human Health. Nutrients 2014, 6, 5786–5805. [CrossRef]
[PubMed]

34. Zeng, M.Y.; Inohara, N.; Nuñez, G. Mechanisms of inflammation-driven bacterial dysbiosis in the gut. Mucosal Immunol. 2017, 10,
18–26. [CrossRef] [PubMed]

35. Leyssens, C.; Verlinden, L.; De Hertogh, G.; Kato, S.; Gysemans, C.; Mathieu, C.; Carmeliet, G.; Verstuyf, A. Impact on
Experimental Colitis of Vitamin D Receptor Deletion in Intestinal Epithelial or Myeloid Cells. Endocrinology 2017, 158, 2354–2366.
[CrossRef] [PubMed]

36. Barragan, M.; Good, M.; Kolls, J. Regulation of Dendritic Cell Function by Vitamin D. Nutrients 2015, 7, 8127–8151. [CrossRef]
[PubMed]
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Abstract: Vitamin D treatment is effective when applied topically to the skin for plaque-type psoriasis.
Oral vitamin D supplementation might be effective as an adjuvant treatment option in psoriasis. This
umbrella review aimed to highlight the current knowledge regarding the use of oral vitamin D for
treatment of patients with psoriasis. We performed a literature search and identified 107 eligible
full-text articles that were relevant to the research interest. Among these, 10 review articles were
selected, and data were extracted. A data synthesis showed that only a few studies monitored oral
vitamin D efficacy in patients with psoriasis. No studies investigated the optimal dose of systemic
vitamin D in psoriasis. However, most studies did not observe side effects for doses within a relatively
narrow range (0.25 to 2 μg/day). These results suggest that more large-scale studies are needed to
determine the efficacy, optimal dose, and adverse effects of vitamin D administration in patients with
psoriasis.
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1. Introduction

Vitamin D is an essential nutrient in humans; it is produced by the body through
exposure to the sun (the primary source of vitamin D), or more precisely, to mild ultraviolet
B (UVB) light. Other sources of vitamin D include food and dietary supplements [1]. In
1928, the chemist and medical doctor Adolf Otto Reinhold Windaus was awarded the
Nobel Prize for chemistry for the discovery of vitamin D [1–3]. Chemically, vitamin D2 was
first characterized in 1932, and vitamin D3 was characterized in 1936. Currently, vitamin
D is known as a hormone that regulates calcium-phosphorus homeostasis and protects
the integrity of the skeletal system [4]. Vitamin D levels are influenced by many factors,
including the season, period of sun exposure, time of the day, latitude, use of sunscreen,
clothing, skin color, body weight, and medical conditions [5,6].

When epidermal cells are exposed to UVB, 7-dehydrocholesterol can be transformed
into pre-vitamin D, which isomerizes to vitamin D3 [7]. Next, vitamin D3 undergoes
25-hydroxylation, through an enzymatic conversion in the liver, to form 25(OH) vitamin
D (calcidiol), the primary circulating form of vitamin D. The plasma half-life of 25(OH)
vitamin D is 2–3 weeks. Calcidiol is converted in the kidneys by 1-alpha-hydroxylation
to the most active form, 1,25(OH)2D (calcitriol), which has a plasma half-life of 4–6 h [8].
This entire process is modulated by parathyroid hormone, hypophosphatemia, growth
hormone, and other mediators.

Psoriasis is a chronic autoimmune skin disease with a strong genetic predisposition,
characterized by sustained inflammation and followed by uncontrolled proliferation of ker-
atinocytes and dysfunctional differentiation [9]. The first-line therapy for mild-to-moderate
psoriasis is topical administration of corticosteroids and vitamin D analogues [10,11]. Ker-
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atinocytes and lymphocytes that infiltrate the lesions express the vitamin D receptor, which
explains the effectiveness of this therapy in psoriasis [12].

The pathogenesis of psoriasis is not fully elucidated. The development of psoriasis
plaques is mediated by Th1 cells and connected to keratinocyte hyperproliferation. This
connection could explain the efficacy of immunosuppressive and antiproliferative vitamin D-
like compounds, such as calcipotriol, in psoriasis [13]. Ligands for vitamin D receptor inhibit
the expression of pro-inflammatory cytokines produced by T lymphocytes (i.e., IL-2, IFN-γ,
IL-6, and IL-8) [14]. Thus, the biological activity of vitamin D3 analogues leads to suppression
of the T cell-mediated immune response. Moreover, dendritic antigen-presenting cells are
modulated by 1a,25(OH)2D3 and its analogues, which inhibit the differentiation, maturation,
activation, and survival of these cells [15]. Given current knowledge, it is reasonable to assume
that epidermal production of vitamin D could be at least partially affected in skin psoriatic
lesions, which may contribute to worsening symptoms.

Current knowledge, which holds that vitamin D treatment applied to the skin is
effective, has given rise to the possibility that oral vitamin D supplementation might be an
effective adjuvant treatment option in psoriasis. Due to the controversial and understudied
nature of this topic, this umbrella review aimed to summarize current evidence, with an
emphasis on clinical outcomes, on oral vitamin D treatment in patients with psoriasis. The
need for this umbrella review derives from the controversies on this subject and the lack of
systematic investigations.

2. Materials and Methods

2.1. Search Strategy

Our review strategy was based on the Preferred Reporting Items for Systematic
reviews and Meta-Analyses (PRISMA) checklist [16]. We performed a literature search
in August 2020 in PubMed and Scopus. The search included the period 2010–2020, and
we used the following search terms: “oral vitamin D” AND “psoriasis” AND “treatment”
[all text].

2.2. Inclusion and Exclusion Criteria

We scanned the full text of each identified article for relevance to the research interest.
All articles written in the English language that addressed oral vitamin D and its analogue
treatment in patients with psoriasis and a posttreatment score evaluation (PASI score—
Psoriasis Area Severity Index and patient global assessment) were included. Based on the
umbrella review typology, we only selected review-type articles, including clinical cases.
We excluded articles that did not have a main focus on oral vitamin D administration
in psoriasis as a monotherapy, those that only mentioned a phrase regarding this type
of administration, studies having less than 2 patients included or psoriasis-associated
diseases, studies that compared vitamin D effects and corticosteroids, and reports from
meeting abstracts. We did not apply restrictions on the age of inclusion or the type or
severity of psoriasis.

2.3. Data Extraction

The data were extracted and summarized in a table (Table 1). The characteristics of
individual studies included in the review articles were the number of patients, type of
study, and study location.
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Table 1. The characteristics of the original studies included in the analyzed reviews.

Authors and Year Type of Study
Number of

Patients
Study Location

Reviews Including the Original
Study from the First Column

Morimoto et al.,
1986 [17] Open-design study 21 Japan

Kamangar et al., 2013 [18]
Lourenceti et al., 2018 [19]
Soleymani et al., 2015 [20]

Millsop et al., 2014 [21]
Bouillon et al., 2018 [22]

Takamoto et al.,
1986 [23] Descriptive study 7 Japan Kamangar et al., 2013 [18]

Lourenceti et al., 2018 [19]

Smith et al., 1988 [24] Descriptive study 14 USA

Kamangar et al., 2013 [18]
Lourenceti et al., 2018 [19]

Millsop et al., 2014 [21]
Bouillon et al., 2018 [22]
Hambly et al., 2017 [25]

Holland et al., 1989 [26] Descriptive study 15 UK Hambly et al., 2017 [25]

Huckins et al., 1990 [27] Open-label trial 6 USA Kamangar et al., 1990 [18]
Lourenceti et al., 2018 [19]

Siddiqui et al., 1990 [28] Prospective randomized
double-blind control study 41 Saudi Arabia Millsop et al., 2014 [21]

Zuccotti et al., 2018 [29]

Lugo-Somolinos et al.,
1990 [30] Descriptive study 10 Puerto Rico Hambly et al., 2017 [25]

El-Alzhari et al.,
1993 [31] Descriptive study 8 USA Lourenceti et al., 2018 [19]

Millsop et al., 2014 [21]

Perez et al., 1996 [32] Open trial 85 USA

Kamangar et al., 2013 [18]
Lourenceti et al., 2018 [19]
Soleymani et al., 2015 [20]

Millsop et al., 2014 [21]
Barrea et al., 2017 [33]

Bouillon et al., 2018 [22]
Hambly et al., 2017 [25]

Gaal et al., 2009 [34] Case-control 10 USA Kamangar et al., 2013 [18]
Zuccotti et al., 2018 [29]

Finamor et al., 2013 [35] Open-label clinical trial 9 Hungary

Lourenceti et al., 2018 [19]
Millsop et al., 2014 [21]
Umar et al., 2018 [36]

Hambly et al., 2017 [25]

Hata et al., 2014 [37] Randomized
placebo-controlled 16 Brazil Hambly et al., 2017 [25]

Jarret et al., 2018 [38] Randomized double blind,
placebo-controlled study 65 USA Zuccotti et al., 2018 [29]

Ingram et al., 2018 [39] Randomized double blind,
placebo-controlled study 101 New Zealand

Disphanurat et al.,
2019 [40]

Randomized double blind,
placebo-controlled study 45 Thailand Marino et al., 2019 [41]

3. Results

We followed the PRISMA principles in developing this review (Figure 1). In total, after
searching for keywords, we identified 395 records. Duplicates were removed, and after
applying the other search criteria, we screened 107 eligible full-text articles. According to
the established criteria, 10 review articles were included in the final analysis.
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Figure 1. PRISMA 2009 Flow Diagram. From Moher, D.; Liberati, A.; Tetzlaff, J.; Altman, D.G. The Prisma Group (2009).
Preferred reporting items for systematic reviews and meta-analyses: The PRISMA statement. PLoS Med 6(7): e1000097.
https://doi.org/10.1371/journal.pmed.1000097. For more information, visit www.prisma-statement.org [16].

A relatively small number of studies have investigated the effectiveness of oral vitamin
D in patients with psoriasis. Accordingly, we identified a fairly small number of systemic
reviews and meta-analyses. Some reviews discussed transient oral administration of vita-
min D in other contexts or as a subset of cutaneous vitamin D therapy. The characteristics
of the included original studies are shown in Table 1.

To our knowledge, the first case of psoriasis treated with 1-alpha hydroxyvitamin D3
for osteoporosis was reported in 1985, and the treatment resulted in psoriasis remission [29].
This case led to further research on the effects of systemic vitamin D administration on
psoriasis. In 2013, Kamangar et al. studied oral vitamin D in patients with psoriasis
and in patients with psoriatic arthritis. In most cases, psoriasis improved visibly after
treatment with 0.25 μg to 1 μg/day of 1,25-(OH)2D3, with no adverse effects. The authors
concluded that oral vitamin D was a safe and effective therapeutic option for treating
psoriasis vulgaris [18]. Treatment effectiveness after oral administration of vitamin D3 and
D2 in patients with psoriasis, based on the original studies, is shown in Tables 2 and 3.
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Table 2. Treatment effectiveness after oral administration of vitamin D3 in patients with psoriasis.

Individual
Studies, Year

Dose
Duration of

Administration
Efficacy

Type/Severity
of Psoriasis

Effectiveness
Treatment Side

Effects

Morimoto et al.,
1986 [17]

1.0 μg/day
1α-(OH)D3
(40 IU/day)

6 months 2.7 +/−
0.6 months

Psoriasis
vulgaris

More than moderate improvement (+2) in
76% of patients No

0.5 μg/day
1,25-(OH)2-D3

(20 IU/day)
6 months 3 months Psoriasis

vulgaris
Moderate improvement (+2) in 25% of
patients No

Takamoto et al.,
1986 [23]

1.0 μg/day
1α-(OH)D3
(40 IU/day)

12 months more than
8 months

Psoriasis
vulgaris

− Complete remission and marked
improvement (+3 up to +4) in
28.57%

− Minimal improvement (+1) in 15%
of patients

No

Smith et al.,
1988 [24]

0.25 μg (10 IU) once
or twice/day

increased by 0.25 to
0.5 μg/day every

2 weeks to a
maximum of 2.0 μg

(80 IU)/day
1,25-(OH)2-D3

2 months less than
2 months

moderate to
severe psoriasis

− 50% of patients +4
− 21.43% of patients +2/+3
− 21.43% of patients +1
− 7.14% of patients 0

No

Holland et al.,
1989 [26]

1.0 μg/day
1α-(OH)D3

(40 IU)
6 months 6–8 weeks Plaque

psoriasis

46.67% of patients had complete resolution
of lesions (+4), 2 within 6 weeks and the
rest after 4–6 months of therapy.

No

Huckins et al.,
1990 [27]

1.0 μg/day
0.5 μg/day
increased by

0.25 μg/day every
2 weeks to a

maximum of 2.0 μg
(80 IU)/day

1,25-(OH)2-D3

6 months 2–3
months

Psoriatic
arthritis

− 44.44% of patients marked
improvement (+3)

− 22.22% of patients presented
worsening of their psoriasis during
the trial

hypercalciuria
in 20% of
patients

Siddiqui et al.,
1990 [28]

1 μg/day
alpha-calcidol 12 weeks Not

specified
Psoriasis
vulgaris

45% of patients showed slight
improvement (+1).

Lugo-
Somolinos

et al., 1990 [30]

0.5 μg/day
1α,25-(OH)2 -D3

(20 IU)

after
3 months

Moderate to
severe psoriasis

40% of patients showed moderate
improvement. No

El-Alzhari
et al., 1993 [31]

0.5 μg/day
increased by 0.5 μg

biweekly to a
maximal dosage of

2.0 μg daily.
1,25-(OH)2-D3

6 months 2 months

Psoriasis
vulgaris

moderate to
severe

− 12.5% of patients marked
improvement (+3)

− 12.5% of patients had moderate
improvement (+2)

− 75% of patients had mild
improvement or no improvement
(0 to +1)

No

Perez et al.,
1996 [32]

0.5 μg/day
increments of 0.5 μg

every 2 weeks
1,25-(OH)2-D3

6 months–3 years 6 months Psoriasisvulgaris

Global severity score for the patients’
lesions had a mean value of 7.7 ± 1.2; the
mean global severity score significantly
decreased to 3.2 ± 1.9.
The mean baseline PASI score was
18.4 ± 1.0; at 6 and 36 months of treatment
the mean PASI score was reduced to
9.7 ± 0.8 and 7.0 ± 1.3, respectively.

No

Gaal et al., 2009
[34]

0.25 μg twice daily
1α-(OH)D3 6 months Not

specified
Psoriatic
arthritis

PASI scores were 12.8 +/−14.3 vs.
11.9 +/− 14.4. on average. No

Finamor et al.,
2013 [35]

35,000 IU per day
vit. D3

6 months Not
specified

Psoriasis
vulgaris

moderate to
severe

The clinical condition of all patients
significantly improved (+3 to +4). -

Hata et al.,
2014 [37]

4000 IU/day
vit. D3

6 months Not
specified Mild psoriasis No change in PASI score (0) No

Jarret et al.,
2018 [38]

100,000 IU/month
(3300 IU/day)

vit. D3

4 years Not
specified Mild psoriasis

The trial results do not support the use of
monthly vitamin D3 supplementation
(100,000 IU per month) as a treatment for
mild psoriasis in patients over 50 years old.

Ingram et al.,
2018 [39]

200,000 IU at
baseline, then

100,000 IU/month
vit. D3

11 months 6 months Chronic
psoriasis No benefit Not specified

Legend: PASI = psoriasis area severity index score; RCT = randomized clinical trial. 250 μg = 10,000 IU. The degree of improvement of
psoriasis lesions was scored by the authors using a 5-point scale: 0, no effect; + 1, minimal improvement up to 25% improved; +2, moderate
improvement, 26% to 50% improved; +3, marked improvement, 51% to 75% improved; +4, >75% improved to clear lesions; by PASI score;
or by Global Severity Score.
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Table 3. Treatment effectiveness of oral vitamin D2 administered in patients with psoriasis.

Individual
Studies/

Year
Dose

Period of Ad-
ministration

Efficacy
Observed

Type/Severity of
Psoriasis

Effectiveness
Treatment

Side
Effects

Disphanurat et al.,
2019 [40]

20,000 IU/every 2
weeks
vit. D2

6 months 3–6 months Chronic plaque-type
psoriasis—mild psoriasis

PASI score decreased at
3 and 6 months, moderate

improvement
No

The patients were monitored clinically in the included studies, with one of the most
commonly used scores being the PASI score, which takes into account the overall severity
score and the percentage of body surface area affected by psoriasis. The PASI score has
been used to monitor the effectiveness of antipsoriatic medication since 1978 [42].

Table 4 details the scores and clinical modalities used to determine the clinical efficacy
of orally administered vitamin D in psoriasis.

Table 4. Psoriasis outcome measures used for treatment effectiveness.

Authors Evaluation

Morimoto et al. [17]
Clinical photographs taken at every examination
Clinical score: complete remission (+4), marked improvement (+3), moderate improvement (+2), slight improvement
(+1), no change (o), deterioration (−1).

Smith et al. [24]
Clinical examination
Clinical score: no change (0), minimal improvement up to 25% improved (+1), 26% to 50% improved (+2), 51% to 75%
improved (+3), >75% improved to clear (+4).

Takamoto et al. [23]

Clinical examination: complete remission (4) (complete flattering of plaques including borders, percentage of area
improved: 95% or more); marked improvement (3) (nearly complete flattering of all plaques still palpable, area
improved: 50–90%); definite improvement (2) (partial flattering of plaque, less scaling and less erythema, area improved:
20–50%), minimal improvement (1) (slightly less scaling and less erythema, area improved: 5–20%); no change (0);
aggravation (−1) by the percentage of skin involvement was improved.

Huckins et al. [27]
Clinical photographs taken at every examination
Clinical score of erythema: deterioration (−1), no change (0), mild improvement (1), moderate improvement (2), marked
improvement (3)

Gaal et al. [34] − PASI score

Perez et al. [32]

Clinical photographs taken at every examination
PASI score, global severity score
Global Improvement Scale: deterioration (−1), no change (0), mild improvement (1), moderate improvement (2),
excellent improvement (3)

El-Azhary et al. [31]
Clinical evaluation of the percentage of body surface involved
Grading the erythema, scale, and thickness of the lesions as worsening (−1), no improvement (0), mild improvement
(+1), moderate improvement (+2), marked improvement (+3).

Finamor et al. [35] − PASI score

Siddiqui et al. [28]
PASI score
Worsening PASI score (−1), no improvement (0), slight improvement (+1), moderate improvement (+2), marked
improvement (+3).

Holland et al. [26] − Clinical photographs taken
− Clinical criteria

Hata et al. [37] PASI score
Punch biopsies of psoriatic skin lesion and uninvolved skin

Jarret et al. [38]

− PASI score
− Physician‘s Global Assessment Score
− Dermatology Life Quality Index
− Psoriasis Disability Index

Ingram et al. [39] − PASI score

Disphanurat et al. [40] − PASI score
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Lourencetti and Morgado de Abreu analyzed 10 clinical studies published between
1986 and 2013 from the perspective of vitamin D administration in patients with several
forms of psoriasis of varying degrees of severity. The dose ranged from 0.25 to 4 μg/day.
These authors observed predominantly good efficacy and tolerance, with side effects noted
only at high doses. They concluded that this therapeutic alternative was safe and effective
for treating psoriasis [19]. In the context of psoriasis, Soleymani et al. also addressed some
concerns about oral vitamin D effects on calcium absorption in the gut, and subsequent
systemic calcium homeostasis [20].

The diagnostic marker used for vitamin D deficiency is serum 25(OH)D, its cut-off
level varying over the years. The normal serum 25(OH)D levels are estimated to extend
from about 25 to 225 nmol/L (10 to 90 ng/mL) and there seems to be a correlation between
the low-level of 25(OH)D and the risk of chronic diseases. UVA/UVB phototherapy signifi-
cantly increased the 25(OH)D serum level in patients with psoriasis and atopic dermatitis
and reduced serum parathormone concentrations. There is no study demonstrating the
correlation between serum 25(OH)D levels and severity of psoriasis [43,44]

Dietary calcium absorption enhancement could be avoided by taking vitamin D
orally in the evening [32,45]. Serum vitamin D levels in patients with psoriasis were
correlated with seasonal variations and disease severity [46]. A linear correlation could
not be demonstrated, but numerous studies have shown low serum vitamin D levels in
patients with psoriasis [20]. There is limited data on the dose-dependence of vitamin D
deficiency in the pathogenesis of psoriasis and on the role of vitamin D deficiency in the
therapeutic response. Vitamin D 1,25(OH) may act in psoriasis as an inhibitor of T-cell
proliferation and Th1 development. Vitamin D 1,25(OH) modulates antigen-presenting cell
function; induces hyporesponsiveness to antigens; inhibits the production of IL2, IL-17,
IL-8, and interferon-gamma; increases the production of IL-10; and increases regulatory
T cells [47]. A study using high doses of vitamin D3 (more than 60,000 IU) reported the
resolution of anti-TNFα-induced psoriasiform lesions in a patient with rheumatoid arthritis
and vitamin D deficiency [48].

The doses of vitamin D administered in the reviewed studies were mostly empirical;
high doses of D3 were used after the year 2014. The changes in serum concentrations of
vitamin D metabolite 25(OH)D were used to monitor the side effects and were not related
to the degree of improvement or worsening in psoriasis lesions. A vitamin D2 dose higher
than 40,000 IU was associated with hypercalcemia toxicity [40].

Millsop et al. analyzed six prospective trials on oral vitamin D treatment for psoriasis.
In addition to describing the overall results, they pointed out that the possible side effects
of oral vitamin D supplementation included hypercalcemia, hypercalciuria, and kidney
stones, and long-term vitamin D overdoses could lead to bone demineralization [21]. Some
studies reported increases in blood calcium and vitamin D levels or an increase in urinary
calcium after starting oral supplementation, but no patient experienced adverse clinical
side effects [31].

Zuccotti et al. addressed nutritional strategies for psoriasis. They also discussed
oral vitamin D administration in psoriasis; although the patients did not show significant
improvements, the authors concluded that vitamin D supplementation might aid in pre-
venting psoriasis-related comorbidities. The proposed mechanism was that vitamin D
might represent a key modulator of immune and inflammatory pathways. They hypothe-
sized that, in psoriasis, an interruption of the immunological homeostasis and a reduction
of the inflammation process might be due to low vitamin D levels, which can reduce the
number of circulating regulatory T cells [29].

Barrea et al. addressed several aspects of the role of vitamin D in psoriasis, including
oral vitamin D supplementation. They suggested that intakes of oral vitamin D up to
10,000 IU daily were not associated with harmful effects; this dose was comparable to
the maximum cutaneous vitamin D production, and no study has reported vitamin D
intoxication from cutaneous synthesis alone. Although the doses and durations of vitamin
D administration were not mentioned, they highlighted results from two studies: One
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found a clinical improvement of the PASI score in 88% of the patients, and the other
reported moderate or better improvements in 25–50% of patients with psoriasis [33].

Another study that did not highlight the dosage or duration of vitamin D administra-
tion suggested that the results were somewhat contradictory, concluding that the data were
insufficient to determine the effectiveness of oral vitamin D administration in psoriasis [49].

Marino et al. mentioned a single study that compared the effects of 60,000 IU oral
vitamin D in 45 patients vs. a placebo for six months. The results showed an increase in
serum vitamin D and reductions in the PASI [41].

Bouillon et al. referred to a study that did not find any association between vitamin D
supplementation and the induction of psoriasis in over 70,000 women [22,50]. In contrast,
Hambly et al. reviewed several studies that administered systemic vitamin D to patients
with psoriasis. Improvements were reported in many cases, and no adverse effects were
reported. However, they concluded that further studies are needed [25].

Analyzing the dose-dependence relationship for the outcomes of using oral vitamin
D in psoriasis, we noticed several differences and ambiguities in what could influence
this relationship. Starting with 1986 and until 2013, the doses administered had a uniform
character, between 0.25 μg/day and 2.0 μg/day (10–80 IU/day), very low compared to the
doses of vitamin D used at the current time, even in other diseases. The outcome of the
administered doses could be influenced by several factors not sufficiently documented, for
example, the degree of sun exposure, which is quite challenging to monitor, considering
that sun exposure of the whole body at a peak time for 1–2 h causes up to 20,000 IU vitamin
D3 to enter the circulation [51]. Other variables are represented by the patient’s weight,
skin tone, the circulating serum level of vitamin D, and the vitamin D deposits. The number
of patients enrolled in existing studies is small, and studies are still very few. Given all
this, it is not easy to achieve a dose-dependence relationship for the outcomes. More
well-documented studies are needed.

From another perspective, namely, that of vitamin D toxicity, the reviewed studies
showed no signs of toxicity in the patients followed, most likely due to the low doses used.
McCullough et al. showed remarkable clinical benefit at doses ranging from 25,000 IU/day
to 60,000 IU/day in psoriasis, cancer, and asthma, without the development of toxicity or
hypercalcemia [52]. In another publication, the same authors argued that the administration
of 10,000 IU/day to 25,000 IU/day of oral vitamin D is safe for the population [53].

Vitamin D is biologically inactive and treatment with vitamin D refers to its active
metabolites: cholecalciferol (vitamin D3) and ergocalciferol (vitamin D2). Vitamin D3 is
more frequently administered than calcitriol or alpha-calcidol, since it is safer and less
expensive. Keratinocytes and immune lymphocyte T cells express vitamin D receptor
(VDR) and contain enzymes able to convert active metabolites of vitamin D, 25(OH)D-
calcidiol to active 1,25(OH)2D-calcitriol. Alterations in calcitriol levels and polymorphisms
of the VDR gene have been shown to be associated with several malignant and autoimmune
diseases, including psoriasis vulgaris [52,53].

Since the body has been shown to make up to 10,000 to 25,000 IU of vitamin D3 a day
in response to adequate ultraviolet-B (UVB) exposure, it could be presumed that taking
daily supplements of vitamin D3 in doses up to this amount may prevent or treat chronic
diseases associated with vitamin D deficiency. Vitamin D level as a risk factor and also as a
treatment option is studied in cancer, cardiovascular diseases, osteoporosis, autoimmune
diseases, influenza, type 2 diabetes mellitus, Alzheimer disease, and depression in the
postpartum and non-postpartum periods [54–61]. Vitamin D3 exerts significant control
over normal cellular metabolism via plasma membranes ion channels and via VDR genes
located near autoimmune and cancer-associated genes [53].

Compared to existing studies regarding the administration of vitamin D in psoria-
sis, vitamin D administration in cancer has been much more studied. Several studies
have looked at the effectiveness of various doses, various frequencies of administra-
tion, and types of vitamin D such as cholecalciferol: 400–4800 IU/day, 20,000 IU/week,
30,000–100,000 IU/month, 120,000 IU every two months, 100,000 IU every three months,
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100,000 IU every four months, or 500,000 IU once/year; ergocalciferol: 1000 IU daily;
calcitriol 0.25–0.50 μg daily or 0.25 μg twice daily; alfacalcidol: 1.0 μg daily [62,63]. One
very recent study evaluated vitamin D supplementation, which has been associated with a
reduced mortality in patients with psoriasis [64]. We want to draw attention to a broad
plan for the administration of vitamin D that has not yet been studied to treat psoriasis.

4. Conclusions

Although vitamin D has been used successfully for many years as a topical therapy
in the fight against psoriasis, only recently have studies examined systemic vitamin D
administration in psoriasis. We examined the pros and cons of this treatment, with the aim
of determining whether systemic vitamin D would be a feasible therapeutic option for these
patients. Among the existing reviews, very few were systematic in design. Indeed, from
1985 to the present, only a few studies have monitored the effectiveness of oral vitamin
D in patients with psoriasis; consequently, the reviews were insufficient and inconclusive.
Most studies did not observe side effects for doses within a relatively narrow range (0.25 to
2 μg/day). No evidence has been reported about the efficacy of the highest doses of
systemic vitamin D in psoriasis. However, most studies did not observe side effects. Based
on these results, we can conclude that more large-scale studies are needed to determine the
efficacy, optimal dosing, and adverse effects of vitamin D administration in patients with
psoriasis.
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Abstract: The COVID-19 pandemic poses an unprecedented threat to human health, health care
systems, public life, and economy around the globe. The repertoire of effective therapies for severe
courses of the disease has remained limited. A large proportion of the world population suffers
from vitamin D insufficiency or deficiency, with prevalence being particularly high among the
COVID-19 high-risk populations. Vitamin D supplementation has been suggested as a potential
option to prevent COVID-19 infections, severe courses, and deaths from the disease, but is not widely
practiced. This article provides an up-to-date summary of recent epidemiological and intervention
studies on a possible role of vitamin D supplementation for preventing severe COVID-19 cases and
deaths. Despite limitations and remaining uncertainties, accumulating evidence strongly supports
widespread vitamin D supplementation, in particular of high-risk populations, as well as high-dose
supplementation of those infected. Given the dynamics of the COVID-19 pandemic, the benefit–risk
ratio of such supplementation calls for immediate action even before results of ongoing large-scale
randomized trials become available.

Keywords: COVID-19; mortality; prevention; supplementation; vitamin D

1. Introduction

The COVID-19 pandemic poses an unprecedented threat to human health, health
care systems, public life, and economy around the globe. More than 1.7 million people
died from SARS-CoV-2 infections by December 2020 [1], with daily numbers of deaths
rapidly re-increasing in fall of 2020 in many countries on the northern hemisphere. Options
to effectively treat severe cases remain very limited, while intensive care needs stretch
or overstretch available capacities in many countries. There are hopes to cope with the
pandemic with newly developed vaccines, but it will take many more months before
vaccines with proven efficacy and safety will be globally available.

Readily available measures to limit the toll of the pandemic are thus of paramount
importance. Based on a comprehensive review of the evidence on the role of vitamin D
in preventing the toll of respiratory infections from the pre-COVID-19 era, Grant et al.
recommended vitamin D supplementation for both preventing and treating COVID-19
infections already at the onset of the pandemic [2]. However, such supplementation has not
been widely implemented. This article provides an up-to-date summary of epidemiological
and intervention studies conducted during the COVID-19 pandemic on a possible role of
vitamin D supplementation for preventing COVID-19 cases and deaths, by either prevent-
ing COVID-19 infections, preventing severe course of the disease and deaths among those
infected, or both. Finally, an outlook will be given on ongoing trials, and public health and
clinical implications of current evidence are discussed.
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2. Potential Role of Vitamin D Supplementation for Preventing COVID-19 Infection

In a study of 349,598 participants of the U.K. Biobank participants with known base-
line vitamin D levels, 449 confirmed COVID-19 infections occurred from 16 March 2020
to 14 April 2020 [3]. Vitamin D levels were inversely related to the risk of COVID-19
infections in univariate analysis, but this association did not persist after adjustment for
covariates in multivariable analyses. By contrast, very strong associations were observed
between ethnicity and risk of infection, which were slightly attenuated, but persisted after
adjustment for vitamin D status, with adjusted odds ratios of 5.3 and 2.65 for blacks and
South Asians versus whites, respectively. However, in this study, vitamin D levels were
measured in 2006–2010, i.e., 10–14 years prior to the COVID-19 pandemic, and may have
been poor indicators of vitamin D status in 2020. In fact, ethnicity, which is strongly and
stably associated with vitamin D status, may have been a much better proxy for vitamin D
status in 2020, which may explain the observed patterns.

In a study among 7807 members of a large health maintenance organization in Is-
rael tested for COVID-19 from 1 February to 30 April 2020 and at least one preceding
vitamin D measurement, the adjusted odds ratios for low vitamin D levels with COVID-
19 positivity and hospitalization due to COVID-19 infection were 1.45 (p < 0.001) and
1.95 (p = 0.061), respectively [4]. However, in this study, the threshold for low vitamin
level was rather high (plasma 25-hydroxy-vitamin D [25(OH)D] < 30 ng/mL), and the
low vitamin D group included 85% of the population. As much stronger health effects
of insufficient vitamin D levels are commonly seen at levels of vitamin D insufficiency
(plasma 25(OH)D < 20 ng/mL) or deficiency (plasma 25(OH)D < 12.5 ng/mL) [5], it would
be of utmost interest to complement these analyses by a thorough dose–response analysis.

Such dose–response relationships were evaluated in a cohort of >190,000 patients from
the United States in whom results of SARS-CoV-2 results performed mid-March through
mid-June 2020 were linked to 25(OH)D results from the preceding 12 months [6]. In this
cohort, a clear inverse relationship between circulating 25(OH)D levels and SARS-CoV-2
positivity was observed. The SARS-CoV-2 positivity rate was higher in the 39,190 pa-
tients with “deficient” 25(OH)D values (<20 ng/mL) (12.5%, 95% confidence interval (C.I.)
12.2–12.8%) than in the 27,870 patients with “adequate” values (30–34 ng/mL) (8.1%, 95%
C.I. 7.8–8.4%) and the 12,321 patients with values ≥55 ng/mL (5.9%, 95% C.I. 5.5–6.4%).
Those who had a circulating level of 25(OH)D < 20 ng/mL had a 54% higher positivity
rate compared with those who had a blood level of 30–34 ng/mL in multivariable analysis.
The risk of SARS-CoV-2 positivity continued to decline until the serum levels reached
55 ng/mL. The relationship persisted across latitudes, races/ethnicities, both sexes, and
age ranges.

Inverse associations between vitamin D levels and COVID-19 infection were further-
more consistently reported from a case-control study of 201 hospitalized patients and
201 matched controls from Iran [7] and in a cross-sectional study among 392 healthcare
workers from the United Kingdom [8]. Finally, negative correlations between mean levels
of vitamin D and COVID-19 infection and mortality rates were also reported from an
ecological study including 20 European countries [9].

3. Potential Role of Vitamin D Supplementation for Preventing Severe Course of
Disease and Death from COVID-19 Infection

A recent clinic-based cohort study among 185 patients diagnosed with and treated
for COVID-19 at a University Hospital in Germany showed more than 80% lower risk of
invasive mechanical ventilation or death (primary endpoint) and more than 90% lower
mortality among patients with sufficient vitamin D levels compared with patients with
vitamin D deficiency even after multivariable adjustment for age, gender, and comorbidi-
ties [10], suggesting that close to 90% of deaths in this cohort were statistically associated
with vitamin D insufficiency [11]. Increased mortality was likewise seen for those with
vitamin D levels below the median in a cohort of 30 patients admitted to an intensive care
unit in Greece (28-day mortality 5/15 versus 0/15, p = 0.01) [12].

278



Nutrients 2021, 13, 411

In a recent “quasi-experimental” study from France [13], risks of severe course of the
disease and of dying within 14 days of admission to a geriatric hospital unit were more
than 90% lower among patients who were regularly supplemented with vitamin D over the
preceding year (n = 29) compared with patients with no vitamin D supplementation (n = 32).
Despite the limited numbers of cases, strong associations were statistically significant and
persisted after multivariable adjustment for confounders. Intermediate and statistically
non-significant results were seen for the small group (n = 16) of patients who received
vitamin D supplementation after COVID-19 diagnosis. In another quasi-experimental study
from the same group [14], 82.5% of 57 nursing home residents who received bolus vitamin
D3 supplementation either in the week following the suspicion or diagnosis of COVID-19
or during the previous month survived during a mean follow-up of 36 days compared
with only 4 out of 9 residents (44%) without such therapy. Despite the small case numbers,
the association was highly statistically significant, with an adjusted hazard ratio (95% CI)
of 0.11 (0.03–0.48). Vitamin D supplementation was likewise associated with significantly
reduced mortality during the COVID-19 pandemic in a cohort of 157 residents of an
Italian nursing home [15]. The so far largest “quasi-experimental study” was most recently
reported from United Kingdom [16]. A total of 986 participants admitted with COVID-
19 to three hospitals were studied, of whom 151 (16.0%) received booster therapy with
vitamin D (in its “parent” form, cholecalciferol; approximately 280,000 IU in a time period
of up to 7 weeks). In the primary cohort of 444 patients from one hospital, cholecalciferol
booster therapy was associated with strongly reduced risk of COVID-19 mortality, with
an odds ratio (95% CI) of 0.13 (0.05–0.35, p < 0.001) after adjustment for multiple potential
confounders. This finding was replicated in a validation cohort of 541 patients from two
other hospitals (odds ratio 0.38, 95% CI 0.17–0.84, p = 0.018).

However, despite major efforts to control for confounding, such observational or
quasi experimental studies remain prone to residual confounding by uncontrolled or
imperfectly measured covariates. It is well established that serum 25OHD is a negative
acute phase reactant, and associations may in part reflect reverse causality. Such factors
could lead to overestimation of the beneficial effects of having adequate vitamin D levels
or of vitamin D supplementation. In the “quasi-experimental studies”, confounding by
indication, i.e., selective supplementation of vitamin D among those with lowest baseline
vitamin D status or in highest need of supplementation, could also lead to underestimation
of supplementation effects. On the other hand, if supplementation initiated after the start
of mortality follow-up (e.g., several days after diagnosis or hospitalization) is considered
as intervention, “immortal time bias” may lead to overestimation of beneficial intervention
effects unless appropriate precautions are taken in the analysis, as those with a delayed
start of the intervention would necessarily have survived (had been “immortal”) up to
such initiation [17]. The final answer as to a causal role of vitamin D supplementation will
thus have to come from randomized controlled trials.

A first pilot study of such a randomized trial has been reported from Cordoba, Spain,
in which 76 consecutive patients hospitalized with COVID-19, a clinical picture of acute
respiratory infection, confirmed by a radiographic pattern of viral pneumonia and by a
positive SARS-CoV-2 PCR with CURB65 severity scale (recommending hospital admission
in case of total score >1), were enrolled [18]. All hospitalized patients received as best
available therapy the same standard care (per hospital protocol) including a combina-
tion of hydroxychloroquine and azithromycin. Eligible patients were randomly allocated
at a 2:1 ratio on the day of admission to take oral calcifediol (25-hydroxyvitamin D 3,
0.532 mg = 21.280 IU), or not. Patients in the calcifediol treatment group continued with
oral calcifediol (0.266 mg = 10.640 IU) on days 3 and 7, and then weekly until discharge or
intensive care unit (ICU) admission. Outcomes of effectiveness included the rate of ICU
admission and deaths. Only 1 of 50 patients treated with calcifediol (2%), but 13 of 26 un-
treated patients (50%), required ICU admission, resulting in a multivariate adjusted odds
ratio (95% CI) of ICU admission of 0.03 (0.003–0.25). Despite such adjustment, concerns
have been expressed with respect to imperfect blinding, as well as uneven distribution of
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and imperfect control for potential confounders. However, a comprehensive mathematical
reanalysis by an independent group concluded that the randomization, large effect size,
and high statistical significance address many of these concerns [19]. In particular, it
showed that random assignment of patients to treatment and control groups was highly
unlikely to distribute comorbidities or other prognostic indicators sufficiently unevenly to
account for the large effect size, and that imperfect blinding would need to have had an
implausibly large effect to account for the reported results. The authors concluded that
the trial provided sufficient evidence to warrant immediate, well-designed pivotal clinical
trials of early calcifediol administration in a broader cohort of inpatients and outpatients
with COVID-19.

In a more recently published randomized placebo-controlled trial from India [20], high-
dose oral cholecalciferol supplementation (60,000 IU per day for at least 7 days in asymp-
tomatic or mildly symptomatic SARS-CoV-2 RNA positive vitamin D deficient (25(OH)D
< 20 ng/mL) individuals very effectively overcame vitamin D deficiency (p < 0.001), en-
hanced SARS-CoV-2 viral clearance (p = 0.018), and decreased fibrinogen levels (p = 0.007).
No significant differences were seen for other inflammatory markers. In a multicenter,
double-blind, randomized, placebo-controlled trial conducted in two centers (a quaternary
hospital and a field hospital) in Sao Paulo, Brazil, involving 240 hospitalized patients with
severe COVID-19 (116 with vitamin D deficiency), a single dose of 200,000 IU of vitamin D3
supplementation was likewise safe and effective in increasing 25-hydroxyvitamin D levels,
but did not significantly reduce hospital length of stay or any other clinically-relevant
outcomes compared with placebo [21]. It has been suggested that oral supplementation
with vitamin D3 (a slower-acting treatment than oral supplementation with calcifediol) of
this mostly obese population of patients (mean body mass index (BMI) 31.6 kg/m2) may
have been provided too late to significantly affect clinically relevant outcomes (randomiza-
tion occurred on average 10 days after onset of symptoms, with 90% of patients requiring
supplemental oxygen at baseline) [19].

4. Ongoing Trials

Timely conduction, completion, and publication of further well-designed studies
including, but not restricted to large-scale randomized clinical trials is paramount for more
fully exploring and defining the role of vitamin D supplementation in preventing occur-
rence and severe course of COVID-19 infections [22]. Several large-scale trials are currently
under way, with the main results expected at some time in 2021. Key characteristics of
some of the major trials are outlined below.

CORONAVIT, an open-label, phase 3, randomised clinical trial conducted in the
United Kingdom, investigates whether implementation of a test-and-treat approach to cor-
rection of sub-optimal vitamin D status results in reduced risk and/or severity of COVID-19
and other acute respiratory infections [23]. The trial started on 27 October 2020 and is
designed to recruit 6200 U.K. residents ≥16 years. Participants in the intervention group
with 25(OH)D level < 30 ng/mL are offered a daily dose of 800 IU or 3200 IU cholecalciferol,
while the control group receives standard of care (national recommendation of 400 IU/day
vitamin D). The primary endpoint is the proportion of participants experiencing at least
one doctor-diagnosed or laboratory-confirmed acute respiratory infection of any cause over
6 months. The secondary endpoints include multiple COVID-19-specific endpoints, such
as proportions of participants developing antigen test-positive COVID-19, seroconverting
to SARS-CoV-2, requiring hospitalization due to COVID-19, hospitalised for COVID-19
requiring ventilatory support, and dying of COVID-19, along with other or more generic
endpoints, such as proportions of participants who experience influenza requiring hospi-
talization, dying of influenza, dying of any acute respiratory infection, and dying of any
cause.

In the COVIDIOL trial in Cordoba, Spain, the above described pilot study among
76 participants [18] is followed by a trial involving 1008 patients aged 18–90 years diagnosed
with COVID-19 and radiological image compatible with inflammatory pleuropulmonary
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exudate [24]. The intervention group receives the best available treatment plus oral calcefe-
diol (0.532 mg = 21,280 IU on day 1, 0.266 mg = 10.640 IU on days 3, 7, 14, 21 and 28), while
the control group receives the best available treatment only. The primary endpoints are
ICU admission and deaths within 28 days. The secondary endpoints include, among others,
time from onset of symptoms to discharge of patients in conventional hospitalization, time
until admission to ICU with mechanical ventilation, and time until mechanical ventilation
is removed.

In the CoVitTrial, a multicenter randomized trial conducted in France, 260 high-risk
patients aged 65 year or older diagnosed with COVID-19 infections within the preceding
3 days and seen in hospitalization or consultation or in nursing home are recruited [25].
The trial compares the offer of a single high oral dose of vitamin D3 (400,000 IU) with
the offer of a single low oral dose of vitamin D3 (50,000 IU). The primary endpoint is
death from any cause during the 14 days following the inclusion and intervention. The
secondary endpoints include, among others, death from any cause during 28 days and
clinical evolution during 14 days and 28 days based on the change of the World Health
Organization (WHO) Ordinal Scale for Clinical Improvement for COVID-19.

In a pragmatic, cluster randomized, double-blinded trial in the United States (The
vitamin D for COVID-19 (VIVID) trial, n = 2700 in total nationwide), 1500 newly diag-
nosed individuals with COVID-19, together with up to one close household contact each
(~1200 contacts), are recruited nation-wide via social media; community advocacy groups
and equity initiatives; and flyers and electronic communications distributed in healthcare
centers, low income residential housing organizations, COVID-19 testing centers, and
other avenues. Participants are randomized to either vitamin D3 (9600 IU/day loading
dose on days 1 and 2, then 3200 IU/day) or placebo in a 1:1 ratio and a household cluster
design [26]. The study duration is 4 weeks. The primary outcome for newly diagnosed
individuals is the occurrence of hospitalization and/or mortality. Key secondary outcomes
include symptom severity scores among cases and changes in the infection (seroconversion)
status for their close household contacts. Changes in vitamin D 25(OH)D levels will be
assessed and their relation to study outcomes will be explored.

5. Public Health and Clinical Implications

Vitamin D insufficiency and deficiency are widespread in many countries, in particular
among the elderly, calling for public health action even before the COVID-19 pandemic [27].
Randomized controlled trials (RCTs) have shown efficacy and safety of vitamin D sup-
plementation in preventing various adverse health outcomes, such as hip fractures, acute
respiratory infections, or deaths from cancer [28–30]. Widespread vitamin D supplemen-
tation, at least for the elderly and the high risk groups, thus seems to be prudent even in
the absence of the COVID-19 pandemic and is recommended or practiced to some extent
in a few countries [31]. Nevertheless, vitamin D levels have remained inadequate in most
countries [27], with prevalence of vitamin D deficiency remaining highest among nursing
home residents [32], the group at highest risk for COVID-19 infection and death. The
ongoing COVID-19 pandemic, globally accounting for more than 10 million new cases
and 200,000 deaths per month in the second half of 2020, calls for immediate efforts to
enhance vitamin D status of populations at risk and of those infected with COVID-19 even
before results of the ongoing large trials become available, which will not be before spring
to summer of 2021. Besides the recent epidemiological evidence outlined above, a major
protective impact of vitamin D supplementation on risk and course of COVID 19 infections
is strongly supported by long known and well established molecular mechanisms of vi-
tamin D, such as its immunomodulatory effects, as outlined in detail elsewhere [2,33–37].
Vitamin D supplementation could thus be a most cost-effective, readily available tool that
could potentially prevent millions of COVID-19 infections and tens if not hundreds of
thousands COVID-19 deaths, and at the same time, prevent overstretching of health care
systems, beyond its established beneficial effects on other health outcomes.
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Obviously, vitamin D supplementation should complement, not replace established
and other efforts to cope with the COVID-19 pandemic, such as social distancing, wearing
of masks, and hygiene measures with which it shares protective effects not only against
COVID-19 infections, but also other infections, such as other acute respiratory infections
including influenza. Although there is hope that widespread vaccination will finally
end or at least widely control the current COVID-19 pandemic, its long-term safety and
effectiveness are yet to be demonstrated. In the meantime, but also in the long run, vitamin
D supplementation, for which safety and effectiveness with respect to acute respiratory
infections has long been established, and which is a very low-cost measure, should be
widely applied. Even a minor effect on protection from infection that might turn the
COVID-19 effective reproduction number from slightly above one (as estimated for many
countries shortly before or during lockdown measures of varying intensity during most
of the second half of 2020) to slightly below one could make the difference between
further exponential growth or regression of the pandemic. In the absence of specific
contraindications, supplementation with safe, but sufficient doses (e.g., ranging from 800 to
4000 IU/day for older adults depending on individual factors, such as age and sex [38,39],
body mass index, or comorbidity) should thus be strongly promoted for the population at
large and the high-risk population in particular, not only to those with already manifest
COVID-19 infection. Despite remaining uncertainties with respect to optimal dosing,
evidence from vitamin D trials with other endpoints suggests supplementation should
preferably be done on a regular basis rather than by occasional high-dose bolus therapy.
For patients with manifest COVID-19 infection, initiation of high-dose supplementation
as early as possible after diagnosis should be strongly considered whenever there are no
specific contraindications against such treatment. At the very least, such strategies would
help to reduce the burden of established adverse consequences of widespread vitamin D
insufficiency and deficiency, which would be a great achievement by itself. In the best
case, they might add to this the even greater achievement of curbing the ongoing COVID-
19 pandemic with all its adverse consequences even prior to and beyond widespread
availability of vaccination. Immediate action is warranted.
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Abstract: Vitamin D receptor (VDR) polymorphisms have been associated with a plethora of adverse
pregnancy and offspring outcomes. The aim of this study was to evaluate the combined effect of
maternal and neonatal VDR polymorphisms (ApaI, TaqI, BsmI, FokI, Tru9I) and different maternal
and neonatal 25(OH)D cut-offs on neonatal birth anthropometry. This cross-sectional study included
data and samples from a cohort of mother–child pairs at birth. A detailed neonatal anthropometry
analysis at birth was also conducted. Different 25(OH)D cut-offs for neonates and mothers were
included, according to their vitamin D status at birth: for neonates, cut-offs of [25(OH)D ≤ 25 and
> 25 nmol/L] and [25(OH)D ≤ 50 nmol/L] were adopted, whereas for mothers, a 25(OH)D cut-off
of [25(OH)D ≤ 50 and > 50 nmol/L)] was investigated. Following this classification, maternal and
neonatal VDR polymorphisms were evaluated to investigate the potential different effects of different
neonatal and maternal 25(OH)D cut-offs on neonatal birth anthropometry. A total of 69 maternal-
neonatal dyads were included in final analysis. Weight, neck rump length, chest circumference,
abdominal circumference, abdominal circumference (iliac), high thigh circumference, middle thigh
circumference, lower arm radial circumference, and lower leg calf circumference of neonates who
had the TAQl SNP TT genotype and maternal 25(OH)D < 50 nmol/L were significantly higher than
that of neonates who had the Tt or tt genotypes (p = 0.001, Hg = 1.341, p = 0.036, Hg = 0.976, p = 0.004,
Hg = 1.381, p = 0.001, Hg = 1.554, p = 0.001, Hg = 1.351, p = 0.028, Hg = 0.918, p = 0.008, Hg = 1.090,
p = 0.002, Hg = 1.217, and p = 0.020, Hg = 1.263, respectively). Skin fold high anterior was significantly
lower in neonates who had the BSMI SNP BB genotype compared to that of neonates with Bb or bb
genotypes (p = 0.041, Hg = 0.950), whereas neck rump length was significantly higher in neonates who
had the FOKI SNP FF genotype compared to that of neonates who had Ff or ff genotypes (p = 0.042,
Hg = 1.228). Regarding neonatal VDR polymorphisms and cut-offs, the abdominal circumference
(cm) of neonates who had the TAQI SNP TT genotype and 25(OH)D < 25 nmol/L were significantly
higher than that of neonates who had the Tt or tt genotypes (p = 0.038, Hg = 1.138). In conclusion,
these results indicate that the maternal TAQI VDR polymorphism significantly affected neonatal
birth anthropometry when maternal 25(OH) concentrations were <50 nmol/L, but not for a higher
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cut-off of >50 nmol/L, whereas this effect is minimally evident in the presence of neonatal TAQI
polymorphism with neonatal 25(OH)D values <25 nmol/L. The implication of these findings could
be incorporated in daily clinical practice by targeting a maternal 25(OH)D cut-off >50 nmol/L, which
could be protective against any effect of genetic VDR variance polymorphism on birth anthropometry.

Keywords: vitamin D; pregnancy; neonatal health; polymorphism; birth anthropometry

1. Introduction

International nutritional recommendations during pregnancy comprise a fundamental
guide for the optimal fetal development. Although there is almost universal agreement
regarding macronutrient and folic requirements as well as the monitoring of weight gain
during pregnancy, there are significant controversies regarding supplementation with
specific biological molecules including vitamins [1].

A plethora of observational trials indicate maternal hypovitaminosis D during preg-
nancy as a significant risk factor for the development of adverse pregnancy outcomes and
impairment of future offspring metabolic health [2]. Despite the wide inconsistency in avail-
able randomized trials, it is considered that vitamin D supplementation during pregnancy
might reduce the risk of low birth weight, gestational diabetes, and preeclampsia [2,3]. In
this regard, a sufficient maternal vitamin D profile during pregnancy is a critical component
for the development of optimal neonatal vitamin D status at birth and during early infancy,
since maternal 25-hydroxy-vitamin D [25(OH)D] comprises the main pool of vitamin D for
the fetus [3] and serum fetal (cord blood) 25(OH)D concentrations correlate strongly with
maternal 25(OH)D concentrations [4,5]. There is wide controversy, about the definition of
maternal vitamin D deficiency during pregnancy worldwide, especially regarding the opti-
mal thresholds of maternal 25(OH)D concentrations (≥50 nmol/L vs. ≥75 nmol/L) [6,7].
On the other hand, different criteria are used to define the optimal neonatal vitamin D
status (sufficiency >50 nmol/L, insufficiency 30–50 nmol/L, deficiency <30 nmol/L) [8].

In addition to this ongoing scientific argument, several parameters that could affect
the daily clinical interpretation of available results, beyond maternal and neonatal 25(OH)D
cut-offs including ultraviolet B (UVB) variations, country-specific dietary patterns, and
public health policies are largely misinterpreted or ignored [8,9]. The potential influence of
the specific genetic background of each individual for decreasing pregnancy complications
and optimizing neonatal health has also been the objective of several previous observa-
tional studies, which mainly focused on the specific sequence variants of the vitamin D
receptor (VDR). Specific maternal VDR polymorphisms have been associated with adverse
pregnancy and offspring outcomes [10–12] and could demonstrate either detrimental or
protective effects [10–13] on the development of maternal and neonatal hypovitaminosis D
and other outcomes.

The extent of the potential effects of specific neonatal VDR polymorphisms related
to neonatal 25(OH)D by adopting international cut-offs has not been fully elucidated so
far [2,7]. By taking into account that maternal and neonatal vitamin D status at birth are
dynamic parameters, in order to understand the mechanistic basis by which a polymor-
phism is associated with a particular pregnancy or offspring outcome, it is necessary to
know whether that polymorphism is functional in different states of vitamin D equilibrium.
In this regard, specific VDR polymorphisms have been associated with a decrease in birth
weight and neonatal skin folds at birth [14] and increased risk for small for gestational age
births in black and white women [15,16]. In addition, placental genetic variations in vitamin
D metabolism were also associated through a sex-specific pattern with birth weight [17].
A recent meta-analysis of available results reported that birth weight and other anthropo-
metric neonatal outcomes are affected by specific patterns of VDR polymorphisms [18].
Moreover, maternal genetic variations in GC, the gene encoding vitamin-D binding protein,
have also been reported to affect the relationships between the maternal and cord-blood
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concentrations of 25(OH)D and birth weight [19]. However, robust evidence of such an
association is currently unavailable, given that various studies have presented significant
heterogeneity in terms of maternal and neonatal criteria for vitamin D status, study design,
sample size, and racial descent of participants.

It has been hypothesized [20] that specific sequence VDR variants exert variable de-
grees of functionality associated with a specific neonatal outcome including birth height,
weight, and additional birth anthropometry parameters, according to different cut-offs
and available maternal and neonatal VDR polymorphisms. Moreover, a combined clinical
(in terms of different maternal/neonatal 25(OH) D cut-offs) and VDR genotype associ-
ation study focusing on a specific outcome could be mechanistically proven to be more
productive than a study of individual polymorphisms or genome-wide associations of
polymorphisms of unknown function. The aim of this study was to evaluate the combined
effect of maternal and neonatal VDR polymorphisms (ApaI, TaqI, BsmI, FokI, Tru9I) and
different maternal and neonatal 25(OH) D cut-offs on neonatal birth anthropometry.

2. Methods

2.1. Inclusion and Exclusion Criteria

This study included data and samples from a cohort of mother–child pairs at birth that
have been previously described [3]. Pregnant women on regular follow-up were recruited
from the Maternity Unit of the 1st Department of Obstetrics and Gynecology, Aristotle Uni-
versity, Thessaloniki, Greece (latitude 40◦N). All women were fair skinned. The inclusion
criterion was full-term pregnancy (gestational week 37–42). Maternal exclusion criteria
were primary hyperparathyroidism, secondary osteoporosis, heavy alcohol use (≥7 alcohol
units per week or ≥6 units at any time during pregnancy), hyperthyroidism, nephritic
syndrome, inflammatory bowel disease, rheumatoid arthritis, osteomalacia, obesity [body
mass index (BMI) > 30 kg/m2], gestational diabetes, preexisting diabetes mellitus, and use
of medications affecting calcium (Ca) or vitamin D status (e.g., corticosteroids) including
vitamin D supplements. Neonatal exclusion criteria were being small-for-gestational age
(SGA) and presence of severe congenital anomalies. Informed consent was obtained from
all mothers. The study was conducted from January 2018 to September 2018. The protocol
received approval from the Bioethics Committee of the Aristotle University of Thessaloniki,
Greece (approval number 1/19-12-2011).

2.2. Biochemical and Hormonal Assays

Blood samples were obtained from mothers by antecubital venipuncture 30–60 min
before delivery. Umbilical cord blood was collected immediately after clamping from the
umbilical vein. Serum and umbilical cord specimens were stored at −20 ◦C prior to analy-
sis for the following parameters: Ca, phosphorus (P), parathyroid hormone (PTH), and
25(OH)D. Serum Ca and P determinations were performed using the Cobas INTEGRA clin-
ical chemistry system (D-68298; Roche Diagnostics, Mannheim, Germany). The inter- and
intra-assay coefficients of variation (CVs) were 1.0% and 3.5% for Ca, and 1.3% and 2.5% for
P, respectively. PTH determinations were performed using the electro-chemiluminescence
immunoassay ECLIA (Roche Diagnostics GmbA, Mannheim, Germany). Reference range
for PTH was 15–65 pg/mL, functional sensitivity of 6.0 pg/mL, within-run precision of
0.6–2.8%, and total precision of 1.6–3.4%. Concentrations of 25(OH)D were determined
using novel assay, liquid chromatography-tandem mass spectrometry (LC-MS/MS) with
lower limits of quantification (LLOQ) of 25(OH)D (0.5 ng/mL). Briefly, the assay involves
analyte purification using liquid–liquid extraction followed by chromatographical sepa-
ration using a chiral column in tandem with a rapid resolution microbore column. Full
method validation parameters have been previously reported [21,22].
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2.3. Demographic and Anthropometric Data

At enrollment, demographic and social characteristics were recorded. Maternal pre-
pregnancy BMI was either normal (18–25 kg/m2) or overweight (25–30 kg/m2). We col-
lected maternal, infant, and labor data from the medical records, umbilical cord blood
samples at the time of delivery, and stored aliquots of plasma and serum at −70 ◦C, until
assays were performed. We also evaluated neonatal anthropometry at birth. All neonatal
anthropometric measurements were performed by the same trained nurse between 12
and 72 h of age according to standard techniques [23]. The following measurements were
recorded: birth weight, height, neck-rump length, upper arm, femur, and knee-heel lengths;
head, chest, abdominal, upper arm and middle thigh circumferences, and anterior chest
and abdominal skinfold thickness. Birth weight of the neonates was obtained naked on
regularly calibrated scales on a calibrated infant scale that was verified as accurate with
a certified weight (Troemner, Thorofare, NJ, USA). Knee–heel length was measured with
a hand-held BK5 infant knemometer (Force Technology, Brondby, Denmark). Instrument
software calculated the mean of 10 sequential readings and generated a printed report
of all readings and the calculated mean. We also measured the neonatal height to the
nearest millimeter using an Ellard newborn lengthboard (Ellard Instrumentation Ltd.,
Seattle, WA, USA). Abdominal, upper arm and middle thigh head, mid-upper arm, and
maximal head circumferences were measured using a plastic encircling tape (Child Growth
Foundation, London, UK). Abdominal skin fold was measured using Holtain calipers
(Holtain, Crymych, UK).

2.4. Neonatal and Maternal Vitamin D Status Cut-Offs and Combined VDR
Polymorphisms Evaluation

Different 25(OH)D cut-offs for neonates and mothers were included, according to their
vitamin D status at birth: for neonates, cut-offs of [25(OH)D ≤25 and >25 nmol/L] and
[25(OH)D ≤50] [7] were adopted, whereas for mothers, a 25(OH)D cut-off of [25(OH)D ≤50
and >50 nmol/L)] was investigated [24]. Following this classification, maternal and neona-
tal VDR polymorphisms were assessed at birth to investigate the potential different effects
of different neonatal and maternal 25(OH)D cut-offs on neonatal birth anthropometry.

2.5. VDR Analysis

DNA was isolated from peripheral blood samples by a QIAamp DNA Blood Mini Kit
(Cat. no. 51304, QIAGEN), according to the manufacturer’s protocol. In order to determine
the genotypes of rs7975232 (ApaI), rs7731236 (TaqI), rs757343 (Tru9I), and rs1544410 (BsmI)
SNPs within the VDR gene, polymerase chain reaction (PCR) and restriction fragment
length polymorphism (RFLP) methods were performed as previously described [25]. The
real-time PCR (RT-PCR) method was used for determining genotypes of rs2228570 (FokI)
SNP by using the Simple Probe (LightSNiP, TibMolBiol, Berlin, Germany) and LightCy-
cler Fast Start DNA Master HybProbe Kit (Cat. no. 12239272001, Roche) with a LightCy-
cler 480 Instrument II (Roche). Melting curve analysis was performed for genotyping as
previously described [26].

Each SNP allele was named after as follows: for rs7731236 (TaqI), “t” represents C, “T”
represents T nucleotide; for rs7975232 (ApaI), “a” represents C, “A” represents A nucleotide;
for rs757343 (Tru9I), “u” represents A, “U” represents G nucleotide; for rs1544410 (BsmI),
“b” represents G, “B” represents A nucleotide, and for rs2228570 (FokI), “f” represents T,
and “F” represents C nucleotide.
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2.6. UVB Measurements

UVB radiation includes wavelengths from 280 to 320 nm. UVB data for the broad geo-
graphical region of Thessaloniki, Greece were collected at the Laboratory of Atmospheric
Physics, School of Physics, Aristotle University of Thessaloniki.

The daily integral of vitamin D effective UVB radiation (09:00 to 16:00 local time) was
used as the most representative parameter for UVB exposure. These hours were selected as
indicative, since they are related to the beginning and the end of the working period for
the majority of the Greek population. Individual sunlight exposure was recorded for each
participant during that period. Finally, mean UVB exposure during the previous 45 days
(daily integral) before blood sample collection (estimated mean half-life of vitamin D) was
calculated for each participant.

2.7. Statistical Analysis

Given that there was no comparison group, the distributions of genotypes of SNPs
within the maternal and neonatal VDR genes were given as frequency data. Mean birth
neonatal anthropometry data including height (cm), weight (g), head circ/ce (cm), neck
rump length (cm), chest circ/ce (cm), abdominal circ/ce (cm), abdominal circ/ce iliac
(cm), skin fold abdominal (cm), skin fold high anterior (cm), high thigh circ/ce (cm),
middle thigh circ/ce (cm), upper arm length (cm), lower arm radial circ/ce (cm), lower
leg calf circ/ce (cm), femur length (cm), and knee-heel length (cm) values of minor allele
carriers and homozygote major allele carriers in groups were compared with T-Tests. If
the Levene’s test for equality of variances is p > 0.05, then equal variances assumed Sig
(2-tailed) p values of T-Tests were given. If the Levene’s test for equality of variances is
p < 0.05, then the equal variances not assumed Sig (2-tailed) p values of T-Tests were given.
The data and p values adjusted for maternal and paternal height (cm), UVB radiation,
BMI pre-pregnancy (kg/m2), BMI terminal (kg/m2), and weeks of gestation by one-way
analysis of covariance (ANCOVA). Corrected effect size was calculated with Hedge’s g
(Hg) where 0.2 is suggested as a small effect size, 0.5 is the medium effect, and 0.8 is a larger
effect [27]. Post-hoc power analysis was performed for significant outcomes. All data were
presented as the means ± SD in the text and figure legends. The tests were performed in
groups by stratifying data for maternal or neonatal 25OHD level cutoff values. Statistical
analyses were performed by SPSS 24.0 software(IBM, Armonk, New York, NY, USA).

3. Results

Seventy mother–neonate pairs were included in the study. Given four neonates had
missing birth neonatal anthropometry data, they were excluded from related analysis. The
demographic and laboratory data of mothers and neonates are presented in Table 1. VDR
single nucleotide polymorphisms (SNPs) and the genotype distributions of mothers and
neonates are presented in Table 2.

289



Nutrients 2021, 13, 443

Table 1. Maternal and neonatal demographic and anthropometric characteristics.

Maternal

Number (n) 66
Age (years) 31.92 ± 6.08
Height (cm) 164.85 ± 5.47
Weight; pre-pregnancy (kg) 67.56 ± 14.54
Weight; term (kg) 85.43 ± 14.30
BMI; pre-pregnancy (kg/m2) 24.91 ± 4.81
BMI; term (kg/m2) 29.62 ± 5.80
Weeks of gestation (n) 38.80 ± 1.56
Smoking [n (%)] 10 (0.14)
Alcohol consumption [n (%)] 8 (0.11)
Previous live births [n (%)] 26 (0.37)
Daily Calcium Supplementation [n (%)] 37 (0.56)
Daily Calcium Supplementation (mg) 423.07 ± 319.07

Paternal height 177.85 ± 6.14

Neonatal

Number (n) 66
Gender; Males [n (%)] 38 (0.58)
Height (cm) 50.48 ± 1.96
Weight (g) 3292.12 ± 414.25
Head Circumference (cm) 34.40 ± 2.83
Neck rump length (cm) 17.66 ± 2.16
Chest Circumference (cm) 30.97 ± 1.97
Abdominal Circumference (cm) 28.11 ± 2.03
Abdominal Circumference iliac (cm) 25.94 ± 1.71
Skin fold; abdominal (cm) 2.95 ± 0.50
Upper Arm Circumference (cm) 9.74 ± 0.74
High thigh Circumference (cm) 15.41 ± 1.48
Middle thigh Circumference (cm) 13.36 ± 1.16
Upper Arm Length (cm) 13.65 ± 0.94
Lower Leg Calf Circumference (cm) 10.23 ± 0.83
Femur Length (cm) 9.94 ± 0.57
Knee-Heel Length (cm) 9.15 ± 0.62

Data are presented as mean ± standard deviation (SD) for continuous variables and frequencies [numbers (%)]
for categorical variables. Abbreviations: BMI, body mass index.

Table 2. Vitamin D receptor single nucleotide polymorphisms genotype distributions of mothers and neonates.

SNP APAI TAQI BSMI FOKI TRU9I

Genotype AA Aa aa TT Tt tt BB Bb bb FF Ff ff UU Uu uu

Maternal
(n:%)

29
(0.41)

33
(0.47)

8
(0.12)

25
(0.36)

33
(0.47)

12
(0.17)

26
(0.37)

21
(0.30)

23
(0.33)

32
(0.46)

32
(0.46)

6
(0.08)

41
(0.59)

26
(0.37)

3
(0.04)

Neonatal
(n:%)

23
(0.33)

39
(0.56)

8
(0.11)

27
(0.38)

32
(0.46)

11
(0.16)

19
(0.27)

27
(0.39)

24
(0.34)

34
(0.49)

31
(0.44)

5
(0.07)

46
(0.66)

22
(0.31)

2
(0.03)

3.1. Birth Neonatal Anthropometry (Neonatal Cut-Offs at Birth >50 nmol/L and <25 and
>25 nmol/L) according to Neonatal VDR Polymorphisms

Birth neonatal anthropometry was investigated in neonates whose 25(OH)D at birth
was <25 and >25 nmol/L, respectively, and compared according to neonatal VDR poly-
morphisms. After adjustments, the abdominal circumference (cm) of neonates who had
the TAQI SNP TT genotype and 25(OH)D < 25 nmol/L were significantly higher than
that of neonates who had Tt or tt genotypes (p = 0.038, Hg = 1.138) (Table 3), whereas for
neonates with 25(OH)D >25 nmol/L, no significant difference was observed in any birth
neonatal anthropometry (Table 4). There was no significant difference in any additional
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birth neonatal anthropometry parameter, which was investigated in neonates with 25(OH)
D > 50 nmol/L, according to neonatal VDR polymorphisms (Table 5).

3.2. Birth Neonatal Anthropometry (Maternal Cut-Offs at Birth <50 and >50 nmol/L) According
to Maternal VDR Polymorphisms

Birth neonatal anthropometry was investigated in neonates whose maternal 25(OH)D
at birth was <50 and >50 nmol/L, respectively, and compared according to maternal VDR
polymorphisms. After adjustments, weight, neck rump length, chest circumference, ab-
dominal circumference, abdominal circumference (iliac), high thigh circumference, middle
thigh circumference, lower arm radial circumference, and lower leg calf circumference
of neonates who had the TAQl SNP TT genotype and maternal 25(OH)D < 50 nmol/L
were significantly higher than that of neonates who had the Tt or tt genotypes (p = 0.001,
Hg = 1.341, p = 0.036, Hg = 0.976, p = 0.004, Hg = 1.381, p = 0.001, Hg = 1.554, p = 0.001,
Hg = 1.351, p = 0.028, Hg = 0.918, p = 0.008, Hg = 1.090, p = 0.002, Hg = 1.217, and p = 0.020,
Hg = 1.263; respectively), (Table 6). Skin fold high anterior was significantly lower in
neonates who had the BSMI SNP BB genotype, compared to that of neonates with Bb or bb
genotypes (p = 0.041, Hg = 0.950) (Table 6), whereas neck rump length was significantly
higher in neonates who had the FOKI SNP FF genotype compared to that of neonates who
had Ff or ff genotypes (p = 0.042, Hg = 1.228) (Table 6).

There was no significant difference in any additional birth neonatal anthropometry
parameter, which was investigated in neonates whose maternal 25(OH)D concentration
was >50 nmol/L when compared according to maternal VDR polymorphisms, except
neonatal height. The height of the neonates with UU was significantly higher than the ones
with Uu or uu (p = 0.032, Hg = 0.444) (Table 7).

3.3. Birth Neonatal Anthropometry (Maternal Cut-Off at Birth <75 nmol/L) According to
Neonatal VDR Polymorphisms

Birth neonatal anthropometry was also investigated in neonates whose maternal
25(OH)D was <75 nmol/L and compared according to neonatal VDR polymorphisms.
After adjustments, the lower arm radial circumference of neonates who had the APAl
SNP AA genotype was significantly lower than that of neonates who had Aa or aa
genotypes (p = 0.043, Hg = 0.966) (Table 8), whereas no other significant differences were
evident (Table 8).
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±
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0.

72
0.
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0.

82
0.
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±
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±
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±
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±
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±
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±

0.
4

14
.8

0
±

1.
0

13
.0

3
±

0.
9

13
.5

8
±

0.
7

8.
69

±
0.

5
9.

95
±

0.
7

9.
91

±
0.

7
9.

21
±

0.
5

(3
4.

50
±

0.
5)

*
(1

4.
97

±
0.

8)
*

(8
.5

6
±

0.
2)

*

A
a

+
aa

37
50

.3
9
±

1.
9

33
34

.0
5
±

39
7

33
.8

9
±

1.
1

17
.9

7
±

2.
0

31
.1

8
±

2.
0

28
.3

2
±

2.
1

26
.1

5
±

1.
6

3.
03

±
0.

6
3.

87
±

0.
4

15
.7

0
±

1.
8

13
.5

7
±

1.
2

13
.7

1
±

1.
1

9.
09

±
0.

6
10

.3
7
±

0.
8

9.
94

±
0.

5
9.

18
±

0.
5

(3
4.

00
±

0.
9)

*
(1

5.
64

±
1.

5)
*

(9
.0

5
±

0.
6)

*

p-
v

a
lu

e

0.
74

0.
47

0
.0

3
2

0.
24

0.
25

0.
27

0.
12

0.
12

0.
66

0
.0

2
9

0.
1

0.
67

0
.0

3
1

0.
06

7
0.

88
0.

81
ad

ju
st

ed
p

0.
24

*
0.

20
*

0.
04

3
*

Ef
fe

ct
si

ze
0.

96
6

†

P
ow

er
0.

99
φ

TAQl

TT
21

50
.5

4
±

1.
8

32
96

.6
6
±

40
5

34
.1

1
±

0.
8

17
.5

5
±

2.
1

31
.2

7
±

2.
0

28
.4

6
±

2.
3

28
.4

6
±

2.
3

3.
00

±
0.

7
3.

91
±

0.
3

15
.5

1
±

1.
5

13
.6

2
±

1.
3

13
.6

0
±

1.
3

9.
02

±
0.

6
10

.4
4
±

0.
7

9.
85

±
0.

4
9.

10
±

0.
5

Tt
+

tt
34

50
.3

9
±

1.
1

33
13

.5
2
±

40
0

34
.7

2
±

3.
7

17
.8

8
±

1.
9

30
.7

8
±

1.
8

27
.9

1
±

1.
5

27
.9

1
±

1.
5

2.
92

±
0.

3
3.

81
±

0.
5

15
.3

4
±

1.
3

1.
26

±
1.

0
13

.7
0
±

0.
7

8.
92

±
0.

6
10

.1
1
±

0.
8

9.
98

±
0.

6
9.

24
±

0.
3

p-
v

a
lu

e
0.

78
0.

88
0.

47
0.

56
0.

37
0.

3
0.

39
0.

56
0.

43
0.

66
0.

26
0.

72
0.

59
0.

14
0.

43
0.

33

BSMl

BB
16

50
.7

1
±

2.
2

32
75

.6
2
±

42
6

35
.9

3
±

5.
1

17
.2

6
±

2.
1

30
.5

3
±

1.
8

27
.6

2
±

1.
5

25
.3

8
±

1.
5

2.
82

±
0.

2
3.

83
±

0.
4

14
.8

0
±

1.
1

13
.0

1
±

0.
9

13
.6

8
±

0.
7

8.
71

±
0.

5
9.

94
±

0.
8

9.
94

±
0.

7
9.

25
±

0.
5

(1
5.

02
±

0.
9)

*

Bb
+

bb
39

50
.3

4
±

1.
8

33
20

.0
0
±

39
1

33
.8

9
±

1.
0

17
.9

5
±

1.
9

31
.1

5
±

1.
7

28
.3

3
±

2.
0

26
.1

4
±

1.
5

3.
01

±
0.

5
3.

35
±

0.
4

15
.6

5
±

1.
5

13
.5

5
±

1.
2

13
.6

6
±

1.
1

9.
06

±
0.

6
10

.3
5
±

0.
7

9.
92

±
0.

5
9.

16
±

0.
5

(1
5.

58
±

1.
5)

*

p-
v

a
lu

e
0.

53
0.

71
0.

13
0.

25
0.

29
0.

21
0.

11
0.

24
0.

89
0

.0
4

8
0.

11
0.

96
0.

07
4

0.
08

7
0.

93
0.

6
0.

25
*

296



Nutrients 2021, 13, 443

T
a

b
le

8
.

C
on

t.

SNP

Genotype

N

Height(cm)

Weight(g)

HeadCirc/ce
(cm)

NeckRump
Length(cm)

ChestCirc/ce
(cm)

Abdominal
Circ/ce(cm)

Abdominal
Circ/ceIliac(cm)

SkinFold
Abdominal(cm)

SkinFoldHigh
Anterior(cm)

HighThigh
Circ/ce(cm)

MiddleThigh
Circ/ce(cm)

UpperArm
Length(cm)

LowerArm
RadialCirc/ce(cm)

LowerLegCalf
Circ/ce(cm)

FemurLength
(cm)

Knee-Heel
Length(cm)

FOKI

FF
27

50
.3

8
±

2.
2

34
26

.6
6
±

45
9

34
.9

2
±

4.
1

18
.4

8
±

1.
6

31
.1

5
±

2.
0

28
.2

9
±

2.
2

26
.1

5
±

1.
8

3.
02

±
0.

6
3.

85
±

0.
4

15
.5

2
±

1.
5

13
.5

8
±

1.
2

13
.8

5
±

1.
2

9.
07

±
0.

7
10

.3
2
±

0.
9

9.
96

±
0.

5
9.

12
±

0.
5

(1
8.

52
±

1.
8)

*
(3

31
1.

42
±

47
9)

*

Ff
+

ff
28

50
.5

1
±

1.
7

31
91

.7
7
±

29
3

34
.0

7
±

0.
9

17
.0

5
±

2.
1

30
.7

9
±

1.
8

27
.9

6
±

1.
6

25
.6

9
±

1.
3

2.
88

±
0.

2
3.

85
±

0.
4

15
.2

9
±

1.
3

13
.2

1
±

1.
0

13
.4

8
±

0.
7

8.
86

±
0.

5
10

.1
5
±

0.
6

9.
90

±
0.

5
9.

25
±

0.
4

(3
25

0.
00

±
29

7)
*

(1
7.

04
±

2.
3)

*

p-
v

a
lu

e
0.

81
0

.0
3

0.
29

0
.0

0
8

0.
49

0.
52

0.
3

0.
31

0.
98

0.
56

0.
23

0.
17

0.
24

0.
46

0.
67

0.
35

0.
79

*
0.

14
*

TRU9l

U
U

35
50

.6
7
±

2.
1

33
25

.1
4
±

40
0

34
.6

5
±

3.
7

17
.9

5
±

1.
9

30
.9

5
±

1.
8

27
.9

6
±

1.
8

25
.9

8
±

1.
6

3.
04

±
0.

5
3.

88
±

0.
5

15
.3

5
±

1.
3

13
.3

3
±

1.
0

13
.7

6
±

1.
2

9.
00

±
0.

6
10

.2
5
±

0.
8

10
.0

2
±

0.
5

9.
28

±
0.

4

U
u

+
uu

20
50

.0
7
±

1.
8

32
75

.5
0
±

40
4

34
.2

0
±

0.
7

17
.4

9
±

2.
1

31
.0

0
±

2.
0

28
.4

1
±

2.
0

25
.8

1
±

1.
6

2.
80

±
0.

3
3.

80
±

0.
3

15
.5

1
±

1.
6

13
.5

2
±

1.
3

13
.5

0
±

0.
4

8.
90

±
0.

6
10

.2
1
±

0.
8

9.
77

±
0.

6
9.

03
±

0.
5

p-
v

a
lu

e
0.

29
0.

66
0.

59
0.

47
0.

92
0.

4
0.

7
0.

09
7

0.
54

0.
7

0.
56

0.
26

0.
58

0.
87

0.
12

0.
08

If
th

e
Le

ve
ne

’s
te

st
fo

r
eq

ua
lit

y
of

va
ri

an
ce

s
p

>
0.

05
th

en
Eq

ua
lv

ar
ia

nc
es

as
su

m
ed

Si
g

(2
-t

ai
le

d)
p

va
lu

es
of

T
-T

es
ts

w
er

e
gi

ve
n.

If
th

e
Le

ve
ne

’s
te

st
fo

r
eq

ua
lit

y
of

va
ri

an
ce

s
p

<
0.

05
th

en
eq

ua
lv

ar
ia

nc
es

no
ta

ss
um

ed
Si

g
(2

-t
ai

le
d)

p
va

lu
es

of
T

-T
es

ts
w

er
e

gi
ve

n.
*

Th
e

da
ta

an
d

p
va

lu
es

ad
ju

st
ed

fo
r

m
at

er
na

lh
ei

gh
t(

cm
),

BM
Ip

re
-p

re
gn

an
cy

(k
g/

m
2 ),

BM
It

er
m

in
al

(k
g/

m
2 ),

an
d

w
ee

ks
of

ge
st

at
io

n
by

on
e-

w
ay

an
al

ys
is

of
co

va
ri

an
ce

(A
N

C
O

V
A

).
†

C
or

re
ct

ed
ef

fe
ct

si
ze

w
as

ca
lc

u
la

te
d

w
it

h
H

ed
ge

’s
g

(H
g)

.
φ

P
os

t-
ho

c
po

w
er

an
al

ys
is

.
A

bb
re

vi
at

io
ns

:V
D

R
:

V
it

am
in

D
re

ce
pt

or
;2

5(
O

H
)D

:2
5-

hy
dr

ox
y-

vi
ta

m
in

D
.D

ig
it

s
in

bo
ld

re
fe

r
to

si
gn

ifi
ca

nt
ef

fe
ct

s.

297



Nutrients 2021, 13, 443

4. Discussion

This study aimed to evaluate the combined effects of maternal and neonatal VDR
polymorphisms (ApaI, TaqI, BsmI, FokI, Tru9I) and different maternal and neonatal 25(OH)
D cut-offs on neonatal birth anthropometry at birth including a population from a sunny
Mediterranean area in Northern Greece. Results from this maternal–neonatal pair cohort
indicate that: (i) the maternal TAQI VDR polymorphism significantly affects neonatal
birth anthropometry when maternal 25(OH)D concentrations are <50 nmol/L, but not
for a higher cut-off of >50 nmol/L, (ii) neonatal VDR polymorphisms combined with
neonatal 25(OH)D > 25 nmol/L have negligible effects on birth anthropometry, whereas
this combination exerts a minimal effect, in the presence of neonatal TAQI polymorphism
with neonatal 25(OH)D values < 25 nmol/L, and (iii) FOKI and BSMI maternal VDR
polymorphisms demonstrate minimal—out of a consistent pattern—effects on skin fold
and neck-rump length, which warrant further investigation in future studies with larger
samples from mothers and neonates.

These findings are the first to be reported on the combined effects of maternal and
neonatal VDR polymorphisms and respective 25(OH)D cut-offs on neonatal birth anthro-
pometry from this region. Moreover, these findings indicate that there are variable degrees
of VDR polymorphism functionality depending on maternal and neonatal 25(OH)D con-
centrations, which result in different anthropometric patterns at birth. In the daily clinical
setting, these findings also identify different ‘’safe” maternal 25(OH)D cut-offs (>50 nmol/L
for maternal and >25 nmol/L for neonatal vitamin D status), whose attainment practically
prevents genetic functional VDR influences on a given neonatal outcome. This is the first
mechanistic study of this kind, which combines both aspects of vitamin D physiology, fluc-
tuating concentrations of 25(OH) D, and common VDR polymorphisms with a discourse
on the specific neonatal outcome.

Although associations between VDR polymorphisms with a plethora of adverse
pregnancy outcomes such as preterm birth and SGA neonates [10–18] have been suggested,
evidence is still inconclusive, primarily due to the lack of a pathophysiological connection of
individual vitamin D status and functionality of VDR polymorphisms. The most commonly
investigated polymorphisms included were the BsmI (rs1544410), ApaI (rs7975232), FokI
(rs2228570), and TaqI (rs731236) polymorphisms, while TaqI and FokI consisted of a single
base change (A to G and G to A in exons 9 and 2, respectively), and BsmI and ApaI were
located in the last intron of the sequence and resulted from a single base change (G to A
and A to C, respectively). However, results in the field are highly inconsistent, mainly due
to the absence of incorporated standardized thresholds of vitamin D status in the initial
study design, which could enable a universal stratification of mothers and neonates. The
racial diversity of included populations might also contribute to the inconsistency of the
results, underlying the importance of regionally-derived data in the implementation of
national health policies [6,28,29].

We have previously highlighted the importance of population-specific genetic pro-
filing in understanding vitamin D deficiency among neonates and their mothers and the
protective effect of the maternal Fokl FF genotype against the development of neonatal
vitamin D deficiency [25(OH)D < 30 nmol/L] [13]. However, there was a lack of simultane-
ous assessment of both maternal and neonatal VDR polymorphisms in one snapshot, with
different 25(OH)D thresholds, oriented toward a detailed evaluation of birth anthropom-
etry as a method of crude estimation of neonatal adiposity [23], which could identify an
adverse metabolic offspring profile in later adult life [30].

We included a maternal cut-off of 50 mol/l, but not one of 75 nmol/L, since our
cohort did not include women with higher 25(OH)D concentrations, since none of them
was supplemented. On the other hand, we considered that including a maternal cut-off
of 25 nmol/L would be far from the widely adopted international recommendations for
maternal values during pregnancy [2,5,18]. Our goal was to explore vitamin D status and
VDR polymorphism interactions in the most common equilibrium pattern observed in
non-supplemented women from our region. We followed the same rationale for neonates
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by including lower cut-offs of 25(OH)D, based on previous observations on maternal–
neonatal vitamin D equilibrium at birth [3,4]. Future studies with higher maternal and
neonatal cut-offs could be useful in exploring the broader spectrum of maternal–neonatal
interactions in this setting.

Mechanistic pathways between VDR expression and offspring outcomes remain
largely unclear. Apart from its classical intracellular pathways, which allows the ligand-
bound VDR to form heterodimers with nuclear retinoid X receptor (RXR) and recruit
co-factors to modulate gene transcription [31], vitamin D can also exert rapid non-genomic
effects, probably via VDR located within the plasma membrane [32,33]. However, the
functional effects of VDR and its allelic variants on birth anthropometry have not been
elucidated, until recently.

Interestingly, we observed that maternal and neonatal TaqI polymorphism is a sig-
nificant modulator of neonatal birth anthropometry when maternal and neonatal values
are in a range of <50 nmol/L and <25 nmol/L, respectively. Results about the effect of
VDR polymorphisms including the TaqI polymorphism on neonatal birth anthropometry
are currently inconclusive: Swamy and colleagues [16] prospectively evaluated the effect
of 38 VDR polymorphisms on several birth outcomes on 615 pregnant women including
birth weight. A total of eight out of 38 SNPs examined significantly affected birth weight
in black but not in white women, indicating a biologically plausible association that could
depend on ethnicity, providing a partial explanation for the observed racial disparity in
several pregnancy outcomes.

In a previous study including participants of Caucasian origin, boys with the BB
genotype were shorter at birth and grew less from birth to the age of 16.9 than their Bb and
bb counterparts. A prediction model including parental height, birth height, birth weight,
and VDR alleles could predict up to 39% of the total variation in adult height [34]. Similarly,
in a maternal–neonatal cohort from Australia [14], neonates of vitamin D deficient mothers
had lower birth weight with FF or Ff, but not ff genotype, whereas thicker subscapular and
suprailiac skinfolds with ff, but not the FF or Ff genotype. Placental genetic variations in
vitamin D metabolism through investigation of five vitamin D metabolism genes (CUBN,
LRP2, VDR, GC, and CYP2R1) was also associated through a sex-specific pattern with
birthweight, but not with other neonatal outcomes [17]. In our study, although BSMI
SNP BB and FOKI SNP FF genotypes were associated with anterior skin fold and neck
rump length and a maternal 25(OH)D cut-off <50 nmol/L, we considered that these
findings did not establish a solid biological effect that could identify a genetic variation
pattern, as evident for TaqI, where a plethora of birth anthropometry parameters were
uniformly affected.

Regarding the effect of TaqI polymorphism on neonatal anthropometry, Barchitta et al. [18]
reported that birth weight increased with an increasing number of mutated alleles, con-
cluding that a beneficial effect of TaqI polymorphism in this regard could not be ruled out.
However, these results should be interpreted with caution due to the high heterogeneity in
design and outcomes, sample size, ethnicity, geographical diversity, sun exposure, dietary
calcium and vitamin D intake, and maternal habits [35–37]. This study has certain limita-
tions. First, the sample size was small and not powered to detect additional differences
in other maternal-neonatal cut-offs, but it was sufficiently powered to show significant
differences regarding the main aim of the study. Second, the cross-sectional design of
the study could not prove a causal relationship. Third, all women were Caucasian, so
our results cannot be safely generalized to other ethnicities, known to differ at least in
the frequency of VDR polymorphisms, indicating that further similar studies from other
regions could be useful, in order to elucidate the full extent of the ethnic VDR variation
effect in neonatal outcomes. Finally, gender influences on anthropometric parameters in
association with specific VDR polymorphisms have not been assessed due to the limited
number of neonates included in the study. Therefore, the hypothesis of a gender-specific
effect requires future investigation in studies with larger samples.
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In conclusion, these results indicate that maternal TAQI VDR polymorphism signif-
icantly affects neonatal birth anthropometry, when maternal 25(OH) concentrations are
<50 nmol/L, but not for a higher cut-off of >50 nmol/L, whereas this effect is minimally
evident in the presence of neonatal TAQI polymorphism with neonatal 25(OH)D values
<25 nmol/L.

No other effects of VDR common polymorphisms were evident using specific maternal
and neonatal cut-offs. The implications of these findings could be incorporated in daily
clinical practice by targeting a maternal 25(OH)D cut-off >50 nmol/L, which could be
protective against any potential effect of genetic VDR polymorphism variances on neonatal
birth anthropometry.
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Fakhoury, H.; et al. Vitamin D receptor Fokl polymorphism is a determinant of both maternal and neonatal vitamin D concentra-
tions at birth. J. Steroid Biochem. Mol. Biol. 2020, 199, 105568. [CrossRef]

14. Morley, R.; Carlin, J.B.; Pasco, J.A.; Wark, J.D.; Ponsonby, A.L. Maternal 25-hydroxyvitamin D concentration and offspring birth
size: Effect modification by infant VDR genotype. Eur. J. Clin. Nutr. 2009, 63, 802–804. [CrossRef] [PubMed]

15. Bodnar, L.M.; Catov, J.M.; Zmuda, J.M.; Cooper, M.E.; Parrott, M.S.; Roberts, J.M.; Marazita, M.L.; Simhan, H.N. Maternal serum
25-hydroxyvitamin D concentrations are associated with small-for-gestational age births in white women. J. Nutr. 2010, 140,
999–1006. [CrossRef]

16. Swamy, G.K.; Garrett, M.E.; Miranda, M.L.; Ashley-Koch, A.E. Maternal vitamin D receptor genetic variation contributes to infant
birthweight among black mothers. Am. J. Med. Genet. A 2011, 155A, 1264–1271. [CrossRef]

17. Workalemahu, T.; Badon, S.E.; Dishi-Galitzky, M.; Qiu, C.; Williams, M.A.; Sorensen, T.; Enquobahrie, A.D. Placental genetic
variations in vitamin D metabolism and birthweight. Placenta 2017, 50, 78–83. [CrossRef]

18. Barchitta, M.; Maugeri, A.; la Rosa, M.C.; Lio, R.M.S.; Favara, G.; Panella, M.; Cianci, A.; Agodi, A. Single Nucleotide Polymor-
phisms in Vitamin D Receptor Gene Affect Birth Weight and the Risk of Preterm Birth: Results From the “Mamma & Bambino”
Cohort and A Meta-Analysis. Nutrients 2018, 10, 1172.

19. Chun, S.K.; Shin, S.; Kim, M.Y.; Joung, H.; Chung, J. Effects of maternal genetic polymorphisms in vitamin D-binding protein and
serum 25-hydroxyvitamin D concentration on infant birth weight. Nutrition 2017, 35, 36–42. [CrossRef]

20. McGrath, J.J.; Keeping, D.; Saha, S.; Chant, D.C.; Lieberman, D.E.; O’Callaghan, M.J. Seasonal fluctuations in birth weight and
neonatal limb length; does prenatal vitamin D influence neonatal size and shape? Early Hum. Dev. 2005, 81, 609–618. [CrossRef]

21. Shah, I.; James, R.; Barker, J.; Petroczi, A.; Naughton, D.P. Misleading measures in Vitamin D analysis: A novel LC-MS/MS assay
to account for epimers and isobars. Nutr. J. 2011, 10, 46. [CrossRef] [PubMed]

22. Shah, I.; Petroczi, A.; Naughton, D.P. Method for simultaneous analysis of eight analogues of vitamin D using liquid chromatog-
raphy tandem mass spectrometry. Chem. Central. J. 2012, 6, 112. [CrossRef] [PubMed]

23. Keeping, J.D. Determinants and Components of Size at Birth. Ph.D. Thesis, University of Aberdeen, Scotland, UK, 1981.
24. Ross, A.C.; Taylor, C.L.; Yaktine, A.L.; del Valle, H.B. (Eds.) Dietary Reference Intakes for Calcium and Vitamin D.; The National

Academies Press: Washington, DC, USA, 2011; p. 98.
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Abstract: African Americans have higher incidence of, and mortality from, many health-related
problems than European Americans. They also have a 15 to 20-fold higher prevalence of severe
vitamin D deficiency. Here we summarize evidence that: (i) this health disparity is partly due to
insufficient vitamin D production, caused by melanin in the skin blocking the UVB solar radiation
necessary for its synthesis; (ii) the vitamin D insufficiency is exacerbated at high latitudes because of
the combination of dark skin color with lower UVB radiation levels; and (iii) the health of individuals
with dark skin can be markedly improved by correcting deficiency and achieving an optimal vitamin
D status, as could be obtained by supplementation and/or fortification. Moderate-to-strong evidence
exists that high 25-hydroxyvitamin D levels and/or vitamin D supplementation reduces risk for
many adverse health outcomes including all-cause mortality rate, adverse pregnancy and birth
outcomes, cancer, diabetes mellitus, Alzheimer’s disease and dementia, multiple sclerosis, acute
respiratory tract infections, COVID-19, asthma exacerbations, rickets, and osteomalacia. We suggest
that people with low vitamin D status, which would include most people with dark skin living at
high latitudes, along with their health care provider, consider taking vitamin D3 supplements to raise
serum 25-hydroxyvitamin D levels to 30 ng/mL (75 nmol/L) or possibly higher.

Keywords: African American; Hispanic; European American; blacks; whites; health disparities;
vitamin D; 25-hydroxyvitamin D; UVB

1. Introduction

The vitamin D hormone controls the activity of thousands of protein-encoding human
genes [1]. Therefore, optimum levels are likely to be important for health. Synthesis
of vitamin D in human skin depends on solar UVB radiation, whose levels are low at
high latitudes, as in the United States and Europe, and highest at equatorial latitudes [2].
High concentration of melanin, the brown-black pigment in skin, is appropriate for the
high UV radiation dose regions such as in the tropical plains as it absorbs UVB radiation
absorption, thereby reducing production of free radicals and destruction of folate, but
permitting adequate vitamin D production [3]. At higher latitudes, where the UVB ra-
diation dose is lower [2], the rate of synthesis of vitamin D correspondingly decreases,
potentially disrupting many metabolic functions that depend on that vitamin and leading
to poorer health.

Here we discuss various aspects of such latitude–skin color mismatch and health
disparities. By latitude–skin color mismatch, we mean that skin pigmentation is not
appropriate for the solar UV doses at various latitudes, either too dark as for African
Americans (defined as people living in the United States with some African ancestry) to
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efficiently produce vitamin D, or too light to protect against the harmful effects of UV
radiation as for people living close to the equator, such as those with Anglo-Celtic ancestry
in Australia. (Note that people of African descent have dark melanin, called eumelanin,
while Anglo-Celtics have yellow-to-reddish melanin called pheomelanin.) This mismatch
is particularly impactful in African Americans, whose dark skin is well adapted to the
high UVB levels at low equatorial latitudes [3]. However, as a legacy of slavery and
more recent migration, African Americans now reside at higher latitudes than in their
ancestral environments. That geographic shift is largely responsible for a high prevalence
of vitamin D deficiency (serum 25-hydroxyvitamin D (25(OH)D) levels < 20 ng/mL) in
African Americans [4,5] independent of diet and other factors [6]. This high prevalence of
deficiency potentially contributes to many health disparities. Because vitamin D deficiency
can be easily remedied by supplementation or, to a lesser extent, fortification of food, the
health implications of this deficiency are important to understand.

Many factors adversely affect the health of African Americans, including high rates of
poverty [7], poor housing and residential environments [8], and lack of access to affordable
health care. Living in racially segregated, poor neighborhoods also exposes residents to
risk of crime [9], thereby limiting time spent outdoors, as well as reducing access to well-
stocked grocery stores and pharmacies. Limited educational opportunities frequently result
in having jobs with high social interaction and thus greater risk of COVID-19. The high
incarceration rate of African American males has resulted in many children being raised by
single mothers. While these factors play important roles in racial health disparities and
require sustained efforts to correct at individual and societal levels, vitamin D deficiency
can be corrected rapidly and inexpensively. In this review we examine the potential health
benefits of addressing this deficiency.

This narrative review considers the potential health effects of inadequate vitamin D
in humans. Although the motivation for this review is the high prevalence of vitamin D
deficiency in African Americans, we draw on the literature from all populations because
our underlying biology is similar across all racial groups, even though the prevalence of
exposures, here serum levels of 25(OH)D, can differ greatly. Thus, the findings have impli-
cations for other groups with darker skin and low 25(OH)D levels, such as US immigrants
from Mexico and South Asia, and for European Americans with limited sun exposure. (The
term European Americans is used to represent white, non-Hispanic Americans.)

When they are available, we cite meta-analyses or pooled primary data from multiple
studies. Because ideal randomized trials are often difficult or impossible to conduct,
conclusions regarding causality will usually need to be based on the weight of evidence
from multiple types of study [10]. The strengths and limitations of the various approaches
to determine relationships between vitamin D and health outcomes are presented in the
Appendix A. Ideally, vitamin D’s health effects in populations with dark skin would be
evaluated directly in such groups, but in most studies the number of such participants has
been too small to evaluate separately. Nevertheless, we highlight studies of subgroups
of African Americans and Hispanics (17% of the U.S. population) when available. We
also pay special attention to subgroups with low baseline serum levels of vitamin D in
randomized trials as this where an effect of supplementation may be expected to be seen;
failure to do this may lead to misleading negative conclusions. In some randomized
trials comparing vitamin D supplements with a placebo, those with low serum levels of
25(OH)D are excluded for ethical reasons and/or are treated, again potentially leading to
misleading conclusions.

2. Current Status of Knowledge

2.1. Vitamin D: Synthesis and Metabolism

Vitamin D3 is synthesized in human skin by the UVB-dependent conversion of
7-dehydrocholesterol to vitamin D3 (herein referred to as vitamin D when used as a sup-
plement). Vitamin D3 is then converted to 25(OH)D3, a precursor of the crucial vitamin
D steroid hormone, 1,25-dihydroxyvitamin D3, or calcitriol, in a reaction requiring mag-
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nesium [11,12], which is widely deficient in the American diet [13]. Calcitriol binds to a
specific binding protein, the vitamin D receptor (VDR). The resulting complex interacts
with human DNA regulatory sequences known as vitamin D response elements (VDREs;
15 bases long), which reportedly vary in number between a few thousand to ten thou-
sand [14,15]. VDREs respond specifically to calcitriol by activating or inactivating their
adjacent genes [16–18]; this response may vary depending on the location of the VDRE
and level of 25(OH)D [15]. The unusually large number of calcitriol-responsive DNA sites
strongly suggests that sufficiently high 25(OH)D levels, which may vary by outcome are
necessary for optimal health and longevity [16,19].

2.2. Evolution of Skin Pigmentation

Skin pigmentation is an evolutionary response to the intense solar UVB at low lati-
tudes, where early humans evolved. Dark skin, through the presence of abundant melanin,
protected humans living in Africa, southern India, and other parts of Asia against strong
UVB, which causes severe sunburn, damages DNA, and destroys skin folate [3,20–22].
According to a widely accepted hypothesis, people in ancient times moved from low to
higher latitudes, and skin pigment evolved (by several mutations) to be lighter, depending
on distance from the equator, permitting more efficient production of vitamin D [3,23–26].
Others have suggested that lighter skin resulted from the acquisition of genetic variants
from populations that immigrated into northern Europe, but this is still compatible with
production of vitamin D being the initial selective factor for these variants [27]. (These
authors also hypothesize that variations in genes encoding for proteins responsible for
the transport, metabolism and signaling of vitamin D provide alternative mechanisms of
adaptation to a life in northern latitudes without suffering the consequences of vitamin
D deficiency. However, such mechanisms and loss of melanin are not mutually exclusive,
and in either case they would leave people of African descent now living in northern
latitudes at risk of vitamin D deficiency.) The importance of solar exposure is illustrated by
findings that Africans with dark skin living at low latitudes have levels of 25(OH)D of 29
to 46 ng/mL [28–30], that are substantially higher than those of African Americans (mean
25(OH)D ~16 ng/mL) [31]. These differences, and the similarity in levels of 25(OH)D
in European Americans and Africans living in Africa, are shown in Figure 1 [32]. Thus,
darker skin pigmentation in Africans living in Africa appears to allow adequate vitamin
D synthesis while protecting against sunburn and other damage. Direct genetic evidence
that melanin reduces synthesis of vitamin D is provided by findings that Nigerians with al-
binism have significantly higher 25(OH)D levels than those with normal pigmentation [33].
The interaction between skin melanin and sunlight was further illustrated in a study of
pregnant women in the southeastern US; the ratios of winter-to-summer prevalence of
vitamin D insufficiency were 3.58 (95% CI 1.64 to 7.81) for European-American, 1.52 (95% CI
1.18 to 1.95) for Hispanic, and 1.14 (95% CI 0.99 to 1.30) for African-American women [34].

In contrast to the slow migration in ancient times, in more recent times there was rapid
movement of equatorial Africans to various regions, such as North America, due to slave
transport. When the destination is at higher northern latitudes than that of the ancestral
country of origin, a mismatch between skin color and UV radiation occurs and lower
UVB penetration of the skin to the layer with 7-dehydrocholesterol results in deficient
endogenous vitamin D production. The consequent health problems can take years to
manifest and thus are both subtle and insidious. A reverse mismatch occurs when light-
skinned individuals move to low latitudes (e.g., an Irish person moving to Australia),
resulting in increased risk for severe sunburn (and later, high rates of skin cancer). The
reverse mismatch is recognized quickly and can be mitigated by using hats and sunscreen.

305



Nutrients 2021, 13, 499

 
Figure 1. Average serum 25(OH)D levels (nmol/L) in men and women of African Ancestry ages 25 to 45 years living in four
sites [32], and European Americans. The latitudes of the cities are given below the names of the cities. Note: Divide by 2.5
to convert nmol/L to ng/mL.

2.3. Prevalence of 25(OH)D Deficiency by Race/ethnicity Group

According to data from National Health and Nutrition Examination Survey (NHANES)
2001–2010, the prevalence of vitamin D deficiency (25(OH)D < 20 ng/mL) among those not
taking vitamin D supplements was 75% for non-Hispanic blacks, 44% for Hispanics, and
20% for non-Hispanic whites (Figure 2), whereas severe deficiency (<10 ng/mL) was 17%
in non-Hispanic blacks and only 1% in non-Hispanic whites [35]. Although definitions
vary [36], there is consensus that levels below 10 ng/mL are a serious concern. A high
prevalence of low 25(OH)D levels has also been documented in many other parts of the
world [37–41].

2.4. Vitamin D and Health Outcomes

Most epidemiologic studies of vitamin D and health outcomes have used plasma or
serum levels of 25(OH)D to measure vitamin D status. That approach has the advantage
of integrating intake, solar exposure, skin color, and genetic factors. A single measure
of 25(OH)D serves as a good measure of long-term status for an individual; however,
the within-person correlation between 25(OH)D levels decreases as follow-up time in-
creases [42]. Downstream metabolites of 25(OH)D are too variable over time to serve as
a stable indicator of vitamin D status [43]. Other indicators of vitamin D status, such as
parathyroid hormone, may improve our assessment [44], but have not yet been widely
used in epidemiologic studies. Some studies have used vitamin D intake calculated from
food intake, with or without supplements.
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Figure 2. Prevalence of serum 25(OH)D levels in National Health and Nutrition Examination
Survey (NHANES) survey, 2001–2010, by race/ethnicity category among nonusers of vitamin D
supplements [35]. Additional calculations courtesy of X. Liu. Note: Divide by 2.5 to convert nmol/L
to ng/mL.

2.5. Skeletal Health

Adequate vitamin D has long been recognized as essential for bone health, and the
2011 Institute of Medicine (IOM) review of vitamin D requirements concluded that rickets
and osteomalacia were the only established consequences of low vitamin D status [36].
Thus, the relation to osteomalacia served to set recommendations for vitamin D intake: the
estimated average requirement (EAR—at which half the population is deficient and half is
not) for serum 25(OH)D was set at 16 ng/mL. On this basis also, levels below 12 ng/mL
were considered deficient, 12 to 20 ng/mL were considered “at risk of inadequacy”, and
levels above 20 ng/mL were considered sufficient for 97% of the population. Other groups
have defined deficiency as levels below 30 ng/mL [45]. Since 2011, much additional
evidence has supported the important effects of vitamin D beyond bone health, and the
relation between serum levels of 25(OH)D and these health outcomes cannot be assumed
to be the same as that with osteomalacia.

Serum levels of 25(OH)D are positively associated with bone mineral density in both
European Americans and African Americans [46], but Africans and African Americans
have long been known to have higher bone mineral density (BMD) [47] and lower risk
of fragility fractures than Europeans [48]. Possible mechanisms may be that African
Americans have higher calcium retention, lower calcium excretion, and greater bone
resistance to parathyroid hormone than European Americans [47,49,50]. The reason why
populations migrating from Africa to higher latitudes evolved to have weaker bones is
unclear, but in the context of low UV radiation a trade-off for reductions in pelvic deformity
and obstructed labor has been suggested [51]. Whatever the mechanisms, the greater
bone strength of African Americans, and the assumption that the only consequence of low
25(OH)D levels is poor bone health, seems to have led many to believe that the low serum
levels 25(OH)D in African Americans are not a concern. Notably, the 2011 IOM review
of vitamin D did not emphasize the high prevalence of vitamin D deficiency in African
Americans, even by their strictest definition of less than 12 ng/mL, and concluded that
“requirements are being met by most if not all persons in both countries [US and Canada]”.
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A finding of low levels of vitamin D-binding protein (VDBP) in African Americans,
and thus presumably higher biologically active vitamin D, has been suggested as an
explanation for healthy bone mass in African Americans despite low 25(OH(D level [52].
However, the report of low VDBP levels was subsequently shown to be an artifact of the
monoclonal antibody assay used in that study; when measured by a polyclonal method or
proteomic assay, levels of VDBP were similar in African- and European Americans [53].
This, and findings of much higher 25(OH)D levels in Africans living traditional lifestyles in
equatorial regions, support the conclusion that the low levels of African Americans are not
“natural” but due to environmental factors, primarily inadequate sun exposure.

2.6. Pregnancy and Early Development

Pregnant African-American women have higher risk of many pregnancy-related
complications than European American or Hispanic women (Table 1).

Table 1. Pregnancy and birth outcomes as a function of ethnicity.

Outcome
Ethnicity (%) Ratio

Ref.
Black Hispanic White Black/White Hispanic/White

Cesarean delivery 35.9 31.7 30.9 1.17 1.03 [54]
In-hospital mother death rate 0.21 0.05 0.05 4.23 0.98 [55]

Preeclampsia, 9.8 7.7 6.7 1.50 1.10 [56]
Low birth weight 13.7 7.3 7.0 2.00 1.04 [54]

Preterm birth 13.9 9.6 9.1 1.50 1.06 [54]
Small for gestational age 10.8 6.5 5.7 1.91 1.14 [57]

Pregnant women with darker skin color have lower 25(OH)D levels than women with
lighter skin [34,58–60]. Indirect support for a role of vitamin D in development is provided
by the finding that during pregnancy, maternal serum levels of 1,25(OH)2D increase by
75% and those of 25(OH)D by about 30% [61]. The placenta plays a major role regarding
these increases [62]. Further, when 1,25(OH)2D stimulates the vitamin D receptors, it can
affect the expression of hundreds to thousands of genes [1,15], and fetal development is
guided by gene expression.

1. Preeclampsia. In a meta-analysis of data from 27 randomized controlled trials (RCTs)
including 4777 participants, vitamin D treatment reduced risk of preeclampsia by 63%
(OR = 0.37 (95% CI, 0.26 to 0.52)) [63]. Results were similar with respect to beginning
of supplementation, supplementation until delivery, whether or not calcium was also
supplemented, and whether the trial was blinded. Increased vitamin D dosage up to
7000 IU/d was associated with reduced risk of preeclampsia.

2. Low birth weight and small for gestational age. In a meta-analysis of 24 RCTs
involving 5405 participants, vitamin D supplementation (800 to 7000 IU/day) during
pregnancy reduced risk of offspring being small for gestational age by 28% (Risk
ratio = 0.72 (95% CI, 0.52 to 0.99, p = 0.04)) [64]. In an observational study conducted
in Cincinnati involving 276 black infants and 162 white infants, cord blood vitamin
D deficiency was associated with being small for gestational age for black infants
(OR = 2.4 (95% CI, 1.0 to 5.8, p = 0.04)) but not white infants (OR = 1.1 (95% CI, 0.3
to 3.9, p = 0.86)) [65]. Vitamin D deficiency was associated with increased risk of
preeclampsia among both black and white women: for blacks, OR = 2.3 (95% CI, 1.0
to 5.4, p = 0.04) and for whites, OR = 4.1 (95% CI = 1.0, 16.1, p = 0.05),

3. Preterm birth. In a meta-analysis of 18 observational studies, maternal 25(OH)D level
<20 ng/mL versus >20 ng/mL was associated with a pooled OR = 1.25 (95%CI: 1.13 to
1.38) of preterm delivery [66]. In five studies, this was also the case for spontaneous
preterm delivery; for 25(OH)D < 20 ng/mL vs. >20 ng/mL pooled OR = 1.45 (95%
CI, 1.20 to 1.75). In a meta-analysis of six RCTs, involving 1880 participants with
a total of 77 preterm births, vitamin D supplementation reduced preterm delivery

308



Nutrients 2021, 13, 499

by 43%; the pooled relative risk was 0.57 (95%CI: 0.36 to 0.91)) [66]. The vitamin D
dose varied from 400 IU/d to 4000 IU/d. An open-label vitamin D supplementation
study involving 1064 pregnant women including African-American and Hispanic
and European-American women was conducted in South Carolina [67]. Women were
counseled during their first prenatal visit on how to achieve >40 ng/mL 25(OH)D
and given free bottles of 5000 IU vitamin D3. In the fully-adjusted model, achieving
>40 ng/mL vs. <20 ng/mL resulted in an OR for preterm delivery of 0.41 (95% CI,
0.24 to 0.72). Significantly lower risks of preterm birth were seen for both white and
non-white women.

4. Neurologic development. In 2008, vitamin D deficiency during pregnancy was
hypothesized to be a risk factor for autism [68]. In a meta-analysis of 25 observational
studies, higher vs. lower serum levels of 25(OH)D during pregnancy or in newborn
blood at birth were associated with a 28% lower risk of attention deficit–hyperactivity
disorder in the offspring [pooled relative risk = 0.72 (95% CI = 0.59 go 0.89, p = 0.002)]
and a 58% lower risk of autism-related traits (pooled relative risk = 0.42 (95% CI = 0.25
to 0.71, p = 0.001)) [69]. Vitamin D supplementation during pregnancy has reduced
risk of abnormal neurologic development, and administration of 4000 IU/d during
pregnancy caused no adverse effects in a trial conducted in South Carolina [61,70].

5. Cesarean delivery. In an observational study in Boston involving 253 women of whom
43 had a cesarean delivery, women with serum 25(OH)D levels lower than 15 ng/mL
at time of delivery had 3.8 times the rate of primary cesarean delivery as compared to
women with higher levels [71].

6. The overall evidence strongly supports the harmful nature of vitamin D deficiency
among pregnant women for both pregnancy-related outcomes and for fetal develop-
ment. Further, vitamin D supplementation has reduced the risk of pregnancy-related
complications, particularly for women with severe deficiency [72].

2.7. Cancer

For many cancers, African Americans have higher incidence and mortality rates
than European Americans; disparities exist for cancers of the bladder, breast, colon, en-
dometrium, lung, ovary, pancreas, prostate, rectum, testes, and vagina, and for Hodgkin’s
lymphoma [73,74] (Table 2). Higher incidence and lower survival both contribute to some
of those differences; for 2008–2012, African American males had a 12% higher overall
cancer incidence and a 27% higher mortality rate than white men, whereas African Amer-
ican females had a 4% lower incidence rate but a 14% higher mortality rate than white
women [74]. In many of the analyses, these differences in cancer rates were adjusted for
a variety of potential confounding variables. Smoking, a major cause of cancer, does not
account for the disparities because smoking rates for African Americans and European
Americans are similar [74].

In single-country geographical ecological studies, solar UVB doses are inversely as-
sociated with mortality rates for many cancers among white people [75], and within the
U.S. similar inverse associations are seen among both European Americans and African
Americans [76–78]. Variables related to socioeconomic status can be hard to account for
completely, especially in ecological studies. However, among male health professionals
with similar education and occupation, African Americans with few risk factors for hypovi-
taminosis D had risks of cancer similar to those of white men; in contrast, African-American
men with several risk factors for hypovitaminosis D had a 57% higher total cancer incidence
and 127% higher cancer mortality rate [79]. Risk factors for hypovitaminosis D in this
population included living in a region with low solar UVB doses, not spending much recre-
ational time out of doors, and not taking vitamin D supplements. The excess risks were
greater for digestive-tract cancers. The mechanisms by which vitamin D may reduce risk
of cancer incidence and death include effects on cellular differentiation, proliferation, and
apoptosis; anti-angiogenesis; and anti-metastasis [80], as well as anti-inflammatory [80,81]
and immune-enhancing [82] mechanisms.
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Table 2. Incidence and mortality rates for select cancers in the U.S. for males and females, 2008–2012 [74].

Sex and Cancer Type
Incidence * Mortality **

Black White Black/White Ratio Black White Black/White Ratio

Male

Prostate 208.7 123.0 1.70 47.2 19.9 2.38
Lung 93.4 79.3 1.18 74.9 62.2 1.20

Colorectal 60.3 47.4 1.27 27.6 18.2 1.52
Kidney 24.2 21.8 1.11 5.7 5.9 0.97
Liver 16.5 9.3 1.77 12.8 7.6 1.69

Stomach 15.1 7.8 1.93 9.4 3.6 2.58

Female

Breast 124.3 128.1 0.97 31.0 21.9 1.42
Lung 51.4 58.7 0.87 36.7 41.4 0.89

Colorectal 44.1 36.2 1.22 18.2 12.9 1.41
Kidney 13.0 11.3 1.15 2.6 2.3 1.13

Stomach 8.0 4.3 2.30 4.5 1.8 2.48
Liver 4.8 3.2 1.52 4.4 3.1 1.43

* Age-adjusted cases/100,000/yr; ** Age-adjusted deaths/100,000/yr.

Colorectal cancer. Among various malignancies, low vitamin D status has been most
consistently associated with colorectal cancer. In ecological analyses within the United
States, colorectal cancer (CRC) mortality among European Americans has been lowest in
southwestern states and highest in northeastern states, and lowest in the southern states
and highest in the northern states for African Americans (data missing for many states)
consistent with the pattern of solar UVB doses in summer [77,78,83]. In an analysis of race
and 25(OHD) levels in relation to risk of death due to colorectal cancer [84], a significant
two-fold increase in risk was seen among both non-Hispanic white and non-Hispanic
black participants when comparing those with 25(OHD) levels less than 20 ng/mL to those
with higher levels. Further, adjustment for vitamin levels accounted for almost half of the
excess risk of colorectal cancer seen for black compared with white participants. In a recent
systematic review and meta-analysis of 11 observational studies involving 7718 patients
with CRC, overall survival was 32% greater when comparing high with low levels of
25(OH)D [85]. Thus, substantial evidence suggests a benefit for vitamin D in reducing CRC
incidence and mortality.

Bladder and kidney cancers. In a meta-analysis of four prospective studies and one
case–control study [86], the risk of urinary bladder cancer was 32% higher when comparing
low versus high 25(OH)D level (risk ratio = 1.32 (95% confidence interval (CI), 1.15 to 1.89)).
In a meta-analysis of two prospective cohort studies and seven nested case-control studies
involving 130,609 participants who developed 1815 cases of kidney cancer, the highest
25(OH)D levels were associated with a significant 21% lower incidence (OR = 0.79, (95%
CI, 0.69 to 0.91)) of kidney cancer [87].

Prostate cancer. In contrast to other cancers, higher 25(OH)D levels have been associ-
ated with a modestly higher risk of prostate cancer in prospective studies. A meta-analysis
of 19 prospective cohort or nested case-control studies with a total of 35,583 participants
and 12,786 prostate cancer cases found that higher 25(OH)D level was associated with
increased prostate cancer relative risk = 1.15 (95% CI 1.02 to 1.06) [88]. On the other hand,
a meta-analysis of six cohorts of 7648 patients with prostate cancer, for prostate cancer-
specific mortality the hazard ratio for high vs. low 25(OH)D was 0.91 (95% CI: 0.88–0.95)
for prediagnosis studies and 0.84 (95% CI: 0.58–1.21) for postdiagnosis serum levels [89]. In
a case–control study, African-American men with a higher intake of vitamin D had a lower
risk of total and aggressive prostate cancer; these associations were not seen in European
men [90].

Breast cancer. In a meta-analysis of cohort studies, women with higher versus lower
baseline serum levels of 25(OH)D had a barely significant 8% lower incidence of breast
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cancer [91]; the inverse association was limited to premenopausal women. However, in a
pooled analysis of cohort studies with 10,353 cases of breast cancer, standardized serum
levels of 25(OH)D were not associated with risk of breast cancer overall or by menopausal
status. There was also no statistically significant difference by race (P for heterogeneity
= 0.90). For the same increment in 25(OH)D levels, the RR was 0.98 (CI, 0.95 to 1.02) in
whites (9,579 cases); 1.28 (CI, 0.99 to 1.65) in blacks (290 cases); and 1.13 (CI, 0.76 to 1.68) in
Asians (275 cases) [92]. In a cohort of 59,000 African-American women, predicted serum
25(OH)D levels (based on sun exposure, dietary intake, adiposity, and other variables)
were inversely associated with risk of breast cancer (1454 cases): risk was 23% higher for
the lowest versus the highest quintile [93]. In a recent case–control study among black
women, daylight hours spent outdoors per year was inversely associated with lower risk
of breast cancer [94].

Total cancer: The VITAL Randomized Trial. In the large VITAL trial [95] participants
were randomized to 2000 IU of vitamin D per day and followed for five years. Although
vitamin D was interpreted to have no significant overall effect on total cancer incidence, the
incidence among African Americans was reduced by 23% (HR = 0.77 (95% CI, 0.59 to 1.01,
p = 0.06)). Further, after excluding the first two years of follow-up as part of the planned
analysis, total cancer mortality was significantly (p <0.05) reduced by 25% (HR = 0.75
(95% CI, 0.59 to 0.96)) among all participants. Notably, the inclusion of participants with
a relatively high baseline serum 25(OH)D level (mean = 31 ng/mL), many of whom
also took supplementary vitamin D, plus the limited duration of follow-up, may have
obscured benefits of vitamin D for cancer incidence. In a recent meta-analysis of ten RCTs
including VITAL, no benefit of vitamin D supplementation was seen for cancer incidence
(6537 cases) [96]. However, cancer mortality was reduced by 13% (95% CI, 4% to 21%) in
the five available trials (1591 deaths). In another secondary analysis, there was a significant
reduction in advanced cancers (metastatic or fatal) for those randomized to vitamin D
compared with placebo [97].

Thus, the findings from randomized trials support vitamin D supplementation for reduc-
ing cancer mortality among all participants and cancer incidence among African Americans.

2.8. Diabetes Mellitus

In the United States, the age-standardized prevalence of total diabetes is approxi-
mately twice as high among non-Hispanic blacks and Hispanics compared to non-Hispanic
whites [98]. In a meta-analysis of 28 trials with 3848 participants, vitamin D supplemen-
tation reduced HbA1c level by 0.48% (95% CI, 0.18 to 0.79), fasting plasma glucose level
by 0.46 mmol/L (95% CI, 0.19 to 0.74), and homeostatic model assessment for insulin
resistance (HOMA-IR) level by 0.39 (95% CI, 0.11 to 0.68), in comparison with the control
group [99]. Supplemental vitamin D also improved insulin sensitivity in patients with
initial low 25(OH)D levels [100].

Several RCTs, each reported as negative, have examined how vitamin D affects risk
of diabetes among individuals with prediabetes [101,102]. In the Vitamin D and Type
2 Diabetes (D2d) Study among patients with prediabetes (25% of the 2423 participants were
African American) [102], those randomized to vitamin D (4000 IU/d) had a nonsignificant
12% (−25 to +4%) lower progression to type 2 diabetes (T2DM) than those receiving
placebo [102]. However, in a post hoc analysis among participants with a baseline 25(OH)D
level of less than 12 ng/mL (103 participants), progression to diabetes was 62% lower with
vitamin D verses placebo (95% CI, 20 to 0.82%). In two other randomized trials, modest
and not statistically significant reductions in risk of T2DM were found with vitamin D
supplementation [102,103]. If the results for those three randomized trials are combined,
the overall reduction in risk is statistically significant (hazard ratio = 0.88; 95% CI, 0.78 to
0.99; p = 0.04, unpublished analysis).

Subsequently, an additional secondary analysis of the D2d trial was published [104].
The relationship between intra-trial 25(OH)D levels and incidence of T2DM was deter-
mined. The HR for T2DM for an increase of 10 ng/mL in intra-trial 25(OH)D level (n = 1074)
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was 0.75 (95% CI 0.68–0.82) among those assigned to vitamin D and 0.90 (0.80–1.02) among
those assigned to placebo. The HRs for T2DM among participants treated with vitamin
D who maintained intra-trial 25(OH)D levels of 40–50 (n = 319) and ≥50 ng/mL (n = 430)
were 0.48 (0.29–0.80) and 0.29 (0.17–0.50), respectively, compared with those who main-
tained a level of 20–30 ng/mL (n = 78). In a recent Mendelian randomization (MR) analysis,
genetically predicted 25(OHD)D levels, and particularly alleles in genes involved in vitamin
D synthesis) were inversely associated with incidence of type 2 diabetes [105].

Thus, the available evidence supports a modest overall benefit of vitamin D in reduc-
ing risk of T2DM [102] and possibly a substantial benefit among people with low serum
25(OH)D levels, such as African Americans.

2.9. Cardiovascular Disease

Inverse associations have been reported in studies of serum levels of 25(OH)D with
risk of cardiovascular disease [106], including analyses specifically among African Amer-
icans [107–109]. However, no association was seen in MR studies [110] and in the large
VITAL trial [95], including in participants with serum levels of 25(OH)D below 20 ng/mL
and in African Americans. No association was also seen in a meta-analysis of vitamin D
RCTs [111].

2.10. Alzheimer’s Disease and Dementia and Cognitive Function

Multiple lines of evidence support a role of vitamin D in lowering risk of Alzheimer’s
disease (AD) [112]. In a meta-analysis of seven prospective studies and one retrospective
cohort study (1953 cases of dementia and 1607 cases of AD), a serum level of 25(OH)D
<10 ng/mL was associated with a 31% higher risk of dementia and a 33% higher risk of AD
when compared with levels >20 ng/mL [113]. In one prospective study, 30% of participants
were African American; higher baseline levels of 25(OH)D were associated with lower
rates of cognitive decline but the numbers of were not large enough for race-specific
analyses [114].

In MR analyses using the International Genomic of Alzheimer’s Project (IGAP) dataset,
risk of AD was found to be lower for individuals with genetic variants predicting higher
levels of serum 25(OH)D compared to those without these variants [115]. In the most recent
analysis using six such alleles (21,982 cases of Alzheimer’s disease and 41,944 controls), the
relative risk per allele was 0.62 (95% confidence interval 0.46 to 0.84) [115]. Together with
the data based on serum levels of 25(OH)D, these findings provide substantial evidence
that adequate vitamin D will reduce risk of dementia.

2.11. Multiple Sclerosis

In ecological studies, consistent with animal models [116], low solar UVB exposure
is strongly associated with greater risk of multiple sclerosis (MS) [117] in whites, African
Americans, and Hispanic Americans [118]. The inverse association between UVB exposure
and MS also was seen in studies of individuals [119,120]. Solar UVB exposure in winter
appears especially important.

In cohort studies, serum levels of 25(OH)D have been inversely associated with risk
of MS [121]. In U.S. military recruits, levels greater than 40 ng/mL were associated with
the lowest risk of MS, a level few African Americans attained [121]. In a Swedish study,
25(OH)D levels in the highest quintile were associated with a 32% lower incidence of
MS [122]. Low levels of 25(OH)D in neonatal blood spots were strongly associated with
MS later in life [123], supporting the importance of maternal vitamin D status during
pregnancy. In a large cohort of women, use of vitamin D supplements greater than or
equal to 400 IU/day was associated with lower risk of MS, but intake from diet, which
rarely exceeds 400 IU/day, was not [124]. A cohort study conducted in southern California
included a modest number of Black, Hispanic, and White participants with MS and matched
controls. An inverse association between serum 25(OH)D level and incidence of MS
was seen in Whites, but not among Blacks or Hispanics [118], but in all three groups a

312



Nutrients 2021, 13, 499

careful assessment of lifetime solar exposure was inversely associated with risk of MS. The
authors suggested that something about solar exposure independent of vitamin D may be
protective for MS, but an alternative explanation could be that their lifetime solar exposure
assessment provided a better indication of long term vitamin D status (which would have
been correlated with solar exposure over this period) than a single blood measurement
collected in midlife.

A review of vitamin D supplementation in MS found little benefit even at high vitamin
D doses [125]. The reasons for lack of benefit of vitamin D supplement suggested by the
authors included the number of participants being too low, the length of the trial too short,
baseline serum 25(OH)D levels too high, and other treatments being administered reducing
the potential of vitamin D to help.

In a MR analysis of two large cohorts including 7391 cases of MS and 14,777 controls,
a genetic risk score comprised of three alleles known to be associated with higher plasma
25(OH)D predicted levels was associated with lower risk of MS [126]. In the meta-analyses
of these cohorts, the relative risk per allele was 0.85 (95% CI, 0.76 to 0.94, p = 0.003). This
result, in combination with the other extensive observational study evidence, supports a
protective role of adequate vitamin D intake for incidence of MS.

2.12. Acute Respiratory Tract Infections and COVID-19

Substantial evidence indicates that higher serum 25(OH)D levels can reduce the risk
or severity of acute respiratory tract infections, possibly including COVID-19. Potential
mechanisms include role of vitamin D in innate and acquired immunity [127,128]. This
relation was suggested by observations that the seasonal increase in influenza infections cor-
responds with lower solar UVB doses and 25(OH)D levels [129] and that in the 1918–1919
influenza pandemic the case-fatality rates were much lower in the southwestern U.S. states
than in the northeastern states [130]. In a meta-analysis of 25 RCTs involving 10933 par-
ticipants, vitamin D supplementation (daily or weekly) reduced risk of acute respiratory
tract infections by 19% [131]. For participants with baseline 25(OH)D level <10 ng/mL,
the reduction was 70%. In a post hoc analysis of an RCT conducted among 208 post-
menopausal African-American women living in New York, supplementation with 1000 or
2000 IU/day of vitamin D3 compared to a placebo significantly reduced rates of influenza
and colds [132].

Adequate vitamin D supplementation has also been hypothesized to decrease inci-
dence and death from COVID-19; in addition to reducing viral replication, vitamin D may
limit excess production of pro-inflammatory cytokines underlying the “cytokine storm”
that damages the lungs and other organs [130,133]. Incidence and mortality of COVID have
been far higher in African Americans than in European Americans [134]; after adjustment
for age, African Americans are 4.5 times more likely to die from COVID-19 than Euro-
pean Americans [135]. Much of this could be due to more crowded housing, riskier jobs,
dependence on public transportation, and higher prevalence of existing cardiometabolic
conditions, but the high prevalence of vitamin D deficiency may also contribute.

Among patients with COVID-19, the disease resulting from SARS-CoV-2 infection
followed by a dysregulated immune response, low levels of 25(OH)D at time of diagnosis
have been associated with more severe illness [136–138]. Reverse causation cannot be
excluded because serum 25(OH)D level decreases in response to acute inflammatory dis-
ease [139,140], but serum 25(OH)D levels have been associated with SARS-CoV-2 virus pos-
itivity using seasonally-adjusted 25(OH)D levels from the preceding 12 months [141,142].

The strong suggestion of benefits of vitamin D supplementation for preventing or
treating COVID-19 has encouraged the initiation of supplementation trials [143]. In a
non-randomized intervention study conducted in Spain among hospitalized patients hos-
pitalized for COVID-19 [144], high doses of vitamin D (as 25(OH) D3) were administered
in combination with standard care; only 1/50 required admission to the intensive care
unit compared to 13/26 comparable control patients. An RCT conducted in India in-
volving 40 SARS-CoV-2 positive patients with serum 25(OH)D with mean values near
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9 ng/mL were randomized into high-dose vitamin D treatment (n = 16) and control (n = 24)
groups [145]. Ten (63%) participants in the intervention group and five (21%) participants in
the control arm (p < 0.02) became SARS-CoV-2 RNA negative. According to the registry of
clinical trials [146] as of 30 December 2020, there were at least 35 RCTs registered examining
the role of vitamin D supplementation in prevention or treatment of COVID-19. In these
trials, it will be important to distinguish among those with low versus adequate vitamin D
status at baseline.

2.13. Asthma Exacerbations

A combined analysis of two RCTs conducted with pregnant women found that vitamin
D supplementation (2400 IU/d and 4000 IU/d) reduced risk of asthma/recurrent wheeze
from 0–3 years by 24% (aOR = 0.74 (95% CI, 0.57 to 0.96)) [147]. The effect was strongest
for those with baseline 25(OH)D level ≥30 ng/mL (aOR = 0.54 (95% CI, 0.33 to 0.88)). A
secondary analysis of the 4000 IU/d vitamin D RCT found that there was no difference with
respect to race for African American vs. non-African American [148]. In a meta-analysis
of individual participant data from seven RCTs with high-quality evidence, vitamin D
supplementation reduced by 26% the risk of asthma exacerbation that required treatment
with systemic corticosteroids [149]. The reduction was 67% for individuals with initial
25(OH)D level <10 ng/mL (92 participants). Thus, there is good evidence that raising
serum 25(OH)D levels reduces risk of asthma or its exacerbation.

2.14. All-Cause Mortality

A comparison of death rates for African Americans with those of European Americans
shows a large disparity for many diseases [150]. For example, the disparity in death rates
from all causes for people aged 50 to 64 years is 45% higher in African American than
in European Americans (Figure 3). Differences in multiple factors, such as hypertension,
obesity, diet, income, education, and lower access to medical care, may contribute to some
of those disparities, but they do not fully explain the differences [151–155].

Figure 3. Percentage Increase in Cause-Specific Mortality for Black compared to White Americans,
Ages 50–64 years—United States, 2015 [150].

In a meta-analysis (~29,000 subjects from five Northern European countries), serum
levels of 25(OH)D below 32 ng/mL were associated with the highest mortality [156]. In
another meta-analysis of 32 studies, mortality for those in the lowest (<9 ng/mL) was about
double compared with those with the highest serum 25(OH)D level. The lowest mortality
was reached near 40 ng/mL and plateaued above this level [157]. Most of those analyses
accounted for potentially confounding variables such as adiposity, physical activity, and
smoking, but some residual confounding could not be excluded.

More direct evidence for causality comes from a MR analysis documenting an associ-
ation between genetically determined serum 25(OH)D levels and both total and cancer-
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specific mortality [110]. Although in a MR analysis from the UK Biobank genetically
determined 25(OH)D level was not associated with all-cause mortality rate [158], that study
was underpowered according to the authors, especially given that the association appears
nonlinear.

A US cohort of 3075 adults aged 70–79 years of age was followed for 8.5 years [159].
Although the prevalence of vitamin D deficiency was much higher in Blacks than in Whites,
lower baseline serum levels of 25(OH)D were similarly associated with higher mortality in
both Black and White participants (Figure 4). Because of the large Black/White difference
in vitamin D status, 25(OH)D levels below 30 ng/mL statistically accounted for 38% of
mortality in Blacks and 11% in Whites. In a multivariate model without 25(OH)D levels,
Blacks had 22% higher mortality than Whites, but after inclusion of 25(OH)D in the model
the excess mortality in Blacks was only 9% and not statistically significant.

Figure 4. Serum 25(OH)D levels and all-cause mortality for elderly Black (n = 1023) and White (n = 1615) men and women
followed for up to 8.5 years [159]. Hazard ratios with < 10 ng/mL serum 25(OH)D as the reference were adjusted for other
predictors of mortality.

Similar findings were seen in a nested case-control analysis from a cohort of largely
African-American participants, in which 1852 cohort members who died were matched to
a similar number of participants who remained alive. Using baseline serum samples, the
multivariate OR for death for those in lowest quartile compared with the highest quartile
was 1.60 (95% confidence interval (CI): 1.20, 2.14, ptrend = 0.003) for African Americans and
2.11 (95% CI: 1.39, 3.21, ptrend < 0.001) for non-African Americans; the adjusted mortality
rate became flat above approximately 30 ng/mL for both groups [160]. In the VITAL trial,
no significant effect of vitamin D supplements on total mortality was seen in black or white
participants, but the study was limited by duration and relatively high baseline levels [95].

Thus, there is good evidence from observational studies that all-cause mortality rate
is inversely correlated with serum 25(OH)D concentrations up to about 30 to 40 ng/mL
and then the association becomes flat.
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3. Discussion

This review calls attention to the health-related consequences of low 25(OH)D levels
for people with dark skin living at high northern latitudes, in both annual average and
winter or summer [31,161]. Serum 25(OH)D levels are much lower among people with
dark skin than among those with light skin living at similar latitudes. The prevalence of a
serious deficiency value of 10 ng/mL (or less) is particularly high among African Americans.
Regardless of skin color, low 25(OH)D levels are associated with higher incidence or poorer
outcomes for many diseases. Evidence is particularly strong for several complications
of pregnancy, multiple sclerosis, dementia, type 2 diabetes, colorectal cancer, total cancer
mortality, and acute respiratory tract infections. For several of these diseases, causality is
supported by either RCTs (such as for cancer mortality [95], diabetes mellitus [102], and
acute respiratory tract infections [131]) or by the combination of prospective cohort and
MR studies (such as for MS and dementia). Even if not all those relationships are ultimately
determined to be causal, the consequences of vitamin D deficiency on the remaining
diseases are important. On the basis of that evidence, vitamin D deficiency is highly likely
to contribute to disparities in health status between people with dark and light skin at
high latitudes. Hopefully, this review, by assembling the latest information on vitamin D
for many health outcomes, will motivate physicians and patients to consider improving
vitamin D status as an efficient way to improve health regardless of skin type.

Our study contrasts with the interpretations of several recent major RCTs on vitamin
D supplementation [95,102] which reported no benefit of vitamin D supplementation.
Although RCTs of vitamin D supplementation can be useful or definitive if a clear effect
is seen, they also can be misinterpreted or misleading if no statistically significant effect
is seen for various reasons, such as that the baseline and achieved 25(OH)D levels were
either not measured or not considered in designing the trial [162,163]. Therefore, important
benefits would be missed if many participants had levels high enough before random-
ization. For ethical or practical reasons, many RCTs do not focus on participants with
vitamin D deficiency [95,102,164] who would be the people who would benefit most from
supplementation. Also, some trials permit or encourage all participants to take additional
vitamin D (400 to 800 IU/d), thereby reducing the risk of disease in the control group [95].
For some trial outcomes, especially cancer incidence, supplementation for long periods
may be needed, but the effort is complicated by declining adherence. Our reasons for
reaching a different conclusion include consideration of a broader literature, including
important recent studies, and of secondary analyses for subpopulations, such as African
Americans, most likely to benefit [165].

Observational cohort studies can circumvent some of those problems, but some resid-
ual confounding may be hard to exclude. Community-based observational studies in
which participants take a vitamin D dose of their choice, have 25(OH)D levels measured
semiannually, and report any changes in health status such as those conducted by Grass-
rootsHealth.net, e.g., [166], can play a role. No single type of study will provide the best
evidence for all hypotheses, and the greatest insights will come from a thoughtful combina-
tion of research strategies. Those studies should especially include people with dark skin,
in particular African Americans.

Preventing Vitamin D Deficiency

Few foods, mainly fish and fish liver, have substantial amounts of vitamin D, which is
primarily synthesized in the skin. Therefore, low 25(OH)D levels are largely determined
by melanin levels and contemporary lifestyles (including getting little sun exposure by
staying indoors, covering the body, and using sunscreen extensively) and excess body
fat [167]. For people with dark skin, especially if living at northern latitudes and in winter,
typical sun exposure will usually not be adequate to prevent deficiency. Notably, while
leisure-time sun exposure contributes to serum levels of 25(OH)D in European Americans,
it does so minimally in African Americans [168]. Vitamin D supplementation can effectively
prevent deficiency. Fortifying milk with vitamin D has prevented rickets in children, but
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the amount of vitamin D (100 IU per 8 oz [240 mL]) would have only small effects on
serum levels in adults. In addition, milk consumption has decreased over time and lactose
intolerance is common, especially among African Americans [169]. Thus, intakes may
need to be increased primarily by fortifying additional foods, including non-dairy, or use
of supplements; issues of dose and frequency of administration suggest that levels of at
least 30 ng/mL would be a reasonable target. Notably, while solar UVB exposure is an
important source of vitamin D, African Americans have high prevalence of 25(OH)D levels
below 30 ng/mL in both summer (88%) and winter (93%), which contrasts for European
Americans (61% in winter and 49% in summer) and Hispanics (86% in winter and 57% in
summer) [161].

One strategy would be to screen routinely and to supplement people with low serum
levels, but ideally a safe dose could be identified that yields near-optimal serum levels
for almost everyone. A level of 20 ng/mL or higher was considered sufficient by an
IOM committee in 2011 [36]; however, levels between 20 and 30 ng/mL have also been
associated with lower risks of colorectal cancer [170], total mortality [157], dementia [113],
multiple sclerosis [122] and bone mineral density [49,171].

Other researchers have suggested that 40 to 60 ng/mL is optimal based on results
of small observational studies with participants taking high vitamin D3 doses [172–174].
Three-quarters of African Americans not already taking supplements have levels that do
not ensure adequacy even by the IOM definition (20 ng/mL), and 96% have levels below
30 ng/mL. Notably, for African Americans living in Boston, 4000 IU/day was required to
achieve serum levels of 30 ng/mL [175]. Similarly, among men with early prostate cancer,
serum levels of 25(OH)D were much lower in African Americans compared with European
Americans, but after supplementation of 4000 IU/day for one year, levels increased in
both groups and were nearly identical [176]. In 2012, vitamin D supplements were used
by only 12% of African Americans and 22% of European Americans [177]. Noting the
between-person variation in response to the same dose of vitamin D, some have suggested
the desirability of monitoring indicators of biological function [178]. While this deserves
consideration, it would add greatly to costs, and the specific variables to monitor are not
clear at this time [179].

Vitamin D supplementation up to 4000 IU of vitamin D daily was considered to be
safe by the 2011 IOM review. Further assurance comes from the trial using 4000 IU/day for
2.5 years [102]. An intake of 4000 IU/day has been used without adverse effects during
pregnancy [61,67]. Higher intakes may also be safe [170,180] and warrant further study. At
very high doses, such as in accidental exposures, vitamin D can produce death, neurological
symptoms and serious damage (e.g., 1 million IU/day for several weeks, although the
damage can sometimes be reversed [181]); at less extreme doses, a primary concern has
been hypercalciuria and kidney stones [182], although any excess risk of kidney stones
appears to be minimal when taking vitamin D supplements up to 4000 IU per day [183].

4. Conclusions

Together, ecological studies, prospective cohort studies based on blood levels, MR
studies, and randomized trials provide moderate-to-strong evidence that low levels of
25(OH)D have many adverse health consequences. In addition, the fact that the vitamin D
hormone, calcitriol, controls a considerable percentage of the human genome [1] indicates
that it must be of huge general importance for health.

Much evidence is at present derived from studies of people of European descent.
However, the benefits of supplementation for most health outcomes (other than skeletal
effects) probably apply to all groups but are likely to be greatest for people with dark skin
living at higher latitudes, such as African Americans, as well as most people in winter and
those spending little time in the sun during summers. Many of the health disparities we
discuss also have a basis in income inequality, poorer education and employment oppor-
tunities, poor housing, food insecurity, and other social inequalities; efforts to improve
25(OH)D levels will not lessen the need to address these factors but should improve health
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outcomes. While further research is needed to identify the optimal strategy for vitamin
D supplementation and fortification, no reason exists to delay addressing vitamin D defi-
ciency among populations with high prevalence of deficiency such as African Americans.
The potential benefits promise to be large, and much evidence indicates that the risks of
supplementation up to 4000 IU per day vitamin D are minimal.
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Appendix A

Many types of epidemiological study are used to determine the extent to which
vitamin D affects health outcomes. The strengths and weaknesses of the types of study
used to determine the relationship between vitamin D and health outcomes are outlined in
Table 1.

Table 1. Comparison of epidemiological approaches to determine relationships between vitamin D and health outcomes.

Approach Method Strengths Weaknesses

Ecological,
geographical

Compare health outcomes with
indices of solar UVB doses and

other risk-modifying factors

Can include large numbers
of participants

Subject to confounding factors; indices used may not
apply to those with health outcomes

Observational,
prospective

Enroll participants, draw blood,
obtain information, follow for a

long period.

25(OH)D has inputs from
solar UVB, diet,

and supplements.

25(OH)D changes with time including season so
effect decreases as follow-up time increases; control

of confounding may not be complete.

Observational,
case-control

Measure 25(OH)D near time of
diagnosis, match with controls.

Appropriate when health
outcome is affected by recent
25(OH)D or 25(OH)D changes

little over time.

Disease status may affect 25(OH)D; control choice
may be biased.

Observational,
cross-sectional

Measure 25(OH)D and health
status of a representative number

of a population

Many health outcomes can
be studied.

25(OH)D may not be similar to that prior to health
outcome; health status may affect 25(OH)D.

Non-randomized
vitamin

D supplementation

Enroll participants, measure
parameters, instruct.

High vitamin D doses can
be used; Confounding by self-selected use of supplements

RCT
Enroll participants, randomize to

vitamin D or placebo
supplementation, follow.

Effects found are likely due to
vitamin D.

False negatives are possible because enrollees often
have high 25(OH)D or may be given low vitamin D
doses; compliance issues; other sources of vitamin D

occur. Initiation may be after onset of disease and
duration may be too short to have an effect.

MR Measure alleles of genes that
affect 25(OH)D levels.

Independent of many factors
including actual 25(OH)D.

The alleles may not reflection biological activity, and
confounding is still possible. Can be misleading
when relationship of vitamin D is nonlinear, and

statistical power can be low.

MR—Mendelian randomization; RCT—Randomized controlled trial.
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Abstract: Randomized controlled trials have suggested that vitamin D supplementation can prevent
asthma and chronic obstructive pulmonary disease (COPD) exacerbations. For COPD, the benefit
appears to be limited to individuals with baseline 25-hydroxyvitamin D (25OHD) levels <25 nmol/L.
We performed a post hoc analysis of data from a randomized, double-blinded, placebo-controlled
trial to investigate the effect that monthly, high-dose vitamin D supplementation (versus placebo)
had on older adults with asthma and/or COPD. Specifically, we investigated whether vitamin D
supplementation prevented exacerbations of these conditions. Participants were randomly assigned
either to an initial oral dose of 200,000 IU vitamin D3 followed by 100,000 IU monthly or to placebo,
with an average follow-up period of 3.3 years. Among the 5110 participants, 775 had asthma or COPD
at the beginning of the study, and were eligible for inclusion in this analysis. Exacerbations were
defined by the prescription of a short-burst of oral corticosteroids. The mean age of the participants
was 67 years old, and 56% were male. The mean baseline blood 25OHD level was 63 nmol/L; 2.3%
were <25 nmol/L. Overall, we found that vitamin D supplementation did not affect the exacerbation
risk (hazard ratio 1.08; 95%CI 0.84–1.39). Among those with baseline 25OHD <25 nmol/L, however,
the hazard ratio was 0.11 (95%CI 0.02–0.51); p for interaction = 0.001. Although monthly vitamin
D supplementation had no overall impact on risk of exacerbations of asthma or COPD, we found
evidence of a probable benefit among those with severe vitamin D deficiency.

Keywords: asthma; chronic obstructive pulmonary disease; exacerbations; oral corticosteroids;
randomized controlled trial; supplement; vitamin D

1. Introduction

Among older adults, asthma and chronic obstructive pulmonary disease (COPD) are
two major obstructive airway diseases that can be difficult to distinguish, and that may
coexist as asthma-COPD overlap syndrome [1]. Both are chronic diseases characterized by
periodic exacerbations, which are usually triggered by respiratory virus infections [2]. The
treatment of asthma and COPD exacerbations is addressed in international management
guidelines [3,4]. The guidelines also address interventions (such as inhaled corticosteroids)
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that aim to prevent exacerbations, which remain a major cause of morbidity, mortality, and
increased healthcare costs.

Given the beneficial effect that vitamin D supplementation has on acute respiratory
infections (ARI) [5], a growing number of researchers have investigated whether vitamin
D supplements could potentially prevent exacerbations of asthma or COPD [6]. In a 2017
individual participant data (IPD) meta-analysis of all known randomized controlled trials
(RCTs) worldwide, Jolliffe and colleagues demonstrated that vitamin D supplements can re-
duce the risk of asthma exacerbations requiring systemic corticosteroids, especially among
those with baseline serum hydroxyvitamin D (25OHD) levels <25 nmol/L [7]. In contrast,
vitamin D supplementation had no overall effect on the risk of COPD exacerbations among
older individuals [8]. However, a prespecified subgroup analysis did show benefits from
vitamin D supplements among COPD patients with baseline 25OHD levels of <25 nmol/L.
Indeed, all three trials in this IPD meta-analysis reported the same subgroup finding [9–11].
A fourth trial with only 88 participants reported an overall protective effect of vitamin D
supplementation [12].

Nevertheless, questions remain. We performed a large RCT of monthly high-dose
vitamin D supplements (versus placebo) in >5000 older adults in New Zealand. In the
current, prespecified analysis, we investigated the effect of vitamin D supplementation on
the subgroup of participants with asthma or COPD. Specifically, we investigated whether
taking the monthly vitamin D supplement reduced exacerbations overall, or at least in the
subgroup with baseline 25OHD <25 nmol/L.

2. Materials and Methods

Older adults with asthma or COPD came from a large, population-based RCT of
vitamin D supplementation called the Vitamin D Assessment (ViDA) study; this trial
was carried out in Auckland, New Zealand. Full details of the study methods [13], and
the findings on the main outcomes of cardiovascular disease [14], falls/fractures [15],
and ARI [16] have been published. The New Zealand Multi-Region Ethics Committee,
Wellington, approved the trial in October 2010 (MEC/09/08/082), and the main outcomes
were registered with the Australian New Zealand Clinical Trials Registry in April 2011
(ACTRN12611000402943). All participants gave their written informed consent.

The trial investigators invited 5250 people, mainly from family practices in Auckland
(n = 5107) and a small number from community groups (n = 143), who underwent baseline
assessments at the School of Population Health, Tamaki Campus, University of Auckland,
between 5 April, 2011 and 6 November, 2012. The participants were asked questions
about their demographic status, lifestyle (including smoking and physical activity), intake
of vitamin D supplements within the study inclusion criteria (≤600 IU per day if aged
50–70 years; ≤800 IU per day if aged 71–84 years), and past medical history, as informed
by a doctor (including asthma, COPD, and other medical disorders) [13]. The weight (to
the nearest 0.1 kg) and height (to the nearest 0.1 cm) of the participants were measured in
the research clinic.

Spirometry was performed using a KoKo Trek spirometer (nSpire Health; Longmont,
CO, USA) with participants in a seated position, maximally inhaling and then forcibly
exhaling while watching a clock on a computer screen for at least 6 s. Only three efforts
were performed due to time constraints as a result of the large sample size, and to avoid
exhaustion in the elderly participants. All other spirometry recommendations were ful-
filled [17]. The maximum values of forced expiratory volume in 1 s (FEV1; in L), forced
vital capacity (FVC; in L), and their ratio (FEV1/FVC) were derived from the three efforts.

A blood sample was collected and immediately centrifuged for an initial measurement
of corrected serum calcium (those >2.50 mmol/L were excluded). The remaining serum was
stored at −80 ◦C for later measurement of serum 25OHD, using liquid chromatography–
tandem mass spectrometry (API 4000 by SCIEX; Framingham, MA, USA) with 12.7%
interassay coefficient of variation, by a local laboratory participating in the Vitamin D
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External Quality Assessment Scheme program (www.deqas.org). The baseline 25OHD was
deseasonalized using standard methods [18].

After the baseline assessment, participants were mailed a run-in questionnaire with a
masked placebo capsule. On return of the questionnaire within four weeks, 5110 partici-
pants were randomized by the study statistician—within random block sizes of 8, 10, or 12,
and stratified by ethnic origin (Māori, Pacific Island, South Asian, European, or other) and
5-year age groups—to receive identical-looking softgel capsules containing either vitamin
D3 (100,000 IU) or placebo. The capsules were provided by Tishcon Corporation (Westbury,
NY, USA).

The capsules were mailed monthly to the homes of the participants, with two capsules
in the first letter (an initial bolus of 200,000 IU vitamin D3 or placebo), and thereafter, one
capsule monthly (100,000 IU vitamin D3 or placebo). Two participants (both from the
placebo arm) withdrew during the follow-up period, which ended on 31 July 2015, so that
2558 participants received vitamin D3 and 2550 received placebo capsules.

New Zealand residents have a unique National Health Index (NHI) number. This
number was used to link each participant to information held by the Ministry of Health
on all dispensed prescriptions from two years before the assessment until the end of the
follow-up on 31 July 2015. This included information on the medication, dose, number of
tablets or volume dispensed, and date of dispensing. Data on all medications used for the
management of asthma or COPD were extracted; these included short-acting β-agonists
(SABA)—inhaled or not inhaled, inhaled long-acting β-agonists (LABA), inhaled short
or long-acting muscarinic antagonists (SAMA or LAMA), inhaled combination SABA
and SAMA agents, inhaled mast cell stabilizers, inhaled corticosteroids (ICS) with or
without LABA, and oral corticosteroids. No participants with asthma or COPD received a
prescription for inhaled orciprenaline, injected bronchodilators (such as aminophylline),
or injected corticosteroids. The Ministry of Health also provided information about any
deaths in the cohort during the follow-up period.

Asthma identification: Participants were asked at their baseline assessment, “Have
you ever been told by a doctor that you have asthma?” Those who answered “Yes” and had
been dispensed a prescription for ICS, SABA, or LABA at any time from 12 months before
randomization to 36 months after, were defined as having asthma and were included in
the current analysis.

COPD identification: Given the well-known underdiagnosis of COPD in the general
population [19,20], spirometry was used to identify participants who had a ratio of forced
expiratory volume in one second (FEV1), divided by forced vital capacity (FVC) of <0.70,
and who had smoked >100 cigarettes in their whole life, regardless of whether they were
current or former smokers. These individuals were defined as having COPD, and were
included in the current analysis.

Primary outcome: Exacerbations of asthma or COPD were identified by any pre-
scription of oral corticosteroids more than 20 days apart for a short period (e.g., several
days), consistent with dosing regimens recommended in international management guide-
lines [3,4], after joint adjudication by two senior clinicians (CAC, LT) who were blinded to
the treatment allocation. Any participants selected according to the above asthma or COPD
identification criteria were excluded if they had medical conditions commonly treated
by oral corticosteroids—e.g., doctor-diagnosed arthritis reported at baseline, except for
osteoarthritis; and doctor-diagnosed inflammatory bowel disease or multiple sclerosis
reported at baseline or in the final end-of-study questionnaire in July 2015.

Figure 1 shows that 1420 participants were selected by the initial screen of either
having doctor-diagnosed asthma or a FEV1/FVC ratio <0.70. After excluding participants
with missing FEV1/FVC ratios, asthma participants not dispensed an inhaled asthma
medication, and COPD participants that had missing information on their smoking status
or those who had never been smokers, 983 participants remained eligible. Of these, a further
208 were excluded for having conditions commonly treated by oral corticosteroids. This
left an analytic sample of 775 participants for the post hoc analysis, with 214 having asthma
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only, 356 having COPD only, and 205 having both conditions; 30 of these participants died
during follow-up. This selection was made without knowledge of the treatment allocation.

 

Figure 1. Flow diagram for selecting participants with asthma or chronic obstructive pulmonary
disease in the ViDA study. COPD = chronic obstructive pulmonary disease; FEV1 = forced expiratory
volume in 1 s; FVC = forced vital capacity; SABA = short-acting β-agonist; LABA = long-acting
β-agonist. a Dispensed inhaled corticosteroids, SABA or LABA at any time from 12 months before
randomisation, to 36 months after. b Died by 31 July 2015.

Statistical Analysis

Data were analyzed using SAS (Cary, NC, USA, version 9.4). Chi-square tests and
t-tests were used to compare proportions and means, respectively. The PHREG procedure
was used to calculate hazard ratios (HR) for repeated prescriptions of oral corticosteroids,
using the mean cumulative function overlay for comparison groups, adjusted for covariates.
The mean cumulative function is the average cumulative number of prescriptions at a time
point during follow-up. Effect modification was assessed by the creation of interaction
terms in models that also included the main effects for both variables in the regression
model. Incidence rates were calculated by dividing the number of oral steroid prescriptions
by person-time. p-values were not corrected to account for the multiple hypothesis tests
because, given the known heterogeneity in the effectiveness of vitamin D supplementation
in preventing ARI and asthma or COPD exacerbations [5,7,8], we did not want to miss
any potentially important findings [21]. A two-sided p < 0.05 was considered statistically
significant.

3. Results

The selected sample of participants had a mean (SD) age of 66.6 (8.3) years and 56.4%
were men. Most participants were of European/Other ethnicity (82.7%) and well-educated,
with 49.7% having attended tertiary education and 48.7% still in paid employment. Only
12.4% were current tobacco smokers, and a high proportion were former smokers (62.7%).
Overall, the mean (SD) FEV1 was 2.16 (0.70) L, FVC was 3.24 (0.96) L, and ratio of FEV1/FVC
was 0.67 (0.10); the observed baseline 25OHD was 62.5 (23.7) nmol/L.

With regard to disease severity, 74% of participants with asthma only were taking
a long-term controller medication (e.g., inhaled corticosteroids) at baseline. Among all
participants with COPD, the baseline mean (SD) FEV1 was 2.09 (0.69) L, FVC was 3.31
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(0.96) L, and ratio of FEV1/FVC was 0.63 (0.07). Most COPD patients were in GOLD stages
1 and 2: 226 (40%) in stage 1, 271 (48%) in stage 2, 58 (10%) in stage 3, and 6 (1%) in stage 4.

Table 1 compares baseline characteristics between the vitamin D and placebo groups.
There were no between-group differences in distributions of demographic or lifestyle
variables, asthma or COPD status, or in mean levels of spirometry and anthropometry
(p > 0.05). However, participants in the vitamin D group had slightly higher observed and
deseasonalized mean 25OHD concentrations than those in the placebo group (p < 0.05).

Table 1. Baseline comparison of the vitamin D supplemented and placebo groups.

Variable
Vitamin D
(n = 402)

Placebo
(n = 373)

p-Value

Age (years)

0.77
50–59 84 (20.9) 75 (20.1)
60–69 169 (42.0) 152 (40.8)
70–79 128 (31.8) 120 (32.2)
80–84 21 (5.2) 26 (7.0)

Sex–male 227 (56.5) 210 (56.3) 0.96

Ethnicity

0.25
Māori 30 (7.5) 38 (10.2)

Pacific Island 15 (3.7) 22 (5.9)
South Asian 16 (4.0) 13 (3.5)

European/Other 341 (84.8) 300 (80.4)

Education (highest level) a

0.71
Primary school 8 (2.0) 5 (1.3)

Secondary school 198 (49.3) 179 (48.0)
Tertiary 196 (48.8) 189 (50.7)

In paid employment a

0.45
Yes 203 (50.5) 174 (46.8)
No

Retired 172 (42.8) 166 (44.6)
Other 27 (6.7) 32 (8.6)

Tobacco smoking

0.95
Current 50 (12.4) 46 (12.3)

Ex 250 (62.2) 236 (63.3)
Never 102 (25.4) 91 (24.4)

Vigorous physical activity (hours per week) a

0.09
None 149 (38.6) 163 (46.4)
1–2 102 (26.4) 76 (21.7)
>2 135 (35.0) 112 (31.9)

Take vitamin D supplements b 25 (6.2) 31 (8.3) 0.26

Type of asthma/COPD

0.07
Asthma only 106 (26.4) 108 (29.0)
COPD only 200 (49.8) 156 (41.8)

Combined asthma & COPD 96 (23.9) 109 (29.2)

Spirometry, mean (SD)
FEV1 (L) 2.18 (0.71) 2.15 (0.70) 0.53

FEV1, % predicted 78 (19) 79 (19) 0.98
FVC (L) 3.27 (0.98) 3.21 (0.93) 0.37

FVC, % predicted 90 (17) 91 (17) 0.79
Ratio FEV1/FVC 0.67 (0.09) 0.67 (0.10) 0.69

FEV1/FVC, % predicted 86 (12) 86 (11) 0.70
PEF (L/min) 353 (116) 360 (118) 0.43
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Table 1. Cont.

Variable
Vitamin D
(n = 402)

Placebo
(n = 373)

p-Value

Anthropometry, mean (SD)
Height (cm) 168.9 (9.3) 168.6 (9.2) 0.70
Weight (kg) 80.3 (16.2) 80.6 (17.3) 0.81

Body mass index (kg/m2) 28.1 (5.1) 28.3 (5.6) 0.57
Corrected serum calcium, mean (SD) (mmol/L) 2.28 (0.07) 2.27 (0.07) 0.10

25-hydroxyvitamin D (nmol/L)

Observed, mean (SD) 64.5 (23.1) 60.4 (24.2) 0.02
Deseasonalized, mean (SD) 66.7 (22.3) 63.1 (22.9) 0.03

Deseasonalized category

0.03
<25.0 8 (2.0) 10 (2.7)

25.0–49.9 82 (20.4) 109 (29.2)
50.0–74.9 172 (42.8) 134 (35.9)
≥75.0 140 (34.8) 120 (32.2)

Results are number (%) unless otherwise indicated. Abbreviations: FEV1 = forced expiratory volume in 1 s; FVC =
forced vital capacity; PEF = peak expiratory flow rate. a Numbers do not add to total for column because of
missing/don’t know responses. b ≤600 IU per day if aged 50–70 years; ≤800 IU per day if aged 71–84 years.

Table 2 shows the number and incidence rates of oral corticosteroid prescriptions
for all participants, and for demographic and 25OHD categories within the vitamin D
and placebo groups; it also shows HRs for repeated prescriptions in the vitamin D group
compared to the placebo group, adjusted for age, sex, and ethnicity. For all participants in
the analysis, the incidence rate for oral corticosteroid prescriptions was 0.40 per person-year
in the vitamin D group and 0.39 per person-year in the placebo group. The HR was 1.08
(95%CI 0.84–1.39) adjusting for age, sex, and ethnicity, with the mean cumulative function
curves being similar in the two treatment groups (Figure 2).

Figure 2. Mean cumulative number of exacerbations of asthma or chronic obstructive pulmonary disease during follow-up
to 31 July 2015, by study treatment.
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The incidence rate was lower in both treatment arms for participants with COPD
only, compared to those with asthma only or with combined asthma/COPD. However,
vitamin D had no effect in preventing prescriptions within each of these asthma-COPD
categories, as HRs were not different from 1.00 (p > 0.05). Unexpectedly, the incidence rate
was increased in women given vitamin D compared to placebo (HR 1.46; 95%CI 1.03–2.06;
p for interaction = 0.04). This finding prompted a post hoc analysis to examine for possible
baseline imbalance in lung function, a major predictor of exacerbations. Indeed, among
women, the vitamin D group had worse lung function (e.g., FEV1 % predicted 71% in
vitamin D group vs. 75% in placebo group; p = 0.09). Adjusting for this modest difference
attenuated the original HR from 1.46 to 1.28 (95%CI 0.92–1.79).

When participants were analyzed by baseline 25OHD category, there was a strong
protective effect of vitamin D supplementation in those with deseasonalized 25OHD
<25 nmol/L (HR 0.11, 95%CI 0.02–0.51; p = 0.005; adjusting for age, sex, and ethnicity),
along with a highly significant interaction when comparing the effect of vitamin D in
participants with a baseline 25OHD below and above 25 nmol/L (p for interaction = 0.001).
Further adjustment for baseline FEV1 % predicted had no material impact on the effect
of vitamin D in participants with baseline 25OH <25 nmol/L (HR 0.10; p = 0.004). The
HR reduction was slightly attenuated after adjusting for asthma-COPD status (HR 0.24;
p = 0.06), but the interaction comparing participants with baseline 25OHD below and above
25 nmol/L remained highly significant (p for interaction = 0.002). To explore if there were
potentially important differences in the distribution of baseline variables from participants
with baseline 25OHD <25 nmol/L, we repeated Table 1 in this subgroup; randomization
yielded two similar groups (Supplementary Materials, Table S1). Figure 3 shows the mean
cumulative function for each treatment group by baseline 25OHD category.

Adherence-related data support fidelity to the protocol. For example, 98% of the
775 participants reported taking the study capsule over the study period. In prior publica-
tions, we have documented, in the random subset of participants who underwent multiple
blood testing as part of a safety evaluation, that the observed blood 25OHD levels in the
intervention group increased from approximately 63 nmol/L to 135 nmol/L, consistent
with their vitamin D supplementation, while the 25OHD in the placebo group did not
change [14–16]. Participant retention was also high; for example, 77% of the 775 participants
returned the final monthly questionnaire (July 2015). Lastly, we have previously reported
that the vitamin D intervention did not affect participant-reported adverse events [22,23].

To provide better context for the mostly null RCT findings, we also examined the
observational (noninterventional) association between baseline 25OHD levels and future
risk of asthma or COPD exacerbation in the placebo group only (Supplementary Materials,
Table S2). Participants with asthma (with or without COPD) had significantly increased
HR compared to those with COPD only. The HR also was increased in older participants,
men, and Māori or Pacific Island participants. Despite the limited statistical power, there
was a borderline significant (p = 0.08) increase in HR among participants with baseline
25OHD <25 nmol/L compared to those ≥75 nmol/L.
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4. Discussion

In this post hoc analysis of RCT data from 775 older adults with asthma or COPD,
monthly high-dose vitamin D supplementation (compared to placebo) did not prevent
exacerbations of asthma or COPD. However, in the prespecified subgroup with baseline
25OHD <25 nmol/L, the observed benefit was striking (HR 0.11; 95%CI 0.02–0.51). The con-
sistency of this subgroup finding with prior RCTs focused on either asthma or COPD [7,8]
suggests that the finding is not due to chance alone.

Recent IPD meta-analyses of RCTs on the effects of vitamin D supplementation on
ARI [5], asthma exacerbations [7], and COPD exacerbations [8] provide an excellent
overview of the most relevant RCT literature. Briefly, the ARI meta-analysis showed
an overall benefit of vitamin D supplements, but with substantial heterogeneity accord-
ing to study population and dosing regimen; those who received the most benefit had
baseline 25OHD <25 nmol/L and did not receive bolus dosing [5]. The asthma exacerba-
tion meta-analysis showed an overall benefit, and suggested potentially greater benefit
among those with baseline 25OHD <25 nmol/L [7]. Lastly, the COPD exacerbation meta-
analysis showed no benefit overall, but consistent benefit for those with baseline 25OHD
<25 nmol/L [8]. The current RCT findings are consistent with the results of the asthma
and COPD meta-analyses. The new findings extend the results of earlier studies by having
a much longer duration (average of 3.3 years) and by showing, in the same RCT, that
despite no apparent effect on ARI [16], monthly vitamin D supplementation prevents
asthma/COPD exacerbations among those with vitamin D deficiency.

The apparent discordance between the effects of vitamin D supplementation on
the prevention of ARI per se (avoid bolus dosing for benefit) versus on asthma/COPD
exacerbations (bolus dosing works in specific patient populations) merits further study.
The results raise the intriguing possibility that, while viral respiratory infections trigger
most exacerbations, the beneficial effects of vitamin D on asthma and COPD exacerbations
may involve other effects, such as its anti-inflammatory actions [24]—which may occur
regardless of the exact dosing regimen. Although ViDA is underpowered to look at the
effect of vitamin D supplementation among vitamin D-deficient adults with asthma only,
COPD only, or asthma-COPD overlap, we look forward to contributing our data to future
IPD meta-analyses. Regardless, the emerging differences in how patient population and
dosing regimen can modify the effects of vitamin D supplements suggest that ARI, asthma
exacerbation, and COPD exacerbation outcomes are not truly interchangeable.

Although the ViDA trial suggests that monthly high-dose vitamin D supplementation
is safe, we did note a 46% elevated risk of exacerbation among women assigned to the
vitamin D supplement group (Table 2). We are not aware of any prior observational
or interventional study that suggests that women experience more asthma or COPD
exacerbations at higher levels of circulating 25OHD, or in response to taking vitamin D
supplements [6]. Accordingly, we believe these results are most likely due to chance. We
encourage further research to further investigate this subgroup finding.

The current report has several major strengths, including its study design (randomized,
double-blinded, placebo-controlled trial) with high protocol adherence and the clearly
demonstrated effect of the intervention on blood 25OHD levels [14–16]. Nevertheless,
this RCT, like all RCTs, has potential limitations. First, we remind readers that we tested
one vitamin D regimen (initial bolus, then monthly high-dose boluses) in one population
(older adults); therefore, the relevance of the current study to, for example, daily vitamin
D dosing in children with asthma is unclear. Second, the primary outcome was based
on the prescribing of systemic corticosteroids, which requires clinician recognition of the
exacerbation and prescribing of the appropriate treatment. While it is likely that we missed
exacerbation events, we assume that these events were equally distributed across the two
randomly assigned groups; this would tend to bias results toward the null. Third, despite
starting with 775 participants, the few trial participants with baseline 25OHD <25 nmol/L
(n = 18, 2%) precluded analyses within the asthma only, COPD only, or asthma-COPD
overlap groups. By contributing our trial data to future IPD meta-analyses, we hope to
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compile sufficiently large numbers of participants in these important patient groups to
pursue the issues further.

In summary, although monthly high-dose vitamin D supplementation had no over-
all impact on exacerbations of asthma or COPD in these older adults, we found evi-
dence of probable benefit among those with severe vitamin D deficiency (baseline 25OHD
< 25 nmol/L). While it remains possible that the subgroup finding was due to chance, it
was very similar to results from other vitamin D trials in the literature, particularly those
focused on the prevention of COPD exacerbations [8]. The exact threshold (and mechanism)
for the observed benefit requires further study. To maximize the scientific yield of future
RCTs, we encourage that vitamin D researchers carefully consider the importance of the
trial population, vitamin D dosing regimen, and other factors when both designing and
interpreting the current results, and those from future trials [25].

Supplementary Materials: The following tables are available online at https://www.mdpi.com/20
72-6643/13/2/521/s1: Table S1: Baseline comparison of the vitamin D supplemented and placebo
groups among participants with 25-hydroxyvitamin D < 25 nmol/L. Table S2: Hazard ratios of
oral corticosteroid prescriptions, adjusted for other variables in the table, in the placebo group only
(n = 373).
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Abstract: Vitamin D (VD) might play an important role in polycystic ovary syndrome (PCOS) and
female fertility. However, evidence from randomized controlled trials (RCT) is sparse. We examined
VD effects on anti-Müllerian hormone (AMH) and other endocrine markers in PCOS and non-
PCOS women. This is a post hoc analysis of a single-center, double-blind RCT conducted between
December 2011 and October 2017 at the endocrine outpatient clinic at the Medical University of Graz,
Austria. We included 180 PCOS women and 150 non-PCOS women with serum 25-hydroxyvitamin
D (25(OH)D) concentrations <75 nmol/L in the trial. We randomized subjects to receive 20,000 IU
of VD3/week (119 PCOS, 99 non-PCOS women) or placebo (61 PCOS, 51 non-PCOS women) for
24 weeks. Outcome measures were AMH, follicle-stimulating hormone (FSH), luteinizing hormone
(LH), estradiol, dehydroepiandrosterone sulfate, and androstenedione. In PCOS women, we observed
a significant treatment effect on FSH (mean treatment effect 0.94, 95% confidence interval [CI] 0.087 to
1.799, p = 0.031) and LH/FSH ratio (mean treatment effect −0.335, 95% CI −0.621 to 0.050, p = 0.022),
whereas no significant effect was observed in non-PCOS women. In PCOS women, VD treatment for
24 weeks had a significant effect on FSH and LH/FSH ratio but no effect on AMH levels.

Keywords: vitamin D; polycystic ovary syndrome; anti-Müllerian hormone; follicle-stimulating
hormone; randomized controlled trial

1. Introduction

Vitamin D (VD) is a steroid hormone with well-known effects on calcium and bone
metabolism [1]. Accumulating evidence from cross-sectional studies indicates an asso-
ciation of low 25-hydroxyvitamin D (25(OH)D) concentrations with various conditions
including obesity, metabolic disorders [2,3], cardiovascular disease [4], hypogonadism [5],
polycystic ovary syndrome (PCOS) [6], and decreased female fertility [7]. It has been
hypothesized that a possible VD effect on ovarian anti-Müllerian hormone (AMH) might
be a putative component explaining the complex relationship of VD and human repro-
duction [8]. AMH is an ovarian biomarker playing a central role in folliculogenesis and
ovarian dysfunction. Several in vitro as well as in vivo studies examined the potential
effects of vitamin D on ovarian function [9,10]. Kinuta et al. [9] found that VD receptor null
female mice suffer from ovarian insufficiency that is characterized by impaired follicular
development. A recent meta-analysis assessed the reproductive outcomes of 2700 subfertile
women and found a significant association of favorable outcomes with replete vitamin D
status [10]. It has been hypothesized that VD acts upon the ovarian follicle and may im-
prove oocyte quality [10]. As impaired ovarian function is also related to obesity, it should
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be mentioned that obesity is associated with low VD status due to decreased physical
activity, low sun exposure, and sequestration in the adipose tissue [11,12]. Furthermore, it
has been hypothesized that low 25(OH)D concentrations are involved in the development
of obesity by influencing adipogenesis [12].

PCOS is the most common endocrine disorder among women of childbearing age [13].
Of note, PCOS has a very high prevalence and up to 10% of women of reproductive age
are affected by PCOS [13]. In addition to hyperandrogenemia and metabolic disturbances
such as obesity and insulin resistance, affected women frequently suffer from decreased
fertility due to anovulation [13,14]. Moreover, alterations in lipid pattern are associated
with obstetric complications in PCOS women [15]. Diet plays an important role in the
pathogenesis of PCOS and obesity is related to the severity of the syndrome [16,17]. An
increasing number of studies have examined the association of VD status with various
features of PCOS. Whereas the majority of observational studies point towards a link of
deficient VD status with obesity, metabolic disturbances, and anovulation, data derived
from randomized controlled trials (RCTs) are limited [6]. Compared to healthy women,
PCOS women have higher AMH levels and AMH is considered as an important diagnostic
and prognostic marker in PCOS [18]. Existing cross-sectional studies on the association of
25(OH)D concentrations and AMH levels have reported inconsistent results [19]. Although
a small RCT among VD-deficient infertile PCOS women reported a positive VD effect on
AMH levels [20], data from large RCTs are lacking. Therefore, a recent systematic review
and meta-analysis on VD and AMH concluded that large RCTs of VD supplementation are
necessary to elucidate the complex relationship of VD and AMH [19].

Consequently, we performed a post hoc analysis of our RCT that was designed to ex-
amine VD effects on endocrine and metabolic parameters in PCOS and non-PCOS women.
We aim to investigate VD effects on AMH levels as well as on other endocrine parameters
involved in reproduction, including follicle-stimulating hormone (FSH), luteinizing hor-
mone (LH), and estradiol in PCOS as well as in healthy premenopausal women without
PCOS. Furthermore, we analyze VD effects on dehydroepiandrosterone sulfate (DHEAS)
and androstenedione levels.

2. Materials and Methods

This study is a post hoc analysis of a single-center, placebo-controlled, double-blind,
parallel-group study performed at the Medical University of Graz (MUG), Austria. We
designed our study to examine VD effects on endocrine and metabolic parameters in PCOS
as well as in healthy women without PCOS.

We have published details on the study design and methods previously [21,22]. The
design, conducting, and publication of this study adhere to the recommendations of the
CONSORT Statement (http://www.consort-statement.org/). We registered the trial at http:
//www.clinicaltrialsregister.eu (EudraCT number, 2011-000994-30) and at clinicaltrials.gov
(ClinicalTrials.gov Identifier NCT01721915). The local ethics committee approved the study
protocol (EK 23-300 ex 10/11).

2.1. Subjects

Premenopausal women aged ≥18 years with 25(OH)D concentrations <75 nmol/L
were eligible for our study. In the PCOS group, we established a diagnosis of PCOS using
the Rotterdam criteria [23] if two out of the following three features were met: clinical
and/or biochemical hyperandrogenism, polycystic ovaries, and/or oligo-/anovulation.
We excluded disorders with similar clinical features before we made the diagnosis of PCOS.
Non-PCOS women were required to show none of the Rotterdam PCOS criteria.

Exclusion criteria in both groups were hypercalcemia (defined as plasma calcium
concentrations >2.65 mmol/L), regular vitamin D supplementation within 3 months prior
to study inclusion, prevalent type 2 diabetes mellitus, use of insulin-sensitizing drugs (i.e.,
metformin, incretin mimetic drugs, thiazolidinedione, sulfonylurea) within 6 months prior
to study inclusion, hormonal contraception within 3 months prior to study inclusion, use of
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lipid-lowering drugs or other drugs affecting insulin sensitivity or serum androgens (e.g.,
niacin, corticosteroids, beta-blockers, calcium channel blockers, thiazide diuretics) as well
as disorders apart from PCOS associated with irregular menses and/or androgen excess.

We recruited PCOS and non-PCOS women from patients of the Division of Endocrinol-
ogy and Diabetology and the Division of Gynecological Endocrinology and Reproductive
Medicine at the MUG by conversation during routine visits in the outpatient clinics. Fur-
thermore, we recruited participants from female hospital staff and female family members
of hospital staff, and written information about the study was posted in the outpatient
clinic. We informed all study participants during recruitment about the possibility of
receiving a placebo.

Healthy Women

We included not only PCOS but also healthy women in our RCT as vitamin D might
have varying effects among women with and without PCOS. As outlined above, the
relationship of vitamin D and AMH is complex. Vitamin D might increase AMH levels in
healthy women [24] but decrease AMH levels in PCOS women [20]. Therefore, to examine
whether vitamin D effects vary depending on the respective group, we included PCOS as
well as healthy women without PCOS in our analyses.

2.2. Intervention

We allocated subjects to the placebo (PBO) or VD group according to a computer-
generated randomization list using a ratio of 2:1. We placed study medication into num-
bered bottles according to this list.

The VD group received an oral dose of 20,000 IU VD3 per week (equivalent to
2857 IU/day) as 50 oily drops per week (Oleovit D3 drops; Fresenius Kabi Austria GmbH,
Linz) for 24 weeks. Our PBO group received 50 oily drops without VD for 24 weeks. PBO
oil contained the same oil as Oleovit D3 drops (without VD content). Fresenius Kabi Austria
GmbH, Linz delivered the PBO oil. All investigators involved in the enrollment of study
subjects, data collection as well as assignment to intervention were masked to participant
allocation. In order to improve and verify compliance, we asked study participants to
return full as well as empty study medication bottles at the end of the study.

2.3. Outcome Measures

This is a post hoc analysis of our RCT including PCOS and non-PCOS women. We in-
vestigate VD effects on endocrine parameters including AMH, FSH, LH, estradiol, DHEAS,
and androstenedione levels.

2.4. Procedures

We collected basal blood samples for measurement of 25(OH)D, AMH, FSH, LH,
estradiol, DHEAS, and androstenedione between 8.00 and 9.00 a.m. after an overnight fast.
We used 25(OH)D concentrations determined by immunoassay for evaluation of inclusion
criteria. We performed biobanking of all remaining blood samples by freezing and storing
at −80 ◦C until analysis. In addition, we measured serum concentrations of 25(OH)D by
well-adjusted isotope dilution–liquid chromatography tandem mass spectrometry (ID-LC-
MS/MS) methods in 2018 [21,22].

We measured FSH, LH, and estradiol levels on a daily basis. LH and FSH were
measured using Access® hLH and hFSH CLIA (Beckman Coulter Inc., Brea, CA, USA),
respectively. 17β-estradiol was determined using IMMULATE® CLIA assays (Siemens
Healthcare Diagnostics Products Ltd., Glyn Rhonwy, UK). We measured AMH, androstene-
dione, and DHEAS levels once weekly, and blood samples were frozen and stored at −40 ◦C
until analysis. We measured DHEAS (Labor Diagnostika Nord, Nordhorn, Germany) and
androstenedione (Siemens Healthcare Diagnostics Products Ltd.) via enzyme-linked im-
munosorbent assay (ELISA), with intra-assay and interassay coefficients of variation (CV)
of <10%. In our laboratory, the assay for AMH was changed in November 2014 from the
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ultra-sensitive anti-Müllerian hormone/Müllerian-inhibiting substance enzyme-linked
immunosorbent assay (ELISA) kit (Ansh Labs, Webster, TX, USA) to the Access 2 im-
munosorbent assay system (Beckmann Coulter). We compared both assays and found
a good correlation (r = 0.95). Both AMH assays show intra-assay and interassay CV of
<10%. Laboratory kits and assays did not change between 2011 and 2017 for the remaining
outcome parameters.

Vitamin D intake was assessed by questionnaires.

2.5. Statistical Analyses

We performed sample size calculation based on the data derived from a pilot study
conducted among PCOS women [25]. In detail, we found a reduction area under the curve
(AUC) glucose from 115 ± 17 at baseline to 103 ± 18 at the end of the study after 24 weeks
VD supplementation. We therefore calculated a sample size of 92 participants to detect a
treatment difference at two-sided 0.05 significance levels with a probability of 90%, if the
true difference between treatments is 12 with a standard deviation of 17. As the analyses
of VD effects according to genotype profile were a secondary outcome measure (results
have been published previously [26]), we randomized study participants 2:1 (VD:PBO) in
order to increase the sample size in the VD group. The number of enrolled PCOS subjects
was increased from 150 to 180 to ensure an adequate power to detect differences regarding
AUCgluc.

We used descriptive statistics as well as the Kolmogorov–Smirnov test to analyze the
distribution of data. We present continuous data with normal distribution as means with SD
and continuous data following a skewed distribution as median with interquartile range.
We performed log transformation of skewed variables and rechecked log transformed
data for normal distribution before parametric tests were performed. We used Student’s
T-test and χ2-test for comparisons of baseline characteristics between groups. Delta (Δ)
values (value at the end of the study minus baseline value) were calculated for 25(OH)D
and outcome measures. We used Pearson correlation analysis to determine relationships
between variables. We performed multivariable stepwise linear regression analysis with
LH/FSH ratio and androstenedione as the dependent variables, and with BMI, age, and
25(OH)D as independent variables.

We executed analyses of outcome variables according to the intention-to-treat principle.
In these analyses, we included all subjects with baseline and follow-up values. We applied
analysis of covariance and adjusted our analyses for baseline values to test for differences
in the respective outcome variables between the VD and the PBO group at the end of
the study. We performed subgroup analyses of PCOS women with irregular menses. All
statistical procedures were performed with SPSS version 26 (SPSS Inc., Chicago, IL, USA).
We considered a p-value of <0.05 as statistically significant.

3. Results

We screened ~500 PCOS women and ~300 healthy women without PCOS who rou-
tinely visited the endocrine outpatient clinic or responded to written information material
for study eligibility. We randomized and enrolled 180 PCOS women and 150 healthy
women in the study (participant flow charts have been published previously [21,22]).We
randomized the first subject in December 2011 and we performed the last follow-up in
October 2017.

In Table 1, we display the baseline characteristics of all study subjects. In PCOS
women, we observed significantly higher BMI (p = 0.001), AMH levels (p < 0.001), LH
levels (p = 0.02), LH/FSH ratio (p < 0.001), DHEAS (p < 0.001), and androstenedione levels
(p < 0.001), whereas age (p < 0.001), 25(OH)D (p = 0.019), FSH (p < 0.001), and estradiol
levels (p < 0.001) were lower compared to healthy women without PCOS. PCOS women in
the VD group were significantly younger compared to PCOS women in the PBO group.
In healthy women without PCOS, baseline estradiol levels were significantly lower in the
VD group compared to the PBO group. We found no significant differences among the
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remaining baseline characteristics between VD and PBO groups in PCOS as well as in
healthy women.

Table 1. Baseline characteristics of study subjects. Data are shown as means with standard deviation, median, and
interquartile range or proportion as appropriate. PCOS—polycystic ovary syndrome; VD—vitamin D; PBO—placebo;
BMI—body mass index; 25(OH)D—25-hydroxyvitamin D; AMH—anti-Müllerian hormone; FSH—follicle-stimulating
hormone; LH—luteinizing hormone; DHEAS—dehydroepiandrosterone sulfate. We performed comparisons of baseline
characteristics between women in the VD and the PBO groups using Student’s t-test and χ2-test. Season 1: January–March;
season 2: April–June; season 3: July–September; season 4: October–December.

All PCOS Women
(n = 180)

VD (n = 119) PBO (n = 61) p-Value

Age (years) 26.0 ± 5.0 25.4 ± 4.6 27.2 ± 5.5 0.022

BMI (kg/m2) 27.6 ± 7.5 27.3 ± 7.4 28.3 ± 7.8 0.453

25(OH)D * (nmol/L) 50.4 ± 19.0 50.7 ± 19.5 49.9 ± 18.3 0.798

AMH (ng/mL) 7.67 (4.09–15.0) 7.62 (4.23–15.0) 7.71 (3.15–15.0) 0.547

FSH (μU/mL) 5.97 ± 2.41 6.04 ± 2.59 5.94 ± 2.33 0.783

LH (μU/mL) 8.88 (4.26–14.5) 8.89 (4.20–15.34) 8.86 (3.82–14.18) 0.830

LH/FSH ratio 1.48 (0.88–2.30) 1.52 (0.88–2.54) 1.38 (0.68–2.55) 0.530

Estradiol (pg/mL) 60.6 (41.0–122.0) 59.1 (39.3–123.0) 64.0 (43.5–158.0) 0.311

DHEAS (μg/mL) 1.90 (1.24–2.97) 1.94 (1.16–3.22) 1.9 (1.28–3.07) 0.789

Androstenedione (ng/mL) 3.36 (2.26–4.87) 2.4 (1.48–4.24) 2.61 (1.79–3.96) 0.937

Vitamin D intake (IU/day) 31 (14–76) 31 (16–67) 31 (13–78) 0.582

Season of recruitment

Season 1 38.3% 36.1% 42.6% 0.442

Season 2 26.1% 26.1% 26.2%

Season 3 17.8% 21.0% 11.5%

Season 4 17.8% 16.8% 19.7%

All Healthy Women
(n = 150)

VD (n = 99) PBO (n = 51)

Age (years) 35.8 ± 8.7 35.7 ± 8.9 36.1 ± 8.4 0.826

BMI (kg/m2) 25.2 ± 5.5 25.5 ± 5.3 24.7 ± 5.8 0.398

25(OH)D * (nmol/L) 55.4 ± 18.9 55.4 ± 18.9 55.3 ± 18.9 0.996

AMH (ng/mL) 1.97 (0.32–4.38) 1.89 (0.29–5.2) 2.41 (0.32–5.30) 0.546

FSH (μU/mL) 9.86 ± 13.11 9.67 ± 12.05 9.96 ± 13.69 0.898

LH (μU/mL) 6.28 (3.72–11.0) 6.28 (3.24–11.50) 6.48 (4.04–14.20) 0.119

LH/FSH ratio 0.93 (0.51–1.59) 0.87 (0.48–1.57) 1.12 (10.51–2.03) 0.242

Estradiol (pg/mL) 92.6 (50.5–156.0) 83.4 (41.5–145) 114 (61.1–212.0) 0.006

DHEAS (μg/mL) 1.21 (0.78–2.0) 1.20 (0.75–2.03) 1.23 (0.76–2.19) 0.508

Androstenedione (ng/mL) 2.50 (1.56–3.96) 2.4 (1.48–4.24) 2.61 (1.79–3.96) 0.642

Vitamin D intake (IU/day) 50 (26–77) 50 (22–80) 50 (27–72) 0.471

Season of recruitment

Season 1 30.7% 29.3% 33.3% 0.942

Season 2 32.7% 32.3% 33.3%

Season 3 10.0% 10.1% 9.8%

Season 4 26.7% 28.3% 23.5%

* We measured 25(OH)D by liquid chromatography tandem mass spectrometry.
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3.1. Cross-Sectional Analyses

In PCOS women, we found a significant correlation of 25(OH)D levels with LH/FSH
ratio (r = −0.195, p = 0.009) as well as with androstenedione levels (r = 0.15, p = 0.043).
We observed no significant correlation of 25(OH)D levels with the remaining endocrine
parameters (AMH, LH, FSH, estradiol, and DHEAS). In analyses adjusted for age and
BMI, the correlation of 25(OH)D with LH/FSH ratio (p = 0.011) remained stable but was
attenuated for androstenedione (p = 0.070).

In healthy women, we observed no significant correlation of 25(OH)D with endocrine
parameters.

3.2. Outcome Analyses
3.2.1. PCOS Women

In PCOS women, the mean (±SD) overall treatment period was 176 ± 23 days in the
VD group and 176 ± 21 days in the PBO group (p = 0.906). A total of 123 study participants
completed both study visits.

In Table 2, we display results of outcome analyses. In PCOS women, we found a
significant VD effect on FSH levels as well as on LH/FSH ratio. We found no significant
effect on the remaining outcome parameters. After exclusion of PCOS women with regular
menses (n = 19), VD effects on FSH levels (mean treatment effect 0.271, 95% CI 0.27 to
2.06, p = 0.011) and LH/FSH ratio (mean treatment effect −0.401, 95% CI −0.705 to −0.097,
p = 0.010) remained stable.

Table 2. Continuous outcome variables at baseline and end of the study in PCOS women with available values at both study
visits. We display data as means with standard deviation or medians and interquartile range as appropriate. We calculated
treatment effects with 95% confidence interval and p-values by analysis of covariance for group differences at the end of the
study. Analyses were adjusted for baseline values. IQR—interquartile range; AMH—anti-Müllerian hormone; VD—vitamin D;
PBO—placebo; FSH—follicle-stimulating hormone; LH—luteinizing hormone; DHEAS—dehydroepiandrosterone sulfate.

Baseline Visit Study End
Treatment Effect (95%
Confidence Interval)

p-Value

AMH * (ng/mL)

VD (n = 80) 7.6 (4.2–15.0) 7.0 (4.2–15.5)
0.097 (−0.081 to 0.276) 0.282

PBO (n = 40) 7.7 (3.2–15.0) 7.6 (2.8–14.4)

FSH (μU/mL)

VD (n = 81) 6.04 ± 2.59 6.16 ± 2.46
0.94 (0.087 to 1.799) 0.031

PBO (n = 41) 5.94 ± 2.33 5.23 ± 1.78

LH * (μU/mL)

VD (n = 79) 8.9 (4.2–15.3) 9.4 (3.4–15.2) −0.184 (−0.497 to 0.129) 0.248
PBO (n = 41) 8.9 (3.8–14.2) 8.8 (4.1–14.7)

Estradiol * (pg/mL)

VD (n = 81) 59.1 (39.3–123.0) 59.4 (33.9–169.0) −0.096 (−0.351 to 0.159) 0.460
PBO (n = 41) 64.0 (43.5–158.0) 73.8 (44.2–193.0)

LH/FSH ratio *

VD (n = 79) 1.52 (0.88–2.54) 1.45 (0.79–2.73) −0.335 (−0.621 to −0.050) 0.022
PBO (n = 41) 1.38 (0.69–2.55) 1.73 (0.76–3.32)

DHEAS * (μg/mL)
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Table 2. Cont.

Baseline Visit Study End
Treatment Effect (95%
Confidence Interval)

p-Value

VD (n = 81) 1.94 (1.16–3.22) 1.96 (1.06–3.12) −0.016 (−0.142 to 0.11) 0.805
PBO (n = 41) 1.9 (1.28–3.07) 2.12 (1.31–3.23)

Androstenedione * (ng/mL)

VD (n = 80) 3.41 (2.24–4.95) 3.68 (2.55–6.0)
0 (−0.131 to 0.130) 0.996

PBO (n = 40) 3.32 (2.05–5.58) 3.86 (2.33–7.11)

* Skewed variables for which logarithmic transformed values were used in ANCOVA, but untransformed values are shown in the table.

We observed a significant negative correlation of Δ25(OH)D levels with ΔLH/FSH
ratio (r = −0.208, p = 0.024) and a trend with ΔFSH (r = 0.169, p = 0.066). We observed no
significant correlation of Δ25(OH)D with ΔAMH, ΔLH, Δestradiol, Δandrostenedione, and
ΔDHEAS (p > 0.05 for all).

Table 3 shows 25(OH)D concentrations at baseline and the end of the study in PCOS
women. VD supplementation significantly increased 25(OH)D concentrations.

Table 3. 25(OH)D concentrations at baseline and at the end of the study in subjects with available values at both study
visits. Data are shown as means with standard deviation. Treatment effects with 95% confidence interval and p-values were
calculated by ANCOVA for group differences at follow-up with adjustment for baseline value.

Baseline Follow-Up (24 Weeks) Treatment Effect (95% Confidence Interval) p-Value

PCOS women

25(OH)D (nmol/L)

VD (n = 79) 48.8 ± 16.8 90.2 ± 20.1
33.4 (24.5 to 42.2) <0.001

PBO (n = 44) 48.8 ± 17.5 56.8 ± 29.5

Healthy women

25(OH)D (nmol/L)

VD (n = 82) 55.8 ± 19.9 95.3 ± 26.2
28.5 (19.3 to 37.7) <0.001

PBO (n = 44) 56.2 ± 19.3 67.0 ± 24.8

PCOS—polycystic ovary syndrome; 25(OH)D—25-hydroxyvitamin D; VD—vitamin D; PBO—placebo.

VD effects on metabolic parameters are shown in supplemental Tables S1 and S2.
In PCOS women, we found a significant beneficial VD effect on glucose levels at 60 min
during the oral glucose tolerance test (Supplementary Table S1). In non-PCOS women, VD
treatment had a significant unfavorable effect on insulin resistance and insulin sensitivity
(Supplementary Table S2).

3.2.2. Non-PCOS Women

In healthy women, the mean (± SD) treatment duration was 174 ± 44 days in the VD
group and 173 ± 23 days in the PBO group (p = 0.884). In total, 127 participants completed
the entire study including the last follow-up visit after 24 weeks.

In healthy women without PCOS, we found no significant VD effect on outcome
measures (p > 0.05 for all, data not shown). Furthermore, we observed no significant
correlation of Δ25(OH)D with changes in outcome measures (p > 0.05 for all).

Table 3 shows 25(OH)D concentrations at baseline and the end of the study in healthy
women. We found a significant VD effect on 25(OH)D concentrations in women with-
out PCOS.
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4. Discussion

In our RCT in PCOS women with baseline 25(OH)D concentrations <75 nmol/L, VD
treatment had a significant effect on FSH levels and LH/FSH ratio. We found, however, no
significant VD effect on AMH levels and the remaining endocrine parameters. In healthy
women with serum 25(OH)D <75 nmol/L at baseline, we observed no significant VD effect
on outcome measures.

Interestingly, we observed a significant VD effect on FSH levels and LH/FSH ratio
as well as a significant correlation between Δ25(OH)D and ΔLH/FSH ratio in PCOS
women. In the pathophysiology of PCOS, abnormalities of the hypothalamic–pituitary–
ovarian axis play an important role [13]. A relative increase in LH to FSH release is caused
by a disturbance in the secretion pattern of the gonadotrophin-releasing hormone [27].
Furthermore, ovarian estrogen is responsible for causing an abnormal feedback mechanism
that results in increased LH release [28]. An elevated LH/FSH ratio is a common finding
in PCOS and as a result, ovulation does not occur in many PCOS patients [29]. It has been
reported that VD alters FSH sensitivity, indicating a possible physiological role for VD in
the development and luteinization of the ovarian follicle [8]. Among induced PCOS rats,
VD treatment increases the normal follicle number through increasing FSH and estradiol
and decreasing LH [30]. Furthermore, Kinuta et al. [9] demonstrated that VD promoted
folliculogenesis and follicular development in PCOS rats by increasing progesterone and
estrogen levels and regulating the LH/FSH ratio.

Our results contribute to the mounting evidence from cross-sectional and interven-
tional studies on favorable VD effects on reproduction [7,31,32]. It has been hypothesized
that physiological levels of VD might have a beneficial role in ovulation and endometrial
receptivity [33]. Consistently, findings from systematic reviews and meta-analyses ana-
lyzing the association of VD and assisted reproduction outcomes suggest that women
with replete VD status have more live births, more positive pregnancy tests, and more
clinical pregnancies compared to women with deficient or insufficient 25(OH)D [31,32].
Recently, Butts et al. [31] reported that VD deficiency in PCOS women who underwent
ovarian stimulation for infertility treatment was linked with significantly diminished rates
of ovulation, of pregnancy, and ultimately, a reduced chance of live birth. Of note, there
was no significant association of VD deficiency with ovulation, pregnancy, or live birth
in non-PCOS women with unexplained infertility [31]. In light of the high prevalence of
insufficient VD levels in PCOS women [6] and the significant burden of decreased fertility
in affected women, our findings deserve investigation in future large RCTs including PCOS
women as well as women without PCOS. Considering the fact that VD supplementation is a
safe and cheap treatment, our findings might be of high clinical interest. It should, however,
be emphasized that the clinical relevance of our findings regarding reproduction remains
to be determined as we investigated only surrogate parameters involved in fertility.

We failed to find a significant VD effect on AMH levels. Existing evidence on the
relationship of VD and AMH levels is conflicting [19]. It has been shown that VD regulates
AMH levels in vitro, both directly through the AMH promoter [34] and indirectly by regu-
lating the number of granulosa cells and AMH signaling in cultures of ovarian follicles [35].
In contrast to the consistency of the in vitro data, the evidence of a link between VD and
AMH in women is contentious. The majority of cross-sectional studies failed to find a
significant correlation of 25(OH)D levels and AMH [19]. In contrast, a prospective study
including PCOS women observed an association of VD supplementation with a decrease in
serum AMH levels [36]. Furthermore, positive VD effects on AMH levels were found in a
prospective study including infertile women with diminished ovarian reserve [24]. To date,
there are only two small RCTs investigating VD effects on AMH levels in women [20,37]. In
a study among VD-deficient infertile PCOS women, participants received either 50,000 IU
VD/week (n = 17) or PBO (n = 17) for 8 weeks. The authors found a significant decrease in
AMH levels in the VD group compared with PBO [20]. Dennis et al. [37] conducted an RCT
in 49 young women with regular menses to evaluate the effects of a single high dose of VD
(50,000 IU, taken on the first day of the menstrual cycle) versus PBO on AMH levels during
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the following week. Interestingly, the authors observed a significant progressive increase
in AMH levels in the following week after VD supplementation. In our RCT, we found
no significant VD effect on AMH levels in PCOS or non-PCOS women. These different
results might be related to varying VD doses, study duration, baseline 25(OH)D levels, age,
and sample size. However, as 25(OH)D concentrations at the end of the study were high
in both groups, it is unlikely that the lack of a significant VD effect on AMH levels in our
study is related to insufficient vitamin D doses.

Our study has several limitations. First, as we investigated women with relatively
high baseline 25(OH)D levels, we cannot exclude significant VD effects on AMH levels in
women with lower baseline 25(OH)D levels. Another possible limitation is the relatively
high drop-out rate in PCOS women. Furthermore, since blood samples were collected
regardless of the participants’ menstrual cycle, the results regarding some of the measured
parameters (e.g., FSH, LH, estradiol) should be interpreted with caution. As gonadotropins
vary consistently during the phases of the menstrual cycle, our results regarding vitamin
D effects on FSH and LH/FSH ratio should be interpreted in light of this limitation. We
cannot rule out that blood sampling in the first week of the menstrual cycle in PCOS women
with a regular menstrual cycle would provide different results. Nevertheless, only a small
number of PCOS women had a regular menstrual cycle (n = 19) and the exclusion of these
PCOS women from our analyses did not materially change our results. Moreover, AMH
levels are stable across the menstrual cycle and typically demonstrate minimal intercycle
and intracycle variability [38,39]. As we did not assess data on sun exposure, we were not
able to adjust our analyses for this potential confounder. Furthermore, we did not assess
the dietary pattern of study participants. This limitation might influence our results, as it
has been demonstrated that specific diets such as the Mediterranean diet are associated
with circulating 25(OH)D concentrations [40]. Finally, our findings should be interpreted
with caution because our results derive from a post hoc analysis and we did not adjust
for multiple testing as our analyses were all based on a priori pre-specified hypotheses.
Nevertheless, we cannot exclude that our statistical analyses revealed a false-positive
finding. The strengths of our study include its design as an RCT, the large sample size as
well as the inclusion of PCOS and non-PCOS women.

5. Conclusions

In summary, we found no significant VD effect on AMH levels but a significant effect
on FSH levels and LH/FSH ratio in PCOS women. Our results, therefore, support the idea
that VD may be involved in reproductive function in PCOS women. In light of previous
data suggesting a possible favorable VD effect on female fertility, further adequately
powered RCTs are of clinical importance to clarify the potential positive effects of VD on
reproductive function in PCOS women.
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Abstract: Osteonecrosis of the jaw (ONJ) is a severe clinical condition characterized mostly but not
exclusively by an area of exposed bone in the mandible and/or maxilla that typically does not heal
over a period of 6–8 weeks. The diagnosis is first of all clinical, but an imaging feedback such as
Magnetic Resonance is essential to confirm clinical suspicions. In the last few decades, medication-
related osteonecrosis of the jaw (MRONJ) has been widely discussed. From the first case reported
in 2003, many case series and reviews have appeared in the scientific literature. Almost all papers
concerning this topic conclude that bisphosphonates (BPs) can induce this severe clinical condition,
particularly in cancer patients. Nevertheless, the exact mechanism by which amino-BPs would be
responsible for ONJ is still debatable. Recent findings suggest a possible alternative explanation for
BPs role in this pattern. In the present work we discuss how a condition of osteomalacia and low
vitamin D levels might be determinant factors.

Keywords: aminobisphosphonates; BRONJ; denosumab; MRONJ; osteomalacia; osteonecrosis;
jaw; pathophysiology

1. Introduction

Osteonecrosis of the jaw (ONJ) is a severe clinical condition characterized by an
area of exposed bone in the mandible and/or maxilla that typically does not heal over
a period of 6–8 weeks. The diagnostic criteria were updated in 2014 by the American
Association of Oral and Maxillofacial Surgeons and based on clinical features and radiologic
imaging in presence of pharmacological history or ongoing use of antiresorptive agents, in
particular bisphosphonates (BPs) or antiangiogenic agents such as monoclonal antibodies
targeting vascular endothelial growth factor (VEGF) receptors [1]. A special committee
of the American Association of Oral and Maxillofacial Surgeons (AAOMS) suggested
changing the nomenclature of bisphosphonate-related osteonecrosis of the jaw (BRONJ)
to medication-related osteonecrosis of the jaw (MRONJ) as a consequence of increasing
cases of osteonecrosis due to the association with other antiresorptive and antiangiogenic
therapies [1]. However, the nomenclature concerning this pathology has been and still is
the subject of debate [2–5]. MRONJ classification considers four disease stages. Stage 0—the
prodromal period. No clinical evidence of necrotic bone, and nonspecific clinical findings,
radiographic changes, and symptoms. Radiographically, it can reveal an unexplained bone
loss not attributed to periodontal inflammation with a change in trabecular bone pattern;
Stage 1—Exposed and necrotic bone, or fistulae that probe to the bone in asymptomatic
patients who have no evidence of infection. These patients may also present with the
radiographic findings mentioned for Stage 0 which are localized to the alveolar bone
region; Stage 2—Exposed and necrotic bone, or fistulae that probe to the bone, associated
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with infection as evidenced by pain and erythema in the region of the exposed bone, with
or without purulent drainage. These patients are typically symptomatic; Stage 3—Exposed
and necrotic bone, or fistulae that probe to bone, with evidence of infection, and one or more
of the following: (1) exposed necrotic bone extending beyond the region of alveolar bone,
i.e., inferior border and ramus in the mandible, maxillary sinus and zygoma in the maxilla;
(2) pathologic fracture; (3) extraoral fistula; (4) oral antral/oral nasal communication;
(5) osteolysis extending to the inferior border of the mandible or sinus floor [1].

The diagnosis is first of all clinical, but 3D imaging techniques (CT, cone beam), Single-
Photon Emission Tomography (SPECT) and Magnetic Resonance (MR), are important to
confirm the clinical suspicions. In the last decade, the problem of ONJ has been widely
discussed. From the first case reported in 2003, many additional case series and reviews
appeared in the scientific literature. Almost all publications concerning this topic conclude
that BPs, antiresorptive and antiangiogenic drugs can induce this severe clinical condition,
particularly in cancer patients. Generally, antiresorptive drugs are bone targeting agents
used to prevent skeletal resorption following different pathologies such as metabolic and
degenerative diseases. In addition to bone targeting drugs, medications without antiresorp-
tive properties such as angiogenic inhibitors, tyrosine kinase inhibitors or inhibitors of the
mammalian target of rapamycin (mTOR) and cytotoxic molecules used for chemotherapy
may also increase the risk of osteonecrosis of the jaw [6].

Nevertheless, the exact mechanism by which these drugs, in particular amino-BPs,
would be responsible for MRONJ is still subject to discussion. However, many hypotheses
have been proposed and different pathophysiological mechanisms have been investigated,
supporting the main role of drugs in the pathogenesis of this severe condition.

Among other hypotheses, osteomalacia following vitamin D deficiency has been
considered an important factor in the pathogenesis of ONJ.

Therefore, with the aim to describe the ONJ problem and the medical context of this
pathology, in this review we discuss recent studies related to ONJ and antiresorptive drugs,
as well as the involvement of osteomalacia due to low vitamin D levels as a triggering
factor for ONJ.

2. Epidemiology

ONJ lesions occur more commonly in the mandible than in the maxilla (65% mandible,
28.4% maxilla, 6.5% both mandible and maxilla, 0.1% other locations). ONJ incidence in
patients who are prescribed oral BPs for the treatment of osteoporosis is very low and
ranges from 1.04 to 69 per 100,000 patient-years. The incidence of ONJ in patients prescribed
intravenous (i.v.) BPs for the treatment of ONJ ranges from 0 to 90 per 100,000 patient-years.
With regard to denosumab, ONJ incidence ranges from 0 to 30.2 per 100,000 patient-years [7].
Based on different national surveys the incidence of ONJ in osteoporotic patients receiving
BPs ranged from 0.01% to 0.07% [8,9]. On the basis of these epidemiologic data, ONJ impact
on the osteoporotic population appears to be very rare and therefore negligible.

In cancer patients treated with i.v. BPs the incidence of ONJ is higher, ranging from
0 to 12,222 per 100,000 patient-years [7]; recently, an incidence of about 0.8% (48 out of
6018) in breast cancer patients has been observed [10]. However, ONJ incidence in this
particular setting may be influenced by the malignancy type/severity as well as by the
assumption of other drugs that may impact bone health, such as glucocorticoids. In
addition, in the presence of bone metastases, the doses of drugs used for the management
of bone disease are significantly higher compared to those used in osteoporosis, therefore
the oncologic setting appears to be very peculiar compared to other clinical conditions
involving the skeleton.

Considering the epidemiological data discussed so far and the prognostic clinical
impact of fragility fractures increasing morbidity and disability, as well as mortality, the
precautionary interruption of an antifracture treatment should be carefully evaluated. If
we assume that an antiresorptive therapy may grant a long-term fracture risk reduction of
around 30%, the benefit/risk ratio (prevented fracture/adverse skeletal event), particularly
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in high-risk subjects, would be at least 100:1 [11]. In addition, as has been recently ob-
served, the interruption of the antiresorptive therapy, in particular denosumab treatment,
is associated with a significant fracture rate increase [12].

However, it is important to highlight that, even in long-term treatments, serious
adverse event rates are generally stable over time, varying between 11.5 and 14.4 per
100 participant-years, against a 10.9 to 11.7 withdrawal per 100 participant-years in
placebo [11,13]. These data further support the pursuance of antifracture therapy in high-
risk patients. From another point of view, emerging evidence confirms that antiresorptive
drug treatment discontinuation aimed at ONJ risk reduction is unneeded [14].

3. Clinical and Genetic Risk Factors for ONJ

Many clinical factors have been considered in the pathogenesis of ONJ, particularly
dental surgery. A recent study reported that in 48 patients ONJ triggers were: dental extrac-
tion in 20 of them (35.1%), periodontal disease in 14 (24.6%), denture trauma in 6 (10.5%),
other dental surgery in 2 (3.5%). Spontaneous ONJ was observed in 20 patients (35.1%).
Infection was present in 13/27 (48.1%) induced ONJ and in 7/18 (38.9%) spontaneous
ONJ cases [10].

The patients’ features are also important: immunodeficiency, comorbidities such as
diabetes as well as the presence of autoimmune diseases have been suggested as risk
factors for ONJ [15]. The local triggering factors were examined in a recent review: tooth
extraction was reckoned in 46% of individuals, implant placement in 14%, prosthetic
trauma in 14% [16].

Genetic and epigenetic studies have been performed to evaluate individual risks of
developing ONJ in patients treated with antiresorptive drugs. It has been reported that
the A allele frequency of the A/C rs2297480 polymorphism of farnesyl pyrophosphate
synthase (FDPS), an enzymatic target of BPs, correlates positively with ONJ after 18–24
months of zoledronate treatment [17]. A genome-wide association study (GWAS), has
reported that a single nucleotide polymorphism (SNP) occurring in Cytochrome p450
CYP2C8 is associated with a higher risk to develop ONJ in patients affected by multiple
myeloma treated with BP therapy [18]. An exome-wide association analysis (ExWAS),
highlighted two SNPs on chromosome 10 occurring in two promoter sequences of the
SIRT1/HERC4 locus which seemed to be associated with MRONJ [19]. On the other hand,
the promoter SNP rs932658 regulates the expression of SIRT1 and presumably lowers the
risk of MRONJ by increasing SIRT1 expression [20]. According to this hypothesis, in the
presence of high concentrations of BP in bone, or with frequent intravenous dosing, toxicity
to other bone cells including soft tissue might occur. Concerning this aspect, the potential
role of cumulative doses of BPs in fostering the onset of bone alterations seems unlikely,
particularly for zoledronic acid [8]. In fact, ONJ has been observed with a wide range of BP
doses, varying from a single dose of zoledronic acid (4 mg) to 60 administrations [8]; risk
increases dramatically with higher cumulative doses, higher administrations, and longer
observation time.

In such a complex scenario the precise role and action course of BPs, denosumab
or antiangiogenic drugs in MRONJ is still under discussion. It is important to ascertain
whether they are the main culprits or rather detrimental factors, among others, in the
pathogenesis of ONJ. Such elucidation would improve the management of patients at high
fracture risk requiring long-term antifracture treatments.

4. Bone Remodeling Impairment

Bone remodeling is a crucial lifelong process that allows old bone tissue removal
from the skeleton and its replacement with new bone. It also ensures bone reshap-
ing/replacement following fractures and microdamage. Osteoclasts (OC) literally “bone-
breaking cells”, perform bone resorption, while osteoblasts (OB) produce the collagen
rich extracellular matrix and participate in its mineralization. Osteoclast and osteoblast
activity must be balanced through coupling in order to maintain skeletal mass throughout
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the lifespan; however, certain diseases and aging itself lead to unbalanced pathological
conditions. Regarding the topic under discussion in the present review, impairment of
osteoclast-mediated bone remodeling and angiogenesis have been reckoned to play a major
pathogenetic role in MRONJ [21,22]. The site-specific effect, restricted to the jaw bone, is
ascribed to a differentiated proliferation and osseous response to BPs by craniofacial bones,
due to their different embryonic origin (i.e., from the cranial neural crest). Antiresorptive
drugs (BPs and Denosumab) target OCs but affect OBs as well. Bone homeostasis depends
on OC/OB crosstalk which is regulated by the RANK-RANKL-OPG network; osteoclasts
targeting drugs might favor ONJ by disrupting the coupling process [23]. Osteocytes,
mature osteoblasts embedded into the mineralized matrix, which are the most abundant
and long-lived cells in bone, play an important role in bone remodeling control, by secret-
ing Sclerostin and DKK1, two inhibitors of WNT signaling pathway, and RANKL, which
reduce bone formation (Figure 1). In vitro experiments on MLO-Y4, an osteocyte-like cell
line, have shown that Zoledronate administration significantly enhanced both RANKL and
Sclerostin expression [24]. These data demonstrate that BPs also exert their influence on os-
teocytes, suggesting osteocytes’ potential role in MRONJ development. Jaw predisposition
to MRONJ is justified by the very rapid turnover rate in alveolar bone [25].

Figure 1. Schematic representation of Osteoclast/Osteoblast/Osteocyte cross-talk mediators involved
in bone remodeling. OC: osteoclast; OB: osteoblast; OT: osteocyte; blc: bone lining cell. DKK1:
Dickkopf WNT signaling pathway inhibitor 1; RANKL: Receptor activator of nuclear factor kappa-
B ligand; RANK: Receptor activator of nuclear factor kappa-B; OPG: osteoprotegerin, a RANKL
decoy receptor.

5. How Do Different Antiresorptive Drugs Interfere with Bone Turnover

In respect to turnover suppression, we have previously observed that zoledronic acid
increases the anabolic window preserving bone formation activity compared to other less
powerful BPs such as risedronate, avoiding the so-called frozen bone [26,27]. From another
point of view, Reid in 2009 suggested that MRONJ is caused by powerful BPs direct toxicity
to bone and soft tissue cells, probably deriving from their effects on the mevalonate path-
way [28]. BPs concentration in the jaw can be higher compared to other skeleton areas [29].
In fact, BPs preferably affect this area in consequence of its higher remodeling and turnover
rate. By suppressing bone metabolism, BPs may induce physiological microdamage in the
jaw affecting its biomechanical abilities. In addition, a lower pH consequent to oral invasive
procedures allows BPs accumulation, i.e., toxic concentrations. It has been suggested that
the fostering factors for MRONJ are: BPs potency, treatment duration, concomitant oral
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surgery [30,31]. In addition to BPs, other therapeutic molecules can inhibit osteoclasts like
denosumab, an anti-RANKL monoclonal antibody is currently used for the treatment of
osteoporosis, primary and metastatic bone cancer as well as rheumatoid arthritis [32–34].
However, cases of ONJ have been reported in patients receiving denosumab [35,36].

6. Animal Models Contribution to ONJ Studies

A suitable animal model is necessary to better understand the pathophysiology of
ONJ. The challenging task is to generate animal models showing signs similar to ONJ
clinical picture [37]. The in vivo model should expose the oral cavity bone following
bisphosphonate treatment in association with other factors occurring in humans such as
dental trauma or immunosuppression [38,39]. It is important to consider that ONJ occurs
in humans after at least 8 weeks exposure. Timing may vary for animal models. Therefore,
establishing the correct timeline for the observation of ONJ effects represents a starting
point for studies related to the physiology and pathophysiology of the jaw.

Studies performed in dogs demonstrated that the bone turnover rate in the jaw is
6/10-fold higher than in long bones. Such bone turnover might increase 10-fold further
upon dental extraction [40,41].

Since BPs affect bone by suppressing its turnover, the suppression/reduction of bone
turnover might be considered the main cause of ONJ pathophysiology [42,43]. As intra-
cortical remodeling suppression is a favoring factor for ONJ, it has been hypothesized
that animal species with intracortical remodeling may render ONJ effects more appropri-
ately [37]. Allen et al. have chosen dogs, characterized by intracortical remodeling in the
skeleton and, in particular, in the jaw. For this purpose, the authors used intact female
beagles treated daily with vehicle or alendronate (0.20 or 1.0 mg/kg/day) and the duration
of this treatment was one or three years. During this study the authors reported exposed
oral bone absence in all animals; jaw matrix necrosis areas were observed in 25% of dogs
treated with the lower doses, in 17% or 33% of dogs treated with the higher dose after
1 year or 3 years, respectively [37].

Another suitable animal model for studying ONJ is the rodent. Rodents are widely
used for studies related to skeletal diseases. However, the absence in rodents of intracortical
remodeling, a favoring factor for ONJ, generally limits their use. However, it has been
demonstrated that intracortical turnover occurs in C3H mice long bones [44] suggesting
that selected mice strains may be useful for studying ONJ.

Recently, Holtmann et al. consulted Embase, Medline, and the Cochrane Library in
order to identify the appropriate model for MRONJ [45]. In this retrospective study, the
authors found that rats, mice, dogs, minipigs, sheep and rabbits were the most used animal
models. In particular, studies performed on the rat model focused on BPs’ effects on the
jaw after tooth extraction. According to Vasconcelos et al. clodronate (a nonamino-BPs),
was less likely to induce ONJ than zoledronate [46]. However, most of the other studies em-
ployed amino-BPs such as zoledronate, alendronate or pamidronate. Studies performed by
using zoledronate in rats clearly showed the effects of ONJ [47], while the administration of
alendronate showed controversial results. The combined use of an amino-bisphosphonate
plus a corticosteroid led to the appearance of ONJ-like lesions [48]; Sonis et al. observed
in rats treated with bisphosphonate and corticosteroid more relevant ONJ lesions than
in zoledronate-only administration [49]. Aghaloo et al. observed that periodontitis is a
triggering factor for the development of ONJ with high-dose administration of zoledronate;
other studies confirm these results [50].

In studies employing murine models the effects of bisphosphonate in association with
corticosteroids compared to the effects of zoledronate alone have also been investigated.
The combination of bisphosphonate together with corticosteroids seems to enhance the
development of ONJ lesions following tooth extraction in mice. However, other authors
did not observe these effects [51]. In addition, it has been demonstrated that the presence
of a periapical disease in mice promotes ONJ following zoledronate administration or
treatment with the anti-receptor activator of nuclear factor kappa beta ligand antibody
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(anti-RANKL Ab) [52]. Such a finding has not been observed in rats. In studies using a
pig model or a sheep model treated with zoledronate alone or zoledronate in association
with corticosteroids, respectively, the presence of ONJ lesions was observed [53–55]. Pig
is a very useful model for studying skeletal diseases as its bone regeneration pattern is
similar to what is expected in humans [53]. In particular, the minipig is considered the
most reliable model for ONJ pathophysiology investigations [53,54]. Yet, due to actual
bone physiology differences, the direct translation of animal model findings to human ONJ
pathophysiology is questionable.

7. Osteomalacia and Vitamin D

Osteomalacia is characterized by low phosphate levels causing impaired bone miner-
alization, bone pains, myopathies and enthesopathies. In addition to hypophosphatemia,
biochemical aspects include normal or low levels of serum calcium, normal or high levels
or alkaline phosphatase, low or insufficient levels of serum 1, 25 dihydroxy vitamin D
as well as normal serum intact parathormone levels and alterations related to the maxi-
mum tubular resorptive capacity for phosphorus/glomerular filtration rate [56,57]. The
causes of osteomalacia may be identified in underlying mechanisms such as vitamin D de-
ficiency/resistance, vitamin D-independent low calcium serum levels, hypophosphatemic
diseases, mineralization impairment due to aluminum toxicity (antacids, dialysis fluid),
fluorosis (i.e., endemic fluorosis from borehole water) iron (in dialysis patients, or patients
with FGF23 mediated hypophosphatemia), etidronate overdose (in Paget’s disease), or
environmental intoxication with cadmium [58]. In addition, metabolic acidosis occurring
in gastrointestinal or renal disorders may contribute to bone mineralization disruption [58].
Recently, the involvement of FGF23, an osteocyte-borne hormone, in osteomalacia has been
suggested [59]. Osteomalacia can also be related to congenital connective tissue disorders
such as osteogenesis imperfecta type VI [60] or the rare fibrogenesis imperfecta ossium [61].
However, the actual prevalence of osteomalacia is elusive. In the Middle East and Asia
low calcium intake and severe vitamin D deficiency are common; in Pakistan a preva-
lence of 2% to 3.6% of diagnosed osteomalacia has been reported in young women [62].
In Western countries elderly people are at high risk of osteomalacia: a 2% to 5% preva-
lence for this disorder has been reported in different studies [63,64]. Interestingly, a larger
number of biopsies revealed a 4.9% prevalence of individuals with osteomalacic features
in Germany [65]. In addition, osteomalacia is present in patients with gastrointestinal
disorders (i.e., celiac disease) [66]. After gastric bypass surgery, patients may develop
vitamin D deficiency even if only 25% of these bariatric patients with suspected osteoma-
lacia will be actually confirmed as osteomalacic by histomorphometric analyses [67,68].
Hypovitaminosis D has been found in prostate, multiple myeloma, colorectal and breast
cancer patients [69]. In particular, Nogues et al. found vitamin D deficiency in 85–92%
of breast cancer patients [70] whereas Neuhouser et al. reported a prevalence of 76.8% of
vitamin D insufficiency in a study conducted on 426 breast cancer survivors [71]. Other
studies conducted on breast cancer patients confirmed a prevalence >70% of vitamin D
deficiency [72–74]. Fakih et al. reported in a study performed on colorectal cancer patients
that 21% stage I-III patients and 32% stage IV patients had very low vitamin D serum levels
(<15 ng/mL) [75]. Trump et al., performing a case control study in prostate cancer patients
reported vitamin D deficiency (<20 ng/mL) and insufficiency (20–31 ng/mL) in 40% and
32% of cases respectively; notably, the authors found 31% vitamin D deficiency and 40%
insufficiency among controls [76]. Finally, an alarming study reported vitamin D deficiency
in metastatic bone disease and multiple myeloma patients [77]. In this study the authors
reported that serum 25-OH-D levels are rarely sufficient in breast, prostate or MM bone
metastatic patients.

8. Vitamin D and Oral Pathology

Various studies highlight the role of vitamin D in oral pathology. Vitamin D plays
an important role in periodontology as it contributes to maintaining healthy periodontal
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tissues, reducing the risks of gingivitis and chronic periodontitis by activating the immune
response [78]. A study performed in 562 senior citizens demonstrated that subjects receiv-
ing a high vitamin D dose (>800 IU daily) showed a lower risk of developing a severe
form of chronic periodontitis compared to those receiving a lower vitamin D daily dose
(<400 IU) [79]. Furthermore, the association between low levels of vitamin D intake and
increased caries risk has been reported in children in different studies [80–83]. The alleged
association between vitamin D deficiency and ONJ is an intriguing topic. In fact, some re-
searchers did not find such an association [84], while others have observed that low vitamin
D levels are risk factors for the development of ONJ [85,86]. In particular, in a randomized
study performed in osteoporotic patients no correlation between vitamin D intake and ONJ
was found [84]. On the contrary, MRONJ prevalence was reported in patients with low
vitamin D levels in a two-year retrospective study performed in 63 patients treated with
antiresorptive medication [85]. Recently, Demircan et al. performed a case control study
(20 patients with ONJ and 20 healthy controls) in order to evaluate bone marker levels in
bisphosphonate-induced-ONJ [86]. Interestingly, the researchers found higher PTH levels
and lower TSH, Vit-D, osteocalcin and NTX levels in ONJ patients compared to controls.

9. Histomorphometric Study

Some years ago, the results of a histomorphometric study performed in our laboratory
suggested a possible novel explanation for BPs’ role in this pattern [87]. In the cited
study, we performed jaw bone biopsies in patients treated with BPs with or without ONJ
and we found a mineralization defect in the jaws of all ONJ patients, highlighting the
presence of osteomalacia at the histological level (Figure 2). On the contrary, control
subjects did not show any osteomalacic pattern in jaw biopsies. Furthermore, control
subjects, who had been followed up as part of a cohort study, did not develop any sign
of MRONJ up to one year after bone sampling. Interestingly, four patients who had been
excluded from the study because of osteomyelitis, turned out to be osteomalacic upon
histomorphometric evaluation of jaw biopsies and developed clinical and/or radiological
signs of MRONJ within six months, suggesting the mineralization defect to be a pivotal
factor in the pathogenesis of ONJ.

From the histological point of view, osteomalacia is characterized by inadequate or
delayed mineralization of osteoid in mature cortical and spongy bone, leading to bone
softening and sclerosis. When these aspects are referred to the jaw, they appear consistent
with the ONJ stage 0 characteristics. Furthermore, the osteomalacic condition might be a
necessary but not sufficient prodromal condition for ONJ development. This histologic pat-
tern may facilitate inflammatory/infective processes preventing complete bone restoration,
which may be further biased by BP administration. Whether osteomalacia in ONJ patients
is a local phenomenon or a systemic condition is still questionable. However, this is not
a relevant issue, since even focal osteomalacia can lead to the previously described bone
alterations characterizing ONJ.
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Figure 2. Histological section of the jaw. Left panels show biopsy from patient with Osteonecrosis of the jaw (ONJ),
Goldner-stained (A) and tetracycline double labeling sections (B). Right panels represent an age-matched control subject.
Note the large quantity of unmineralized osteoid ((A), red color, white arrows), area of woven bone ((A), black arrow),
lacking the double labeling ((B), yellow arrows) in ONJ compared to control (C,D). These findings represent the histological
pattern of a mineralization defect (magnification 200×).

10. Discussion and Conclusions

On the basis of the histomorphometric results discussed above, BPs’ role in the patho-
genesis of ONJ should be reviewed. In particular, as has been described previously for
patients with bone diseases, the treatment with BPs in the presence of osteomalacia can
emphasize a mineralization defect [88]. Consequently, BPs’ contribution to the pathogene-
sis of ONJ might be secondary to the osteomalacic condition. The finding of an impaired
turnover, consequent to the mineralization defect, rather than an excessive osteoclasts
inhibition induced by BPs or by other antiresorptive agents, represents a new insight in
the pathogenesis of ONJ. Moreover, it is worth stressing that more powerful antiresorptive
agents (e.g., zoledronic acid and denosumab) contribute more to MRONJ pathogenesis
than less powerful and structurally different molecules such as clodronate or oral for-
mulations [89,90]. Recently, it has been observed that nonamino-BPs could also prevent
ONJ due to their most potent antioxidant and anti-inflammatory activities [91]. On the
other hand, an osteomalacic pattern, frequently secondary to vitamin D deficiency, rather
than BPs potency or cumulative doses, may explain the high incidence of ONJ in cancer
patients (Figure 3).
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Figure 3. Graphical updated pathophysiologic mechanism of medication-related osteonecrosis of the jaw (MRONJ): In
immunosuppressed patients (causes: cancer, chemotherapy, corticoids), surgical interventions and/or poor oral hygiene
promote an osteomyelitis complication. In the presence of osteomalacic bone, the use of aminobisphosphonates (ABPs)
contributes, through several pathways, to hamper bone healing and to promote the osteonecrosis process.

In fact, cancer patients and immunocompromised patients in general, show a high
prevalence of hypovitaminosis D, which is very difficult to correct; they actually need
higher doses of cholecalciferol than healthy subjects [72]. In these patients the hormone
deprivation or, in general hypogonadism, may promote hypovitaminosis D [92]. Notably,
not all patients with an osteomalacic histological pattern show hypovitaminosis D: this sug-
gests the presence of focal osteomalacia in some of them. This situation has been described
already in kidney transplant patients characterized by immunocompromised status, low
bone turnover and osteomalacic pattern, suggesting vitamin D resistance [93]. In such
cases, higher doses or alternatively vitamin D active metabolites should be administered in
order to overcome this condition, so as to improve the safety target value of serum vitamin
D. Osteomalacia in the jaws might be a pivotal factor in MRONJ pathogenesis and should
be considered before starting BPs treatment.

In summary: ONJ is a severe and multifactorial clinical condition; its incidence is low
in cancer, almost irrelevant in osteoporosis. ONJ results from a combination of different
concomitant factors: none of these is singly sufficient to induce ONJ. The main incident
factors beside the presence of an immunosuppressive status, osteomalacia and the use
of antiresorptive agents, are: concomitant assumption of drugs such as steroids, dental
interventions, oral and gingival infections. Moreover, the role played by antiresorptive
drugs has not been completely understood yet, but they do not appear to be the main
culprits in ONJ pathogenesis; the pre-existing condition of general/local osteomalacia
might be a pivotal factor for drugs involvement in the pathogenetic mechanism. Vitamin D
plays an important role in the prevention of ONJ; the safety level of 25-OH vitamin D has
to be investigated (Table 1).
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Table 1. The key points of this review are summarized.

1. ONJ is a severe and multifactorial clinical condition

2. ONJ incidence is low in cancer, almost irrelevant in osteoporosis

3. The incident factors are: immunodeficiency, assumption of drugs such as glucocorticoids, dental interventions, oral and
gingival infections

4. A general or local osteomalacia condition may be the main factor in the pathogenetic involvement of antiresorptive drugs

5. Vitamin D is important in the prevention of ONJ

6. The safety levels of 25-OH vitamin D in this pattern need to be specifically investigated

ONJ, osteonecrosis of the jaw.

These considerations point towards some important clinical implications: firstly, BPs
should not be considered direct pathogenetic factors for ONJ; secondly, hypovitaminosis
D correction in immunocompromised patients in view of a dental intervention should
be considered as the antibiotic prophylaxis, before starting a BP treatment. The effective
safety level of serum 25-OH vitamin D in this particular setting should be determined by
ad hoc studies.

Such precautions seem to be more effective for these patients rather than BPs treatment
discontinuation, considering the dramatic impact of fragility fractures.

Further studies are needed to confirm the actual interplay occurring between os-
teomalacia and BPs in ONJ pathogenesis, although the results of the abovementioned
histomorphometric study head towards the acquittal of BPs as the main culprits.
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A.; Pieczarkowski, S.; Skoczeń, S.;
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Abstract: Maintaining an optimal vitamin D concentration reduces the risk of recurrence and extends
survival time in patients after breast cancer treatment. Data on vitamin D deficiency among Polish
women after breast cancer therapy are limited. Thus, the aim of the study was the analysis of vitamin
D status in post-mastectomy patients, considering such factors as seasons, social habits, vitamin D
supplementation and its measurements. The study involved 94 women after breast cancer treatment.
Serum vitamin D concentration was measured, and a questionnaire, gathering demographic and
clinical data regarding cancer, diet, exposure to sun radiation, and knowledge of recommendations
on vitamin D supplementation, was delivered twice, in both winter and in summer. The control
group consisted of 94 age-matched women with no oncological history. In women after breast cancer
treatment, 25-hydroxyvitamin D (25(OH)D) deficiency was much more frequent than in the general
population. Only about half of the patients supplemented vitamin D at the beginning of the study.
After the first test and the issuing of recommendations on vitamin D supplementation, the percentage
of vitamin D supplemented patients increased by about 30% in study groups. The average dose of
supplement also increased. None of the women that were not supplementing vitamin D and were
tested again in winter had optimal 25(OH)D concentration. It was concluded that vitamin deficiency
is common in women treated for breast cancer. Medical advising about vitamin D supplementation
and monitoring of 25(OH)D concentration should be improved.

Keywords: vitamin D deficiency; vitamin D measurement; vitamin D supplementation; breast cancer

1. Introduction

Breast cancer is one of the biggest problems in public health. Globally, more than one
million cases are diagnosed annually [1]. In terms of cancer mortality in women, breast
cancer ranks in second position. In 2015, in the Polish population, breast cancer was the
cause of 14.1% of deaths due to cancer; in 2016 it was already 14.5%, while in 2017 this
percentage was 14.8% [2–4]. In the world, these proportions differ, varying significantly
depending on race, latitude, and socioeconomic status [5].

The main biological function of vitamin D is the maintenance of homeostasis of
calcium-phosphate management and the regulation of bone metabolism. It has been proven
to play a role in the proper functioning of the immune, cardiovascular, and reproductive
systems. In addition, vitamin D deficiency is associated with an increased incidence
of type 1 and 2 diabetes, obesity, asthma, inflammatory bowel disease and cancer [6,7].
In 1990, Garland et al. were the first to demonstrate a negative relationship between
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total, average annual exposure to solar radiation and age-dependent mortality of breast
cancer patients [8]. Many studies and meta-analyses have shown a relationship between
vitamin D status and breast cancer risk [9–12]. However, in some of them, the negative
correlation of breast cancer risk with 25-hydroxyvitamin D (25(OH)D) concentration was
only found in retrospective studies and or in specific subpopulations of women with regard
to menopausal status and ethnicity [13–15]. The discovery of the nuclear vitamin D receptor
(VDR) and the demonstration of its presence in cancer cells gave rise to research into the
role of vitamin D in the development and course of cancer [16,17]. Vitamin D has anticancer
properties by affecting inflammation, cell’s growth, maturation, and proliferation. It inhibits
angiogenesis and metastasis ability, reduces the number of estrogen receptors, inhibits the
expression of adhesion molecules, regulates miRNA expression, modulates the hedgehog
signaling pathway, and induces breast cancer cell apoptosis in vitro and in vivo [18–20].
In vitamin D deficiency, there is a dysregulation of cells’ growth and proliferation, and
facilitation of neoangiogenesis and carcinogenesis. At least 35 genes are regulated with
vitamin D in breast tissue, and their activity is associated with invasiveness and cancer
metastasis [21].

In recent years, great attention has been paid to maintaining proper 25(OH)D con-
centration in a healthy population as well as especially in people after cancer treatment.
Despite numerous reports on the relationship between serum 25(OH)D concentration and
the risk of breast cancer, its progression and distant prognosis, there are no uniform guide-
lines on what doses of vitamin D and what serum concentrations should be considered
appropriate in both healthy and oncological patients. Guidelines of American Cancer
Society/American Society of Clinical Oncology recommended calcium (1200 mg/d) and
vitamin D (600–1000 IU/d) supplementation in breast cancer patients from 50 years of age
to reduce bone loss-related mortality [22]. In turn, the guidelines of the European Society of
Medical Oncology (ESMO) state that the daily supply of vitamin D in breast cancer patients
should be in the amount of 1000–2000 IU [23]. Polish guidelines for supplementation and
treatment of vitamin D for healthy people and risk groups of deficiencies recommend that
adults should take 800–2000 IU vitamin D per day depending on body weight. In the risk
groups of vitamin D deficiency to which cancer patients belong, supplementation should
be carried out under the control of laboratory determinations 25(OH)D to maintain an
optimal concentration between 30 and 50 ng/mL [24]. According to Polish Standards of
Nutritional Treatment in Oncology (2015), indications for supplementation of vitamin D
include a documented deficiency in the blood or typical clinical characteristics of vitamin
D deficiency [25]. There are also no global uniform laboratory criteria for determining
vitamin D deficiency based on its blood concentrations. According to the recommendation
of the US National Academy of Medicine, adults should supplement vitamin D to maintain
serum concentrations of 25(OH)D above 20 ng/mL (50 nmol/L) [26,27]. The American
Association of Clinical Endocrinology (AACE) and the Endocrine Society recommend
serum concentrations of 25(OH)D ≥30 ng/mL (75 nmol/L) as sufficient [28]. The 2016
Guidelines of the German Food Society state that the desired serum vitamin D concentra-
tion is >20 ng/mL (>50 nmol/L) [29]. Although prevention and treatment of vitamin D
deficiencies is recommended in the daily practice of doctors and clinical nutritionists, this
problem is often overlooked in oncological patients due to the lack of uniform guidelines
for such patients, and determining which specialist is responsible for implementing and
monitoring vitamin D supplementation. Therefore, the aim of the study was to evaluate the
serum 25(OH)D concentrations of women after being treated with breast cancer according
to the seasons, eating and social habits, vitamin D supplementation, and the recommenda-
tions of the attending physicians and the effect of vitamin D determinations on improving
vitamin D status in subsequent testing and changing behavior to obtain and maintain the
recommended serum vitamin D concentration.
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2. Materials and Methods

2.1. Studied Groups

The patients who underwent radical treatment of breast cancer (mastectomy) were
included in the study. The groups were separated depending on the season in which the
patients were included in the study. Group A—62 women, in whom the first questionnaire
and vitamin D concentration determination was carried out in winter (December 2016–
January 2017). In these patients, the research procedure was repeated in the summer
(July–August 2017). Group B—32 women with the first survey and determination of
vitamin D concentration made in the summer (July–August 2017) and repeated in the
winter (December 2017–January 2018). Patients from groups A and B, after first tests,
received laboratory interpretation of the 25(OH)D concentration result, and additionally, in
the case of results beyond the reference values, patients were informed about the need to
obtain doctor’s advice. Control group (93 women) was recruited among the participants
of the regional screening vitamin D testing program for people at risk—at the age of 40
and above. The program was carried out in November–December 2017. Detailed data are
available in Supplementary material File S1: Recruitment of patients.

2.2. Survey

The study used an indirect research method in the form of a questionnaire, which
each of the respondents completed twice, in winter and summer, before or after (not longer
than a month) the determination of vitamin 25(OH)D. The survey asked, inter alia, about
basic demographic and anthropometric data (age, height, and body mass); clinical, cancer-
focused (age at which breast cancer was diagnosed, presence of neoplasms including breast
cancer among relatives, methods of breast cancer treatment, radiation therapy in the past),
data on the reproductive system (age at the first menstruation, age at menopause, birth
of the first child, use of hormone replacement therapy (HRT)); eating habits (frequency of
consumption of vitamin D-rich products); exposure to natural solar/UV radiation (average
daily exposure time, protection against UV radiation); knowledge of recommendations on
vitamin D supplementation in oncological patients and recommendations provided by the
attending physician on vitamin D supplementation, use of vitamin D supplementation—
the dose taken all year round. Wallace’s rule of nines was used to estimate the percentage
of the body area that patients expose to sunlight. Food products rich in vitamin D were
selected based on the Nutrition Standards for the Polish population [30] and Polish recom-
mendations for the prevention of vitamin D deficiency [31]. Additional data are available in
Supplementary Materials File S2: Survey validation; File S3: Personal data anonymization.

2.3. Laboratory Determinations

Venous blood was collected from all subjects fasting, in the morning. Determinations
of vitamin D concentration were performed using the Elecsys Vitamin D total II tests (Roche
Diagnostics, Mannheim, Germany) on the Integra cobas e411 analyzer (Roche Diagnostics,
Mannheim, Germany) according to the manufacturer manual.

2.4. Statistics

The distribution was verified by the D’Agostino–Pearson normality test. The results
are presented using the descriptive statistics. To evaluate relationships between continuous
variables with normal distributions, the parametric Pearson correlation test was used. In
other cases, the non-parametric test was used—Spearman’s rank correlation. The analysis
of variance (ANOVA) or Friedman’s rank test was used to compare the groups in terms of
a measurable feature. To assess the differences between the selected factors in the group
A and B, the student’s t-test was used for normally distributed variables, and the Mann–
Whitney U-test (both for independent variables) for variables with a different distribution.
In the case of comparing the dependent variables, the paired t-test was used and Wilcoxon
signed-rank test for a non-parametric data. The chi square test was used to compare the
distribution of data categorized in studied groups. The results in which p < 0.05 were
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considered statistically significant. Statistica 13 (TIBCO Software Inc., Palo Alto, CA, USA)
and MedCalc 15.8 (MedCalc Software Ltd., Ostend Belgium) were used for analysis.

Sample Size Calculation

The sample size for laboratory determinations of vitamin D was calculated from data
obtained from the winter and summer tests of first studied group A (women treated from
breast cancer), using “Sample size for before-after study (Paired t-test)” calculator from the
University of California San Francisco, Clinical & Translational Science Institute website.
The calculated effect size was 10.7, the standard deviation of the change in the outcome
was 15.1 with alpha (type I error rate) set at 5% and a beta (type II error rate) of 10%.
Calculation using the T statistic and non-centrality parameter showed a sample size of 23,
and approximation using the Z statistic instead of the T statistic showed required a sample
size of 21 paired measurements.

The recommended sample size for the survey is 214 and above. With our studied
group (size n = 92; combined group A and B), the margin of error was 8.17% instead of the
recommended 5%, with a confidence level of 90%.

3. Results

3.1. Demographical and Anthropometrical Characteristic of Studied Groups

Study groups A and B as well as the control group were similar in terms of age, body
mass and BMI. Detailed data are presented in Table S1, in Supplementary Materials. Also
important clinical data are available in Supplementary Materials Table S2: Characteristics
of patients related to the reproductive system and Table S3: Characteristics of patients
related to the cancer disease.

3.2. Vitamin D Concentration in Studied Patients

The mean concentration of vitamin D in group A from the first sampling was 27.6
± 14.1 ng/mL, and six months later, the mean concentration was 38.3 ± 12.2 ng/mL
(p = 0.000 paired t-test). In group B, in the first sampling, the concentration of vitamin D
was 29.6 ± 13.6 ng/mL, and after six months, it increased to 32.4 ± 13.3 ng/mL (p = 0.340
paired t-test). In the control group, the mean vitamin D concentration (determined in
winter) was 32.2 ± 14.4 ng/mL (Figure 1).

In group A, in the results obtained in winter, the serum concentration of 25(OH)D
in 33.9% of patients was below 20 ng/mL (below the reference range), in 25.8% it was
within 20–30 ng/mL (suboptimal level), while in 40.3% of patients it was above 30 ng/mL
(normal value). In the results obtained in the summer (second sampling), serum 25(OH)D
concentration below 20 ng/mL was observed in 7.1% of patients, in 21.4% it was in the
range of 20–30 ng/mL, and in 71.4% of patients, it was above 30 ng/mL (Figure 2A).

In group B, in the results obtained from the first sampling (summer), serum con-
centration of 25(OH)D in 33.3% of patients was below 20 ng/mL, in 24.2% it was within
20–30 ng/mL range, while in 42.5% of patients it was above 30 ng/mL. In the results ob-
tained from the second sampling (winter), serum 25(OH)D concentration below 20 ng/mL
was found in 14.3% of patients, in 39.3% it was within the range of 20–30 ng/mL, and in
46,4% of patients were above 30 ng/mL (Figure 2B).

In the control group (sampling in winter), the serum concentration of 25(OH)D in
19.4% of patients was below 20 ng/mL, in 28.0% it was within the range of 20–30 ng/mL,
while 52.7% were above 30 ng/mL (Figure 2C).

3.3. The Concentration of Vitamin D and Diet

In the group of patients examined in winter, significantly lower concentrations of
vitamin D were noted in women who consumed milk 1–2 times a week compared to those
who did not drink milk at all or occasionally (respectively, 23.1 ng/mL and 30.7 ng/mL,
p = 0.0145). On the other hand, in the study group tested for the first time in the summer,
patients who consumed eggs 1–2 times a week had higher vitamin D values compared
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to those who did not eat eggs or ate them sporadically (29.4 ng/mL and 17.4 ng/mL,
respectively p = 0.0522). None of the other analyzed diet components had a statistically
significant effect on the 25(OH)D concentration in the studied patients. The detailed
information about consumption of food rich in vitamin D in studied groups is delivered in
Supplementary material Table S4: The frequency of consumption of foods rich in vitamin
D per week in the combined group A + B and control group, before entering the study and
Table S5: Number of patients consumed food rich in vitamin D before first and second
testing in combined A + B groups.

3.4. Supplementation of Vitamin D in Studied Patients

At the time of enrollment in the study, more than half of patients after breast cancer
treatment did not supplement with vitamin D. In group A, it was 51.6% (n = 32), and,
in group B, 56.2% (n = 18). According to the data from the questionnaires performed
during the second sampling, after obtaining the vitamin D concentration result from the
first testing, the percentage of patients supplemented vitamin D in group A increased
to 75.8% (n = 47), also, in group B, the percentage increased to 75.0%. The average dose
of supplemented vitamin D also increased. In group A, the average dose of vitamin D
taken before the first test (in winter) was, on average, 1500 units per day (range from 200
to 4000 units). Before the next test, the average intake of vitamin D was slightly above
1700 units per day (range from 500 to 4000 units). In group B, the average intake of vitamin
D before the first examination was nearly 2000 units per day (range from 1000 to 8000 units).
Before the next sampling, it increased, on average, almost to 2500 units per day. Detailed
data about the concentration of vitamin D depending on supplementation are presented in
Table 1.

Figure 1. Mean concentrations of 25(OH)D (±SD—error bars) in the healthy control group and the
groups of women treated for breast cancer. Values before inclusion into study—dark (left) bars in
the pair and during second testing half year later—pale bars (right) in the pair. Group A—women
treated for breast cancer tested the first time in winter; Group B—women treated for breast cancer
tested the first time in summer. Comparison of the results in the control group (obtained in winter)
with the results of studied groups in winter. p*—paired t-test; p—t-test.
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Figure 2. Percentage of women with vitamin 25(OH)D concentrations below the reference value
range, with suboptimal and optimal values in Group A—women treated for breast cancer tested the
first time in winter; testing during winter—left disc, testing during summer—right disc. (A), Group
B—women treated for breast cancer tested the first time in summer; testing during winter—left disc,
testing during summer—right disc (B), and the control group (C) (testing during winter only).

Table 1. Average 25(OH)D concentration in women treated for breast cancer and in healthy persons in relation to vitamin D
supplementation and season.

n Supplementing/
n Non-Supplementing

Patients Supplementing
Vitamin D

(ng/mL)

Patients Non-
SupplementingVitamin D

(ng/mL)
p

Group A winter 30/32 34.6 ± 14.2 22.4 ± 11.9 p = 0.0006
Group A summer 47/15 38.9 ± 12.2 34.8 ± 12.1 p = 0.24
Group B summer 16/18 36.8 ± 15.4 24.0 ± 9.0 p = 0.012
Group B winter 24/8 35.3 ± 13.7 22.8 ± 5.3 p = 0.001

Control group winter 41/36 38.3 ± 16.3 27.6 ± 10.9 p = 0.0006

Notes: Group A—women treated for breast cancer tested first time in winter; Group B—women treated for breast cancer tested the first
time in summer; n—sample size; the variables are presented as mean ± SD.

In group A, during the first part of the study (winter), the deficit of 25(OH)D was
found in 10.0% (n = 3) of patients who took the pharmacopeial form of vitamin D and in
59.4% (n = 19) of patients who did not use supplementation. The suboptimal level was
found in 26.7% (n = 8) of patients taking vitamin D preparations and in 25.0% (n = 8) of
patients not taking pharmacopeial vitamin D. Recommended vitamin D concentration
values (>30 ng/mL) were found in 19 patients (63.3%) taking pharmacopeial vitamin D
and 5 people (15.6%) not taking any vitamin D supplementation. In the results obtained in
the second part of the study (summer; group A), 25(OH)D concentrations below 20 ng/mL
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were found in 6.4% (n = 3) of patients who took the pharmacopeial form of vitamin D,
and in 26.7% (n = 4) of non-supplementing patients; the suboptimal level was found in
23.4% (n = 11) of people taking vitamin D supplements and in 26.7% (n = 4) of patients not
taking the pharmacopeial vitamin D. Optimal vitamin D concentration was found in 70.2%
(n = 33) of people using pharmacopeial vitamin D and in 46.6% (n = 7) of people not using
vitamin D supplementation (Figure 3A).

Figure 3. Percentage of patients in the healthy control group and the groups of women treated for
breast cancer, with deficiency, suboptimal and optimal vitamin D levels depending on supplementa-
tion of vitamin D and season—winter/summer. Group A—women treated for breast cancer tested
the first time in winter (A); Group B—women treated for breast cancer tested the first time in summer
(B), and the control group tested during winter only (C). The number of persons in every subgroup
is listed on the bars.

In group B, in the results of first sampling (summer), the vitamin D deficit was found
in 12.5% (n = 2) patients who took the pharmacopeial form of vitamin D, and 44.5% (n = 8)
in the group non-supplementing pharmacopeial vitamin D; the suboptimal level was
found in 25.0% (n = 4) of people taking and 22.2% (n = 4) of those not taking vitamin D
preparations. The optimal value of vitamin D concentration was found in 62.5% (n = 10) of
people using pharmacopeial vitamin D and in 33.3% (n = 6) of people not supplementing
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vitamin D. In the results obtained in the second sampling (winter), the 25(OH)D deficiency
was found in three patients (12.5%) who took the pharmacopeial form of vitamin D, and
two non-supplementing (25.0%). The suboptimal level was found in seven (29.2%) patients
taking vitamin D preparations and in six (75.0%) patients not taking the pharmacopeial
vitamin D. The optimal vitamin D concentration was found in 14 patients (58.3%) taking
the pharmacopeial vitamin D and in none of the patients who did not supplement vitamin
D (Figure 3B).

In the control group, the vitamin D deficient were two (4.9%) persons who supple-
mented with vitamin D and 16 (30.8%) who did not supplement. The suboptimal level was
found in eight (19.5%) people using vitamin D supplementation and in eighteen (34.6%)
patients without such a support. The optimal values of vitamin D concentration were
found in thirty-one (75.6%) people taking the pharmacopeial vitamin D and in eighteen
(34.6%) people who did not supplement vitamin D (Figure 3C).

The percentages of women supplementing vitamin D in groups A and B at the first
sampling with deficiency, suboptimal concentration, and optimal values, were similar
(respectively, group A—10.0%, 26.7%, 63.3%; group B—12.5%, 25%, 62.6%). In the control
group, among women supplementing vitamin D, the percentage of persons with the
optimal vitamin D results was significantly higher (75.6%). On the other hand, among
the non-supplementing patients in group B, there was a significantly lower percentage
of results indicating vitamin D deficiency (44.5%) and a higher percentage indicating
suboptimal and optimal (22.2 and 33.3%, respectively) than in group A (59.4%, 25.0%, and
15.6%, respectively).

3.5. Knowledge of Recommendations on Vitamin D Supplementation

In group A, 14 (22.6%) patients declared that they knew the recommendations re-
garding vitamin D supplementation in women with breast cancer before entering the
study. Among them, 10 (71.42%) declared the use of vitamin D supplementation. How-
ever, only five patients (35.7%) had a determined 25(OH)D concentration in the past. The
average value of vitamin D concentration in group A, among those who knew the recom-
mendations and used vitamin D supplementation, was 39.3 ng/mL, and, among women
who knew the recommendation, but did not use vitamin D supplementation, the average
concentration was 24.0 ng/mL, while the average concentration of vitamin D, in women
who did not know the recommendations and did not use vitamin D supplements, was
lower—20.1 ng/mL (Figure 4A).

In the second series of studies carried out in the summer, 39 (62.9%) patients declared
knowledge of the recommendations regarding vitamin D supplementation in women
with breast cancer, of which 92.3% (n = 36) declared the vitamin D supplementation.
The average value of vitamin D concentration in the group of respondents knowing the
recommendations and using vitamin D supplementation was 38.1 ng/mL, and among
women who knew the recommendation, but did not use vitamin D supplements, this value
was, on average, 30.3 ng/mL. Similarly, the average concentration of vitamin D in women
who still did not know the recommendation and did not use vitamin D supplementation
was 32.4 ng/mL (Figure 4A).

In group B, four patients (12.5%) declared knowledge of the recommendations regard-
ing vitamin D supplementation in women with breast cancer before entering the study
(summer). All the patients who knew the recommendations stated that they were using
vitamin D supplements, and three of them (75%) had measured 25(OH)D concentration in
the past. The mean vitamin D concentration among patients familiar with the recommen-
dations and taking vitamin D supplements was 46.2 ng/mL. The mean concentration of
vitamin D in women who did not know the recommendations and did not use vitamin D
supplements was 24.6 ng/mL (Figure 4B).

In the next series of studies carried out in winter, 18 (56.3%) patients declared that they
knew the recommendations regarding vitamin D supplementation in women with breast
cancer, of which 15 (83.3%) used vitamin D supplements. The average value of vitamin D
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concentration in those who knew the recommendations and used vitamin D supplements
was 36.6 ng/mL, and among women who knew the recommendation, but did not use
vitamin D supplements, this value was, on average, 26.3 ng/mL. The mean concentration
of vitamin D in women who did not know and did not use vitamin D supplements was
19.8 ng/mL (Figure 4B).

Figure 4. Mean serum 25(OH)D concentration (±SD—error bars) in the groups of women treated
for breast cancer depending on the knowledge of vitamin D supplementation guidelines and sup-
plementation of vitamin D. (A)—Group A—women treated for breast cancer tested the first time in
winter. (B)—Group B—women treated for breast cancer tested the first time in summer. Dark (left)
bars in the pair—values and data before inclusion into the study; pale bars (right) in the pair values
and data during second testing half year later.

Only 15 women from group A and B had determined vitamin D which constitutes
15.9% of all examined patients. In addition, a similar percentage of women from the control
group had previously undergone such a laboratory test (15.1%, n = 14).

Vitamin D supplementation was recommended to patients in group A and B by GPs
in 35.0% of cases (n = 14), specialists in 30.0% of cases (n = 12) (including oncologists,
neurologists, endocrinologists, gynecologists, diabetologists, internists), and pharmacists
in 10.0% of cases (n = 4). Some patients made their own decisions to start supplementation
(25.0%; n = 10) without any medical professional advice. In the control group, vitamin D
intake was most often recommended by a physician (63.8%; n = 30) or a pharmacist (8.5%;
n = 4), and was also, in some cases, an independent decision of the patients (27.7%; n = 13)
based on information obtained from media broadcasts and friends (Figure 5).
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Figure 5. Sources of information on vitamin D supplementation in women treated for breast cancer
before joining the program (combined group A in winter and group B in summer)—left disc; and in
healthy control group—right disc. The detailed percentages are listed in the figure.

3.6. Exposure of Patients to Solar Radiation

In groups A and B, most of the patients declared that they protected themselves from
the sun in summer (72.6% (n = 45) and 71.8% (n = 23), respectively); in the control group,
the percentage of patients protecting themselves from the sun was lower—59.1% (n = 55);
(p = 0.27, chi2 test). Most patients, after breast cancer treatment, protected themselves
from the sun by wearing appropriate clothing (73.4%); 26.6% used only—or additionally—
cosmetics with UV filters. In the control group, more than half of the patients used cosmetics
with UV filters (50.7%) as basic or additional protection.

Patients from both studied groups (A + B), who did not protect themselves against
solar radiation, according to their assessment, spent, on average, 151 ± 101 min in the sun
daily during the summer, and patients from the control group spent 108 ± 101 min in the
sun daily (p = 0.13).

There were no differences in vitamin D concentrations measured during the summer
between the group of patients avoiding the sun (wearing appropriate clothing and/or
using cosmetics with UV filters; 34.9 ± 13.9 ng/mL) and those who declared that they did
not use any protection and even willingly sunbathed (34.1 ± 11.1 ng/mL).

3.7. Correlation of Vitamin D Concentration with Age

There was no statistically significant correlation between the age of the patients and
the vitamin D concentration determined at the first measurement in the combined both
studied groups (A + B) (R = 0.010, p = 0.91) and in the control group (R = 0.19, p = 0.068).

3.8. Correlation of Serum Vitamin D Concentration with Diet

To assess the effect of diet on 25(OH)D concentration, the data obtained from all pa-
tients during the winter period were analyzed to avoid bias due to endogenous production
after exposure to sunlight. The correlation of vitamin D concentration in winter in all
subjects with the total consumption of foods rich in vitamin D (fish, eggs, milk) was not
statistically significant (R = 0.041; p = 0.585). Additionally, the correlation was assessed
in the group of people who did not supplement vitamin D in order to ignore the effect
of supplementation on the concentration of vitamin D. Again, in this case, no significant
correlation was found (R = 0.004, p = 0.969).

3.9. Correlation of the Declared Tanning Time with the Concentration of Vitamin D

To analyze the influence of sunlight on vitamin D concentration, such a relationship
was analyzed in patients who did not supplement vitamin D by correlating the time and
area of skin exposed to the sun with the concentration of vitamin D determined in the
summer months. The result was statistically significant—R = 0.584, p = 0.0014 (Figure 6).
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Figure 6. Correlation of the product of the declared tanning time and the percentage of the skin area
exposed to sunlight with the concentration of vitamin D determined in the summer period in all
surveyed people without vitamin D supplementation. n = 27, Pearson’s R = 0.584, p = 0.0014.

4. Discussion

Recently, hypovitaminosis D has been recognized as one of the risk factors for breast
cancer, and the concentration of vitamin D in the blood becoming a prognostic factor [21].
The results of meta-analyses show that higher serum 25(OH)D3 concentration determined
after breast cancer diagnosis correlates with lower mortality due to breast cancer. In
particular, patients with 25(OH)D3 in the highest quartile had approximately half the
mortality rate compared to those with vitamin D in the lowest quartile [32]. There are
also many reports on the relationship between the serum concentration of vitamin D and
the achieved clinical results of breast cancer treatment and risk of recurrence [33,34]. The
above-described relationship between the concentration of vitamin D and the risk of breast
cancer or recurrence, as well as therapeutic success in the event of this disease, indicates
the need to pay attention also to this factor. It can be consciously easily modulated by
the time spent in the sun and diet, and it is also possible to administer this vitamin as
pharmacopeial medication [32].

Vitamin D deficiency (serum 25(OH)D concentration < 20 ng/mL or <50 nmol/L) in
the European population is a common phenomenon. The reports of the European Calcified
Tissue Society estimate that 30–40% of the population of Central, Eastern, and Southeastern
Europe is vitamin D deficient [35]. National studies showed even worse data [36,37].
Vitamin D deficiency is also common in the population of breast cancer patients, occurring
in 23.0% to 95.6% of patients [38]. In the present study, a deficiency defined as 25(OH)D
concentration below 20 ng/mL was demonstrated in the first sampling in 33.9% of patients
in group A and 33.3% of patients in group B. Suboptimal concentration at the same time was
found in 25.8% of patients in group A and 24.2% of patients in group B. In the control group,
vitamin D deficiency was found in 19.3% patients, and suboptimal levels were observed in
28.0%. Andersen et al. showed that 30% of females in a group of American patients, after
breast cancer treatment, were vitamin D deficient [39]. In addition, Apoe in a similar group
showed that 62% of patients had 25(OH)D concentration below 30 ng/mL [40]. Mechado
et al. tested 209 Brazilian women after breast cancer treatment and 26.2% had vitamin D
deficiency and 55.6% had suboptimal levels [41]. These results confirm several published
sets of data about the higher prevalence of vitamin D deficiency in the population of people
with cancer. Furthermore, it should be remembered that serum 25(OH)D concentration
above 20 ng/mL ensures the proper functioning of the calcium-phosphate metabolism
and bone density, but only concentrations above 30 ng/mL ensure the optimal amount of
vitamin D for other bodily functions, including proper functioning of immune mechanisms,
as well as obtaining a protective effect in the context of neoplastic diseases [42].
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Endogenous production stimulated by solar radiation is the primary source of vitamin
D and is determined by geographical factors (latitude, the ozone layer, cloud cover, albedo),
season, and individual factors (genetic, including skin phototype, time spent outdoors,
body area exposed to the sunlight, applying cosmetics with UV filters, etc.) [43–45]. It is
assumed that over 90% of the vitamin D requirement in summer is covered by the endoge-
nous conversion of previtamin into provitamin D in the skin due to UVB radiation [46,47].

The present studies confirmed the seasonality of changes in 25(OH)D concentration in
patients after breast cancer treatment. After excluding from the analysis the patients who
declared supplementation with vitamin D, the tests performed for the first time in winter
showed a higher percentage of patients with vitamin D deficiency compared to the tests
performed in summer (58% and 44%, respectively). Additionally, in the group tested firstly
in the summer, a significantly higher percentage of patients (33%) with optimal vitamin
D concentrations was found than in patients tested first time in winter (16%). A similar
seasonality in 25(OH)D concentration in patients after treatment for breast cancer has been
demonstrated in other studies. Acevedo et al. found that the concentrations of 25(OH)D
in women with breast cancer in summer were significantly higher compared to the tests
performed in winter (p = 0.0322) [48]. Eliassen et al. also demonstrated the dependence
of 25(OH)D concentration, in patients with breast cancer, on the time of year in which
the measurement was performed [49]. A study of serum 25(OH)D concentration in 1940
women by Shi et al. during the first 6 months after breast cancer diagnosis showed higher
25(OH)D concentration in summer and fall [34].

Exposition to sunlight is an easily modifiable factor, but is season dependent. In the
latitude of central Europe (between 30 and 55 degrees latitude), approximately half an hour
of exposure to solar radiation in the mid-afternoon period during the summer, three times
a week with bare limbs, is sufficient to obtain a serum concentration of 25(OH)D equal to or
higher than 20 ng/mL (50 nmol/L) in 90% of the white population. The solar UVB radiation
from October to March is weakened by an extended path through the atmosphere. As a
result, in this period of the year, the skin synthesis of vitamin D is weaker and insufficient
to cover human needs [45]. In addition, the change in lifestyle in recent decades, which has
diminished exposure to sunlight, is of great importance in this respect [50]. According to
the generally prevailing opinion, “excessive exposure” (for which there is no definition) to
the sun is a factor causing skin cancer. That has led to a situation where most people believe
that they should avoid sun radiation and over-shield the body or use cosmetics with UV
filters [51]. The results of my research indicate that the majority of patients from groups A
and B avoid sun radiation (72% (n = 45) and 73% (n = 23), respectively): two-thirds in the
form of covered clothing, and the rest only, or additionally, used creams with protective
filters. Despite such protection, there were no differences in vitamin D concentrations
determined in summer between the group of patients declaring no use of protection from
the sun and those who avoided the sun. That may result from a longer overall time spent
outdoors by the latter women. The percentage of the body area protected with a UV filter,
the SPF factor and the thickness of the cream layer applied to the skin should be also taken
into account. At the same time, a statistically significant correlation was demonstrated
(R = 0.584, p = 0.0014) between the time and area of the skin exposed to sunlight in patients
who did not supplement vitamin D and the vitamin D concentration determined in the
summer.

It is estimated that an average of 100–200 IU (2.5–5.0 μg) of vitamin D is consumed
daily with the diet, which is 15–30% of the requirement [52,53]. Therefore analyzing data
from the survey, it was not surprising that none of the women (n = 6) who decided not
to take pharmacological supplementation, only to enrich their diet with natural products
rich in vitamin D during a second sampling in a winter, did obtain an optimal vitamin D
level. The results significantly confirm that it is impossible to supply an adequate amount
of vitamin D in the latitude of Central Europe only through the diet in the winter months
when there is no skin synthesis of vitamin D.
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The lack of a statistically significant correlation between the diet and the concentration
of vitamin D in the serum (R = 0.041; p = 0.585) may result from the widespread enrichment
of various foods, which the study participants may not have pointed out or may not know.

Supplementation with pharmacopeial preparations is a relatively easy and inexpensive
method of delivering vitamin D. The importance of vitamin D supplementation in long-
term follow-up of breast cancer patients was shown in several papers. For instance, it was
shown that the mortality due to breast cancer in patients who started supplementation
after cancer diagnosis was 20% lower compared to the group not supplementing vitamin
D, and the reduction in mortality was 49% in patients who started supplementing with
such supplementation within no more than 6 months after diagnosis [54].

In the present study, during enrollment in the study, vitamin D supplementation
was used by less than half of the patients (group A 48.4%; n = 30, group B 43.8%; n = 14).
Patients who did not supplement vitamin D had significantly lower 25(OH)D concentration,
regardless of the season. On the other hand, supplementation increased the percentage of
women whose 25(OH)D concentration exceeded 20 ng/mL. Similar results were found in
the group of 332 Swiss women after treatment for breast cancer. Only 133 patients took
calcium supplementation with vitamin D or vitamin D alone. However, in many patients,
despite the supplementation (800 IU), the vitamin D level remained suboptimal [55].

There are no uniform global guidelines on what vitamin D doses and serum con-
centrations should be considered as a target in the group of patients after breast cancer
treatment. The National Comprehensive Cancer Network recommends that cancer patients
should maintain 25(OH)D concentration above 30 ng/mL [56]. The American Cancer
Society/American Society of Clinical Oncology recommends vitamin D supplementation
in patients with breast cancer starting from the age of 50 at a dose of 600–1000 IU/day [22];
in turn, ESMO recommends higher daily doses of vitamin D in this group of patients,
amounting to 1000–2000 IU/day [23]. It should be noted that both societies recommend
the above doses to prevent bone loss related to the nature of the disease and the side effects
of treatment, and not to prevent a recurrence. Since 2018, the Polish group of experts
recommends vitamin D supplementation under the control of serum concentrations so
that it should be between 30 and 50 ng/mL in groups with the risk of vitamin D defi-
ciency, including, among others, the population of breast cancer patients. Supplementation
should be carried out using daily doses of vitamin D between 800 and 2000 IU for adults,
differentiated depending on its supply in the diet and current weight [24]. In addition,
several scientists, based on the analysis of epidemiological studies of cancer risk, its pro-
gression, recurrence, and mortality, recommend higher doses, to maintain higher 25(OH)D
concentration between 30-40 ng/mL, up to 60 ng/mL [56–58].

The percentage of patients declaring knowledge of the recommendations in the field of
vitamin D supplementation in women with breast cancer before inclusion in this study was
low—22.6% in group A and 12.5% in group B. During the second test, 62.9% and 56.3% of
women in groups A and B declared knowledge of the recommendations regarding vitamin
D supplementation. In addition, the percentage of people using vitamin D supplements
increased in the group where knowledge of the recommendations was declared (during the
first sampling in group A—71.42%; in the second—92.3%). Patients who did not know the
recommendations and did not use supplementation had lower mean serum concentrations
of 25(OH)D compared to those who knew the recommendations and supplemented, and
even those who knew the recommendations but did not supplement vitamin D. Most of
the surveyed women obtained information on the recommended principles of vitamin D
supplementation from doctors; 35% from specialists and 30% from primary care physicians.
Pharmacists advised supplementation in every tenth patient. Overall, 25% of patients
made decisions about supplementation independently. More than half of the respondents
(56.6%) had the dosage determined by a doctor, every fourth patient was advised by a
pharmacist, and the remaining 23.3% of patients had chosen a vitamin D dose themselves.

Similar data were obtained in other countries. In Ireland, in 2005 only 15.5% of patients
with breast cancer were instructed by a doctor about the need for supplementation and
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received a prescription for vitamin D. Six years later, this percentage increased to 36.9%
of patients and the average daily dose of prescribed vitamin D was 857 IU/day [59]. In
the USA, at the beginning of the 21st century, only 56% of breast cancer patients after
chemotherapy-induced menopause received information on the recommended supple-
mentation with vitamin D and calcium [60]. The best results in communicating the need
for vitamin D supplementation in women after breast cancer treatment were reported in
Croatia. According to a prospective 3.5-year study by Bosković et al., 75.7% of patients with
breast cancer received a prescription for vitamin D and calcium from a medical oncologist.
Unfortunately, a large group of patients, after breast cancer treatment (40–80% depending
on the center where the women were treated), do not follow medical recommendations on
vitamin D supplementation [61].

The presented data show that, in Poland and many other countries, a lot of patients
diagnosed with breast cancer do not obtain information on the supplementation of vitamin
D from attending doctors (oncologists, endocrinologists, gynecologists and GPs). Kimiafar
et al. unequivocally showed that patients with breast cancer expect information about
the disease, its course, prognosis, rehabilitation process, and variants of diagnostic and
therapeutic procedures. However, they would most like to understand the possible side
effects therapy, and allowed diets. Despite the growing awareness of physicians about
the needs of patients with cancer, many patients still feel that they receive insufficient
information or information that is unclear or incomprehensible. That is why patients often
use alternative sources of information, such as the internet, books, and other patients, to
obtain information on how to use supplements or compose the right diet [62].

All these data indicate the need for education of both patients and doctors about the
benefits of maintaining optimal 25(OH)D concentration, especially in the group of patients
treated for breast cancer. Whether vitamin D supplementation in oncological patients is
the domain of oncology specialists or primary care physicians should be clearly defined.

Some studies show that patients, after breast cancer treatment, more often use vitamin
D supplements when they are tested for the 25(OH)D concentration. In the large prospec-
tive The Sister Study, at the first testing, the regular use of vitamin D supplement was
declared by 56% of women. Along with testing, participating women were informed about
the planned vitamin D determination after a few years. During the second determination
of vitamin D, regular supplementation was declared by 84% of women, and mean 25(OH)D
concentrations were higher, due to the greater number of women who reported using
vitamin D supplements [63].

The present study also showed an increased number of women treated for breast
cancer supplemented vitamin D, after testing the 25(OH)D. The patients received labora-
tory interpretation of the result and were advised to obtain detailed recommendations,
including recommended doses of supplementation and laboratory monitoring of vitamin
D concentrations, from a doctor. When enrolled in the study, more than half of the patients
from groups A and B did not supplement vitamin D, while, during the second testing, the
percentage of people supplementing vitamin D increased to over 75% in both study groups.

According to this study and reports of other authors, vitamin D supplementation must
be adapted to the season, lifestyle, and individual characteristics of a person, including the
individual ability to absorb vitamin D [35]. Even advanced algorithms that allow individu-
alized dosages of vitamin D, e.g., depending on age, body weight, or menopausal status, do
not always bring the expected effects [64]. It is difficult to determine the optimal dosage due
to the supply of vitamin D in the diet and endogenous production after exposure to solar
radiation, the use of cosmetics with filters, the amount of fat tissue, skin pigmentation, and
air pollution [65]. Therefore, in the Polish Standards of Nutritional Treatment in Oncology
(2015), vitamin D supplementation should be ordered based on the result of laboratory
determination of this component in the blood [25]. Similar recommendations were issued
in 2018 by the Spanish Society of Oncological Medicine (SEOM) [66].

The data of the present study show that only about 15% of women from the study
and control groups had their 25(OH)D concentration determined before being included in
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the research program. Similar results were obtained by Andersen et al. in a population
of 553 American women diagnosed with breast cancer no later than 2 years before study
enrollment. Interestingly, it was assessed whether conventional medicine physicians and
practitioners of alternative medicine monitor the concentration of 25(OH)D in the group of
patients treated conventionally, but supplemented with alternative medicine therapies. It
was found that women who used complementary therapies in addition to conventional
medicine had more frequently measured blood vitamin D compared to patients using
only conventional medicine (30% vs. 16%) [39]. It can be assumed that doctors of natural
medicine attach more importance to supplementation and holistic compensation than
doctors ordering targeted pharmacological treatment.

The first measurement of 25(OH)D concentration during this study, and discussing
the result with the patients and indicating the necessity to contact the attending physician
in the case of deficiencies, prompted the patients to compensate for the deficits. There
was a 26.73% reduction in the number of vitamin D deficient women in the next testing
in group A and by 19.04% in group B, regardless of the season of the first and second
tests. It was associated with an increase in the percentage of patients who used vitamin D
supplementation by half and with higher mean concentration of 25(OH)D in the second
measurement compared to the first.

Although supplementation with vitamin D under the control of laboratory determina-
tions is the best solution, it should be remembered that laboratory tests are inconvenient
for the patient and increase the cost of treatment. However, the price of vitamin D determi-
nations is almost traceable to the costs of oncological treatment in the case of recurrence,
and social costs of the patient’s death.

The limitation of the study may result from the use of the questionnaire in research
proceedings. Patients participating in the study may have given the wrong answer due to
difficulties in understanding the questions, or may have knowingly concealed the truth.
Bearing in mind the above issues, a pilot was conducted along with the validation of the
survey, the aim of which was to eliminate the factors affecting the credibility of the survey
by using control questions and adjusting the questions contained in the survey so that they
were as understandable as possible for the respondents (data available in supplements).
A lack of control group analysis in summer slightly increases the uncertainty of some
comparisons; however, the most important are relationships inside the same study group
(tested twice). The influence of tumor location and type as well as the applied additional
treatment during and after mastectomy was not analyzed and may be a source of potential
bias. The number of patients in the study is sufficient for comparisons of laboratory data
inside groups. The relatively low number of survey participants could be a source of
uncertainty of data from the questionnaire.

5. Conclusions

• Women with treated breast cancer are more likely to develop vitamin D deficiency
than the healthy population.

• The seasons, and the time and area of the skin exposed to solar radiation, influence
the concentration of 25(OH)D in women after treatment for breast cancer.

• Diet is not important in maintaining the proper concentration of vitamin D in women
after treatment for breast cancer.

• Supplementation with vitamin D significantly improves its status in women after
treatment for breast cancer; therefore, oncologists and GPs should recommend it
to patients.

• Knowledge of recommendations on vitamin D supplementation among patients after
treatment for breast cancer is directly related to the more frequent use of supplementa-
tion and less frequent 25(OH)D deficiency.

• Laboratory monitoring of vitamin D concentration has a positive effect on maintaining
optimal vitamin D concentration in women after breast cancer treatment.
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• Routine vitamin D testing should be introduced to the screening panel in follow-up
patients after breast cancer treatment.
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health and adherence to vitamin D and calcium therapy in early breast cancer patients on endocrine therapy with aromatase
inhibitors. Breast 2017, 31, 16–19. [CrossRef]

62. Kimiafar, K.; Sarbaz, M.; Sales, S.S.; Esmaeili, M.; Ghazvini, Z.J. Breast cancer patients’ information needs and information-seeking
behavior in a developing country. Breast 2016, 28, 156–160. [CrossRef]

63. O’Brien, K.M.; Sandler, D.P.; House, M.; A Taylor, J.; Weinberg, C.R. The Association of a Breast Cancer Diagnosis with Serum
25-Hydroxyvitamin D Concentration over Time. Am. J. Epidemiol. 2019, 188, 637–645. [CrossRef]

64. Heaney, R.P. Vitamin D in Health and Disease. Clin. J. Am. Soc. Nephrol. 2008, 3, 1535–1541. [CrossRef]
65. Gallagher, J.C.; Sai, A.; Templin, T.; Smith, L. Dose Response to Vitamin D Supplementation in Postmenopausal Women. Ann.

Intern. Med. 2012, 156, 425–437. [CrossRef]
66. Peñas, R.D.L.; Majem, M.; Perez, J.; Virizuela, J.A.; Cancer, E.; Taín, P.D.; Donnay, O.; Hurtado, A.; Jiménez-Fonseca, P.; Ocon, M.J.

SEOM clinical guidelines on nutrition in cancer patients (2018). Clin. Transl. Oncol. 2019, 21, 87–93. [CrossRef] [PubMed]

382



nutrients

Article

Adequate Vitamin D Intake Cannot Be Achieved within Carbon
Emission Limits Unless Food Is Fortified: A Simulation Study

Maaike J. Bruins * and Ulla Létinois

Citation: Bruins, M.J.; Létinois, U.

Adequate Vitamin D Intake Cannot

Be Achieved within Carbon Emission

Limits Unless Food Is Fortified: A

Simulation Study. Nutrients 2021, 13,

592. https://doi.org/10.3390/

nu13020592

Academic Editor: Spyridon N. Karras

Received: 30 December 2020

Accepted: 8 February 2021

Published: 11 February 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

DSM Nutrition Products, Wurmisweg 576, CH-4303 Kaiseraugst, Switzerland; ulla.letinois@DSM.com
* Correspondence: maaike.bruins@DSM.com

Abstract: This study applied linear programming using a Dutch “model diet” to simulate the dietary
shifts needed in order to optimize the intake of vitamin D and to minimize the carbon footprint,
considering the popularity of the diet. Scenarios were modelled without and with additional fortified
bread, milk, and oil as options in the diets. The baseline diet provided about one fifth of the adequate
intake of vitamin D from natural food sources and voluntary vitamin D-fortified foods. Nevertheless,
when optimizing this diet for vitamin D, these food sources together were insufficient to meet the
adequate intake required, unless the carbon emission and calorie intake were increased almost 3-fold
and 2-fold, respectively. When vitamin D-fortified bread, milk, and oil were added as options to the
diet, along with increases in fish consumption, and decreases in sugar, snack, and cake consumption,
adequate intakes for vitamin D and other nutrients could be met within the 2000 kcal limits, along
with a relatively unchanged carbon footprint. Achieving vitamin D goals while reducing the carbon
footprint by 10% was only possible when compromising on the popularity of the diet. Adding
vitamin D to foods did not contribute to the total carbon emissions. The modelling study shows
that it is impossible to obtain adequate vitamin D through realistic dietary shifts alone, unless more
vitamin D-fortified foods are a necessary part of the diet.

Keywords: dietary modelling; sustainable diet; vitamin D intake; fortification; carbon emission

1. Introduction

Food production has a considerable impact on greenhouse gas emissions [1]. The
planet cannot sustain a continuation of the current dietary habits, especially when it comes
to feeding the 10 billion people living on the planet by 2050. There is a growing understand-
ing of the types of diets and food patterns that can be part of the solution in order to reduce
environmental impact, while optimizing health in terms of nutrient adequacies when shift-
ing dietary patterns [2]. Some governments have already incorporated sustainability into
their national dietary guidelines [3]. Even though sustainability and health considerations
are increasingly driving consumer purchasing decisions, consumers still face challenges
when changing dietary habits in order to improve their nutrition and sustainability [4,5].

Vitamin D deficiency is among the most neglected major public health problems
worldwide [6]. Surveys show that vitamin D deficiency is highly prevalent among all
population groups, with severe deficiency (<25 nmol/L) and deficiency (<50 nmol/L) rates
estimated to be 7% and 37% globally, respectively [6], and the vitamin D requirements
are largely unmet in most populations [7,8]. In the Netherlands, one study found that no
adults met the estimated average requirement for vitamin D [8]. Food provides a relatively
small proportion of the vitamin D supply, while vitamin D produced in the skin from UVB
light makes the greatest contribution [9]. An adequate intake of vitamin D-rich food is not
the only difficulty, as adequate sunlight exposure can be a challenge with sun avoidance
and less time spent outdoors. The high prevalence (83%) of low serum 25(OH)D levels
<50 nmol/L in Dutch adults suggests that vitamin D from diet and UVB exposure combined
are not adequate [10]. To ensure that individuals consume adequate vitamin D, irrespective
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of their exposure to sunlight, the Institute of Medicine (IOM) and the European Food
Safety Authority (EFSA) set the adequate intake for vitamin D based on assumed low sun
exposure and the intake needed in order to achieve a serum 25(OH)D of ≥50 nmol/L, a
level unlikely to pose adverse musculoskeletal health outcomes [11,12]. Moreover, experts
have highlighted the potential immunomodulant, anti-inflammatory, and anti-infective
roles of vitamin D beyond bone and muscle health [9,13].

However, obtaining an adequate intake of vitamin D from the diet alone is difficult, as
only few foods naturally contain significant amounts of vitamin D [14]. As vitamin D food
sources include mainly oily fish, meat, dairy, and eggs, shifting to more plant-based diets is
likely to further aggravate the risk of vitamin D deficiency. It remains controversial among
professionals whether sufficient vitamin D can be obtained from a healthy diet. This study
simulated the shifts needed within a Dutch “model diet” to overcome vitamin D shortfalls,
as well as the consequences for calorie intake and carbon emissions. In addition, dietary
shifts were modelled by extending the diet with fortified milk, bread, and vegetable oils
optimizing for vitamin D, as well as the vitamin D and carbon footprint combined.

2. Materials and Methods

2.1. Linear Modelling Methods

The linear modelling program Optimeal® 2.0 (Blonk Consultants, Gouda, the Nether-
lands) was used to model scenarios of dietary shifts in the Netherlands. The program can
propose dietary shifts from the current diet based on nutritional or environmental dietary
goals, optimizing for popularity, by searching for scenarios of foods that resemble current
diets as closely as possible. The program can set boundaries (constraints) for 36 nutrients,
and for energy to be fulfilled or limited through the upper boundaries. In all scenarios,
the recommended nutrient intake (RNI) and adequate intake (AI) were set as the lower
boundaries, and tolerable upper intake level (UL) and maximum reference value (MRV)
were set as the upper boundaries. We combined the data from the Dutch National Food
Survey and Food Composition Database and the Life Cycle Assessment databases, result-
ing in a consolidated dataset with daily amounts consumed, nutritional value, popularity
estimates, and carbon footprint estimates for 251 food items. The intake frequency of food
items were used as a proxy for food popularity. This Dutch model diet was optimized for
vitamin D (and carbon footprint) through linear modelling using the following scenarios.

2.2. Scenario 1: Optimizing the Current Diet for Vitamin D without Energy Constraints

In the first scenario, the baseline diet was optimized for an adequate intake of vitamin
D. The baseline diet included some voluntary vitamin D-fortified foods, such as juices, fat
spreads, soy-drinks, and breakfast cereals. The recommendations for nutrients had to be
fulfilled, while the upper limits for calories were removed to allow the optimized diet to
reach the adequate intake of vitamin D (13.4 μg/d).

2.3. Scenario 2: Optimizing the Current Diet for Vitamin D within Energy Constraints

In the second scenario, the diet was optimized for vitamin D, limiting energy intake
to 2000 kcal and fulfilling nutrient recommendations. The diet was optimized to reach
9.6 μg/d, the maximum achievable amount of vitamin D, within a 2000 kcal constraint.

2.4. Scenario 3: Optimizing the Current Diet with Additional Fortified Foods for Vitamin D

In this scenario, vitamin D-fortified whole grain breads, semi-skimmed milk, and
oil (soy, arachidic, and sunflower) were added to the food repertoire. These diets were
optimized for a vitamin D intake of 13.4 μg/d, meeting nutrient recommendations, within
a 2000 kcal limit. Combinations of two or three vitamin D-fortified foods were modelled.
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2.5. Scenario 4: Optimizing the Current Diet with Additional Fortified Foods for Vitamin D
and CO2

Like the previous scenario, vitamin D-fortified bread, milk, and oil were added to
the diet. Both an adequate vitamin D intake and carbon footprint were set as the goals,
while fulfilling nutrient references within a 2000 kcal limit. Either a capped (limit at 3.9 kg
CO2 eq) or a 10% reduced footprint (limit at 3.5 kg CO2 eq) was simulated.

2.6. Food and Nutrition Data Used in the Model

Chronic food consumption (food records taking into account different survey periods)
from the 24-h dietary recall Dutch National Food Consumption Survey (DNFCS) of 2003
was retrieved from the EFSA Comprehensive European Food Consumption Database [15]
at food classification system “FoodEx” level 3, i.e., food category sub-items, such as
type of cheese. The nutritional composition of foods was defined using the Dutch Food
Composition Database (NEVO) food composition tables of 2016 [16]. If the food item
was not available in the NEVO database, the nutritional profile was selected from the
United States Department of Agriculture (USDA) food composition database. After adding
hypothetical fortified foods (see Section 2.8), this resulted in a set of 251 food items.

The nutrition goals were based on the RNI’s and AI’s for vitamins and minerals, as
recommended by the EFSA for adults [17]. The adequate intake for vitamin D is based
on minimal exposure to sunlight [11]. For modelling purposes, reference values were
averaged for men and women. Assuming an average 2243 kcal consumption for adult
women and men at a moderate physical activity level [18], the dietary reference values
were also adjusted to 2000 kcal. For instance, the vitamin D reference value of 15 μg/d was
adjusted to 13.4 μg/d per 2000 kcal (Table A1). The upper bounds or maximum reference
values (MRVs) for carbohydrates, free sugars, total fat, saturated fatty acids, trans-fatty
acids, cholesterol, and sodium were based on reference values from the World Health
Organization and the Food and Agriculture Organization [19] (Table A1).

2.7. Nutrient Density of the Diet

The baseline and modelled diets were standardized to 2000 kcal in order to calculate
the nutrient density per 2000 kcal diet, which allowed for comparisons between countries
or genders, irrespective of calorie intake or reporting, providing a good reflection of the diet
quality. We calculated the mean adequacy ratio (MAR) as an overall measure of the nutrient
adequacy of the diet. The MAR was calculated as desired nutrients in a 2000 kcal diet as a
percent of the RNI or AI, truncated at 100%, and averaged for 26 qualifying nutrients [20].
The mean excess ratio (MER) was calculated as percent of the MRV, and was averaged for
6 undesired nutrients (total fats, saturated fatty acids, trans fatty acids, cholesterol, added
sugars, and sodium) [20]. The added sugars were estimated from the sum of the food
categories, in which mono- and di-saccharides almost exclusively represented the added
sugars, and by subtracting the estimated lactose content in dairy foods from the total mono-
and di-saccharides.

2.8. Fortified Foods Used in the Model

The current diet in the Netherlands already includes some vitamin D-fortified prod-
ucts, such as breakfast and porridge cereals, on average fortified at 4.2 μg/100 g and
16.5 μg/100 g, respectively, as well as fat spreads, fortified on average at 7.5 μg/100 g of
vitamin D. Bread and vegetable oil offer a suitable opportunity for improving vitamin D
intake through fortification, as they are consumed by a large proportion of the popula-
tion in fairly constant amounts [21], are among the categories considered acceptable by
consumers in Nordic countries [22], and their fortification with vitamin D is technically
feasible. Fortified milk offers another option to voluntary fortify food, but this may reach
less people, as some population groups do not consume milk. Vitamin D levels of 2, 6, and
15 μg/100 g in semi-skimmed milk, whole grain bread, and vegetable oil, respectively, were
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selected. Fortified bread and milk were constrained to two servings daily, so as to avoid
proposing an unrealistically high consumption of these food items in the simulated diet.

2.9. Carbon Footprint Data Used in the Model

Optimeal® 2.0 contains the environmental impact data of more than 200 food products,
including carbon footprints. If the carbon footprint data were not available, they were
obtained from the Agri-footprint® 3.0 Life Cycle Inventory food database (SimaPro Life
Cycle Analysis software 8, Amersfoort, the Netherlands). The implementation of the
impact assessment methods in SimaPro were used without modification. The carbon
footprint was calculated using the IPCC 2013 GWP 100a assessment method and the results
were expressed as kg CO2 equivalents, using the associated characterization factors for the
relevant greenhouse gases. This modelling study uses an attributional life cycle assessment
estimating what share of the global environmental burdens belongs to a product. It was
estimated that one kilogram of vitamin D3 can have a carbon footprint of less than 200 kg
CO2 equivalent based on primary data for the production of vitamin D3 (internal data).
The carbon footprints of the whole grain bread, semi-skimmed milk, and oil were about
0.09, 0.12 kg, and 0.2–0.4 CO2 equivalent per 100 g, respectively. Adding 2, 6, and 15 μg of
vitamin D per 100 g of bread, milk, and oil, respectively, added ~0.001% CO2 to the total
CO2 footprint of the food product.

3. Results

3.1. Scenario 1: Optimizing the Current Diet for Vitamin D without Energy Constraints

Fish; meat products; dairy; eggs; and some voluntary fortified foods such as juice,
fat spreads, and breakfast cereals, are the main sources of vitamin D in the Dutch diet
(Figure 1A). The baseline diet provided about 3 μg/d of vitamin D per 2000 kcal, con-
tributing 21% of the adequate intake of vitamin D per 2000 kcal. Animal-source products
provided 2 μg/d of vitamin D, fortified foods provided 1 μg/d, and mushrooms provided
0.01 μg/d. Achieving 13.4 μg/d of vitamin D was not possible with the current diet within
the 2000 kcal intake limit. Therefore, the upper constraints for energy intake were removed.
An adequate vitamin D intake could be reached when increasing the carbon footprint
2.8-fold (Figure 1B) and increasing the calorie consumption two-fold (Figure 1C). The
increase in the carbon footprint of the optimized diet compared with the baseline diet was
mainly attributable to an increase in the carbon footprints of meat products (3-fold); dairy
(4-fold); oils, fat, and fat spreads (7-fold); egg products (11-fold); fish (15-fold); and legumes
(17-fold), respectively (Figure 1B).

3.2. Scenario 2: Optimizing the Current Diet for Vitamin D within Energy Constraints

Despite the inclusion of voluntary vitamin D-fortified foods in the Dutch baseline
diet, only 9.6 μg/d instead of the adequate 13.4 μg/d vitamin D could be achieved within
the energy constraints of 2000 kcal (Figure 2A). To achieve 9.6 μg/d of vitamin D, fish
(smoked herring and eel, and fish fingers), egg products (fried and boiled eggs), meat
products (minced meat balls, meat soup, pate, and lean sausages), fortified breakfast
cereals (cornflakes), fortified margarine, butter cakes, and vegetables (fried mushrooms)
provided most of the vitamin D in the vitamin D-optimized diet (Figure 2B). Optimizing
the diet for vitamin D within the 2000 kcal boundary increased the carbon footprint 1.7-fold
compared with the baseline diet (Figure 2B). The carbon footprint increased 11-fold for
egg products, 7-fold for fish, 6-fold for vegetables, and 2-fold for meat products, relative to
the baseline. To achieve the vitamin D goals while meeting the nutrient recommendations,
calorie consumption from egg products, fish, vegetables, and meat products would need to
increase 11-, 10-, 6-, and 2-fold, respectively, while reducing calories from most other food
categories (Figure 2C).
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Figure 1. Daily contributions to (A) vitamin D intake, (B) carbon footprint, and (C) energy intake from the baseline diet and
the diet optimized for vitamin D assuming no energy intake restrictions.

3.3. Scenario 3: Optimizing the Current Diet with Additional Fortified Foods for Vitamin D

When adding vitamin D-fortified bread, milk, and oil to the Dutch baseline diet, it was
possible to optimize the diet with an adequate vitamin D intake of 13.4 μg/d, meeting the
other nutrient requirements while remaining within the 2000 kcal consumption constraint
(Figure 3A). Vitamin D from fish increased 22-fold from baseline, and from fortified bread
and breakfast cereals it increased 170-fold from baseline (Figure 3A). Fortified bread
was proposed over fortified milk or oil as source of vitamin D. When fortified bread was
excluded as a dietary option, fortified oil was proposed over fortified milk (data not shown).
When fortified oil was also excluded, fortified milk could fulfill the vitamin D requirements
adequately (data not shown). Optimizing the baseline diet to meet the adequate intake of
vitamin D involved an 8% increase in the total diet carbon footprint, coming mostly from
fish and vegetables, of which the carbon footprints increased 6- and 2-fold compared with
baseline, respectively (Figure 3B). To achieve vitamin D goals while also meeting the other
nutrient recommendations, calorie consumption from fish and vegetables would need to
increase 8- and 2-fold, respectively (Figure 3C). In exchange, calories from cakes, sugar,
snacks, potatoes, and tubers would need to decrease.

3.4. Scenario 4: Optimizing the Current Diet with Additional Fortified Foods for Vitamin D
and CO2

Optimizing the diet for an adequate vitamin D intake and capped CO2 emission,
while satisfying nutrient recommendations, was feasible through a small shift from animal-
source foods to fortified cereals (data not shown). A 10% CO2 footprint reduction could
only be achieved when removing the minimum nutrient recommendations or significantly
shifting to less popular food items. In the latter scenario, vitamin D was obtained from
an increased consumption of fish and fortified bread and breakfast cereals (Figure 4A),
and from a shift from unfortified to fortified foods. The net 10% reduction in CO2 was a
result of less CO2 (−33%) from meat, dairy, non-alcoholic drinks, cakes, sugar, and snacks,
and a smaller increase in CO2 from the total of legumes, fruits, nuts, seeds, fish, and
vegetables (Figure 4B). Meeting the vitamin D and CO2 goals while the satisfying nutrient
recommendations required a significant shift in calorie intake (−33%), moving from meat,
dairy, non-alcoholic drinks, cakes, sugar, and snacks, towards eggs (2-fold), vegetables
(3-fold), and fish (8-fold; Figure 4C).
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Figure 2. Daily contributions to (A) vitamin D intake, (B) carbon footprint, and (C) energy intake from the baseline diet and
the diet optimized for vitamin D within a 2000 kcal boundary.
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Figure 3. Daily contributions to (A) vitamin D intake; (B) carbon footprint; and (C) energy intake from the baseline diet and
diet with additional fortified bread, milk, and oil optimized for vitamin D within a 2000 kcal boundary.

3.5. Nutrient Density of the Current Diet and the Optimized Diets

The calculated MAR and MER of the usual and optimized diet are shown in Table 1.
The MAR of the desired nutrients in the Dutch baseline diet was 86%, with vitamin D being
the first limiting nutrient (followed by seafood omega-3 fatty acids and fiber). The MER of
the nutrients overconsumed relative to the maximum reference values was 120% (20% ex-
cess). Optimizing the diet for vitamin D and satisfying the nutrient recommendations
without energy constraints increased the MAR to 100%, but increased the MER 2.4-fold.
After adding vitamin D-fortified whole grain bread, milk, and oil, the MAR increased to
100% and the MER decreased to 112%. Setting additional goals to reduce CO2 by 10% by
compromising on popularity reduced the MER to 100%
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Figure 4. Daily contributions to (A) vitamin D intake; (B) carbon footprint; and (C) energy intake from the baseline diet and
the diet with additional fortified bread, milk, and oil optimized for vitamin D and CO2 within a 2000 kcal boundary.

Table 1. The mean adequacy ratio (MAR) and mean excess ratio (MER) of the Dutch diet: (1) baseline, (2) after the inclusion
of fortified milk and bread, and (3) optimizing for vitamin D and (4) vitamin D and CO2.

Current

Scenario 1
Usual Diet

Vitamin D Goals
No Energy Limits

Scenario 2
Usual Diet

Maximum Vitamin D
2000 kcal Limits

Scenario 3
Extra Fortified Foods

Vitamin D Goals
2000 kcal Limits

Scenario 4
Extra Fortified Foods

Vitamin D Goals
CO2 Goals

2000 kcal Limits

Mean adequacy ratio
(MAR) 86% 100% 100% 100% 100%

Mean excess ratio
(MER) 120% 242% 154% 112% 100%

4. Discussion

This simulation study demonstrates that even with a diet that is relatively abundant in
vitamin D-rich foods, it is not possible to achieve an adequate intake of vitamin D without
greatly increasing the carbon emission and calorie intake. Adding vitamin D-fortified
options to the diet allowed for achieving the adequate intake of vitamin D and nutrient
recommendations without sacrificing the carbon footprint and popularity of the diet.

The adequate vitamin D intake of 15 μg/d set by the EFSA and IOM represents the
average adequate intake to achieve a serum 25(OH)D of ≥50 nmol/L [11,12]. The assumed
low average year-round sun exposure in these dietary guidelines is realistic for the northern
latitude of the Netherlands, with a high prevalence of vitamin D deficiency [10]. The Dutch
model diet contributed approximately 3 μg/d per 2000 kcal (i.e., 20% of the adequate intake
for vitamin D). This is comparable to the average vitamin D intake of 4.1 μg/d reported for
European countries [23]. Two-thirds of the vitamin D in the Dutch model diet came from
animal-source foods, one-third from voluntary vitamin D-fortified foods, and mushrooms
contributed marginally.

In this study, the Dutch model diet was optimized to meet the adequate intake for
vitamin D. This was only achievable when the calorie intake increased 2-fold and the
carbon footprint increased almost 3-fold. However, the inclusion of additional vitamin
D-fortified bread, milk, and oil in the diet, along with shifts in energy consumption towards
fish and more plant-based nutrient-dense food sources, allowed for achieving an adequate
vitamin D intake with minor compromises on the carbon emission and popularity of the
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diet within 2000 kcal limits. Clearly, the improvement in vitamin D adequacy (from 21% to
100%) and average nutrient adequacy (from 86% to 100%) was larger than the 8% increase
in the carbon footprint. As only μg amounts of vitamin D are added to foods, vitamin D
contributes only 1 permille to the carbon footprint of a food product and not to the total
diet. A 10% reduction in carbon emissions while meeting the nutrient recommendations
was feasible when shifting the intake of popular products such as meat, dairy, sugar,
snacks, cakes, and non-alcoholic drinks more towards fish, fruits, nuts, vegetables, and
eggs. However, these dietary changes may be less acceptable. Large reductions in meat,
fish, eggs, and dairy products are not an option, as they provide essential or important
sources of calcium; iodine; zinc; iron; and vitamins B2, B3, B5, B6, B12, and D [24–26].

Our study has various limitations; first, the food survey used in the model was from
2003, whereas food patterns likely changed over recent years. Second, the study focused
solely on vitamin D intake relative to dietary references. Future work could consider
integrating sun exposure as a source of vitamin D status in the model. Third, only the
carbon footprint was selected as indicator of environmental impact, but other aspects such
as land occupation and water use were not considered. The main strength of the study
was the integral consideration of the popularity, nutrition, and climate aspects of the diets.
Additional drivers of dietary choices, such as price, could be addressed in future research.

Previous studies concluded that without the universal fortification of staple foods or a
dramatic increase in fish consumption, the current vitamin D intakes are too low to meet
the recommendations or to sustain a healthy vitamin D status in the population [27–30].
This is substantiated by our findings, showing that an unrealistic increase in animal-
source foods and the consequent carbon footprint is needed in order to meet the adequate
vitamin D intake. Fortified whole grain bread was proposed over other fortified foods as a
source of vitamin D, probably because it contributes to filling the fiber intake gap in the
Netherlands, is popular, and has a relatively favorable carbon footprint. When fortifying
foods, acceptable foods with a low carbon footprint addressing a nutrient gap should
be considered.

Achieving sufficient vitamin D from the sun has become an increasing challenge, with
more sun avoidance, time spent indoors, and a narrowing gap between beneficial and
harmful UV exposure time to obtain desirable vitamin D. Various simulation studies show
that the inclusion of vitamin D-fortified foods in the diet can be a viable and safe approach
to improve intakes or reduce the prevalence of inadequate intakes [30,31]. Vitamin D-
fortified bread and milk were able to reduce low vitamin D status in the winter season [32].
Food fortification with vitamin D in order to improve public health has been shown to be a
cost-effective approach [33]. In voluntary fortification approaches, it is important that it is
well-accepted by the population itself [33]. Consumers’ perceived health benefits and the
appropriateness of the product are important drivers of purchasing and consumption [22].
In Finland, voluntary vitamin D fortification of milk products and fat spreads has been well-
accepted since 2003, and helped the Finnish population reach vitamin D levels ≥50 nmol/L
in 2011 [34]. Enriching the vitamin D content of eggs, milk, and meat by adding vitamin D to
feed represents another potential complementary approach to address inadequate vitamin
D intake at a population level [35]. Animal-source foods continue to be an important part
of diets, as they provide micronutrients that are difficult to obtain in adequate quantities
from plant-source foods alone. Vitamin D supplement intakes and recommendations have
also shown to contribute significantly to achieving sufficient vitamin D status [34,36].

The present study shows that adequate intakes for vitamin D cannot be achieved with
the current diet alone within realistic calorie and carbon emission limits, and additional
vitamin D sources are needed to overcome the shortfalls. Universal fortification along with
small dietary shifts represents an approach to improve the vitamin D status of the general
population, at a high acceptability without affecting the carbon footprint.
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Appendix A

Table A1. Dietary reference values averaged for men and women adjusted for 2000 kcal energy
consumption applied in the dietary modelling.

RNI 1 or AI 2 UL 3 or MRV 4

Energy kcal 2000 2000

Protein 5 g 58.1 125

Polyunsaturated fatty acids g 13.3 26.6

Linoleic acid g 8.9 19.4

α-Linolenic acid g 0.9 4.8

Fiber g 25

Water g 2300 3800

Alcohol g 0 10

DHA+EPA 6 mg 250 1000

Vitamin A μg RAE 624 3000

Thiamin (B1) mg 0.84

Riboflavin (B2) mg 1.43

Niacin (B3) mg NE 13.4

Vitamin B6 mg 1.52 25

Folate (B9) μg FE 294 1000

Vitamin B12 μg 3.57

Vitamin C mg 91

Vitamin D μg 13.4 100

Vitamin E mg 10.7 300

Vitamin K μg 62

Calcium mg 847 2500

Copper mg 1.3 5

Iodine μg 156 600

Iron mg 10.9 70
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Table A1. Cont.

RNI 1 or AI 2 UL 3 or MRV 4

Magnesium mg 290 530

Phosphorus mg 490 3000

Potassium mg 3121

Selenium μg 62 300

Zinc mg 10.2 25

Tryptophan g 0.3

Threonine g 1.1

Isoleucine g 1.5

Leucine g 3.0

Lysine g 2.3

Methionine g 0.8

Valine g 2.0

Histidine g 0.8

Carbohydrates g 300

Added sugar g 50

Total fat g 78

Saturated fatty acids g 22

Trans-fatty acids g 2.2

Cholesterol mg 300

Sodium mg 2000
1 Recommended nutrient intake (RNI); 2 adequate intake (AI); 3 tolerable upper intake level (UL); 4 maximum
reference value (MRV); 5 at body weight of 70 kg; 6 DHA—docosahexaenoic acid; EPA—eicosapentaenoic acid.
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Abstract: Vitamin D plays an important role in bone metabolism and is important for the prevention
of multifactorial pathologies, including osteoporosis (OP). The biological action of vitamin is realized
through its receptor, which is coded by the VDR gene. VDR gene polymorphism can influence
individual predisposition to OP and response to vitamin D supplementation. The aim of this work
was to reveal the effects of VDR gene ApaI rs7975232, BsmI rs1544410, TaqI rs731236, FokI rs2228570,
and Cdx2 rs11568820 variants on bone mineral density (BMD), 25-hydroxyvitamin D level, and OP
risk in Belarusian women. Methods. The case group included 355 women with postmenopausal OP,
and the control group comprised 247 women who met the inclusion criteria. TaqMan genotyping
assay was used to determine VDR gene variants. Results. Rs7975232 A/A, rs1544410 T/T, and
rs731236 G/G single variants and their A-T-G haplotype showed a significant association with
increased OP risk (for A-T-G, OR = 1.8, p = 0.0001) and decreased BMD (A-T-G, −0.09 g/cm2,
p = 0.0001). The rs11568820 A-allele showed a protective effect on BMD (+0.22 g/cm2, p = 0.027).
A significant dose effect with 25(OH)D was found for rs1544410, rs731236, and rs11568820 genotypes.
Rs731236 A/A was associated with the 25(OH)D deficiency state. Conclusion. Our novel data on
the relationship between VDR gene variants and BMD, 25(OH)D level, and OP risk highlights the
importance of genetic markers for personalized medicine strategy.

Keywords: vitamin D; VDR gene; polymorphism; predisposition; osteoporosis; bone mineral density

1. Introduction

Osteoporosis (OP) is defined as a systemic skeletal disease characterized by low bone
mineral density (BMD) and a microarchitectural deterioration of bone tissue, leading to
increased bone fragility and susceptibility to fracture [1]. Postmenopausal osteoporosis
(PMO) is the most common form of primary OP, affecting menopausal women. The clinical
significance of OP lies in its serious complications such as low-energy fractures, causing
an increased risk of morbidity and mortality, especially in the elderly [2]. The impact
of OP and fragility fractures on human health is huge: more than 9 million osteoporotic
fractures are registered annually in the world [2]. Such fractures are associated with
26,300 life years lost and 1.16 million quality-adjusted life years (QALYs) lost yearly in EU
countries, and the costs of treatment of osteoporotic fractures in 2010 has been estimated at
€37 billion [3]. Projected demographic changes will cause an increase in fracture burden in
coming decades [4].
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The pathogenesis of OP is complex and includes many factors, among which genetic
factors are of particular importance, as up to 90% of susceptibility to OP may be genetically
determined [5]. However, the influence of environmental factors on the risk of OP should
not be underestimated. In accordance with modern concepts, vitamin D is a steroid
prohormone, which, along with parathyroid hormone (PTH) and calcitonin, plays a major
role in the regulation of genes involved in calcium–phosphorus and bone metabolism [6].
Vitamin D effects are mediated by its binding to a specific steroid receptor (vitamin D
receptor, VDR) that has a transcription factor activity [7]. The formation of the vitamin D
steroid receptor complex results in the activation or silencing of numerous target genes,
regulating bone remodeling, calcium homeostasis, and immune response.

The human VDR gene is located on the 12th chromosome (12q12-14) and consists of
14 exons spanning about 75 kb: eight protein-coding exons (2–9), six untranslated exons
(1A–1F), located on the non-coding 5′region, and several promoter regions that are DNA
sequences recognized by RNA polymerase as a launching pad for the initiation of specific
transcription [8]. Even a small modification in a gene may affect the structure and functional
activity of the receptor. Common single nucleotide variations (SNVs) in the VDR gene may
be associated with different biological responses to vitamin D. The VDR ApaI (rs7975232,
c.1025-49C>A), BsmI (rs1544410, 1024+443C>T), and TaqI (rs731236, c.1056A>G) SNVs
are located at the 3′-untranslated end. They do not alter the amino acid sequence of the
encoded protein but influence gene expression, regulating mRNA stability [9]. The VDR
FokI variant (rs2228570, c.2T(A, f)>C(G, F), p.Met1Arg) is located in the coding region
of the VDR gene (exon 2) and leads to the loss of the ATG translation initiation region,
resulting in a shorter and more active receptor protein [10]. VDR Cdx2 G-to-A (rs11568820)
substitution is located in the promoter region and causes 30% increased transcriptional
activity [11].

Although several studies on different populations revealed an association of VDR
gene variants with BMD [12,13] and serum 25(OH)D [14,15], many issues in this area are
not fully understood. An investigation of VDR gene polymorphisms may help clarify
criteria for the identification of individuals with high risk of PMO and thus conduct a
timely set of preventive measures in target risk groups as well as evaluate effectiveness of
therapy [16].

The aim of our study was to investigate the relationship between VDR gene single
variants and haplotypes and PMO risk, BMD, and serum 25(OH)D level in Belarusian
postmenopausal women.

2. Materials and Methods

2.1. Study Subjects

This study was a cross-sectional cohort study conducted at the outpatient department
and inpatient clinic. Patients were recruited at the Minsk City Center for Osteoporosis
and Bone-Muscular Diseases Prevention and Rheumatologic Department of 1st Minsk city
clinic (Minsk, Belarus). The study protocol was approved by the Local Research Ethics
Committee of Belarusian Medical Academy of Postgraduate Education. White Caucasian
women were screened for participation. Inclusion criteria were wiliness to participate in
the study, female sex, duration of menopause at least 3 years, and established diagnosis of
OP according to World Health Organization Diagnostic Criteria [17]. Exclusion criteria:
presence of other metabolic bone diseases (such as Paget’s disease and osteomalacia),
diseases, affecting bone metabolism (such as endocrine osteopathy, renal failure, Cron’s
disease, rheumatic diseases etc.), malignant tumors, use of medications likely influencing
BMD. After assessing compliance with inclusion and exclusion criteria, all the enrolled
women signed written informed consent for participation in the study in accordance with
the declaration of Helsinki (as revised in 2013). Participants of the study have filled out
questionnaires to identify clinical risk factors for OP (age of menopause, history of fractures etc.).
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2.2. Clinical Evaluation

BMD was evaluated by DXA (GE Lunar, Madison, WI, USA). Calibration of the device
was performed daily using a standard spine phantom provided by the manufacturer.
Lumbar spine (LS, L1–L4) and femoral neck (FN) BMD (g/cm2) was measured on the same
machine. Diagnosis of OP was established on the basis of T-score criteria for Caucasian
women [17].

Fasting blood samples for biochemical and electrochemiluminescence blood tests were
obtained from the cubital vein in the morning, not earlier than 10–12 h after the last meal,
into a sterile vacuum Vacutainer tube without additives. Determination of serum vitamin
D was performed by electrochemiluminescence immunoassay on the Cobas e411 analyzer
(Roche Diagnostic, Rotkreuz, Switzerland). All patients were concealed about adequate
calcium dietary intake and were taking calcium supplementation in the form of calcium
carbonate equivalent to 500 mg elemental calcium. All subjects were supplemented with
a daily dose of 400–800 international units (IU) of cholecalciferol according to European
guidance [18]. In accordance with international recommendations, the level of vitamin D
was considered appropriate at 25(OH)D value > 30 ng/mL, insufficiency was diagnosed at
rates of 20-30 ng/mL, and 25(OH)D concentration less than 20 ng/mL was considered as
vitamin D deficiency [19].

2.3. Genotyping

Genomic DNA was isolated from whole blood using the standard phenol–chloroform
extraction, the concentration and purity were measured using a NanoDrop 8000 spec-
trophotometer (Thermo Fisher Scientific, Wilmington, NC, USA). Information on VDR
gene variants was obtained from the Entrez Gene database (www.ncbi.nlm.nih.gov/gene,
accessed on 5 June 2020). Selected SNVs (ApaI rs7975232, BsmI rs1544410, TaqI rs731236,
FokI rs2228570 and Cdx2 rs11568820) were determined using the quantitative polymerase
chain reaction (PCR) with TaqMan Probes (Thermo Fisher Scientific, Waltham, MA, USA)
in the CFX96™ Touch Real-Time PCR Detection Systems (Bio-Rad Laboratories, Hercules,
NY, USA) as previously described [20,21]. The whole reacting volume in PCR tubes was
10 μL, including 5 μL iTaq™ Universal Probes Supermix (Bio-Rad Laboratories, Hercules,
NY, USA), 3.75 μL of mQ water, 0.25 μL × 40 TaqMan™ SNP Genotyping Assay, and 1 μL
of genomic DNA (15 ng). The reactions were performed with an initial denaturation at
95 ◦C for 10 min, followed by 40 cycles of denaturation at 95 ◦C for 15 s, annealing, and
synthesis at 60 ◦C for 30 s. The final extension was performed at 72 ◦C for 1 min. Negative
and positive controls were randomly included across each PCR run, and several samples
were randomly re-genotyped for quality control purposes.

2.4. Statistical Analysis

Data analysis was performed using the programming language R. Continuous vari-
ables presented as median (25%, 75% interquartile range) and compared using Mann–
Whitney U-test. The deviation from Hardy–Weinberg equilibrium was assessed by the
chi-square (χ2) test. The genetic risk of pathology was estimated using odds ratios, with 95%
confidence intervals (CI) and calculated in comparison to reference (major homozygous)
genotype. The codominant model was defined and tested for all SNVs. Logistic regression
models were used to assess the difference between the characteristics of analyzed groups
for categorical data and for comparison of genotype frequencies between these groups.
A Multivariate Linear Regression model was used to adjust for confounding factors, and
an ANOVA test was used for analysis of continuous variables distribution between geno-
types. Beta (β) measures the difference in quantitative traits between genotypes. Pairwise
linkage disequilibrium (LD) and haplotype analysis were performed using the R-packages
“haplo.stats” (v.1.7.9) and “SNPassoc” (v.1.9-2); the programs used likelihood ratio tests in
a generalized linear model and the expectation-maximization algorithm. The differences
between the groups were considered statistically significant at p < 0.05. p-values corrected
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for multiple testing using the False Discovery Rate (p FDR) with Benjamini and Hochberg
procedure (n = 5, multiple comparisons).

3. Results

In total, 927 subjects were screened for participation in the study, 325 of them were
excluded due to eligibility, and 602 of them met inclusion criteria and were allocated to
patients with PMO (355 women) and control (247 women) groups, followed by clinical
examinations and genetic testing.

3.1. Study Subjects Charactetistic

The clinical characteristics of the analyzed cohort are summarized in Table 1. The mean
age of all individuals was 62.4 years, the mean weight, height, and BMI were 72.4 kg,
159.8 cm, and 28.4 kg/m2, respectively. All participants were ethnic Belarusians.

Table 1. Clinical characteristics of study subjects.

Clinical Characteristic PMO Patients Control p-Value

n (%) 355 (59.0) 247 (41.0)
Age, years 63.0 (57.0; 70.0) 62.0 (58.0; 67.0) 0.12

Age at menopause, years 50.0 (47.0; 52.0) 50.0 (48.0; 52.0) 0.32
Weight, kg 66.0 (58.0; 74.0) 81.0 (73.0; 93.0) 0.0001
Height, cm 160.0 (156.0; 165.0) 159.0 (155.0; 164.0) 0.20

BMI, kg/m2 25.5 (22.5; 28.7) 31.6 (28.3; 36.2) 0.0001

LS BMD, g/cm2 0.9 (0.8; 0.9) 1.3 (1.2; 1.4) 0.0001

LS T-score −2.6 (-3.2; −2.0) 0.7 (−0.1; 1.3) 0.0001
LS Z-score −1.1 (-1.7; −0.5) 1.3 (0.6; 2.1) 0.0001

FN BMD, g/cm2 0.8 (0.7; 0.9) 1.1 (1.0; 1.2) 0.0001

FN T-score −1.7 (−2.4; −1.1) 0.4 (−0.1; 1.0) 0.0001
FN Z-score −0.7 (−1.2; −0.1) 1.0 (0.4; 1.6) 0.0001

25-hydroxyvitamin D (25(OH)D), ng/mL 27.0 (21.1; 35.8) 19.9 (15.2; 26.4) 0.0001
Fractures in history 49 (13.8%) 7 (2.8%)

The data are presented as median (25%; 75% interquartile range). BMI, body mass index; LS, lumbar spine; FN, femur neck; BMD, bone
mineral density; PMO, postmenopausal osteoporosis. The values highlighted in bold indicate a significant association.

Cases and controls did not differ in age, age at menopause, and height (Mann-Whitney
U-test did not reveal difference, p > 0.1). A strong difference between groups was revealed
for weight, BMI, lumbar spine, and femoral neck BMD, T-, and Z-scores. The weight and
BMI variables were considered potential confounding factors and were adjusted in analysis
of association between groups. In the study cohort, 49 patients with PMO had a fracture
history (at least one) compared to seven individuals from the control group. The baseline
serum 25(OH)D level ranged from 7.4 to 70 ng/mL, and the mean level in all individuals
was 25.5 ng/mL. There was a statistically significant difference between analyzed groups
in the plasma 25(OH)D level.

3.2. The Relationship between VDR Gene Variants and PMO Risk

All subjects were genotyped in the study; the genotype frequencies distribution is
presented in Table 2. The five most common polymorphic loci of the VDR gene were
selected from key publications and studied as candidate markers of PMO. These SNVs
with previously established involvement in vitamin D and bone tissue metabolisms were
included to the study to validate their effect by analysis of combinations of genetic variants
on independent cohorts.
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Table 2. The Hardy–Weinberg equilibrium p-values and distribution of genotype frequencies of VDR gene variants in
patients with postmenopausal osteoporosis and control.

Gene Variant Genotype

PMO
n = 355

CON
n = 247 OR (95% CI) Adjusted OR (95% CI) 1

% HWE % HWE

rs7975232
C/C 23.7

0.17
31.2

0.7
Ref. Ref.

C/A 45.9 48.2 1.3 (0.9–1.9) 1.3 (0.8–2.1)
A/A 30.4 20.6 1.9 (1.2–3.1) * 2.1 (1.3–3.6) *

rs1544410
C/C 25.4

0.24
36.4

0.6
Ref. Ref.

C/T 46.7 46.6 1.5 (0.9–2.1) 1.6 (1.0–2.4) *
T/T 27.9 17.0 2.4 (1.5–3.8) ** 2.1 (1.2–3.6) *

rs731236
A/A 24.2

0.4
37.2

0.51
Ref. Ref.

A/G 47.6 45.8 1.6 (1.1–2.3) ** 2.1 (1.3–3.3) **
G/G 28.2 17.0 2.6 (1.6–4.1) ** 2.3 (1.4–4.0) **

rs2228570
G/G 27.9

0.17
26.7

1.0
Ref. Ref.

A/G 46.2 50.2 0.9 (0.6–1.3) 0.9 (0.6–1.5)
A/A 25.9 23.1 1.1 (0.7–1.7) 1.0 (0.6–1.8)

rs11568820
C/C 69.0

0.02
66.4

0.68
Ref. Ref.

C/T 30.1 29.6 0.9 (0.6–1.3) 1.2 (0.8–1.8)
T/T 0.9 4.0 0.2 (0.1–0.7) 0.2 (0.1–1.0)

C/T+T/T 2 31.0 33.6 0.8 (0.6–1.3) 1.1 (0.7–1.6)

PMO, postmenopausal osteoporosis; CON, control; HWE, Hardy–Weinberg equilibrium; OR, odds ratio; CI, confidence interval; Ref.,
referent value; * p FDR < 0.05, ** p FDR < 0.01; 1 Adjusted by confounding factors (BMI); 2 Dominant model of inheritance used due to low
minor allele frequency. The values highlighted in bold indicate a significant association.

The minor allele frequencies of all analyzed SNVs were not significantly different from
those taken from GnomAD data for Europeans [22]. By the analysis, the genotyping data
were found to be in correspondence to the expected Hardy–Weinberg equilibrium at the 5%
level in the control group (p > 0.1). In case group, the deviation from the Hardy–Weinberg
equilibrium was revealed only for the rs7975232 variant (p = 0.02), which was possibly due
to the very low frequency of the T/T homozygous genotype.

The analysis of genotype frequencies of VDR gene variants, presented in Table 2,
showed significant differences in their distribution between both groups. The most frequent
homozygous genotype was taken for reference. Comparing the genotype frequencies
between PMO and CON groups, statistically significant differences after FDR correction
for multiple testing were found for rs7975232, rs1544410, and rs731236 variants of the VDR
gene. The PMO group individuals were more likely to carry the rs7975232 A/A genotype
(30.4%) compared to the CON group (20.6%, OR = 1.9, 95% CI 1.2-3.1, p FDR = 0.0175).
The rs1544410 T/T genotype was significantly over-represented in PMO patients (27.9%)
compared to control group (17.0%, OR = 2.4, 95% CI 1.5-3.8, p FDR = 0.0028). For the
bearers of the rs731236 G/G homozygous genotype, the risk of osteoporosis was increased
(OR = 2.6, 95% CI 1.6-4.1, p FDR = 0.0015). An increased risk of PMO was also revealed for
the bearers of the heterozygous genotype A/G, OR = 1.6 (95% CI 1.1-2.3).

To reduce the potential impact of confounding factors, the association analysis was
further adjusted for BMI. When adjusted, the associated gene variants remained signif-
icant; additionally, a statistically significant association was revealed for the rs1544410
heterozygous C/T genotype (Table 2).

There was no association with osteoporosis risk found for rs2228570 and rs11568820
variants. Since the rs11568820 T-allele frequency was very low, we used a dominant model
of inheritance and merged C/T+T/T genotypes. Despite the absence of significant as-
sociation after the Yates correction, it can be noted that the frequency of the rs11568820
T/T-genotype is significantly higher in the CON group (4.0%) compared to PMO pa-
tients (0.9%).
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Next, we analyzed the pairwise linkage disequilibrium between VDR gene variants.
An LD plot was constructed using combined genotype data from both groups of individuals
(Figure 1).

 

Figure 1. Linkage disequilibrium (LD) plot for rs7975232, rs1544410, rs731236, rs2228570, and
rs11568820 variants of the VDR gene. LD is displayed as pairwise D’ values multiplied by 100 and
given for each SNV combination within each cell. Red cells correspond to a very strong LD; rs7975232,
rs1544410, and rs731236 variants are in the same LD block.

Performed LD analysis identified one haplotype block, which was composed of VDR
rs7975232, rs1544410, and rs731236 variants. The measure of linkage strength D’ between
rs7975232 and rs1544410 was 91, p < 0.0001. The positive coefficient of correlation r2

suggests that major alleles of rs7975232, rs1544410, and rs731236 variants are likely to be
inherited together, as well as minor alleles. The rs2228570 and rs11568820 variants do not
exhibit significant LD, the D’ coefficient ranged for them from 2 to 6; therefore, they were
removed from further analysis.

Based on LD data, in further analysis, we combined three VDR gene variants from the
same block and performed the haplotype analysis. Haplotypes were constructed from all
possible allelic combinations and compared between the PMO and control (CON) groups
(Table 3).

Table 3. Haplotype analysis of VDR rs7975232, rs1544410, and rs731236 gene variants in patients with postmenopausal
osteoporosis (PMO) and control (CON) group.

Haplotype
Frequency, %

Haplotype Score p FDR
Logistic Regression

PMO CON OR (95% CI) p

C-C-A 38.6 49.6 −3.53 0.001 Ref. -
A-T-G 44.9 31.7 4.41 0.00005 1.8 (1.4–2.3) 0.0001
A-T-A 4.0 7.1 −1.78 0.12 0.9 (0.6–1.4) 0.63
C-C-G 5.7 4.1 0.84 0.50 1.6 (0.9–2.7) 0.11
A-C-A 4.2 3.5 0.15 0.88 1.3 (0.8–2.2) 0.34
Rare * 2.6 4.0 - - - -

OR, odds ratio; Ref., referent value; CI, confidence interval; FDR, false discovery rate. * Rare haplotypes—other possible haplotypes with
total frequency less than 3%. The values highlighted in bold indicate a significant association.
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The haplotype analysis revealed five combinations (C-C-A, A-T-G, A-T-A, C-C-G, and
A-C-A) of the possible eight with a frequency greater than 3%. These five haplotypes jointly
presented in 96.5% of study subjects. Statistically significant differences between analyzed
groups were revealed in the global distribution of allelic combinations (global p = 0.00023),
suggesting an association of analyzed haplotypes with the risk of PMO. A statistically sig-
nificant difference was revealed in the distribution of the most frequent C-C-A and A-T-G
haplotypes between the PMO and CON groups even after FDR correction for multiple test-
ing. The C-C-A haplotype, constructed from three wild-type alleles, was the most frequent
(total frequency 43.4%). This haplotype frequency was significantly higher among controls
(49.6%) than among cases (38.6%, p FDR = 0.001). The negative haplotype score value of
−3.53 suggests that this combination is associated with a decreased risk of PMO. The total
frequency of the A-T-G haplotype was 39.4%; it was significantly under-represented in the
CON group (31.7%) compared to the PMO group (44.9%, p FDR = 0.00005), suggesting
that this allelic combination might confer a greater susceptibility to PMO (the highest
haplotype score of 4.41 points). In comparison with the most frequent reference (wild-type)
haplotype C-C-A, for the bearers of the A-T-G haplotype, the risk of PMO was significantly
higher (OR = 1.8, 95% CI 1.4-2.3, p = 0.0001). No significant association was found for other
constructed haplotypes.

3.3. The Relationship between VDR Gene Variants and Lumbar Spine BMD Level

The association analysis between VDR gene single variants and haplotypes and LS
BMD level was performed using linear regression on the combined cohort of study subjects
(Figure 2).

The analysis revealed four VDR gene variants associated with L1-L4 BMD level. The
observed difference in BMD level for rs7975232, rs1544410, and rs731236 minor homozy-
gous genotypes compared to reference genotypes was almost the same (β = −0.13 g/cm2,
p FDR = 0.0003; β = −0.15 g/cm2, p FDR = 0.0005, and β = −0.13 g/cm2, p FDR = 0.00025,
respectively). Such a similar effect may be explained by the previously observed high LD
between rs7975232, rs1544410, and rs731236. Interestingly, for all these variants, there was
a gene/dose response revealed: the highest level of BMD was found for the bearers of
major homozygous genotype, the intermediate level was found in heterozygotes, and the
lowest level was found in minor homozygotes (Figure 2A–C). Quantitative analysis of the
rs11568820 variant revealed a more significant association with LS BMD level (Figure 2E).
The substitution of G to A was associated with much higher LS BMD values (β = 0.22,
95% CI 0.07-0.38, p FDR = 0.027), suggesting that the rs11568820 A-allele has a protec-
tive effect. No significant association for rs2228570 was found with LS BMD (Figure 2D).
As there was a strong positive LD between rs7975232, rs1544410, and rs731236 variants,
we performed an analysis of association of their haplotypes with LS BMD level (Figure
2F). The bearers of the A-T-G haplotype showed a higher decrease in LS BMD compared
to reference C-C-A (β = −0.09, 95% CI −0.13 . . . −0.06, p FDR = 0.0001). No significant
association with BMD was found for other haplotypes.

3.4. The Relationship between VDR Gene Variants and Serum 25(OH)D Level

The effect of vitamin D is mediated through binding to a specific steroid receptor
with the activity of a transcription factor, thus regulating the synthesis of protein actively
participating in bone metabolism and maintaining calcium homeostasis. Variation in
VDR gene may alter receptor functions, suggesting possible changes in serum 25(OH)D
concentration. The relationship between VDR gene variants and serum 25(OH)D level is
presented in Figure 3.
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Figure 2. Lumbar spine (LS) BMD level in relation to VDR gene variants rs7975232 (A), rs1544410 (B), rs731236 (C),
rs2228570 (D), rs11568820 (E), and rs7975232, rs1544410, and rs731236 haplotypes (F). For rs7975232, rs1544410, rs731236,
and rs11568820 variants, gene/dose dependence was revealed. The rs11568820 was the only VDR gene variant with
protective effect. p-values corrected for multiple testing using the FDR, β is the difference compared to the reference value.
The data are presented as β (95% CI).

We revealed a statistically significant association of rs1544410, rs731236, and rs11568820
gene variants with the serum 25(OH)D level. The genetic effects of these three markers
on baseline serum 25(OH)D level were gene/dose dependent. Interestingly, for rs1544410
(Figure 3B) and rs731236 (Figure 3C), the lowest 25(OH)D level was typical for the reference
genotype, while it was intermediate for heterozygotes and the highest for the bearers of
minor homozygous genotypes (ANOVA test p = 0.006 and p = 0.0005, respectively). For the
bearers of the rs1544410 T/T genotype, the 25(OH)D concentration was 3.6 ng/mL higher
compared to C/C genotypes (p FDR = 0.015), whereas for the bearers of the rs731236 G/G
genotype, it was 4.6 ng/mL higher (p FDR = 0.0002). The opposite gene/dose relationship
was revealed for the rs11568820 variant, when wild-type G/G homozygotes showed a
higher 25(OH)D increase as compared to the A/G and A/A genotypes (Figure 3E).
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Figure 3. The association of serum 25-hydroxyvitamin D levels with VDR gene variants rs7975232 (A), rs1544410 (B),
rs731236 (C), rs2228570 (D), rs11568820 (E), and rs731236 genotype distribution in groups based on Vitamin D status (F).
For rs1544410, rs731236, and rs11568820 variants, gene/dose dependence was revealed. The rs11568820 was the only VDR
gene variant with protective effect. p-values corrected for multiple testing using the FDR, β is the difference compared to
the reference value. The data are presented as β (95% CI). * Dominant model of inheritance.

We also assessed the distribution of each VDR variant of genotype in different groups
of study participants according to vitamin D level (sufficient, insufficient, deficient). Using
a two-tailed χ2 test, a statistically significant difference in genotype distribution between
groups was revealed only for the rs731236 variant (χ2 = 12.8, p = 0.012, Figure 3F). The G/G
genotype was over-represented in a group of participants with a “sufficient” state, while
the A/A genotype was associated with vitamin D deficiency.
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In order to increase the statistical power, we analyzed the association of serum
25(OH)D level with rs1544410, rs731236, and rs11568820 haplotypes (Table 4).

Table 4. The association of VDR rs7975232, rs1544410, and rs731236 haplotypes with serum 25(OH)D levels.

Haplotype Frequency, % 25(OH)D, ng/mL (mean ± SE)
Linear Regression

β (95% CI) p FDR

C-C-A 44.8 21.7 ± 0.7 Ref. -
A-T-G 39.8 23.7 ± 0.8 2.0 (0.7 . . . 3.4) 0.017
A-T-A 4.4 25.4 ± 1.4 −1.7 (−4.4 . . . 1.0) 0.35
C-C-G 4.2 23.5 ± 1.5 0.2 (−2.8 . . . 3.1) 0.91
A-C-A 3.6 24.0 ± 1.5 −0.3 (−3.2 . . . 2.6) 1.0
Rare * 3.2 27.9 ± 4.3 4.2 (1.1 . . . 7.4) 0.02

Ref., referent value; SE, standard error; β, difference compared to reference value; CI, confidence interval. * Rare haplotypes—other possible
haplotypes with total frequency less than 3%. The values highlighted in bold indicate a significant association.

The haplotype analysis revealed five combinations (C-C-A, A-T-G, A-T-A, C-C-G, and
A-C-A) with a frequency greater than 3%. The C-C-A haplotype was the most frequent (total
frequency 44.8%) and was taken for reference. The total frequency of the A-T-G haplotype
was 39.8%. For the bearers of the A-T-G haplotype, the 25(OH)D level was significantly
higher compared to the reference haplotype (β = 2.0, 95% CI 0.7–3.4, p FDR = 0.017).
No significant association with BMD level was found for other haplotypes.

4. Discussion

PMO is the most widespread type of disease, which causes serious medical, social,
and economic difficulties for society. Research in the area of such complex (multifactorial)
pathology aims to reveal both the environmental and genetic factors affecting disease de-
velopment. According to numerous epidemiological studies, family and twin observations,
up to 90% of OP cases are genetically determined [23]. The early detection of genetic
factors, associated with predisposition to PMO, may help increase the prophylaxis and
treatment effectiveness, although the evaluation of genetic background is complicated
due to the involvement of multiple gene networks and their interaction with various
environmental factors.

Vitamin D effects have been widely investigated in various populations with regard
to its possible effect on PMO risk. The huge interest in vitamin D is explained primarily
by its activity in calcium homeostasis, bone formation, and the regulation of bone mineral
density. Vitamin D binds to a specific steroid receptor, which is coded by the VDR gene.
VDR has a transcription factor activity and influences the expression activity of numerous
target genes. The intensive study of the VDR gene made it possible to identify polymorphic
variants that may lead to structural or functional changes in protein expression. Therefore,
these variants may serve as potential clinical and diagnostic markers of bone muscular
pathology. However, VDR gene studies continue and in a number of research studies,
conflicting data on the distribution of genotype frequencies of the different loci of this gene
were shown [12,13,23], thus providing a basis for further work in the area.

In the present study, we analyzed the association of the five most commonly studied
VDR gene variants with PMO risk, BMD level, and serum 25(OH)D concentration in the
Belarusian population. These SNVs were selected based on their previously established
role in bone metabolism, modulation of VDR expression, and activity. Several previous
research studies have suggested that VDR gene variants may influence the BMD level;
this effect is variable and population-dependent [12,13], but complex studies on SNVs
association with vitamin D level are still lacking.

The observed differences in body weight and BMI between groups are quite expected,
as decreased BMI and body weight are well-known risk factors of OP. The revealed average
level of BMI in the control group can be explained by the population features of the
Belarusian cohort.
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We compared the allele distribution of analyzed VDR gene variants with that of the
populations included in the gnomAD database [22]. For rs7975232, rs1544410, rs731236,
and rs11568820, our study revealed no significant difference in minor allele frequency
(MAF) as compared to European cohort. However, MAF (allele A) for rs2228570 was
significantly higher (48%) as compared to the gnomAD European cohort (37%). This
difference may be due to the cohort size, ethnicity, or gender specificity.

The analysis of our data revealed a strong association of rs7975232, rs1544410, and
rs731236 variants with PMO risk, where A/A, T/T, and G/G genotypes, correspondingly,
were over-represented in the patients group. This association remained even after correction
for cofounding factors, suggesting the predominant contribution of hereditary factors and
their role as potential markers of PMO risk. For all these three VDR gene variants located
in the ligand-binding domain at the 3′-end of the gene, a strong linkage disequilibrium was
found. The located upstream rs2228570 in the DNA-binding domain and rs11568820 in
the promoter region did not show LD. These data are in agreement with previous studies
on European populations [24,25]. Despite the fact that a strong LD was revealed between
rs7975232, rs1544410, and rs731236 markers, this linkage is not full, and it is not possible to
predict the alleles of one SNV, knowing the alleles of other SNVs. Perhaps, this explains
that the risk of PMO in haplotype analysis (for the bearers of A-T-G haplotype) was lower
compared to single gene analysis (for the bearers of rs7975232 A/A, rs1544410 T/T, and
rs731236 G/G genotypes).

When examined with respect to the interaction with LS BMD, in addition to rs7975232,
rs1544410, and rs731236, a statistically significant association was also revealed for rs11568820.
However, there was no effect revealed for rs2228570. Interestingly, a dose effect was
observed for all these variants, which is very important. Women with the rs7975232,
rs1544410, and rs731236 minor homozygous genotypes had the lowest BMD level compared
to bearers of other genotypes. In contrast, the rs11568820 A/A genotype was associated
with increased BMD level, suggesting its protective effect. Unlike other gene variants,
rs11568820 is located in the promoter region of the VDR gene, and previously, it was
reported that the A-allele relates to higher promoter activity in vitro [26]. The same effect
on BMD was observed in Slovenian women with PMO [27]. Previously, various studies
also reported a significant association with LS BMD of rs7975232 [28] and rs1544410 [27]
in Caucasian women. The most unexpected result of our study was the absence of a
statistically significant association of rs2228570 with BMD level, although it was previously
reported in Caucasian women with PMO [28]. On the other hand, our results are consistent
with a huge meta-analysis, which was performed recently [12]. Such differences within the
same populations may be explained by the involved environmental factors, gene–gene and
gene–environment interactions or sample sizes. The rs2228570 variant plays an important
role in message stability and post-transcriptional processes in the VDR gene, and due
to its functions, more extensive research is required. Interestingly, our results showed
consistency: rs7975232, rs1544410, and rs731236 were associated both with a decreased risk
of PMO and high levels of LS BMD. This result may be explained by strong LD between
variants. Moreover, the simultaneous increase of PMO risk and decrease in the lumbar
BMD level for the bearers of the A-T-G haplotype was observed. The same association was
previously revealed in Polish [28] and Dutch [29] populations. High LD creates additional
difficulties, since the exact gene variant with a causative effect is unknown.

Possibly, the most interesting part of the study is the analysis of the association of
VDR gene variants with vitamin D status. Such an interest in vitamin D is explained
by importance for bone health and by its pleiotropic biological action, which mediates
predisposition not only to bone muscular diseases but also to many other complex diseases.
Recent studies have suggested that SNVs within the VDR gene may influence the level or
activity of vitamin D. In the present study, we revealed a statistically significant gene/dose
association of rs1544410, rs731236, and rs11568820 variants with plasma 25(OH)D level.
The rs1544410 T/T and rs731236 G/G genotypes are associated with an increased level
of plasma vitamin D compared to the reference genotype, while rs11568820 combined
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A/G+A/A genotype bearers were characterized by a decrease. The same association was
previously revealed in Caucasian [30,31], Chinese [32], and Egyptian [33] populations.
In the analysis of VDR gene variants distribution within groups according to vitamin D
status (sufficient, insufficient, deficient), only rs731236 revealed a significant association,
whereas the bearers of A/A genotypes were over-represented in the group of patients with
deficiency. These data are confirmed by a recent study on response to vitamin D supple-
mentation [15]. In haplotype analysis, which was performed to test whether combinations
of different VDR gene variants may predict serum 25(OH)D concentration, the highest
level of serum vitamin was found in bearers of A-T-G alleles, which are associated with
PMO risk and low LS BMD. Located at the 3′-end of the VDR gene, rs7975232, rs1544410,
and rs731236 variants are associated with the different-length polyadenylate sequences and
affect the stability of mRNA, while the rs11568820 variant could change the transcription ac-
tivity of the promoter region of the gene [34]. Thus, we may hypothesize that the increased
level of circulating 25(OH)D in patients compared to controls (Table 1) may be explained
by the fact that unfavorable VDR genotypes were over-represented in the PMO group,
possibly altering metabolic feedback loops or the effectiveness of vitamin metabolism.
This hypothesis is confirmed by the fact that the level of VDR mRNA was remarkably
reduced in bearers of the rs1544410 T/T genotype compared to individuals with the C/C
genotype [35]. The bearers of favorable rs7975232 C-, rs1544410 C-, and rs731236 A-alleles
have higher VDR receptor expression, thus leading to increased vitamin D metabolism.
The possible mechanism may include an alteration of vitamin D-mediated gene expression
by differential activity of the VDR receptor. Specific SNVs may decrease the activity of a
wide range of enzymes involved in the production and elimination of 25(OH)D, promoting
an increase in circulating serum 25(OH)D level and a simultaneous decrease in intercellular
1,25-dihydroxyvitamin D concentration, resulting in adverse health effects caused by vita-
min D deficiency despite higher circulating 25(OH)D concentration [14]. This hypothesis
requires further confirmation in other studies.

The remaining rs2228570 with a previously established role in vitamin D-related
pathways revealed no association with plasma 25(OH)D level in our cohort. This variant,
which is located in the second exon, forms a second methionine start site, producing a
shorter protein receptor, which displayed higher transcriptional activity. Our results are
contrary to studies where in bearers of the rs2228570 G/G genotype, an increase in 25(OH)D
concentration [36] and affected 25(OH)D hydroxylation [37] was reported. Although we
found no significant association for this variant with PMO risk, LS BMD, and 25(OH)D
level in the present study, broader research with a bigger cohort may confirm this variant
as a marker for personalized medicine purposes.

Nevertheless, a very interesting result is that the variants associated with low LS BMD
levels were also associated with high 25(OH)D levels and vice versa. Such a tendency is
found for all analyzed SNVs, suggesting the differential action of vitamin D on the local
cell level in bones and circulating in plasma. At least rs7975232, rs1544410, rs731236, and
rs11568820 might help to identify individuals with increased PMO risk and vitamin D status.
The revealed considerable variation in serum 25(OH)D in individuals with different VDR
genotypes further suggest that a one-size-fits-all approach to vitamin D supplementation
may not be appropriate. For more accurate evaluation of the association of VDR gene
polymorphism with predisposition to PMO, the analysis of various environmental factors,
such as diet, sun exposure, exercise, and other is required. The relationship between gene
variation and vitamin D status also requires further investigation. In addition, other gene
variants within vitamin D pathway, as well as epigenetic factors can also play a significant
role in the pathogenesis of disease.

5. Conclusions

We investigated the association of five major VDR gene variants with PMO risk, BMD
level, and serum 25(OH)D concentration. Our study shows novel data on vitamin D
genetics and homeostasis, particularly on the significant association of four markers with
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BMD and 25(OH)D levels. VDR rs7975232, rs1544410, rs731236, and rs11568820 might
be taken into consideration for individual PMO risk assessment and the development of
personalized recommendations for the optimization of vitamin D supplementation.
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Abstract: SARS-CoV-2 infects the respiratory tract and leads to the disease entity, COVID-19. Accord-
ingly, the lungs bear the greatest pathologic burden with the major cause of death being respiratory
failure. However, organs remote from the initial site of infection (e.g., kidney, heart) are not spared,
particularly in severe and fatal cases. Emerging evidence indicates that an excessive inflammatory
response coupled with a diminished antiviral defense is pivotal in the initiation and development
of COVID-19. A common finding in autopsy specimens is the presence of thrombi in the lungs as
well as remote organs, indicative of immunothrombosis. Herein, the role of SARS-CoV-2 in lung
inflammation and associated sequelae are reviewed with an emphasis on immunothrombosis. In as
much as vitamin D is touted as a supplement to conventional therapies of COVID-19, the impact of
this vitamin at various junctures of COVID-19 pathogenesis is also addressed.

Keywords: acute respiratory distress syndrome (ARDS); coronavirus; COVID-19; cytokine storm;
inflammasome; neutrophil extracellular traps (NETs); SARS-CoV-2; vitamin D

1. Introduction

The mechanism of infection, transmission, and clinical presentations of SARS-CoV-
2 are qualitatively similar to those of its predecessor, SARS-CoV [1–3]. Notably, both
SARS-CoV-2 and SARS-CoV highjack angiotensin-converting enzyme 2 (ACE2) on the
membranes of host cells to gain entry [4]. ACE2 is expressed on apical membranes of
human respiratory and gastrointestinal epithelial cells [5,6], accounting for proposed means
of transmission and clinical manifestations of the current disease, COVID-19. Specifically,
human-to-human transmission of SARS-CoV-2 may occur via expired air droplets or a
fecal–oral route; the former well documented [3], while the latter has been posited [7]. The
clinical presentations include respiratory problems (e.g., cough, dyspnea) and to a lesser
extent intestinal complaints (e.g., diarrhea) [8,9]. Most infected individuals develop mild
symptoms that resolve without the need for hospitalization. However, a small number of
patients develop pneumonia and require hospitalization, and eventually recover. Others
worsen, progressing to acute respiratory distress syndrome (ARDS) and require aggressive
treatment in intensive care units. The major cause of death is respiratory failure [10–13],
although multiple organ damage and sepsis can occur in severe COVID-19 cases [2,11].
In accordance with the clinical presentation, microscopic analyses of autopsy specimens
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indicate that lungs bear the greatest pathologic burden [10,14–17]. The predominant histo-
logic features include diffuse alveolar damage, thrombosis, and inflammatory infiltrates
consisting of macrophages, lymphocytes, and neutrophils [10,15–23]. Organs remote from
the initial site of infection (e.g., heart, kidney, brain) may also exhibit pathology (e.g.,
thrombi) [10,14,17,24,25]. Of particular significance, thrombi, macrophage recruitment, and
diminished T and B lymphocytes are noted in hilar lymph nodes and the spleen [15].

The mechanisms involved in the pathogenesis of COVID-19 are the subject of an
intense research effort. The information emerging indicates that, in addition to viral
virulence, the host’s immune response appears to play a major role. Specifically, an
excessive inflammatory response, coupled with an impaired antiviral (e.g., interferon)
response, are currently touted as causative [26–34]. A common characteristic of severe
COVID-19 patients is lymphopenia; markers of T cell exhaustion are also reported in
some [15,27,28,30,33,35–41]. An inadequate interferon response would impede the eradi-
cation of the virus thereby exacerbating and prolonging the inflammatory response and
associated sequelae [27–29,42]. As a case in point, a significant contribution to the lethality
of COVID-19 is the inflammation-induced formation of microvascular thrombi, referred to
as immunothrombosis [43–49].

Vitamin D can impact numerous pathways involved in host immune responses to
viral infections [50,51]. The dietary or skin-derived vitamin D precursors are sequentially
hydroxylated to form the active vitamin D [1,25(OH)2D]. A variety of immune and non-
immune cells possess the enzymatic machinery to generate (e.g., CYP27B1) or inactivate
(e.g., CYP24A1) vitamin D [50,52–55]. Vitamin D can exert both genomic and non-genomic
effects by binding to the vitamin D receptor (VDR). A well-documented genomic function
is the generation of the antiviral peptide, LL-37 [50,51,56]. A unique regulatory feature of
vitamin D is the ability to induce an appropriate inflammatory response and suppress an
excessive one [51].

A significant majority of COVID-19 patients have vitamin D insufficiency, based on
cut-off values for 25-OHD ≤ 10–20 ng/mL [57–61]. A recent meta-analysis indicates that
low levels of vitamin D (20–30 ng/mL) are associated with a greater susceptibility to
SARS-CoV-2 infection, as well as severity and mortality of COVID-19 [62]. Conversely,
in a multicenter retrospective study, supplemental 25-OHD during the first month of
hospitalization reduced in-hospital mortality [63]. Thus, it is not surprising that vitamin
D has been touted as a potential therapeutic adjunct to conventional approaches in the
treatment of COVID-19 [56,57,60,64]. However, based on some controversial issues [52],
caution is recommended pending the outcomes of clinical trials targeting the therapeutic
efficacy of vitamin D in COVID-19 patients [60,64].

Herein, a narrative approach will be used to address the role of SARS-CoV-2 in lung
inflammation that can lead to the manifestations of severe COVID-19 such as ARDS,
coagulopathy, and multiorgan dysfunction. The potential impact of vitamin D at various
stages of COVID-19 pathogenesis will be addressed in an evidence-based manner (Figure 1).
To this end, the PubMed database was mined for vitamin D/VDR data relevant to the
aberrant immune response of COVID-19 and yielded the following. Studies addressing
the prophylactic or therapeutic efficacy of vitamin D for the ARDS of COVID-19 are
limited [57,63,65–67]. A transgenic murine model of COVID-19 that mimics the disease
in humans is available [68,69]; however, it has not been used for interventional studies
of vitamin D/VDR signaling. An additional issue complicating animal studies is the
potential for species-specific inflammatory signaling pathways [50]. Finally, the bulk
of the information is derived from cell-based studies using tractable immune cells (e.g.,
circulating monocytes), which may not reflect the responses in relevant lung cells (e.g.,
alveolar macrophages). With these limitations in mind, we address the most salient features
of vitamin D/VDR signaling relevant to the innate immune response of ARDS. Wherever
possible, reviews are cited to direct the reader to relevant original studies.
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Figure 1. Impact of vitamin D/VDR signaling at various junctures of lung-centric inflammation and immunothrombosis.
Experimentally verified inhibitory pathways are indicated with red dashed arrows while an ambiguous pathway is indicated
with a blue dashed arrow. As addressed in the text, VDR signaling inhibits the response of alveolar macrophages to viral
infection at the level of (1) NFκB signaling and (2) inflammasome activation, thereby preventing neutrophil recruitment and
activation (3). The impact of VDR signaling on NET generation (4) may be context-dependent; VDR can promote or inhibit
NETs. VDR signaling inhibits thrombosis (5) by interfering with platelet function and fibrin generation. VDR: Vitamin D
Receptor; NETs: Neutrophil Extracellular Traps.

2. Current Status of Knowledge

2.1. Intrapulmonary Tropism

SARS-CoV-2 productively infects the human nasal and bronchiolar epithelial cells;
primarily ciliated epithelia and, to a lesser extent, goblet cells [4,5,12,20,70–73]. The initial
event is an adhesive interaction between the spike (S) protein of the virus with ACE2
on apical membranes of lung epithelia. Subsequently, the S protein is proteolytically
activated (e.g., TMPRSS2, furin) allowing for fusion-induced entry [4,74]. After replicating
its genome, SARS-CoV-2 preferentially exits via the apical membrane [20,71]. This mode of
entry and exit would ensure infection of downstream lung epithelial cells while limiting
remote organ involvement. The epithelium remains intact for up to 2–4 days post infection
(dpi); progressive infection eventually results in epithelial permeability [71,72]. Of note
is that little injury is incurred by SARS-CoV-2 replication within epithelial cells until
3–4 dpi, after which epithelial cell injury and death occur [70–72]. Cell death is a result of
apoptosis [71,72], presumably as an antiviral defense mechanism [75,76].

Within the alveolar compartment, type II epithelial cells, endothelial cells, as well as
macrophages and dendritic cells, express the requisite machinery for SARS-CoV-2 infection
(e.g., ACE2, TMPRSS2, and/or furin) [10,15,26,77]. Infection of type II epithelial cells is
productive and utilizes an apical entry and exit pathway [78]. Infection results in the
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upregulation of pro-inflammatory and antiviral transcriptional pathways [73,78]. The pro-
inflammatory pathways (e.g., NFκB) are dominant in the early stages of infection (1–2 dpi);
whereas antiviral interferon signaling (e.g., STAT) is delayed (3–4 dpi). As the infection
progresses, apoptotic pathways become activated [73,78]. Loss of type II pneumocytes is
particularly detrimental, since they generate surfactant, reabsorb fluid from the airspace,
and serve as progenitors for the repair of epithelial damage [79].

SARS-CoV-2 infection of endothelium is a matter of debate. Capillary organoids are
permissive for SARS-CoV-2 infection and replication [80]. However, lung autopsies of
COVID-19 patients are equivocal; some report infection of the endothelium [10], while
others highlight the lack of endothelial infection [18,19]. Irrespective of this, endothelial
dysfunction and/or injury is common, as evidenced by microvascular thrombi, inflam-
matory cell infiltration, and capillary sprouting [10,18,19]. A probable scenario holds
that endothelial dysfunction contributes to the formation of occlusive emboli resulting in
hypoxia, a powerful stimulus for angiogenesis [10].

The major sentinel immune cells of the lung are the alveolar macrophages and den-
dritic cells. There seems to be little doubt that macrophages can be infected by SARS-
CoV-2 [12,24,26,77,81–83]. However, as compared to pneumocytes, fewer resident or
infiltrated macrophages are infected [18,19]. While phenotypically quite diverse [84],
alveolar macrophages are generally classified as either pro-inflammatory (M1) or pro-
resolving (M2) [77]. SARS-CoV-2 can infect both M1 and M2 macrophages; M1 being
more permissive [82]. Bronchoalveolar lavage fluid (BALF) of severe COVID-19 pa-
tients is characterized by a diminished resident M2 population in favor of infiltrated
M1 macrophages [85]. Of note is that SARS-CoV-2 infection of macrophages does not
yield viable progeny [81,82]. Despite an abortive infection, the macrophages can generate
pro-inflammatory cytokines/chemokines. Dendritic cells, major antigen-presenting cells,
can also be infected by SARS-CoV-2. As was the case in macrophages, the infection is
abortive [81]. Further, their interferon response is diminished; an effect attributed to viral
antagonism of signaling pathways (e.g., STAT). Dendritic cells isolated from COVID-19
patients exhibit impaired maturation and functionality, as evidenced by an inability to
stimulate CD4 and CD8 T cell proliferation [37].

In summary, SARS-CoV-2 can productively infect nasal, bronchial, and alveolar epithe-
lial cells, while infection of macrophages and dendritic cells is abortive. This cell-specific
differential infection (productive vs. abortive) is the same as noted with SARS-CoV [77].
Since nearly peak viral titers are incurred prior to discernible cytopathic effects, epithelial
cell death (primarily, apoptosis) is not considered to be a direct effect of the virus; rather, it
is attributed to the host immune response [10,70,73,78]. The net effect of SARS-CoV-2 in-
duced alveolar damage (epithelial and endothelial) is a breakdown of the air-blood barrier,
thereby limiting oxygen exchange and eventually culminating in respiratory failure.

2.2. Intrapulmonary Tropism: Impact of Vitamin D

Apart from being a receptor for SARS-CoV-2, ACE2 has a homeostatic function in
the lungs by regulating the local renin–angiotensin system (RAS) [86,87]. In brief, renin-
derived angiotensin I (AngI) is converted to angiotensin II (Ang II) by ACE. Ang II interacts
with its receptor (AT1R) which triggers downstream pathways that are detrimental to lung
function (e.g., pro-oxidant, pro-inflammatory). As a countermeasure, ACE2 nullifies the
effects of Ang II by cleaving it to the heptapeptide Ang 1–7 which interacts with its cognate
receptor (MasR) to exert beneficial effects (e.g., antioxidant, anti-inflammatory). Thus,
an imbalance in the relative activity of the two converting enzymes that favor ACE over
ACE2 promotes lung injury and vice-versa. Vitamin D is a negative regulator of the local
RAS (increasing ACE2/ACE ratio) and thereby protects against acute lung injury (ALI) in
rodents. For example, ALI induced by local (LPS, acid) or remote (peritonitis) challenges
increases lung inflammation and injury as well as systemic hypoxia; effects attributed to an
increased local RAS and ACE/ACE2 ratio [88–91]. Vitamin D/VDR signaling suppresses
lung inflammation and injury by inhibiting Ang II/AT1R signaling and promoting Ang
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1–7/MasR signaling [88,90]. Based on these and other documented effects of vitamin/VDR
signaling on the local RAS, vitamin D has been touted as a potential therapeutic approach
to treat ARDS of COVID-19 [92]. As a caveat, SARS-CoV-2 uses ACE2 to infect human lung
cells [4,74,78]. Thus, it is unclear how a vitamin D-induced increase in the ACE2/ACE
ratio will impact lung injury or disease progression induced by SARS-CoV-2.

At mucosal sites exposed to the external environment (e.g., gut, bronchi), antimicrobial
peptides (AMPs) represent the first line of defense against pathogens [53,93]. LL37 is an
AMP that can be detected in isolated lung epithelial cells and alveolar macrophages [94].
The cathelicidin gene encoding LL37 contains a vitamin D response element and can be
regulated by vitamin D/VDR signaling [50]. Human bronchial epithelial cells constitutively
express the requisite machinery (e.g., CYP27B1, VDR) to ensure intracrine activation of vita-
min D/VDR signaling in response to the exogenous inactive vitamin D precursor, 25(OH)D.
VDR-induced transcription generates LL37 in isolated human airway epithelial cells even
in the absence of infection; however, viral infection has a potentiating effect [54,95–97]. The
antiviral effects of LL37 include both extracellular (e.g., destruction of the viral envelope)
and intracellular (e.g., inhibition of viral replication) modalities [54]. Based on its broad
antiviral activity, it has been proposed that the vitamin D–LL37 axis may be effective
against SARS-CoV-2 [56]. LL37 may also inhibit binding of SARS-CoV-2 to ACE2. In
silico structural studies predict binding sites for LL37 on the viral S protein [98] and in
a cell-free system this interaction prevents the binding of the S protein to ACE2 [99]. Of
note, in a small safety and efficacy trial in COVID-19 patients, oral administration of L.
lactis, genetically modified to produce LL37, was deemed safe and alleviated respiratory
symptoms such as cough and shortness of breath [100]. However, the enrolled cohort were
only mildly symptomatic and firm conclusions of therapeutic efficacy await controlled
larger scale clinical trials.

COVID-19 lung histopathology is characterized by inflammatory cell infiltration and
diffuse alveolar damage, with the blood–air barrier defect ultimately causing systemic
hypoxia. In general, neither dietary depletion, genetic blockade, nor supplementation of vi-
tamin D appreciably affects the inflammatory status or epithelial integrity of the unstressed
lungs of rodents [88,90,101–104]. However, in models of ALI (e.g., LPS), either vitamin D
or VDR deficiency exacerbates lung inflammation, barrier dysfunction, and systemic oxy-
genation [102,104]; meanwhile, supplementation with vitamin D is protective [88,104–106].
Although there are detractors from this paradigm [101,107], these detractors may not be
anomalies. Seemingly paradoxical roles of vitamin D are most likely context-dependent
(e.g., species, models, cell types) [54,55,96].

A context-dependent vitamin D/VDR signaling is also operative in the immune
sentinel cells of the lung, such as alveolar macrophages and dendritic cells. A com-
mon cell-based model employs either bone marrow- or monocyte-derived macrophages
and dendritic cells. Ex vivo induction of human macrophage differentiation in the pres-
ence of vitamin D does not appear to affect their polarization to either M1 or M2 phe-
notypes [108,109]. Further, vitamin D/VDR signaling in differentiated macrophages is
either pro- or anti-inflammatory depending on the existing infectious/inflammatory mi-
lieu [108–114]. Consensus holds that, in response to viral infection, macrophage vitamin
D/VDR signaling initially activates pro-inflammatory pathways (e.g., increased LL37, IL-8),
while a more delayed anti-inflammatory response (e.g., decreased IL-8, increased IL-10)
serves to limit immune-mediated injury [54,55,112,114]. With respect to human dendritic
cells, supplementation with vitamin D during or after differentiation renders them tolero-
genic [53,55,115,116]. Tolerogenic dendritic cells generate an anti-inflammatory milieu by
secreting less pro-inflammatory cytokines, inhibiting effector T cell function (both CD4+
and CD8+ T cells), and promoting regulatory T cell conversion [55,115,117]. The vitamin
D-induced tolerogenic response is delayed, presumably due to a delay in upregulation of
CYP27B1 and VDR expression in both dendritic and effector T cells. It has been proposed
that this delay allows for the clearance of invading microbes and subsequently quiets the
immune response to avoid collateral tissue damage [55].
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2.3. The Inflammatory Response

Transcriptomic [118] and proteomic [33,40,85,119,120] analyses of bronchoalveolar
lavage fluid (BALF) of COVID-19 patients indicate that a pro-inflammatory environment
is present in their lungs. Their BALF contains high levels of chemokines and cytokines,
with the former detected earlier in longitudinal sampling [85]. Correspondingly, the
BALF was enriched with innate immune cells such as neutrophils, monocytes, and to a
lesser extent, dendritic cells [33,40,85,119]. The neutrophils and macrophages exhibited an
activated phenotype in comparison to their circulating counterparts. The generation of a
pro-inflammatory milieu is most likely initiated by either infected epithelial cells or resident
macrophages [18,19,119]. These cells detect specific molecular features of inhaled virions
(e.g., RNAs, proteins) referred to as pathogen-associated molecular patterns (PAMPs).
Different PAMPs are recognized by an array of pattern recognition receptors (PRRs) that
activate various signaling pathways, most of which converge to activate the transcription
factor, NFκB [26,27,78]. NFκB transactivates various pro-inflammatory genes, generating
chemokines (e.g., IL-8) and cytokines (e.g., IL-6, TNFα) [26,27,78,121]. As the infection
progresses, leading to tissue injury [15], PRRs on macrophages recognize material released
by damaged cells (damage-associated molecular patterns; DAMPs) and mount signaling
cascades that also activate NFκB and thereby amplify the inflammation. The PRR/NFκB
pathway has been proposed as a potential therapeutic target for COVID-19 [122,123].

A major function of NFκB is to initiate the assembly and activation of the NLRP3
inflammasome; a multiprotein complex that generates IL-1β. This cytokine lacks a signal
sequence, so secretion to extracellular space occurs through pores in the plasma membrane
formed by gasdermin D (GSDMD) [124,125]. Multiple GSDMDs are inserted into the
plasma membrane and oligomerize to form pores [126], thereby allowing IL-1β to leave
the cell. Excessive GSDMD pores can rupture the plasma membrane and induce a lytic
form of cell death, termed “pyroptosis” [124,125].

Emerging evidence indicates that an NLRP3 inflammasome is formed in COVID-19
patients and may predict the disease trajectory. Human monocytes infected by SARS-CoV-2
secrete IL-1β and undergo pyroptosis [127,128], indicating that the virus can induce a
functional inflammasome. Sera of COVID-19 patients contain active caspase; higher levels
are prevalent in more severe cases [127]. Furthermore, lung tissues of fatal cases contain
the fully assembled NLRP3 inflammasome [127,129]. The inflammasome components
are localized to the resident or recruited monocytes/macrophages and, to a lesser extent,
alveolar epithelial cells. It has been proposed that the enhanced lethality of COVID-19 in
older patients is a result of age-related hyperactivation of the NLRP3 inflammasome [130].

2.4. The Inflammatory Response: Impact of Vitamin D

A major family of PRRs are the toll-like receptors (TLRs), membrane spanning gly-
coproteins that can detect viral PAMPs [131] and host DAMPs [122]. SARS-CoV-2, like
other coronaviruses, are most likely sensed via their nucleic acids (e.g., ssRNA, dsRNA) by
endosomal PRRs (e.g., TLR3 and TLR7). In addition, viral membrane proteins as well as
various DAMPs from injured cells can be detected by plasma membrane PRRs (e.g., TLR4).
Agonists of TLR3 and TLR4 increase cytokine (e.g., TNFα, IL-1β) production by human
lung macrophages, with TLR4 agonists being the most potent [132]. In human monocytes,
vitamin D/VDR signaling reduces surface levels of TLR4, while not affecting intracellular
TLR3 [133,134]. Thus, while the vitamin D/VDR axis may not impact viral-mediated TLR
signaling, it may downregulate DAMP-mediated TLR pathways.

In quiescent cells, NFκB is inhibited by IκB which binds to the NFκB dimer and pre-
vents its translocation to the nucleus [121]. Pro-inflammatory stimuli activate IκB kinase
which phosphorylates IκB. Subsequent ubiquitination targets IκB for proteasomal degra-
dation. The loss of IκB frees the NFκB dimer to enter the nucleus and transcribe relevant
pro-inflammatory genes. Several lines of evidence indicate that the nuclear translocation
of NFκB is impeded by vitamin D/VDR signaling. In VDR deficient fibroblasts, there is a
reduction in basal levels of IκB and an increase in nuclear levels of NFκB [135]. Exogenous
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vitamin D increases IκB and decreases NFκB translocation to the nucleus of human lung
epithelial cells or murine macrophages [136,137]. In a similar vein, vitamin D or VDR
overexpression inhibits IκB kinase activity in fibroblasts; an effect mediated by the physical
interaction of the VDR with the kinase [138]. Finally, VDR can also physically interact with
NFκB, as demonstrated in murine tissues [139,140] and macrophages [141]. However, the
precise docking sites involved in VDR interactions with IκB kinase and NFκB have not
been identified.

Vitamin D/VDR signaling inhibits tissue inflammation and injury mediated by the
NLRP3 inflammasome in various in vivo murine models [142–144]. Loss and gain of func-
tion approaches support a role for the vitamin D/VDR pathway to dampen activation and
the function of the NLRP3 inflammasome. For example, VDR inhibits caspase activation,
generation of mature IL-1β, and GSDMD-mediated pyroptosis in a murine model of kidney
injury, as well as human tubular epithelial cells [143,144]. VDR can physically interact
with NLRP3 [144,145]; the ligand-binding domain of VDR and the amino-terminal pyrin
domain of NLRP3 are required for complex formation [144]. The VDR-NLRP3 interaction
prevents the inflammasome function in both murine and human macrophages [144].

An increase in intracellular oxidant stress has been implicated in the activation of
the NLRP3 inflammasome [146–148]. Oxidant stress occurs when the generation of ROS
exceeds the antioxidant capacity of the cell. An important transcription factor that enhances
the antioxidant status of cells is Nrf2 [149]. The promoter region of the Nrf2 gene contains
a response element that binds VDR [150]. In human epithelial cells, vitamin D/VDR
signaling blunts ROS-mediated activation of the NLRP3 inflammasome by promoting Nrf2
translocation to the nucleus where its transcriptional activity increases cellular antioxidant
enzymes [151].

2.5. Immunothrombosis and Remote Organ Dysfunction

Organs remote from the initial site of SARS-CoV-2 infection can exhibit pathology,
particularly in severe cases [2,10,14,15,17,24,83,152]. It has been proposed that the excessive
inflammatory response within the lungs results in the spill-over of cytokines into the
systemic circulation causing a “cytokine storm” syndrome [12,26,29,153,154]. However,
a more likely scenario is the generation of a localized cytokine storm within the lungs of
COVID-19 patients [120,155].

The subsequent recruitment and hyper-activation of neutrophils results in the gen-
eration of neutrophil extracellular traps (NETs) [156,157]. NET components have been
detected in tracheal aspirates [43,158] of COVID patients. Lung tissue from fatal cases
contains NETs in close association with diffuse alveolar damage [43,44,158]. Importantly,
NETs decorated with platelets as well as occlusive thrombi have been noted within the lung
microvasculature [43–45]. These observations are in accordance with immunothrombosis,
a process linking innate immunity to thrombosis for defense against pathogens [23,49,159].
However, excessive immunothrombosis leads to occlusion of numerous pulmonary blood
vessels and precipitates ARDS.

Whether the immunothrombosis of COVID-19 is confined to the lungs or can impact
remote organs is still controversial. Activated neutrophils and platelets, as well as platelet–
neutrophil aggregates, are present in the systemic circulation of patients [45,160]. Further,
sera from COVID-19 patients can induce NET formation in neutrophils isolated from
healthy donors [161]. Circulating markers of fibrin degradation (e.g., D-dimers), and NET
remnants are elevated in COVID-19, with higher levels in more severe or fatal cases [45,161].
However, while NET formation has been consistently noted in the lungs of COVID-19, their
presence in remote organs has either been noted [45] or not detected [44]. Nonetheless, in
fatal cases of COVID-19, microvascular thrombi as well as ischemic infarcts are present in
multiple organs [10,14,17,24,152].
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2.6. Immunothrombosis and Remote Organ Dysfunction: Impact of Vitamin D

While clinical studies indicate an inverse relationship between vitamin D status and
thrombotic events [162], the impact of VDR signaling on specific steps involved in the de-
velopment of immunothrombosis is less clear. For example, the effects of vitamin D/VDR
signaling on the generation of NETs is ambiguous [163,164]. Platelet activation is increased
in blood samples from vitamin D deficient individuals [165], while vitamin D inhibits
platelet aggregation in vitro [166]. The antithrombin gene has multiple vitamin D response
elements, and paricalcitol increases antithrombin expression in, and secretion from, cul-
tured cells [167]. Further, a transcriptomic analysis of data derived from human monocytes
identified the thrombomodulin gene as a target of vitamin D/VDR signaling [168]. Collec-
tively, these observations predict an antithrombotic function of vitamin D/VDR signaling.
Unexpectedly, however, correcting vitamin D deficiency in otherwise healthy individuals
does not consistently affect their blood thrombogenic profile. Vitamin D supplementation
of deficient subjects either increases [169] or reduces [170] thrombogenicity.

Further work is warranted to systematically assess the potential benefit of vitamin D in
immunothrombosis of COVID-19. This is particularly important since anticoagulants (e.g.,
heparinoids) are currently advocated to alleviate hypercoagulation in these patients [171]
and therapeutic vitamin D may increase the probability of bleeding events [172].

3. Conclusions

The anti-inflammatory and anti-thrombotic effects of vitamin D are promising features
that suggest efficacy against immunothrombosis of COVID-19. Results of ongoing clinical
trials should either validate or refute a beneficial role for vitamin D in alleviating the ARDS
of COVID-19 and associated sequelae.
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Abstract: Recent results indicate that dysregulation of vitamin D-binding protein (VDBP) could
be involved in the development of hypovitaminosis D, and it comprises a risk factor for adverse
fetal, maternal and neonatal outcomes. Until recently, there was a paucity of results regarding the
effect of maternal and neonatal VDBP polymorphisms on vitamin D status during pregnancy in
the Mediterranean region, with a high prevalence of hypovitaminosis D. We aimed to evaluate the
combined effect of maternal and neonatal VDBP polymorphisms and different maternal and neonatal
25-hydroxyvitamin D (25(OH)D) cut-offs on maternal and neonatal vitamin D profile. Blood samples
were obtained from a cohort of 66 mother–child pairs at birth. Our results revealed that: (i) Maternal
VDBP polymorphisms do not affect neonatal vitamin D status at birth, in any given internationally
adopted maternal or neonatal cut-off for 25(OH)D concentrations; (ii) neonatal VDBP polymorphisms
are not implicated in the regulation of neonatal vitamin D status at birth; (iii) comparing the distri-
butions of maternal VDBP polymorphisms and maternal 25(OH)D concentrations, with cut-offs at
birth, revealed that mothers with a CC genotype for rs2298850 and a CC genotype for rs4588 tended
to demonstrate higher 25(OH)D (≥75 nmol/L) during delivery (p = 0.05 and p = 0.04, respectively),
after adjustments for biofactors that affect vitamin D equilibrium, including UVB, BMI and weeks
of gestation. In conclusion, this study from Southern Europe indicates that maternal and neonatal
VDBP polymorphisms do not affect neonatal vitamin D status at birth, whereas mothers with CC
genotype for rs2298850 and CC genotype for rs4588 demonstrate higher 25(OH)D concentrations.
Future larger studies are required to establish a causative effect of these specific polymorphisms in
the attainment of an adequate (≥75 nmol/L) maternal vitamin D status during pregnancy.

Keywords: vitamin D; pregnancy; neonatal health; functional polymorphism
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1. Introduction

Vitamin D has gained a tremendous width of ongoing scientific research during the
past two decades [1–3]. Its undisputed role in bone mineralization has been expanded to a
widely adopted hypothesis, associating maternal hypovitaminosis D during pregnancy
with an increased risk of the development of adverse pregnancy outcomes and impairment
of future offspring’s metabolic health [4,5]. Mechanistic evidence reported that maternal
25-hydroxyvitamin D (25(OH)D) correlates strongly with neonatal 25(OH)D concentrations
at birth [6–8]. On the other hand, there is a continuing scientific debate and differing criteria
of maternal and neonatal vitamin D deficiency worldwide [9,10]. The main reasons for this
wide controversy might implicate individual genetic and regional characteristics [11,12],
including ethnic variations of vitamin D receptor (VDR) polymorphisms [13], ultraviolet B
(UVB) radiation [14] and country-specific dietary patterns [15]. The potential influence of
the specific genetic background of each individual for decreasing pregnancy complications
and optimizing neonatal health could provide a holistic and personalized clinical approach
in daily practice and future vitamin D supplementation practices during pregnancy.

Vitamin D binding protein (VDBP) comprises one of the most important factors for
vitamin D metabolism [16–19]. Previous results outline that VDBP metabolism disorders
comprise a risk factor for adverse maternal and neonatal outcomes [20–24]. These reports
vary according to regional and population parameters, including most European countries,
with different public health strategies.

The prevailing view for most eastern European and Mediterranean pregnant popula-
tions has been, for decades, that casual exposure to sunlight provides enough vitamin D.
Observational data from this region reported a high prevalence of vitamin D deficiency
during pregnancy [25,26]. Until recently, there was a paucity of results regarding the
effect of maternal and neonatal VDBP polymorphisms on vitamin D metabolism during
pregnancy within this region. In addition, so far a combined clinical (in terms of vari-
ous maternal/neonatal 25(OH) D cut-offs) and genetic (including different maternal and
neonatal VDBP polymorphisms) approach has not been investigated.

We aimed to evaluate the combined effect of maternal and neonatal VDBP polymor-
phisms and different maternal and neonatal 25(OH) D cut-offs on the profiles of maternal
and neonatal vitamin D status, within a sunny region of the Mediterranean basin.

2. Methods

2.1. Inclusion and Exclusion Criteria

The study included a cohort of mother–child pairs at birth. Inclusion and exclusion
criteria have been previously described [7,13]. Use of vitamin D supplements was also
an exclusion criterion. Daily calcium (Ca) supplement use was also recorded. Informed
consent was obtained. The study was conducted from January 2018 to September 2018. The
study was approved by the Bioethics Committee of the Aristotle University of Thessaloniki,
Greece (approval number 1/19-12-2011).

2.2. Demographic and Dietary Data—Biochemical and Hormonal Assays

At enrollment, demographic and social characteristics were recorded. Ca and vitamin
D dietary intake during the last month of pregnancy were assessed through a validated
semi-quantitative food frequency questionnaire that includes 150 food and beverages [27].
From these data, calculations were made for estimations of consumed quantities (in g per
day) based on a food composition database, based on the Greek diet [27] for estimating
daily dietary Ca and vitamin D intake. Maternal alcohol use during pregnancy was defined
either as none (subdivided into never drinking alcohol or drinking alcohol but not during
pregnancy), light (1–2 units per week or at any one time during pregnancy) or moderate
(3–6 units per week or at any one time during pregnancy) [28].

Blood samples were obtained from mothers 30–60 min before delivery. Umbilical
cord blood was collected, immediately after clamping, from the umbilical vein. Concentra-
tions of 25(OH)D2 and 25(OH)D were determined using liquid chromatography–tandem
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mass spectrometry (LC–MS/MS), with lower limits of quantification (LLOQ); 25(OH)D2
(0.5 ng/mL), 25(OH)D (0.5 ng/mL) and the sum of both vitamin D forms is provided as
total 25 (OH)D [29,30].

2.3. Neonatal and Maternal Vitamin D Status Cut-Offs and Combined VDBP Polymorphisms
Evaluation

Differences in the frequency of vitamin D status according to neonatal and mater-
nal VDBP polymorphisms were determined according to their vitamin D status at birth:
25(OH)D ≤ 25 nmol/L (deficiency), 25–50 nmol/L (insufficiency) and 25(OH)D ≥ 50 nmol/L
(sufficiency) [2,4–6]. Following this classification, maternal and neonatal VDBP polymor-
phisms were assessed at birth to investigate potential differences of maternal and neonatal
vitamin D status.

2.4. VDBP Analysis

DNA isolation was performed by QIAamp DNA Blood Mini Kit (Cat. No. 51304,
QIAGEN, Hilden, Germany) according to the manufacturer’s protocol. Genotypes of VDBP
rs2298850, rs4588 and rs7041 SNPs were determined by LightSNiP assay using simple
probes (LightSNiP, TibMolBiol, Berlin, Germany) and LightCycler Fast Start DNA Master
HybProbe Kit (Cat. No.12239272001, Roche Diagnostics, Mannheim, Germany). Real-time
PCR (RT-PCR) was performed with LightCycler 480 Instrument II (Roche Diagnostics,
Mannheim, Germany), and genotyping was done by using melting curve analysis as
previously described [31].

2.5. UVB Measurements

UVB data for the broad geographical region of Thessaloniki, Greece, were collected at
the Laboratory of Atmospheric Physics, School of Physics, Aristotle University of Thessa-
loniki. The daily integral of vitamin D effective UVB radiation (09:00 to16:00 local time)
was expressed as the amount of sunlight hitting a horizontal surface, updated every five
minutes, in watts per hour square meter (wh/m2). Mean UVB exposure during the pre-
vious 45 days (daily integral) before blood sample collection (estimated mean half-life of
vitamin D) was calculated.

2.6. Statistical Analysis

All analyses that involve the distributions of genotypes of VDBP polymorphisms were
analyzed with the chi-square (χ2) test, df:2 for genotypes. Significance was also confirmed
with Cramer’s V/Kendall’s tau-c. The comparisons between mean values of the groups
were performed with one-way ANOVA followed by multiple comparison tests, either
Tukey HSD or Dunett C, depending on the normality of the data set. Homogeneity of
variances was checked with Levene’s Test for homogeneity of variances. When required,
the data and p values were adjusted for maternal height (cm), BMI pre-pregnancy (kg/m2),
BMI terminal (kg/m2), UVB and weeks of gestation by one-way analysis of covariance
(ANCOVA). All data are presented as the mean ± SD in the text and figure legends. p
values lower than 0.05 were considered statistically significant. “SPSS 24.0” software was
used in these comparisons.

3. Results

Seventy mother–neonate dyads were initially included. Given four neonates had
missing birth biochemical data, they were excluded from the related analysis. Demographic,
dietary and biochemical data are presented in Table 1.
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Table 1. Maternal and neonatal demographic and anthropometric characteristics.

Maternal

Number (n) 66
Age (years) 31.92 ± 6.08
Height (cm) 164.85 ± 5.47

Weight; pre-pregnancy (kg) 67.56 ± 14.54
Weight; term (kg) 85.43 ± 14.30

BMI; pre-pregnancy (kg/m2) 24.91 ± 4.81
BMI; term (kg/m2) 29.62 ± 5.80

Weeks of gestation (n) 38.80 ± 1.56
Smoking [n (%)] 10 (0.14)

Alcohol consumption [n (%)] 8 (0.11)
Previous live births [n (%)] 26 (0.37)

Daily calcium supplementation [n (%)] 37 (0.56)
Daily calcium supplementation (mg) 423.07 ± 319.07

Daily dietary calcium intake during 3rd trimester (mg) 792.5 ± 334.0
Daily dietary vitamin D intake during 3rd trimester (mcg) 2.9 ± 1.2

UVB 0.2 ± 0.1
Paternal height (cm) 177.85 ± 6.14

Neonatal

Number (n) 66
Gender; Males [n (%)] 38 (0.58)

Height (cm) 50.48 ± 1.96
Weight (g) 3292.12 ± 414.25

VDBP single nucleotide polymorphisms (SNPs) and the genotype percentage distribu-
tions of mothers and neonates are presented in Table 2.

Table 2. Vitamin D binding protein single nucleotide polymorphisms genotype distributions of
mothers and neonates (%).

SNP rs2298850 rs4588 rs7041

Genotype CC CG GG CC CA AA GG GT TT

Maternal
(n:%)

33
(0.47)

32
(0.46)

5
(0.07)

32
(0.46)

31
(0.44)

7
(0.10)

19
(0.27)

39
(0.56)

12
(0.17)

Neonatal
(n:%)

35
(0.50)

28
(0.40)

7
(0.10)

33
(0.47)

30
(0.43)

7
(0.10)

18
(0.26)

38
(0.54)

14
(0.20)

3.1. Distribution of Neonatal and Maternal Vitamin D Status According to VDBP Polymorphisms

Distributions of vitamin D status of maternal–neonatal dyads according to VDBP
polymorphisms are presented in Tables 3–6. Data and p values were adjusted for maternal
height (cm), BMI pre-pregnancy (kg/m2), BMI terminal (kg/m2), UVB and weeks of
gestation by one-way analysis of covariance (ANCOVA). Covariates appearing in the
model are evaluated at the following values: BMI pre-pregnancy (kg/m2) = 25.09, BMI
terminal (kg/m2) = 29.73 and weeks of gestation = 38.81. No significant difference was
observed in any comparisons after adjustment. Mean concentrations of maternal and
neonatal vitamin D status (total 25(OH)D), according to maternal and neonatal VDBP
polymorphisms, as well as distribution of different states of maternal and neonatal vitamin
D equilibrium, were not different among different genotype profiles of VDBP.
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Table 3. Mean concentrations of maternal and neonatal 25(OH)D according to VDBP polymorphisms.

Polymorphism
Maternal
Genotype

n

Maternal
25OHD
Level

(nmol/L)
Mean ± SD

p Value
Neonatal

Geno-
type

n

Neonatal
25OHD
Level

(nmol/L)
Mean ± SD

p
Value

rs2298850
CC 33 54.14 ± 30.6 0.96 CC 35 48.84 ± 31.4 0.70
CG 32 51.35 ± 75.1 CG 28 58.90 ± 78.8
GG 5 47.10 ± 5.9 GG 7 43.83 ± 18.4

rs4588
CC 32 55.26 ± 30.4 0.92 CC 33 50.86 ± 31.5 0.77
CA 31 50.06 ± 76.3 CA 30 56.75 ± 76.5
AA 7 49.14 ± 15.7 AA 7 40.66 ± 19.2

rs7041
GG 19 55.24 ± 34.2 0.67 GG 18 49.12 ± 30.8 0.63
GT 39 54.97 ± 68.5 GT 38 57.75 ± 69.9
TT 12 39.32 ± 18.6 TT 14 41.91 ± 20.2

Table 4. Distribution of neonatal vitamin D status according to neonatal VDBP genotype polymor-
phisms.

Polymorphism Genotype
Deficient

n = 26 (37%)
Insufficient

n = 29 (41.5%)
Sufficient

n = 15 (21.5%)
p Value

rs2298850
CC 14 (54%) 11 (38%) 10 (67%)

0.26CG 10 (38%) 13 (45%) 5 (33%)
GG 2 (8%) 5 (17%) 0 (0%)

rs4588
CC 13 (50%) 10 (34%) 10 (67%)

0.27CA 10 (39%) 15 (52%) 5 (33%)
AA 3 (11%) 4 (14%) 0 (0%)

rs7041
GG 7 (27%) 8 (28%) 3 (20%)

0.42GT 14 (54%) 13 (44%) 11 (73%)
TT 5 (19%) 8 (28%) 1 (7%)

Table 5. Distribution of neonatal vitamin D status according to maternal VDBP genotype polymor-
phisms.

Polymorphism Genotype
Deficient

n = 26 (37%)
Insufficient

n = 29 (41.5%)
Sufficient

n = 15 (21.5%)
p Value

rs2298850
CC 13 (50%) 11 (38%) 9 (60%)

0.25CG 13 (50%) 14 (48%) 5 (33%)
GG 0 (0%) 4 (14%) 1 (7%)

rs4588
CC 12 (46%) 11 (38%) 9 (60%)

0.09CA 14 (54%) 12 (41%) 5 (33%)
AA 0 (0%) 6 (21%) 1 (7%)

rs7041
GG 8 (31%) 6 (21%) 5 (33%)

0.87GT 14 (54%) 17 (58%) 8 (54%)
TT 4 (15%) 6 (21%) 2 (13%)

Table 6. Distribution of maternal vitamin D status according to maternal VDBP polymorphisms.

Polymorphism Genotype
Deficient

n = 18 (26%)
Insufficient
n = 27 (39%)

Sufficient
n = 25 (35%)

p Value

rs2298850
CC 8 (44%) 10 (37%) 15 (60%)

0.28CG 10 (56%) 14 (52%) 8 (32%)
GG 0 (0%) 3 (11%) 2 (8%)

rs4588
CC 7 (39%) 10 (37%) 15 (60%)

0.14CA 11 (61%) 13 (48%) 7 (28%)
AA 0 (0%) 4 (15%) 3 (12%)

rs7041
GG 5 (28%) 6 (22%) 8 (32%)

0.87GT 10 (56%) 15 (56%) 14 (56%)
TT 3 (17%) 6 (22%) 3 (12%)
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3.2. Neonatal Cut-Offs at Birth (≥50 nmol/L vs. ≤50 nmol/L and ≥25 vs. ≤25 nmol/L),
According to Neonatal VDBP Polymorphisms

Genotype distribution of neonatal VDBP polymorphisms, using different neonatal cut-
offs for 25(OH)D at birth, revealed that no significant differences were evident regarding
neonatal vitamin D cut-offs of 25 and 50 nmol/L (Table 7).

Table 7. Neonatal vitamin D status at birth (cut-offs at birth ≤25 vs. ≥25 nmol/L and ≤50 vs.
≥50 nmol/L) according to neonatal VDBP polymorphisms.

Polymorphism Genotype
≤50 nmol/L

n = 55
(79%)

≥50 nmol/L
n = 15
(21%)

p
Value

≤25 nmol/L
n = 26
(37%)

≥25 nmol/L
n = 44
(63%)

p
Value

rs2298850
CC 25 (45%) 10 (67%) 0.20 14 (54%) 21 (48%) 0.83
CG 23 (42%) 5 (33%) 10 (38%) 18 (41%)
GG 7 (13%) 0 (0%) 2 (8%) 5 (11%)

rs4588
CC 23 (42%) 10 (67%) 0.15 13 (50%) 20 (45.5%) 0.83
CA 25 (45%) 5 (33%) 10 (39%) 20 (45.5%)
AA 7 (13%) 0 (0%) 3 (11%) 4 (9%)

rs7041
GG 15 (27%) 3 (20%) 0.20 7 (27%) 11 (25%) 0.98
GT 27 (49%) 11 (73%) 14 (54%) 24 (55%)
TT 13 (24%) 1 (7%) 5 (19%) 9 (20%)

3.3. Maternal Vitamin D Status at Birth (Cut-Offs at Birth ≤25 vs. ≥25 nmol/L, ≤50 vs.
≥50 nmol/L and ≥75 nmol/L vs. ≤75 nmol/L) According to Maternal VDBP Polymorphisms

By comparing the distributions of maternal VDBP polymorphisms and maternal
25(OH)D concentrations with cut-offs at birth, we revealed that mothers with CC geno-
type for rs2298850 and CC genotype for rs4588 tended to demonstrate higher 25(OH)D
(≥75 nmol/L) during delivery (p = 0.05 and p = 0.04, respectively), as viewed in Table 8.

Table 8. Maternal vitamin D status at birth (cut-offs at birth ≤25 vs. ≥25 nmol/L, ≤50 vs. ≥50 nmol/L and ≥75 nmol/L vs.
≤75 nmol/L) according to maternal VDBP polymorphisms.

Polymorphism Genotype
≤25 nmol/L

n = 18
(26%)

≥25 nmol/L
n = 52
(74%)

p
Value

≤50 nmol/L
n = 44
(63%)

≥50 nmol/L
n = 26
(37%)

p
Value

≤75 nmol/L
n = 57
(37%)

≥75 nmol/L
n = 13
(63%)

p
Value

rs2298850
CC 8 (44%) 25 (48%) 0.32 18 (41%) 15 (58%) 0.35 23 (40%) 10 (77%) 0.05
CG 10 (56%) 22 (42%) 23 (52%) 9 (34%) 29 (51%) 3 (23%)
GG 0 (0%) 5 (10%) 3 (7%) 2 (8%) 5 (9%) 0 (0%)

rs4588
CC 7 (39%) 25 (48%) 0.12 17 (39%) 15 (58%) 0.21 22 (39%) 10 (77%) 0.04
CA 11 (61%) 20 (39%) 23 (52%) 8 (31%) 29 (51%) 2 (15%)
AA 0 (0%) 7 (13%) 4 (9%) 3 (11%) 6 (10%) 1 (8%)

rs7041
GG 5 (27%) 14 (27%) 0.99 11 (25%) 8 (31%) 0.61 13 (23%) 6 (46%) 0.20
GT 10 (56%) 29 (56%) 24 (55%) 15 (58%) 33 (58%) 6 (46%)
TT 3 (17%) 9 (17%) 9 (20%) 3 (11%) 11 (19%) 1 (8%)

3.4. Neonatal Vitamin D Status at Birth, According to Maternal VDBP Polymorphisms

There were no significant differences between neonatal 25(OH)D concentrations, with
respect to maternal VDBP genotype distribution, using cut-offs of 25 and 50 nmol/L at
birth (Tables 9 and 10).
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Table 9. Neonatal vitamin D status (25(OH)D ≤25 nmol/L vs. 25(OH)D ≥25 nmol/L) according to
genotype distribution of maternal VDBP polymorphisms.

Polymorphism Genotype

Neonatal Vitamin D Status

p Value25(OH)D ≤ 25 nmol/L
n = 44 (63%)

25(OH)D ≥ 25 nmol/L
n = 26 (37%)

rs2298850
CC 13 (50%) 20 (46%)

0.20CG 13 (50%) 19 (43%)
GG 0 (0%) 5 (11%)

rs4588
CC 12 (46%) 20 (46%)

0.08CA 14 (54%) 17 (39%)
AA 0 (0%) 7 (16%)

rs7041
GG 8 (31%) 11 (25%)

0.86GT 14 (54%) 25 (57%)
TT 4 (15%) 8 (138%)

Table 10. Genotype distribution of maternal VDBP polymorphisms according to neonatal vitamin D
status (25(OH)D ≤50 nmol/L vs. 25(OH)D ≥ 50 nmol/L).

Polymorphism Genotype

Neonatal Vitamin D Status

p Value25(OH)D ≤50 nmol/L
n = 55 (79%)

25(OH)D ≥ 50 nmol/L
n = 15 (21%)

rs2298850
CC 24 (44%) 9 (60%)

0.52CG 27 (49%) 5 (33%)
GG 4 (7%) 1 (7%)

rs4588
CC 23 (42%) 9 (60%)

0.45CA 26 (47%) 5 (33%)
AA 6 (11%) 1 (7%)

rs7041
GG 14 (26%) 5 (33%)

0.80GT 31 (56%) 8 (54%)
TT 10 (18%) 2 (13%)

4. Discussion

Apart from its well-established role as the major plasma carrier protein of vitamin D
and its metabolites, VDBP is also considered a critical bioregulator of vitamin D equilibrium
during pregnancy [16,17]. Fluctuations of VDBP concentrations during pregnancy, resulting
from adaptive changes on the maternal–neonatal interface, have been reported to exert
significant effects on the vitamin D profile [16–18]. However, the effects of the specific
genetic profile of VDBP polymorphisms on maternal–neonatal vitamin D status, based on
widely adopted 25(OH)D cut-offs at term, have not been investigated previously in the
region of southern Europe. Our results revealed the following:

(i) maternal VDBP polymorphisms do not affect neonatal vitamin D concentrations at
birth, in any given internationally adopted maternal or neonatal cut-off for 25(OH)D
concentrations;

(ii) neonatal VDBP polymorphisms are not implicated in the regulation of neonatal
vitamin D status at birth;

(iii) in a maternal cohort not affected by vitamin D supplementation during pregnancy,
mothers with CC genotype for rs2298850 and CC genotype for rs4588 tended to
demonstrate higher 25(OH)D (≥75 nmol/L) concentrations, after adjustments for
biofactors that affect vitamin D equilibrium, including UVB, BMI and weeks of
gestation. The fact that this finding was evident in a small cohort implies that a
biologically plausible basis, which could explain the profound differences of maternal
vitamin D status, was observed in our region [25,26], as well as adding to existing
genetic influences on maternal hypovitaminosis D during pregnancy [31].
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Available studies regarding the interplay of VDBP polymorphisms with 25(OH)D con-
centrations are conflicting. In specific, rs12512631 and rs7041 were found to affect maternal
and cord-blood concentrations of 25(OH)D [32,33]. Insufficient 25(OH)D concentrations
were reported in infants of mothers carrying the rs12512631 “C” allele [30].

In addition, GC rs2282679 polymorphism was associated with achieved 25(OH)D
concentrations after cholecalciferol supplementation and during pregnancy [32]. The minor
allele for rs7041 was also associated with higher 25(OH)D and rs4588 was associated with
lower 25(OH)D levels during pregnancy [34], whereas Chinese pregnant women, with
VDBP Gc-1f and Gc-1s genotypes, manifested higher plasma 25(OH)D status compared to
women with Gc-2 [35].

VDBP concentrations manifest a variable longitudinal increase during pregnancy [18,36],
observed only in women with rs7041 GG or GT genotypes [35,37]. Genetic variations
of VDBP polymorphisms could partly explain different supplementation responses dur-
ing pregnancy, regarding clinical outcomes [6,25,26]. Of major interest in a recent cohort
with 815 Chinese women, the influence of variants of rs17467825, rs4588, rs2282679 and
rs2298850 on maternal 25(OH)D has been reported to be modified by vitamin D supple-
mentation and sunshine exposure [38]. It is interesting to note that significantly higher
levels of serum 25(OH)D in homozygous major allele carriers for the rs2298850 of GC gene
were also observed in Parkinson’s disease cases with slower progression [39]. It becomes
evident that a country-specific clinical approach and a tailored approach, according to
specific lifestyle and genetic profiles of pregnant women, could result in a more pragmatic
approach, in terms of vitamin D supplementation and prevention of maternal and neonatal
adverse outcomes [40,41].

This study has several limitations. First, the sample size was small and not powered
to detect additional differences in other maternal–neonatal cut-offs, but it was sufficiently
powered to show significant differences regarding the main aim of the study. Second,
the cross-sectional design of the study could not prove a causal relationship. Third, all
women were Caucasian, so our results cannot be safely generalized to other ethnicities. On
the other hand, the inclusion of both maternal and neonatal polymorphisms, as well as
assessment of different cut-offs, could provide a realistic overview of maternal–neonatal
dynamics, which is absent in most previous studies of similar design.

In conclusion, this study, from southern Europe, indicates that maternal and neonatal
VDBP polymorphisms do not affect neonatal vitamin D status at birth, whereas mothers
with CC genotype for rs2298850 and CC genotype for rs4588 demonstrate higher 25(OH)D
concentrations. Future larger studies are required to establish a causative effect of these
specific polymorphisms, in the attainment of an adequate (≥75 nmol/L) maternal vitamin
D status during pregnancy.
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Abstract: Background: We aimed to establish an acute treatment protocol to increase serum vitamin
D, evaluate the effectiveness of vitamin D3 supplementation, and reveal the potential mechanisms in
COVID-19. Methods: We retrospectively analyzed the data of 867 COVID-19 cases. Then, a prospec-
tive study was conducted, including 23 healthy individuals and 210 cases. A total of 163 cases had
vitamin D supplementation, and 95 were followed for 14 days. Clinical outcomes, routine blood
biomarkers, serum levels of vitamin D metabolism, and action mechanism-related parameters were
evaluated. Results: Our treatment protocol increased the serum 25OHD levels significantly to above
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30 ng/mL within two weeks. COVID-19 cases (no comorbidities, no vitamin D treatment, 25OHD
<30 ng/mL) had 1.9-fold increased risk of having hospitalization longer than 8 days compared with
the cases with comorbidities and vitamin D treatment. Having vitamin D treatment decreased the
mortality rate by 2.14 times. The correlation analysis of specific serum biomarkers with 25OHD
indicated that the vitamin D action in COVID-19 might involve regulation of INOS1, IL1B, IFNg,
cathelicidin-LL37, and ICAM1. Conclusions: Vitamin D treatment shortened hospital stay and
decreased mortality in COVID-19 cases, even in the existence of comorbidities. Vitamin D supple-
mentation is effective on various target parameters; therefore, it is essential for COVID-19 treatment.

Keywords: SARS-CoV-2; COVID-19; vitamin D; cytokine; cathelicidin-LL37; acute respiratory failure

1. Introduction

Since December 2019, the world has been experiencing one of the most striking
outbreaks in human history—the COVID-19 pandemic. The main route of COVID-19
transmission was reported as being respiratory droplets and direct contact [1]. It was
observed that patients hospitalized in intensive care units (ICU) had high plasma levels of
IL-2, IL-7, IL-10, GSCF, IP10, MCP1, MIP1A, and TNFα [2]. Given the natural three-stage
clinical course of the disease, inadequate innate immune response in the first stage and
immune-mediated damage due to dysregulated immune response in the second stage are
considered to be the major determinants of poor outcomes [3]. Several classes of drugs
and supplements, including vitamin D, are being evaluated for the treatment of COVID-19,
based on the growing evidence regarding the natural history and evolution of the infection
obtained from patients [4].

Vitamin D is a secosteroid hormone that has existed on the Earth’s surface for 750 million
years and regulates many cellular mechanisms [5,6]. After being produced in the skin by
sunlight or dietary intake, it is converted to biologically active 1,25-dihydroxyvitamin D in the
liver and kidneys, respectively [7,8]. Although the effects of vitamin D on skeletal and bone
metabolism have been well recognized for a long time, its extra-skeletal effects have gradually
come into prominence within the last 20 years. In addition, its effects on the regulation of the
immune response, oxidative stress, cancer biology, and the nervous system are particularly
substantial. [6,9–13].

Vitamin D was used to treat tuberculosis even before anti-mycobacterial drugs were
introduced [14]. Numerous cross-sectional studies have been reporting the association
between low vitamin D levels and increased rates or severity of various infections, or both,
such as influenza [15], bacterial vaginosis [16], and human immunodeficiency virus (HIV)
infection [17,18]. The ability of vitamin D to regulate immune response and mitigate the
course of acute infections has been highlighted in recent years [11,19–22].

Vitamin D3 replacement is hypothesized to reduce infection-related mortality in
intensive care units (ICUs) via increasing hemoglobin concentrations, reducing serum
hepcidin concentrations, improving oxygenation on the cellular level, and reversing lung
damage [23–29]. Recently, studies have demonstrated an association between vitamin D
deficiency and the severity and increased mortality of COVID-19. Vitamin D deficiency has
been associated with more severe clinical forms of COVID-19 [30–33]. A study reported
that patients supplemented with 10,000 IU/daily vitamin D in COVID-19 presented fewer
symptoms than non-supplemented patients [34].

In this study, we aimed to: (1) investigate whether vitamin D deficiency is a risk
factor in the clinical course of COVID-19 infection; (2) establish an acute (bolus) treat-
ment protocol to increase serum vitamin D (25 hydroxy-vitamin D-25OHD) to sufficient
levels (>30 ng/mL); (3) evaluate the effectiveness of vitamin D3 supplementation in the
COVID-19 treatment, and develop a recommendation for routine treatment of patients in
varying clinical severities; (4) reveal the novel potential mechanisms that vitamin D acts on
modulating COVID-19 immune response and augment treatment success.
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2. Materials and Methods

2.1. Study Design and Patient Groups

The study was conducted in two stages. The flow chart of patient recruitment is shown
in Figure 1, in a consort diagram. In the retrospective part, data of 867 patients admitted
to Istanbul University-Cerrahpasa (Cerrahpasa Faculty of Medicine) Faculty Hospital
between 7 March and 22 May 2020, with a confirmed diagnosis of COVID-19, based on
clinical and PCR findings, were analyzed. Considering that other diseases may affect the
vitamin D status, severity, or progression of COVID-19 infection, cases with comorbidities
such as cancer, thyroid or kidney disease, or cardiovascular or autoimmune diseases were
excluded. This left 162 cases in the first part of the study (Figure 1). All patients received
anti-virals (hydroxychloroquine, azithromycin, oseltamivir, and favipiravir) and some
received anti-cytokine (tocilizumab) treatment, in case of indication, according to current
national guidelines. The first stage of the study was conducted to evaluate the effect of
serum vitamin D (25OHD) on status in COVID-19.

Figure 1. The study design and patient groups.

The second part, which was designed as a prospective randomized controlled study,
involved 210 individuals diagnosed with COVID-19 and 23 healthy individuals (mean
age 35.5 ± 8.2; range 26–48; 65.2% female). A total of 163 COVID-19 cases whose serum
25OHD levels were less than 30 ng/mL received vitamin D3 (cholecalciferol) treatment,
according to the protocol (Table 1), which was created by compiling evidence-based data
from the literature [23–26], while 47 cases had no vitamin D treatment at all. A total of
95 out of 163 cases who had vitamin D supplementation were followed for at least 14 days.
We should note that the patients that were treated with vitamin D were vitamin D deficient
or insufficient (serum 25OHD levels < 30 ng/mL). The safety of the treatment was checked
by monitoring serum 25OHD and Ca2+ levels (for toxicity and calcification) weekly. In this
second part, peripheral blood samples were collected from all patients 1–3 days before
treatment and from patients who received vitamin D treatment on day 7 (D7) and day
14 (D14) of the treatment (Figure 1). The second stage of the study was conducted to
evaluate the biological background of the effect of vitamin D treatment in COVID-19.

Clinical outcomes, such as hospital stays and ICU referrals, were evaluated in a
retrospective cohort to assess the effect of serum vitamin D status, and in both retrospective
and prospective cases to evaluate the effect of vitamin D treatment (Figure 1).
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Table 1. Vitamin D3 (cholecalciferol) treatment protocol.

COVID-19 VITAMIN D (CHOLECALCIFEROL) SUPPLEMENTATION

Patient Definition DAY 1 DAY 2 DAY 3 DAY 4 DAY 5 DAY 6 DAY 7
TOTAL

PERIOD
TOTAL
DOSE

IN
PA

T
IE

N
T

Serum 25OHD level
< 12 ng/mL 100.000 IU 10.000 IU 10.000 IU 10.000 IU 10.000 IU 10.000 IU 10.000 IU 14 Days 320.000 IU

Serum 25OHD level
20–12 ng/mL 100.000 IU 5.000 IU 5.000 IU 5.000 IU 5.000 IU 5.000 IU 5.000 IU 14 Days 260.000 IU

Serum 25OHD level
20–30 ng/mL 100.000 IU 2.000 IU 2.000 IU 2.000 IU 2.000 IU 2.000 IU 2.000 IU 14 Days 224.000 IU

IC
U

PA
T

IE
N

T Serum 25OHD level
< 12 ng/mL 100.000 IU 100.000 IU 100.000 IU 100.000 IU 100.000 IU 5 Days 500.000 IU

Serum 25OHD level
20–12 ng/mL 100.000 IU 100.000 IU 100.000 IU 100.000 IU 4 Days 400.000 IU

Serum 25OHD level
20–30 ng/mL 100.000 IU 100.000 IU 50.000 IU 3 Days 250.000 IU

Participants in the present study were treated according to the current national
COVID-19 guidelines, which did not have any recommendation regarding vitamin D
supplementation at the time of study or during the manuscript writing process. The
study adhered to the ethical principles for medical research involving human participants,
described in the World Medical Association’s Declaration of Helsinki. The study was
approved by the Ethics Committee of Istanbul University, Cerrahpasa, and Republic of
Turkey Ministry of Health (Approval Number: Mustafa Sait Gönen-2020-05-06T19_51_05).
Signed informed consent was obtained from all study participants.

2.2. Target Parameters

The relation between vitamin D supplementation and disease parameters, such as
gender, age, hospitalization time, ICU (intensive care unit) stay, CBC (Complete blood
count), Urea, Creatinine, Sodium, Potassium, Chlorine, AST, ALT, Total Bilirubin, LDH,
CPK, D-dimer, Ferritin, troponin, and CRP were noted in hospital records and gathered
electronically. The analysis was based on comparing these between 2 groups. The data
for the aforementioned parameters was gathered from the database of Hospitals General
Directorate of Cerrahpasa Faculty of Medicine.

The molecular infrastructure of vitamin D’s effectiveness in the COVID-19 treat-
ment protocol was investigated with vitamin D metabolism (25OHD, vitamin D bind-
ing protein-DBP, parathormone-PTH, and Ca2+), immune response (cathelicidin-LL-37,
Interleukin-IL1b, IL6, IL17, Interferon gamma-INFg, and calcium binding protein B-S100B),
and endothelial function (Intercellular Adhesion Molecule 1-ICAM1, Vascular cell adhesion
protein 1-VCAM1, nitric oxide-NO, and Nitric Oxide Synthase 1-NOS1)-related parame-
ters. DBP, cathelicidin LL-37, IL1b, IL6, IL17, INFg, S100B, ICAM, VCAM, NO, and NOS
parameters were investigated by ELISA, 25OHD, PTH, and Ca2+ with CLIA methods. The
kits that were used were the following: Elecsys Vitamin D total II (7464215190, Roche,
detection range: 3–100 ng/mL, sample dilution factor (SDF): 2); Elecsys PTH (11972103122,
Roche, detection range: 1.20–5000 pg/mL, sensitivity: 6.0 pg/mL, SDF: 1); Calcium Gen.2
(05061482190, Roche, detection range: 0.20–5.0 mmol/L); Human LL-37 (Antibacterial
Protein LL-37) ELISA Kit (E-EL-H2438, Elabscience, detection range: 1.56–100 ng/mL,
sensitivity: 0.94 ng/mL, sample dilution factor (SDF): 1); IL-1 beta Human ELISA Kit
(BMS224-2, Thermo, detection range: 3.9–250 pg/mL, sensitivity: 0.3 pg/mL, SDF: 2);
Human IL-6 ELISA Kit (BMS213-2, Thermo, detection range: 1.56–100 pg/mL, sensitivity:
0.92 pg/mL, SDF: 2); Human IL-17(Interleukin 17) ELISA Kit (E-EL-H0105, Elabscience,
detection range: 31.25–2000 pg/mL, sensitivity: 18.75 pg/mL, SDF: 1); Human IFN-gamma
ELISA Kit (BMS228, Thermo, detection range: 1.6–100 pg/mL, sensitivity: 0.99 pg/mL,
SDF: 2); Human S100B(S100 Calcium Binding Protein B) ELISA Kit (E-EL-H1297, Elab-
science, detection range: 31.25–2000 pg/mL, sensitivity: 18.75 pg/mL, SDF: 1); Human
ICAM-1(intercellular adhesion molecule 1) ELISA Kit (E-EL-H6114, Elabscience, detection
range: 0.31–20 ng/mL, sensitivity: 0.19 ng/mL, SDF: 1); Human VCAM-1/CD106 (Vas-
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cuolar Cell Adhesion Molecule 1) ELISA Kit (E-EL-H5587, Elabscience, detection range:
1.56–100 ng/mL, sensitivity: 0.94 ng/mL, SDF: 1); nitrate–nitrite (index of total NO pro-
duction) Colorimetric Assay Kit (780001, Cayman, detection limit: 2.5 μM, SDF: 2); Human
NOS1/nNOS (Nitric Oxide Synthase 1, Neuronal) ELISA Kit (E-EL-H0742, Elabscience,
detection range: 0.16–10 ng/mL, sensitivity: 0.10 ng/mL, SDF: 1); Human DBP (Vitamin D
Binding Protein) ELISA Kit (E-EL-H1604, Elabscience, detection range: 3.91–250 ng/mL,
sensitivity: 2.35 ng/mL, SDF: 1).

2.3. Statistics

We used the SPSS 24 or GraphPad Prism 7.0a (GraphPad Software, Inc. San Diego,
CA, USA) program for the biostatistical analysis of this study. For pairwise comparison,
the data were compared using the independent sample t-test when the data were normally
distributed and the Mann–Whitney U test when the data were not normally distributed.
p < 0.05 was accepted as statistically significant. In comparisons of more than two groups,
whether the data is normally distributed and whether the difference between the obtained
standard deviations is significant were determined firstly by one-way ANOVA, followed
by Tukey–Kramer multiple comparison tests, or, for multiple comparisons, Kruskal Wallis
then Dunn’s multiple comparison tests were used. p < 0.05 was accepted as statistically
significant. The effect of age or gender difference on categorized data was adjusted with
binary logistic regression analysis. When required, the corrected effect size was calculated
with Glass’ delta (GΔ), where 0.2 is suggested as a small effect size, 0.5 as medium, and
0.8 is a larger effect [35,36]. The overall corrected effect size for multiple comparisons was
calculated as the average of individual GΔs determined for each significant outcome [36].
In the prospective study, age and sex adjustment was performed with one way analysis
of covariance (ANCOVA) and the observed power was stated. Pearson correlation was
used in normally distributed groups, and Spearman correlation was used in non-normally
distributed groups, for the correlation analysis between parameters.

3. Results

3.1. The Effect of Serum Vitamin D Status on Clinical Outcomes of Retrospective Cases

The rate of ICU admission was 17.53% (152 out of 867) in the whole cohort and 4.94%
(8 out of 162) in the sub-group had no comorbidities. Co-existing diseases increased the
risk of ICU admission by 3.6 times (p = 0.0007, 95%CI: 1.7100 to 7.3705, OR: 3.55, post-hoc
power: 99.9%). The rate of ICU admission was not significantly different in cases with
serum 25OHD levels either lower or higher than 12 ng/mL (p = 0.502), regardless of
comorbidity (Table 2). ICU admission was not significantly different between COVID-19
cases with no comorbidities and COVID-19 cases with no comorbidities but having serum
25OHD levels higher than 12 ng/mL (p = 0.7459, 95% CI: 0.3228 to 4.8481, OR: 1.25).

Mean ICU stay in COVID-19 cases, including those with co-existing diseases, was
7.47 ± 7.35, N:152. Mean ICU stay in COVID-19 cases excluding those with co-existing
diseases while having serum 25OHD levels lower than 12 ng/mL, was 17.80 ± 6.91, N:5.
The ICU stay duration of this group was significantly higher than that of COVID-19 cases
including co-existing diseases (p = 0.0042, 95% CI: 3.736 to 16.916, post hoc power: 90.7%,
Glass’ Δ: 1.41). Given the number of COVID-19 cases, excluding those with co-existing
diseases whose serum 25OHD levels were higher than 12 ng/mL and who went into ICU,
were less than five, we were not able to analyze the ICU stay in this group.

The rate of mortality was 11.19% (97 out of 867) in the whole cohort, including patients
with comorbidities. The mortality rate of prospective cases who also had comorbidities
but received vitamin D treatment was 5.5% (9 out of 162). Having vitamin D treatment
decreased the mortality rate 2.14 times (p = 0.03, 95%CI: 1.0585 to 4.3327, OR: 2.14, post-hoc
power: 61.0%).
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Table 2. Retrospective study. Demographics, routine blood biomarkers, and the serum levels of the targets in key pathways
of COVID-19 cases that had no vitamin D treatments, which were separated into four groups according to serum 25OHD
levels (<12 ng/mL, 12–20 ng/mL, 20–30 ng/mL, and >30 ng/mL).

Serum 25OHD Levels
<12 ng/mL (L1) 12–20 ng/mL (L2) 20–30 ng/mL (L3) >30 ng/mL (L4) p Value

n (%) n (%) n (%) n (%)
Sex Female 31 (37.8%) 10 (24.4%) 11 (39.3%) 6 (54.5%) 0.23

Male 51 (62.2%) 31 (75.6%) 17 (60.7%) 5 (45.5%)
Hospital stay <8 days 29 (35.4%) 20 (48.8%) 14 (50.0%) 6 (54.5%) 0.30

>8 days 53 (64.6%) 21 (51.2%) 14 (50.0%) 5 (45.5%)
ICU referral Yes 5 (6.1%) 2 (5.0%) 1 (3.6%) 0 (0.0%) 0.82

No 77 (93.9%) 38 (95.0%) 27 (96.4%) 11 (100%)
<12 ng/mL 12–20 ng/mL 20–30 ng/mL >30 ng/mL p value for MCT

n 82 41 28 11
Age Mean ± SD 49.70 ± 13.45 46.75 ± 11.27 54.25 ± 12.35 52.18 ± 12.01 p > 0.05 for all groups

Hospital stay
(days) Mean ± SD 9.40 ± 4.78 8.95 ± 4.13 8.39 ± 4.14 6.91 ± 3.36 p > 0.05 for all groups

Serum 25OHD
levels (ng/mL) Mean ± SD 8.16 ± 2.22 15.27 ± 2.13 23.80 ± 2.87 44.12 ± 12.87 p < 0.001 for all groups, overall Post hoc

power: 100%, overall Glass’ Δ: 6.84
ALT (IU/L) Mean ± SD 32.53 ± 26.07 43.66 ± 79.13 32.45 ± 17.08 24.01 ± 15.08 p > 0.05 for all groups
AST (IU/L) Mean ± SD 34.72 ± 28.79 36.67 ± 35.91 35.71 ± 18.88 27.54 ± 14.02 p > 0.05 for all groups
CRP (mg/L) Mean ± SD 55.36 ± 70.44 40.85 ± 64.49 49.84 ± 53.85 25.75 ± 26.49 p > 0.05 for all groups
Creatinine
(mg/dL) Mean ± SD 0.84 ± 0.19 0.90 ± 0.22 0.91 ± 0.22 0.90 ± 0.25 p > 0.05 for all groups

Ca2+ (mg/dL) Mean ± SD 8.75 ± 0.48 8.83 ± 0.53 8.89 ± 0.51 9.22 ± 0.67 L1 vs. L4 p < 0.05; p > 0.05 for other groups
Post hoc power: 61.4%, %, Glass’ Δ: 0.98

Sodium
(mmol/L) Mean ± SD 137.76 ± 3.09 138.28 ± 3.20 136.96 ± 3.00 137.73 ± 4.47 p > 0.05 for all groups

Urea
(mg/dL) Mean ± SD 27.78 ± 12.46 25.67 ± 6.89 25.75 ± 8.23 26.64 ± 10.14 p > 0.05 for all groups

Ferritin
(ng/mL) Mean ± SD 407.55 ± 418.19 322.83 ± 304.59 455.10 ± 442.27 394.76 ± 318.01 p > 0.05 for all groups

Hemoglobine
(g/dL) Mean ± SD 13.48 ± 1.54 13.53 ± 1.57 13.51 ± 1.35 13.24 ± 1.23 p > 0.05 for all groups

Lymphocyte
(×103/μL) Mean ± SD 1.61 ± 1.00 1.59 ± 0.82 1.45 ± 0.78 1.75 ± 0.93 p > 0.05 for all groups

Platelet
(×103/μL) Mean ± SD 217.70 ± 78.02 224.95 ± 76.72 211.07 ± 54.47 210.49 ± 72.20 p > 0.05 for all groups

Leukocyte
(×103/μL) Mean ± SD 6.94 ± 2.96 6.72 ± 3.80 5.99 ± 2.09 5.62 ± 1.75 p > 0.05 for all groups

D-dimer (mg/L) Mean ± SD 2.80 ± 12.62 0.62 ± 0.55 2.49 ± 10.06 0.57 ± 0.38 p > 0.05 for all groups
Fibrinogen
(mg/dL) Mean ± SD 485.21 ± 178.26 426.99 ± 176.84 464.54 ± 155.50 407.79 ±167.58 p > 0.05 for all groups

n 18 18 16 n < 3
PTH (pg/mL) Mean ± SD 37.68 ± 22.87 27.10 ± 10.15 23.48 ± 11.25 - p > 0.05 for all groups
Nitrate–Nitrite

(μM) Mean ± SD 12.35 ± 6.77 10.50 ± 3.89 16.11 ± 5.64 - L2 vs. L3 p < 0.05; p > 0.05 for other groups
Post hoc power: 91.6%, Glass’ Δ: 1.44

NOS1 (ng/mL) Mean ± SD 3.00 ± 0.85 3.73 ± 1.22 3.42 ± 1.07 - p > 0.05 for all groups
DBP (ng/mL) Mean ± SD 450.64 ± 182.61 586.10 ± 221.10 547.78 ± 174.04 - p > 0.05 for all groups
IL1B (pg/mL) Mean ± SD 6.08 ± 0.94 5.98 ± 1.44 6.34 ± 1.36 - p > 0.05 for all groups
IL6 (pg/mL) Mean ± SD 17.33 ± 33.40 14.81 ± 27.31 4.60 ± 3.33 - p > 0.05 for all groups

IFNg (pg/mL) Mean ± SD 6.08 ± 7.72 4.65 ± 4.30 3.87 ± 4.54 - p > 0.05 for all groups
IL17 (pg/mL) Mean ± SD 2.68 ± 0.57 2.56 ± 0.73 2.84 ± 0.78 - p > 0.05 for all groups
LL37 (ng/mL) Mean ± SD 19.01 ± 8.22 22.52 ± 9.49 19.33 ± 4.79 - p > 0.05 for all groups
S100B (pg/mL) Mean ± SD 6.37 ± 8.64 5.84 ± 8.94 7.86 ± 15.17 - p > 0.05 for all groups

ICAM1 (ng/mL) Mean ± SD 98.03 ± 25.50 103.89 ± 66.33 72.11 ± 23.84 - p > 0.05 for all groups
VCAM1 (ng/mL) Mean ± SD 578.17 ± 560.15 402.15 ± 302.33 370.82 ± 163.75 - p > 0.05 for all groups

Bold letters indicating the group names or the significant data.

3.2. Retrospective Study

The study samples were investigated in 4 groups: the cases with serum 25OHD levels
<12 ng/mL (L1), 12–20 ng/mL (L2), 20–30 ng/mL (L3), or >30 ng/mL (L4), first. The results
indicated that, besides serum 25OHD levels, the parameters that were significantly different
between groups were serum Ca2+ and nitrate–nitrite (Table 2). When study samples were
dichotomized according to serum 25OHD levels, we created two groups—the cases with
serum 25OHD levels <12 ng/mL and >12 ng/mL—in order to increase the power of the
study. We observed that serum DBP and NOS1 levels were significantly high and PTH
levels was significantly low in cases whose serum 25OHD levels were >12 ng/mL. The
differences between the two groups were the nearly significant Ca2+ and creatinine levels
(Table 3).
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Table 3. Retrospective study. Demographics, routine blood biomarkers, and the serum levels of the targets in key pathways
of COVID-19 cases that had no vitamin D treatments, which were separated into two groups according to serum 25OHD
levels (<12 ng/mL, >12 ng/mL).

Serum 25OHD Levels

<12 ng/mL >12 ng/mL p Value

n (%) n (%)

Sex Female 31 (37.8%) 27 (33.8%)
0.60

Male 51 (62.2%) 53 (66.2%)

Hospital stay <8 days 28 (35%) 38 (49%) 0.08
Post hoc power: 42.9%>8 days 52 (65%) 40 (51%)

ICU referral Yes 5 (6%) 4 (5%)
0.776

No 75 (94%) 73 (95%)

Mortality 3 (3.7%) 1 (1.3%) 0.33

Serum 25OHD levels

<12 ng/mL >12 ng/mL p value

n 82 79

Age Mean ± SD 49.71 ± 13.45 50.16 ± 12.14 0.82

Duration of hospital stay (days) Mean ± SD 9.40 ± 4.78 8.47 ± 4.05 0.18

Serum 25OHD levels (ng/mL) Mean ± SD 8.16 ± 2.21 22.22 ± 10.90 <0.0001
Post hoc power: 100%, Glass’ Δ: 6.36

ALT (IU/L) Mean ± SD 32.53 ± 26.07 36.95 ± 57.57 0.53

AST (IU/L) Mean ± SD 34.72 ± 28.79 35.06 ± 28.34 0.94

CRP (mg/L) Mean ± SD 55.36 ± 70.44 41.93 ± 56.86 0.19

Creatinine
(mg/dL) Mean ± SD 0.84 ± 0.19 0.90 ± 0.22 0.056

Post hoc power: 45.6%, Glass’ Δ: 0.32

Ca2+ (mg/dL) Mean ± SD 8.75 ± 0.48 8.90 ± 0.55 0.057
Post hoc power: 45.3%, Glass’ Δ: 0.31

Sodium
(mmol/L) Mean ± SD 137.76 ± 3.09 137.73 ± 3.34 0.96

Urea
(mg/dL) Mean ± SD 27.78 ± 12.46 25.83 ± 7.79 0.24

Ferritin
(ng/mL) Mean ± SD 407.55 ± 418.19 384.72 ± 367.76 0.74

Hemoglobine
(g/dL) Mean ± SD 13.48 ± 1.53 13.48 ± 1.44 0.99

Lymphocyte (×103/μL) Mean ± SD 1.61 ± 1.00 1.56 ± 0.82 0.75

Platelet (×103/μL) Mean ± SD 217.70 ± 78.02 218.02 ± 68.47 0.98

Leukocyte (×103/μL) Mean ± SD 6.94 ± 2.96 6.31 ± 3.05 0.19
D-dimer (mg/L) Mean ± SD 2.80 ± 12.62 1.31 ± 6.16 0.36

Fibrinogen (mg/dL) Mean ± SD 485.21 ± 178.26 437.49 ± 166.76 0.12

n 18 34 p value

PTH (pg/mL) Mean ± SD 37.68 ± 22.87 25.40 ±10.68 0.04
Post hoc power: 57.8%, Glass’ Δ: 0.54

Nitrate–Nitrite (μM) Mean ± SD 12.35 ± 6.77 13.14 ± 5.51 0.65

NOS1 (ng/mL) Mean ± SD 3.00 ± 0.85 3.59 ± 1.14 0.06
Post hoc power: 55.9%, Glass’ Δ: 0.69

DBP (ng/mL) Mean ± SD 450.64 ± 182.61 568.07 ± 198.32 0.04
Post hoc power: 57.2%, Glass’ Δ: 0.64

IL1B (pg/mL) Mean ± SD 6.08 ±0.94 6.15 ± 1.39 0.85

IL6 (pg/mL) Mean ± SD 17.33 ± 33.40 10.00 ± 20.40 0.40

IFNg (pg/mL) Mean ± SD 6.08 ± 7.72 4.28 ± 4.36 0.37

IL17 (pg/mL) Mean ± SD 2.68 ± 0.57 2.69 ± 0.76 0.98

LL37 (ng/mL) Mean ± SD 19.01 ± 8.22 21.02 ± 7.71 0.39

S100B (pg/mL) Mean ± SD 6.37 ± 8.64 6.79 ± 12.12 0.90

ICAM1 (ng/mL) Mean ± SD 98.03 ± 25.50 88.93 ± 52.76 0.50

VCAM1 (ng/mL) Mean ± SD 575.17 ± 560.15 386.96 ± 241.91 0.19

Bold letters indicating the group names or the significant data.
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3.3. The Effect of Vitamin D Treatment on Clinical Outcomes: Untreated Retrospective Cases vs.
Vitamin D Treated Prospective Cases

Descriptive analyses of age, sex, hospitalization (stay) period, and admission to ICU
in COVID-19 cases that had or did not have vitamin D treatment are shown in Table 4. The
cases that stayed in hospital longer than 8 days were significantly less in COVID-19 cases
that had vitamin D treatment compared with the ones that had no vitamin D treatment
(p = 0.02) (Table 4); however, the retrospective cohort and prospective cohort differed
by means of age gender distribution (p = 0.004, p = 0.008; respectively), given that the
data adjusted for age and sex. The binary logistic regression analysis indicated that the
significance of hospital stay (< or >8 days) did not depend on gender. Retrospective COVID-
19 cases (without additional disease, without vitamin D treatment, and serum 25OHD
<30 ng/mL) had the 1.9-fold increased risk of hospitalization longer than 8 days (p = 0.007,
OR: 1.91, 95%CI: 1.19–3.06). Increased age was also a risk factor for hospitalization longer
than 8 days (p = 0.023, OR: 1.03, 95%CI: 1.00–1.06) (Table 4).

3.4. Prospective Study (the Biological Background of Vitamin D Treatment)
3.4.1. Vitamin D Treatment Formula

After following the treatment protocols (Table 1) given in this article, the increase
in a patient serum 25OHD levels within 14 days might be predicted with the formula
“y = 8.63 ln(x) + 13.66”, where x = the initial level of serum 25OHD and y = the predicted
serum 25OHD levels 14 days after treatment. The formula was extracted from the graphics
of the COVID-19 cases that include the serum 25OHD levels in days 1, 7, and 14 of the
treatment protocol. The predicted values of serum 25OHD (n: 142, 34.59 ± 5.27) indicated
no significant difference for the comparison with the D14 measured serum 25OHD levels
(n: 95, 35.46 ± 10.92), (p > 0.05, 95%CI: −1.521 to 3.251). The serum 25OHD levels of
COVID-19 cases (day 14 of vitamin D treatment—D14) was significantly higher than that
of COVID-19 cases (1–3 days before vitamin D treatment -C), (p < 0.001, Table 5).

3.4.2. Mean Comparisons

The serum 25OHD levels of healthy individuals were higher than those in COVID-19
cases that did not receive vitamin D treatment and those who received vitamin D treatment
for 14 days. On the other hand, the serum 25 OHD levels of the COVID-19 cases on the
7th and 14th days were higher than the COVID-19 cases 1–3 days before the treatment,
which did not receive vitamin D treatment. The Ca2+ level of cases was relatively increased
on the 14th day after treatment, yet it was statistically significant. Given that the fact
that the mean value of serum 25OHD levels begin with 16.62 ± 11.85 and only reached
35.46 ± 10.93, which is far below the possible toxic dose of 100 ng/mL within two weeks,
and the serum Ca2+ levels did not increase significantly on the 14th day, the treatment
protocol was accepted as safe. Considering the PTH level, it was observed that, although
the PTH levels of COVID-19 cases that did not receive vitamin D supplementation were
relatively high, this level came close to healthy individuals in COVID-19 cases on the 14th
day of vitamin D supplementation. It was determined that serum nitrate–nitrite levels
were higher in COVID-19 cases on the 7th and 14th day of the treatment, compared with
controls. A similar situation was observed for NOS1 as well. While the DBP level was
higher in the cases that did not receive supplementation, compared with the controls,
it was observed that the cases that received the supplement gradually decreased and
regressed to the control levels on the 7th and 14th days. IL1B level was higher in all case
groups compared with controls. Although this was not statistically significant, the IL6
level on the 14th day was found to be lower than the cases that did not take vitamin D
supplements. IFNg level remained high in all cases compared with controls. IL17 level was
lower in all cases compared with controls. Although the LL37 level remained high in all
case groups compared with controls, it was significantly reduced on the 7th and 14th days
of supplementation compared with the non-supplemented subjects. S100B level was found
to be high in cases that did not take vitamin D supplements compared with controls. It
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was observed that ICAM1 levels were higher in COVID-19 cases on the 7th and 14th day of
the treatment compared with controls. Moreover, cases on the 14th days of the treatment
had higher ICAM1 levels than cases that did not receive supplementation.

Table 4. Descriptive analysis of age, sex, hospital stay period and going into ICU in retrospective COVID-19 cases (without
additional disease, without vitamin D treatment, and serum 25OHD <30 ng/mL) and prospective COVID-19 cases that
were treated with vitamin D.

Retrospective COVID-19 Cases (without
Additional Disease, without Vitamin D

Treatment, and Serum 25OHD < 30 ng/mL)

Prospective COVID-19 Cases (with
Vitamin D Treatment, and Initial Serum

25OHD < 30 ng/mL)

n (%) n (%) p Value

Sex Female 52 (34.4%) 80 (49.4%)
0.008

Male 99 (65.6%) 82 (50.6%)

Hospital stay <8 days 63 (41.7%) 89 (54.9%)
0.02 *

>8 days 88 (58.3%) 73 (45.1%)

ICU referral Yes 8 (5.3%) 18 (11.0%)
0.07

No 143 (94.7%) 145 (89.0%)

Mortality 4 (2.7%) 9 (5.5%) 0.22

n 151 163

Age Mean ± SD 50.23 ± 12.36 55.00 ± 16.45 0.004

Hospital stay (days) Mean ± SD 8.91 ± 4.35 9.23 ± 6.54 0.30

The data was adjusted for age and sex. * The binary logistic regression analysis indicated that the significance in hospital stay (< or >8 days)
did not depend on gender. Retrospective COVID-19 cases (without additional disease, without vitamin D treatment, and serum
25OHD < 30 ng/mL) had the 1.9-fold increased risk of having hospitalization longer than 8 days (p = 0.007, OR: 1.91, 95%CI: 1.19–3.06).
Increased age was also a risk factor for hospitalization longer than 8 days (p = 0.023, OR: 1.03, 95% CI: 1.00–1.06). Bold letters indicating the
group names or the significant data.

The routine blood parameters were analyzed only in cases of COVID-19 that did not
take vitamin D supplements and did take supplements, given they were not followed in
healthy subjects. It was observed that the ALT level remained higher on the 7th and 14th
days compared with those who did not take supplements. No such change was observed
for AST. While the CRP level was high in the cases who did not take the supplement
and, in the cases on the 1st day of the supplementation, it was observed that it decreased
significantly in the cases on the 7th and 14th days. No change in serum creatinine levels
was observed. It was observed that the sodium level remained high on the 7th and 14th
days. There was no significant difference between the case groups regarding urea, ferritin,
hemoglobin, and D-dimer levels. However, it was observed that the leukocyte and platelet
levels were high on the 14th day of the cases that received vitamin D supplements, while
the fibrinogen level was significantly lower. Detailed statistical analyses with numbers are
mentioned in Table 6.

3.4.3. Correlation Analysis

While a positive correlation was observed between serum 25OHD level and serum
Ca2+ level in COVID-19 cases that did not receive vitamin D supplementation, no such
correlation was observed in healthy controls and cases on the 7th and 14th days of sup-
plementation. While a negative correlation was observed between serum 25OD level and
serum PTH level in healthy controls, in cases that did not receive supplementation, and on
the 7th day of supplementation, it was observed that this correlation disappeared on the
14th day of supplementation. A negative correlation was observed between serum 25OD
level and serum nitrate–nitrite levels, only in cases that did not receive supplementation.
When NOS1 was examined, it was observed that serum 25OHD level and NOS1 level were
not correlated in healthy controls but negatively correlated in cases that did not receive sup-
plementation and positively correlated in cases that received supplementation. While DBP
was not correlated with 25OHD in healthy subjects, it was found to be positively correlated
in all case groups. While serum 25OHD level and serum IL1B level were not correlated with
the control group in the cases who received supplementation, it was observed that they
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were positively correlated in the cases who did not receive the supplement. No correlation
was detected between IL6 and serum 25OHD levels in any group. While serum 25OHD
level and serum IFNg level were not correlated in the control group or the cases receiving
supplementation, it was negatively correlated in those who did not receive the supplement.
No correlation was detected between IL17, S100B, VCAM1, and serum 25OHD levels in any
group. While serum 25OHD level and serum LL37 level were not correlated in the control
group or in cases that did not receive supplementation, they were positively correlated in
vitamin D supplemented cases. While serum 25OHD level and serum ICAM1 level were
not correlated in the control group or in the cases who received supplementation, they
were negatively correlated in those who did not receive the supplement. Detailed statistical
analyses with numbers are mentioned in Table 7.

Table 5. Prospective study. Serum levels of routine blood biomarkers and key proteins of target pathways in healthy
subjects, COVID-19 cases (1–3 days before vitamin D treatment) (C), COVID-19 cases in day 7 (D7), and in day 14 (D14) of
vitamin D treatment.

GROUPS

Healthy Subjects
(H)

(n = 23)

COVID-19 (1–3 Days
before Vitamin D

Treatment) (C) (n = 210)

COVID-19 Cases
(Day 7 of vit D)

(D7) (n = 97)

COVID-19 Cases (Day
14 of Vit D) (D14)

(n = 95)

p Value for MCT (Multiple Comparison Test)
Age and Sex Adjusted

Serum
25OHD
levels

(ng/mL)
Mean ± SD

23.44 ± 9.10 16.62 ± 11.85 31.73 ± 12.29 35.46 ± 10.93

H vs. C p < 0.05;
H vs. D14 p < 0.001;

C vs. D7 or D14 p < 0.001;
p > 0.05 for other groups

Post hoc power: 100%

Ca2+

(mg/dL)
Mean ± SD

8.80 ± 0.41 8.49 ± 0.87 9.06 ± 0.90 9.52 ± 0.72 p > 0.05 for all groups
Post hoc power: 37%

PTH
(pg/mL)

Mean ± SD
28.97 ± 12.14 53.67 ± 114.78 49.92 ± 124.34 33.93 ± 40.15 p > 0.05 for all groups

Post hoc power: 24%

Nitrate–
Nitrite
(μM)

Mean ± SD

10.18 ± 6.62 16.58 ± 10.89 17.83 ± 11.67 18.53 ± 10.76
H vs. D7 or D14 p < 0.05;
p > 0.05 for other groups

Post hoc power: 62%

NOS1
(ng/mL)

Mean ± SD
0.81 ± 0.35 3.93 ± 2.45 3.56 ± 2.41 2.89 ± 2.00

H vs. C p < 0.001;
H vs. D7 p < 0.05;
C vs. D14 p < 0.01;

p > 0.05 for other groups
Post hoc power: 98%

DBP
(ng/mL)

Mean ± SD
258.16 ± 92.86 416.64 ± 279.55 307.67 ± 258.36 289.74 ± 270.07

C vs. D7 or D14 p < 0.001;
p > 0.05 for other groups

Post hoc power: 95%

IL1B
(pg/mL)

Mean ± SD
4.44 ± 0.75 7.30 ± 3.00 7.54 ± 4.19 7.07 ± 3.49

H vs. C or D7 p < 0.05;
H vs. D14 p < 0.001;
C vs. D14 p < 0.05;

p > 0.05 for other groups
Post hoc power: 86%

IL6
(pg/mL)

Mean ± SD
0.86 ± 0.34 19.27 ± 41.66 27.57 ± 64.32 17.82 ± 43.20 p > 0.05 for all groups

Post hoc power: 22%

IFNg
(pg/mL)

Mean ± SD
1.10 ± 0.23 28.01 ± 24.63 35.66 ± 23.34 37.05 ± 21.52

H vs. all groups p < 0.0001;
C vs. D7 p < 0.001;

C vs. D14 p < 0.0001;
p > 0.05 for other groups

Post hoc power: 100%

IL17
(pg/mL)

Mean ± SD
3.06 ± 1.03 2.09 ± 0.80 1.98 ± 1.21 2.11 ± 1.28

H vs. all groups p < 0.0001;
p > 0.05 for other groups

Post hoc power: 99%

LL37
(ng/mL)

Mean ± SD
4.81 ± 2.69 18.51 ± 9.65 15.97 ± 9.23 14.76 ± 6.78

H vs. all groups p < 0.0001;
C vs. D7 p < 0.05;
C vs. D14 p < 0.01;

p > 0.05 for other groups
Post hoc power: 100%
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Table 5. Cont.

GROUPS

Healthy Subjects
(H)

(n = 23)

COVID-19 (1–3 Days
before Vitamin D

Treatment) (C) (n = 210)

COVID-19 Cases
(Day 7 of vit D)

(D7) (n = 97)

COVID-19 Cases (Day
14 of Vit D) (D14)

(n = 95)

p Value for MCT (Multiple Comparison Test)
Age and Sex Adjusted

S100B
(pg/mL)

Mean ± SD
1.43 ± 0.25 3.96 ± 6.28 3.03 ± 3.21 3.00 ± 2.56

H vs. C p < 0.05;
p > 0.05 for other groups

Post hoc power: 57%

ICAM1
(ng/mL)

Mean ± SD
71.97 ± 37.92 130.48 ± 84.74 144.15 ± 77.14 145.33 ± 73.56

H vs. D7 p < 0.05;
H vs. D14 p < 0.01;
C vs. D14 p < 0.05;

p > 0.05 for other groups
Post hoc power: 71%

VCAM1
(ng/mL)

Mean ± SD
319.84 ± 138.14 496.33 ± 354.93 571.24 ± 371.16 666.65 ± 463.34 p > 0.05 for all groups

Post hoc power: 13%

Bold letters indicating the group names or the significant data.

Table 6. Prospective study. Serum levels of routine biomarkers in COVID-19 cases without vitamin D treatment (C),
COVID-19 cases in day 7 (D7), and in day 14 (D14) of vitamin D treatment.

COVID-19 Cases
(1–3 Days before Vitamin D Treatment)

(C) (n = 209)

COVID-19 Cases
(Day 7 of Vit D)

(D7) (n = 99)

COVID-19 Cases
(Day 14 of Vit D) (D14)

(n = 86)
p Value for MCT

ALT (IU/L)
Mean ± SD 29.08 ± 21.42 49.23 ± 44.76 53.22 ± 62.64 C vs. D7 or D14 p < 0.001;

p > 0.05 for other groups

AST (IU/L)
Mean ± SD 31.44 ± 23.41 35.61 ± 26.62 31.68 ± 29.86 p > 0.05 for all groups

CRP (mg/L)
Mean ± SD 50.68 ± 66.41 28.13 ± 49.08 10.96 ± 27.27

C vs. D7 or D14 p < 0.001;
D7 vs. D14 p < 0.001;

p > 0.05 for other groups

Creatinine (mg/dL)
Mean ± SD 1.03 ± 0.65 1.08 ± 1.02 0.87 ± 0.27 p > 0.05 for all groups

Sodium (mmol/L)
Mean ± SD 137.08 ± 8.51 139.28 ± 3.69 139.63 ± 3.24 C vs. D7 or D14 p < 0.001;

p > 0.05 for other groups

Urea (mg/dL)
Mean ± SD 35.46 ± 22.64 40.77 ± 28.98 32.22 ± 16.44 p > 0.05 for all groups

Ferritin (ng/mL)
Mean ± SD 408.15 ± 474.26 421.19 ± 498.75 252.52 ± 299.45 p > 0.05 for all groups

Hemoglobi
Mean ± SD 12.43 ± 1.89 12.27 ± 1.80 12.69 ± 1.75 p > 0.05 for all groups

Lymphocyte
(×103/μL)
Mean ± SD

1.56 ± 0.82 1.60 ± 0.86 1.84 ± 0.65
C vs. D14 p < 0.001;
D7 vs. D14 p < 0.05;

p > 0.05 for other groups

Platelet (×103/μL)
Mean ± SD 210.80 ± 81.10 296.25 ± 124.71 296.67 ± 91.07 C vs. D7 or D14 p < 0.001;

p > 0.05 for other groups

Leukocyte (×103/μL)
Mean ± SD 7.51 ± 7.55 8.31 ± 6.63 7.60 ± 3.02 C vs. D14 p < 0.01;

p > 0.05 for other groups

D-dimer (mg/L)
Mean ± SD 0.99 ± 1.21 1.08 ± 1.22 0.76 ± 0.83 p > 0.05 for all groups

Fibrinogen (mg/dL)
Mean ± SD 469.60 ± 172.43 449.55 ± 148.01 375.42 ± 116.03

C vs. D14 p < 0.001;
D7 vs. D14 p < 0.001;

p > 0.05 for other groups

Bold letters indicating the group names or the significant data.
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4. Discussion

The present study aimed to evaluate the effectiveness of vitamin D3 supplementation
in COVID-19 treatment and reveal the potential mechanisms of vitamin D on COVID-19.
Our results indicated that vitamin D treatment shortened the hospitalization period, de-
creased the mortality rate, and that the effect of vitamin D in COVID-19 might involve
regulation of INOS1, IL1B, IFNg, cathelicidin-LL37, and ICAM1.

4.1. The Efficiency of Vitamin D Supplementation

Although vitamin D supplementation is a well-established subject in bone health
and bone-related diseases, the knowledge on its effects on extra-skeletal functions is not
well established. When vitamin D deficiency was reported to increase the risk of COVID-
19 disease [30], we established a vitamin D supplementation protocol from the existing
literature, that focused on lung damage, reduced oxygen saturation, and sepsis [23–26].
Our treatment protocol increased the serum 25OHD levels significantly to above 30 ng/mL
within two weeks. The Ca2+ level of cases was relatively increased on the 14th day
after treatment, yet it was statistically significant after age and sex adjustment. PTH
levels of COVID-19 cases who did not receive vitamin D supplementation were relatively
high; moreover, this level came close to healthy individuals in COVID-19 cases on the
14th day of vitamin D supplementation. DBP level was higher in the cases that did not
receive supplementation compared with the controls. However, the cases that received
the supplement gradually decreased and regressed to the control levels on the 7th and
14th days. Therefore, we may conclude that the treatment protocol was safe, efficient,
and functioning effectively. This protocol might be presented as a way of safe, fast, and
significant elevation of serum vitamin D levels in adults in 14 days.

4.2. Vitamin D, Iron, and Hemoglobin

The relationship between iron and vitamin D has been evaluated in three stud-
ies [23–26]. Two studies found a significant positive correlation between serum iron and
basal vitamin D concentration, hematocrit, and transferrin saturation [24,26]. In another
study, low hemoglobin (Hb) and transferrin saturation was observed in babies with low
25(OH)D and low 24.25(OH)2D [25]. On the other hand, anemia is quite common in critical
illnesses. Approximately two-thirds of ICU adolescent patients develop anemia in the first
week of admission and anemia at admission to ICU [37,38]. Anemia is associated with an in-
creased low oxygen-carrying capacity and cardiovascular morbidity, potentially prolonging
mechanical ventilation duration, thus increasing the total risk for mortality [27]. A study
of 475 patients hospitalized in intensive care units showed that, in patients with severe
vitamin D deficiency (<12 ng/mL), an oral or nasogastric-mediated single dose of 540,000
IU vitamin D3 administration significantly decreased mortality compared with the placebo
group. This effect was not observed in those with low vitamin D levels (20–13 ng/mL) [39].
In another study, it was shown that in adults hospitalized in ICU, 100,000 IU daily for
five days and a total of 500,000 IU vitamin D3 treatment increased hemoglobin concentra-
tions over time and acutely decreased serum hepcidin concentrations. This effect was not
observed in patients receiving 50,000 IU per day, totaling 250,000 IU [40].

Either retrospective or prospective part of our study, there was no significant difference
between case groups regarding urea, ferritin, hemoglobin, and D-dimer levels.

4.3. Vitamin D and Sepsis

Sepsis is a life-threatening organ dysfunction caused by the host in response to in-
fection and is still the leading cause of death in critically ill patients [28]. In recent years,
studies have shown that vitamin D deficiency or insufficiency is common in critically ill
patients, particularly in severe sepsis cases [29]. It is thought that the relationship between
vitamin D and sepsis can be explained by mechanisms that work through regulation of
the immune system and inflammation, endothelial cell protection, and carbon monoxide
regulation [28].
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Results from a meta-analysis examining twenty-four studies showed that cases of
sepsis had significantly lower vitamin D levels in all populations, especially in Caucasians
and Africans, compared with cases without sepsis. Vitamin D levels in sepsis cases were
not associated with ALB, PLT, WBC, mortality, PCT, BMI, male to female ratio, IL-6, and
CRP levels, nor were they associated with death due to sepsis. However, the meta-analysis
suggests that vitamin D deficiency may be a biomarker of sepsis risk in all populations,
independent of other variables [29]. Vitamin D administration has been shown to reverse
lung injury and reduce the decrease in oxygen saturation in animals with an intratracheal
lipopolysaccharide (IT-LPS) sepsis model [29].

In our study, while the CRP level was high in the cases that did not receive vitamin D
treatment and in the cases on the 1st day of the treatment, it decreased significantly in the
cases on the 7th and 14th days. However, the leukocyte and platelet levels were high on
the 14th day of the cases that received vitamin D treatment, whereas the fibrinogen level
was significantly lower. It was observed that the ALT level remained higher on the 7th
and 14th days compared with those who did not take supplements. No such change was
observed for AST.

4.4. Vitamin D and COVID-19

In a study conducted on 212 COVID-19 cases, the probability of having a mild disease
is correlated to high levels of vitamin D. On the contrary, as the vitamin D levels decrease,
the risk of severe disease increases [30]. Another study demonstrates an association
between vitamin D deficiency and severity and increased mortality of COVID-19 [31]. A
study reported that supplementation of 10,000 IU/daily vitamin D in COVID-19 patients
presented fewer symptoms compared with those non-supplemented on the 7th and 14th
day of follow-up, and 10,000 IU/daily vitamin D supplementation for 14 days was sufficient
to increase vitamin D serum concentrations in a western Mexican population [34]. A
retrospective study done in the United Arab Emirates showed that vitamin D levels lower
than 12 ng/mL were significantly associated with a higher risk of COVID-19 severity and
of death [32]. A systematic review and meta-analysis study indicated a link between serum
vitamin D levels and COVID-19 severity and mortality [33]. In our study, ICU referral did
not significantly differ between COVID-19 cases without any comorbidities and COVID-19
cases with no other comorbidities but having serum 25OHD levels higher than 12 ng/mL.
Besides, there was no significant difference between cases with serum 25OHD levels >12
ng/mL and those with 25OHD levels of <12 ng/mL in ICU stay. COVID-19 cases with
no comorbidities, who had no vitamin D treatment, and whose serum 25OHD level was
<30 ng/mL had the 1.9-fold increased risk of having hospitalization longer than 8 days
compared with the COVID-19 cases with comorbidities, whose serum 25OHD level was
<30 ng/mL, who had vitamin D treatment. At this point, it is important to note that vitamin
D treatment shortened hospital stay even for the COVID-19 cases in our treatment group
that had comorbidities. Besides, having vitamin D treatment decreased the mortality rate
2.14 times, even in the presence of comorbidities.

A recent study suggested impaired vitamin D metabolism and elevated PTH levels
eight weeks after onset. The study indicated no association between low vitamin D levels
and persistent symptom burden, lung function impairment, ongoing inflammation, or
more severe CT abnormalities. They suggested that vitamin D deficiency is frequent
among COVID-19 patients but not associated with disease outcomes. Cases with severe
disease displayed a disturbed parathyroid–vitamin D axis within their recovery phase. [41].
In a study by Mazziotti et al., it was shown that vitamin D deficiency with secondary
hyperparathyroidism was associated with acute hypoxemic respiratory failure in COVID19
patients [42]. In our study, PTH levels of COVID-19 cases who did not receive vitamin D
supplementation were relatively high. Yet, this level came close to healthy individuals in
COVID-19 cases on the 14th day of vitamin D supplementation.

A recent study reported that serum calcium and vitamin D levels in COVID-19 patients
were lower than in healthy individuals [43]. Osman et al. showed that hypocalcemic
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COVID-19 patients had longer hospitalization duration and higher severity of the disease,
yet they could not find a link between vitamin D status and COVID-19 [44]. Our results
showed that the Ca2+ level of cases was relatively increased on the 7th and 14th day after
treatment, yet it was not statistically significant

It is known that vitamin D acts as a regulator of many cytokines in many cell types
of the immune system and in many diseases [11,19–21]. Vitamin D enhances innate
cellular immunity in part by stimulating many antimicrobial peptides, including human
cathelicidin, LL-37, and defensins [45]. In our study, the serum cathelicidin-LL37 level was
higher in all case groups compared with controls but was significantly decreased on day 7
and 14 of supplementation compared with non-supplemented cases. Although vitamin
D was named as a vitamin, it is rather a secosteroid hormone [10]. Vitamin D can exhibit
both anti-inflammatory and pro-inflammatory responses simultaneously, depending on
cell, tissue, or microenvironment. This might be a regulatory response of vitamin D to
attenuate LL-37 up-regulation in COVID-19 patients.

Vitamin D also regulates the cellular immune response by reducing the cytokine storm
stimulated by the innate immune response. As seen in COVID-19, the innate immune
response stimulates the release of both pro-inflammatory and anti-inflammatory cytokines
in response to viral and bacterial infections [2]. Vitamin D levels are associated with
cytokines such as IL-1, IL-6, IL-10, and TNFα [5]; additionally, vitamin D can reduce
pro-inflammatory TH1 cytokines such as TNFα and IFNg, and increase anti-inflammatory
cytokines released from macrophages [45–47]. In this respect, it is known that it can also
regulate the adaptive immune response [14].

IL17 and IL8 are accepted as significant contributors in the pulmonary inflammatory
reaction to infectious agents that induce a Th1/Th17 response. These cytokines increase
vascular permeability and allow the intense neutrophilic infiltrates to give a response to
viral infection. A study indicated the G allele of rs3819025 correlated with higher tissue
expression of IL-17A in the COVID-19 cases [46]. In our study, serum IL17 levels of all
COVID-19 cases, whether they received vitamin D supplementation or not, remained low
compared with controls. A retrospective study investigating cytokine gene expression
in COVID-19 patients showed that IL1 β mRNA expression levels were increased in
COVID-19 patients compared with healthy individuals [47]. Our results indicated that
the IL1β level remained higher in all COVID-19 case groups compared with controls.
Although not statistically significant, we observed that the IL6 level on the 14th day was
below that of the cases that did not take vitamin D supplements. A systematic review
and meta-analysis study reported that elevated IL6 levels are associated with COVID-19
severity [48]. In the study of Li et al., COVID-19 patients had higher IL6 mRNA expression
levels compared with healthy individuals [47]. Lakkireddy et al. found that COVID-19
patients with hypovitaminosis D had evaluated IL6 levels and IL6 levels were reduced in
patients supplemented with 60,000 IUs/daily of vitamin D for 8–10 days compared with
the patients who received standard treatment [49].

IFNg serum levels were found to be decreased in COVID-19 compared with both
macrophage activation syndrome (MAS) and secondary hemophagocytic lymphohisti-
ocytosis (sHLH), in which cytokine storm is seen [50]. In a study that investigated the
expression levels of several cytokine genes in leukocytes of ICU and non-ICU COVID-19
patients, it was shown that IFNg had higher expression levels in non-ICU than in ICU
patients [51]. Our data showed IFNg levels were higher than expected in all groups,
regardless of their vitamin D supplement status.

NOS1 and S100B were selected as neuronal markers for COVID19 cases. Nitric oxide
(NO) functions as an immune mediator and plays an important role in vascular and
inflammatory lung diseases [52]. Although a relation was not investigated with neuronal
nitric oxide synthase (NOS1), vitamin D was suggested to be the regulator of inducible nitric
oxide synthase (NOS2) [53,54] and endothelial nitric oxide synthase (NOS3) [55]. The final
products of NO are nitrite and nitrate. The best index of total NO production is accepted
as the sum of both nitrite and nitrate (nitrate–nitrite). In our study group, we determined
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that serum nitrate–nitrite levels, the metabolites of NO, and NOS1 levels were higher in
all COVID-19 cases compared with controls. However, the serum 25OHD level and NOS1
level were not correlated in healthy controls but negatively correlated in cases that did not
receive supplementation, and positively correlated in cases that received supplementation
in our study. Higher serum nitrate levels were also reported in non-surviving COVID-19
patients compared with surviving patients [56]. S100B is a Ca+2 binding protein mainly
expressed by astrocytes and is used to detect glial activation or death in neurological
disorders, or both [57]. Elevated serum levels of the S100B protein were found in COVID-
19 patients, reflecting an increased blood–brain barrier permeability [58]. Serum S100B
levels were found to be associated with COVID-19 severity [59]. In our study, we found
that S100B levels were higher in all COVID-19 cases compared with controls.

In our study, it was observed that ICAM1 levels were higher in COVID-19 cases
on the 7th and 14th days of the treatment compared with controls. Moreover, cases on
the 14th days of the treatment had higher ICAM1 levels than cases who did not receive
supplementation. Although VCAM1 levels were gradually increased in all COVID-19
cases compared with controls, it was not statistically significant. Serum levels of VCAM-
1 were found to be higher in COVID-19 patients than in non-COVID-19 patients [60].
Li et al. showed that serum VCAM-1 and ICAM-1 levels were elevated in mild and severe
COVID-19 cases compared with healthy subjects [61]. Kessel et al. were found that serum
levels of ICAM-1 were increased in COVID-19 patients compared with both (MAS) and
(sHLH) patients [50]. In COVID-19-related acute respiratory distress syndrome, plasma
ICAM-1 levels were found to be higher in non-survivors than in survivors [62].

The response of vitamin D in individuals with already high vitamin D levels may
be more effective than the response of vitamin D, which is increased in a short time with
treatment. However, in individuals whose vitamin D level is moved to the normal range
by treatment, a longer time may be required to observe the effect of this level on cytokines.
This reveals the importance of having normal vitamin D levels for a healthy life.

5. Conclusions

In conclusion, it has been determined that comorbidity is the most important fac-
tor in the duration of admission to intensive care unit and hospital stay in the course of
COVID-19. It was observed that the length of stay in the ICU was significantly higher in
COVID-19 cases without comorbidities, with serum 25OHD levels lower than 12 ng/mL,
than in COVID-19 cases with comorbidities. Vitamin D treatment shortened hospital
stay in COVID-19 cases even in the existence of comorbidities. Having vitamin D treat-
ment decreased the mortality rate by 2.14 times. It has been determined that vitamin D
supplementation is effective on various targeted parameters; therefore, it is an important
parameter for the course of COVID-19, and serum vitamin D levels and correlation analyses
between these parameters confirm this inference. However, considering the parameters
and the chronic characteristics of the disease, it became necessary to examine the long-term
effects of vitamin D supplementation on the long-term effects of COVID-19, including full
recovery duration and irreversible organ damage. Moreover, it is important to note that
further investigations with a high number of healthy individuals and more detailed patient
data might widen knowledge on the potential effects of vitamin D.
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Abstract: In this study we aimed to assess vitamin D metabolism in patients with Cushing’s disease
(CD) compared to healthy individuals in the setting of bolus cholecalciferol treatment. The study
group included 30 adults with active CD and the control group included 30 apparently healthy adults
with similar age, sex and BMI. All participants received a single dose (150,000 IU) of cholecalciferol
aqueous solution orally. Laboratory assessments including serum vitamin D metabolites (25(OH)D3,
25(OH)D2, 1,25(OH)2D3, 3-epi-25(OH)D3 and 24,25(OH)2D3), free 25(OH)D, vitamin D-binding
protein (DBP) and parathyroid hormone (PTH) as well as serum and urine biochemical parameters
were performed before the intake and on Days 1, 3 and 7 after the administration. All data were
analyzed with non-parametric statistics. Patients with CD had similar to healthy controls 25(OH)D3

levels (p > 0.05) and higher 25(OH)D3/24,25(OH)2D3 ratios (p < 0.05) throughout the study. They
also had lower baseline free 25(OH)D levels (p < 0.05) despite similar DBP levels (p > 0.05) and lower
albumin levels (p < 0.05); 24-h urinary free cortisol showed significant correlation with baseline
25(OH)D3/24,25(OH)2D3 ratio (r = 0.36, p < 0.05). The increase in 25(OH)D3 after cholecalciferol
intake was similar in obese and non-obese states and lacked correlation with BMI (p > 0.05) among
patients with CD, as opposed to the control group. Overall, patients with CD have a consistently
higher 25(OH)D3/24,25(OH)2D3 ratio, which is indicative of a decrease in 24-hydroxylase activity.
This altered activity of the principal vitamin D catabolism might influence the effectiveness of
cholecalciferol treatment. The observed difference in baseline free 25(OH)D levels is not entirely clear
and requires further study.

Keywords: vitamin D; pituitary ACTH hypersecretion; cholecalciferol; vitamin D-binding protein

1. Introduction

Cushing’s disease (CD) is one of the disorders associated with endogenous hypercorti-
solism and is caused by adrenocorticotropic hormone (ACTH) hyperproduction originating
from pituitary adenoma [1]. Skeletal fragility is a frequent complication of endogenous
hypercortisolism, and fragility fractures may be the presenting clinical feature of disease.
The prevalence of osteoporosis in endogenous hypercortisolism as assessed by dual-energy
X-ray absorptiometry (DXA) or incidence of fragility fractures has been reported to be up
to 50%. Osteoporosis in CD patients has a complex multifactorial pathogenesis, charac-
terized by a low bone turnover and severe suppression of bone formation [2]. Exogenous
glucocorticoids are used in the treatment of a wide range of diseases and it is estimated
that 1–2% of the population is receiving long-term glucocorticoid therapy. As a conse-
quence, glucocorticoid-induced osteoporosis is the most common secondary cause of
osteoporosis [3].
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Native vitamin D (in particular D3, or cholecalciferol) and its active metabolites
(such as alfacalcidol) are universally considered as the essential components of the osteo-
porosis management [4,5]. The search for the optimal treatment of bone complications
during chronic exposure to glucocorticoid excess provoked the investigation of vitamin
D metabolism in this state. Early studies on this topic were focused predominantly on
the general vitamin D status (assessed as 25(OH)D level) and on the levels of the active
vitamin D metabolite (1,25(OH)2D). These studies showed inconsistent results, reporting
that the chronic excess of glucocorticoids decreased [6–9], increased [10–12] or did not
change [13–15] the levels of 25(OH)D or 1,25(OH)2D. A likely reason for such inconsistency
might have been the high heterogeneity of the studied groups. Some of these studies were
performed in humans [6,7,9–13,15] and some in animal models [8,14], and only several
of them included subjects with specifically endogenous hypercortisolism [10,12,14,15].
Only two studies assessed both the levels of the active (1,25(OH)2D) and the inactive
(24,25(OH)2D) vitamin D metabolites in endogenous hypercortisolism. One of them lacked
control group and reported low-normal 24,25(OH)2D levels in patients with Cushing’s syn-
drome [10]. The second study by Corbee et al. reported similar circulating concentrations
of 25(OH)D, 1,25(OH)2D and 24,25(OH)2D in studied groups of dogs regardless of either
the presence of CD or hypophysectomy status [14].

Several experimental studies were performed to evaluate the impact of glucocorticoid
excess on the enzymes involved in vitamin D metabolism. In mouse kidney glucocorticoid
treatment increased 24-hydroxylase expression [16] and 24-hydroxylase activity [17]. An
increased expression of 24-hydroxylase was also shown in rat osteoblastic and pig renal cell
cultures treated with 1,25(OH)2D [18]. Dhawan and Christakos showed that 1,25(OH)2D-
induced transcription of 24-hydroxylase was glucocorticoid receptor-dependent [19]. How-
ever, some works showed conflicting results. In particular, the steroid and xenobiotic
receptor (SXR) which is activated by glucocorticoids [20], repressed 24-hydroxylase ex-
pression in human liver and intestine in work by Zhou et al. [21]. Lower 24-hydroxylase
expression was observed in the brain and myocardium of glucocorticoid-treated rats [22]
as well as in human osteosarcoma cells and human osteoblasts [23].

Nevertheless, based on experimental data, it has been suggested that the acceleration
of 25(OH)D catabolism in the presence of glucocorticoid excess may predispose to vita-
min D deficiency. Yet, relatively recent meta-analysis of the studies assessing 25(OH)D
levels in chronic glucocorticoid users showed that serum 25(OH)D levels in these patients
were suboptimal and lower than in healthy controls, but similar to steroid-naive disease
controls [24].

Glucocorticoids also affect calcium and phosphorus homeostasis. In particular, they
were shown to reduce gastrointestinal absorption by antagonizing vitamin D action (re-
ducing the expression of genes for proteins involved in calcium transport—epithelial
Ca channel TRPV6 and calcium-binding protein calbindin-D9K) [25]. Glucocorticoids
increased fractional calcium excretion due to mineralocorticoid receptor-mediated action
on epithelial sodium channels [26]. Hypercalciuria is highly prevalent in people with
CD [27]. These effects might result in a negative calcium balance, although plasma ionized
calcium was normal in people and dogs with hypercortisolism compared to control sub-
jects [12,28]. Glucocorticoids also reduced tubular phosphate reabsorption by inhibiting
tubular expression of the sodium gradient-dependent phosphate transporter, and induced
phosphaturia [29], which was accompanied by phosphate lowering in humans [12].

Overall, current data on vitamin D status in hypercortisolism are conflicting and need
clarification. In particular, clinical data on the state of vitamin D metabolism in the state of
glucocorticoids excess are quite scarce. Studies were very heterogeneous in design, some
lacked a control group, and the absolute majority of the studies were performed before the
introduction of vitamin D measurement standardization [30]. Nevertheless, determining
the optimal vitamin D treatment regimen in these high-risk patients is fairly relevant.

The aim of this study was to assess vitamin D metabolism in patients with CD com-
pared to healthy individuals particularly in the setting of cholecalciferol treatment.
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2. Materials and Methods

2.1. Study Population and Design

The study group included 30 adult patients with CD admitted for inpatient treatment
at a tertiary pituitary center. Diagnosis of CD was established in accordance with the federal
guidelines [31]. All patients were confirmed to be positive for endogenous hypercortisolism
in at least two of the following tests: 24-h urine free cortisol (UFC) greater than the normal
range for the assay and/or serum cortisol > 50 nmol/L after the 1-mg overnight dexam-
ethasone suppression test and/or late-night salivary cortisol greater than 9.4 nmol/L). All
patients also had morning ACTH ≥ 10 pg/mL and pituitary adenoma ≥ 6 mm identified
by magnetic resonance imaging (MRI) or a positive for CD bilateral inferior petrosal sinus
sampling (BIPSS). MRI was performed using a GE Optima MR450w 1.5T with Gadolinium
(Boston, MA, USA). BIPSS was performed according to the standard procedure described
elsewhere [32,33].

The control group included 30 apparently healthy adult individuals recruited from
the staff and the faculty of the facility.

Inclusion criteria were age from 18 to 60 for both groups and the presence of the
disease activity for the study group (defined as the presence of endogenous hypercorti-
solism at the time of participation in the study). Exclusion criteria for both groups were:
vitamin D supplementation for 3 months prior to the study; severe obesity (body mass
index (BMI) ≥ 35 kg/m2); pregnancy; the presence of granulomatous disease, malabsorp-
tion syndrome, liver failure; decreased GFR (less than 60 mL/min per 1.73 m2); severe
hypercalcemia (total serum calcium > 3.0 mmol/L); allergic reactions to vitamin D medi-
cations; 25(OH)D level more than 60 ng/mL (determined by immunochemiluminescence
analysis). All patients were recruited in the period from October 2019 to April 2021. The
study protocol (ClinicalTrials.gov Identifier: NCT04844164) was approved by the Ethics
Committee of Endocrinology Research Centre, Moscow, Russia on 10 April 2019 (abstract
of record No. 6), all patients signed informed consent to participate in the study.

All participants received standard therapeutic dose (150,000 IU) of an aqueous solution
of cholecalciferol (Aquadetrim®, Medana Pharma S.A., Sieradz, Poland) orally as a single
dose [34]. Blood and urine samples were obtained before the intake as well as on days 1, 3
and 7 after administration; time points of sample collection were determined based on the
authors’ previous work evaluating changes in 25(OH)D levels after a therapeutic dose of
cholecalciferol [35]. The assessment included serum biochemical parameters (total calcium,
albumin, phosphorus, creatinine, magnesium), parathyroid hormone (PTH), vitamin D-
binding protein (DBP), vitamin D metabolites (25(OH)D3, 25(OH)D2, 1,25(OH)2D3, 3-epi-
25(OH)D3 and 24,25(OH)2D3), free 25(OH)D and urine biochemical parameters (calcium-
and phosphorus-creatinine ratios in spot urine).

2.2. Socio–Demographic and Anthropometric Data Collection

At the baseline visit, patients underwent a questionnaire aimed to assess their lifestyle:
the presence of unhealthy habits, physical activity level, balanced diet (consumption of
dairy products, meat, coffee, soft drinks), exposure to ultraviolet (UV) radiation (solarium
and sunscreen usage, traveling south and the number of daytime walks in the sunny
weather in the 3 months preceding study participation). Smoking status was classified
as current smoker, former smoker and non-smoker; current and former smokers were
collectively referred to as total smokers. A unit of alcohol was defined as a glass of wine, a
bottle of beer or a shot of spirits, approximating 10–12 g ethanol. Serving of dairy products
was defined as 100 g of cottage cheese, 200 mL of milk, 125 g of yogurt or 30 g of cheese.
Patients’ weight was measured in light indoor clothing with a medical scale to the nearest
100 g, and their height with a wall-mounted stadiometer to the nearest centimeter. BMI
was calculated as weight in kilograms divided by height in meters squared.
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2.3. Laboratory Measurements

Morning ACTH (reference range 7–66 pg/mL), serum cortisol after a low-dose dexam-
ethasone suppression test (cutoff value for suppression, 50 nmol/L [36]), late-night salivary
cortisol (reference range 0.5–9.4 nmol/L [37]) were assayed by electrochemiluminescence
assay using a Cobas 6000 Module e601 (Roche, Rotkreuz, Switzerland). The 24-h UFC
(reference range 60–413 nmol/24 h) was measured by an immunochemiluminescence
assay (extraction with diethyl ether) on a Vitros ECiQ (Ortho Clinical Diagnostics, Raritan,
NJ, USA).

Total 25(OH)D levels (25(OH)D2 + 25(OH)D3; reference range 30–100 ng/mL) at
the baseline visit were determined by the immunochemiluminescence analysis (Liaison,
DiaSorin, Saluggia, Italy). PTH levels were evaluated by the electrochemiluminescence im-
munoassay (ELECSYS, Roche, Basel, Switzerland; reference range for this and subsequent
laboratory parameters are given in the Results section for easier reading). Biochemical
parameters of blood serum and urine were assessed by the ARCHITECT c8000 analyzer
(Abbott, Chicago, IL, USA) using reagents from the same manufacturer according to the
standard methods. Serum DBP and free 25(OH)D levels were measured by enzyme-linked
immunosorbent assay (ELISA) using commercial kits. The assay used for free 25(OH)D
levels assessment (DIAsource, ImmunoAssays S.A., Ottignies-Louvain-la-Neuve, Belgium)
has <6.2% intra- and inter-assay coefficient of variation (CV) at levels 5.8–9.6 pg/mL. The
assay used for DBP levels assessment (Assaypro, St Charles, MO, USA) has 6.2% average
intra-assay CV and 9.9% average inter-assay CV.

The levels of vitamin D metabolites (25(OH)D3, 25(OH)D2, 1,25(OH)2D3, 3-epi-
25(OH)D3 and 24,25(OH)2D3) in serum were determined by ultra-high performance liquid
chromatography in combination with tandem mass spectrometry (UPLC-MS/MS) using
an in-house developed method, described earlier [38]. With this technique, the laboratory
participates in DEQAS quality assurance program (lab code 2388) and the results fall within
the target range for the analysis of 25(OH)D and 1,25(OH)2D metabolites in human serum
(Supporting Information, Figures S1 and S2). All UPLC-MS/MS measurements were made
after the first successful completion (5/5 samples within the target range) of the DEQAS
distributions for both analytes simultaneously. Each batch contained control samples (ana-
lytes in blank serum) with both high and low analyte concentrations. The samples were
barcoded and randomized prior to the measurements to eliminate analyst-related errors.

Serum samples (3 aliquots) collected at each visit were either transferred directly to
the laboratory for biochemical analyzes, total 25(OH)D and PTH measurement (1 aliquot)
or were stored at −80 ◦C avoiding repeated freeze-thaw cycles for measurement of DBP,
free 25(OH)D and vitamin D metabolites at a later date (2 aliquots).

Albumin-adjusted serum calcium levels were calculated using the formula [39]: total
plasma calcium (mmol/L) = measured total plasma calcium (mmol/L) + 0.02 × (40 −
measured plasma albumin (g/L)).

Baseline free 25(OH)D levels were also calculated using the formula introduced by
Bikle et al. [40,41]. The affinity constant for 25(OH)D and albumin binding (Kalb) used for
the calculation was equal 6 × 105 M−1, and affinity constant for 25(OH)D and DBP binding
(KDBP) was equal 7 × 108 M−1.

Free 25(OH)D =
total 25(OH)D

1 + Kalb∗albumin + KDBP ∗ DBP

2.4. Statistical Analysis

Statistical analysis was performed using Statistica version 13.0 (StatSoft, Tulsa, OK,
USA). All data were analyzed with non-parametric statistics and expressed as median
[interquartile range] unless otherwise specified. Mann-Whitney U-test and Fisher’s exact
two-tailed test were used for comparisons between two groups. Friedman ANOVA was
performed to evaluate changes in indices throughout the study and pairwise comparisons
using Wilcoxon test with adjustment for multiple comparisons (Bonferroni) were also made
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if the Friedman ANOVA was significant. Spearman rank correlation method was used to
obtain correlation coefficients among indices. A p-value of less than 0.05 was considered
statistically significant. When adjusting for multiple comparisons, a p-value greater than
the significance threshold, but less than 0.05 was considered as a trend towards statistical
significance.

3. Results

The groups were similar in terms of age, sex and BMI (p > 0.05). Both groups consisted
predominantly of young and middle-aged women and the majority of patients were
overweight or moderately obese (Table 1). Patients from the study group presented with
lower screening levels of total 25(OH)D (p < 0.05).

Table 1. General characteristics of the patients at the baseline visits. For detailed description of the
data format please refer to the Section 2.

Parameter Study Group (n = 30) Control Group (n = 30) p

Age, years 39.1 [31.2; 48.2] 33.4 [26.5; 42.5] 0.12
Sex (female/male, n) 26/4 19/11 0.07

BMI, kg/m2 30.9 [27.1; 31.6] 27.2 [25.4; 30.4] 0.07
25(OH)D total, ng/mL 13.1 [9.6; 17.9] 21.7 [14.4; 28.0] 0.002

The features of the underlying disease course in the study group are listed in Table 2.
15 patients (50%) had diabetes mellitus with an almost compensated state at the time of
participation in the study, and 7 patients (23%) reported a history of low-energy fractures.

Table 2. Characteristics of the patients with Cushing’s disease (CD) in terms of the underlying disease.

Parameter Value

24-h UFC, nmoL/24 h 1227 [813; 2970]
Morning ACTH, pg/mL 87 [60; 125]
Diabetes mellitus, n (%) 15 (50%)

HbA1c, % 7.8 [7.0; 8.4]
History of low energy fracture, n (%) 7 (23%)

The groups did not differ significantly in the reported smoking status, the level of
daily physical activity, dietary habits and UV exposure (p > 0.05) and although there was a
slight difference in alcohol consumption (p < 0.05), the absolute values were minor in both
groups (Table 3).

Table 3. Questionnaire results.

Parameter
Study Group

(n = 30)
Control Group

(n = 30)
p

Current smokers, n (%) 6 (20%) 13 (43%) 0.09
Total smokers, n (%) 10 (33%) 18 (60%) 0.07

Alcohol units, per week 0 [0; 0] 1 [0; 2] 0.007
Exercises lasting more than 30 min, per week 5 [2; 7] 3 [2; 3] 0.09

Dairy products consumption, servings per day 1 [1; 1] 1 [1; 1] 1.0
Meat dishes consumption, portions per week 5 [4; 7] 5 [3; 7] 0.64

Coffee consumption, cups per week 6 [2; 8] 7 [1; 10] 0.4
Soft drinks, mL per week 0 [0; 0] 0 [0; 0] 0.76

Travelers to the south, n (%) 3 (10%) 4 (13%) 1.0
Daytime walks in the sunny weather, n 7 [0; 20] 4 [1; 11] 0.49

Solarium usage, n (%) 0 1 (3%) 1.0

3.1. Baseline Laboratory Evaluation

Detailed results of laboratory studies are presented in Tables 4 and 5.
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Patients with CD had several alterations in biochemical parameters, in particular,
lower baseline serum creatinine and albumin levels, while magnesium levels were higher
than in the control group (p < 0.05). They also had higher levels of urine phosphorus-
creatinine ratio (p < 0.05). The rest of the studied biochemical parameters did not show
significant difference between the groups (p > 0.05). 3 patients (10%) from the study group
and 5 patients (17%) from the control group had secondary hyperparathyroidism, one
patient with CD (3%) was diagnosed with mild primary hyperparathyroidism.

As for the assessment of vitamin D metabolism, unexpectedly the levels of 25(OH)D3 oc-
curred to be equal in the groups (p > 0.05), with only two patients (7%) from the study group and
one patient (3%) from the control group having sufficient vitamin D levels, according to the En-
docrine Society and the Russian Association of Endocrinologists guidelines (≥30 ng/mL [34,42]).
The levels of the active vitamin D metabolite—1,25(OH)2D3—were equal between the groups
as well (p > 0.05), whereas the levels of 3-epi-25(OH)D3 and 24,25(OH)2D3 were lower in
CD patients. Further calculation of 25(OH)D3/24,25(OH)2D3 and 25(OH)D3/1,25(OH)2D3
ratios corresponded to the observed levels of metabolites: 25(OH)D3/24,25(OH)2D3 ratio
was higher in the study group (p < 0.05) assuming lower 24-hydroxylase activity and
25(OH)D3/1,25(OH)2D3 ratio was equal between the groups (p > 0.05).

Levels of free 25(OH)D were lower in CD patients (p < 0.05) and the levels of DBP
did not differ between the groups (p > 0.05). Although calculated free 25(OH)D showed
prominent positive correlation with the measured free 25(OH)D in both groups (r = 0.63
in the study group, r = 0.87 in the control group, p < 0.05), the association appeared to be
weaker in the study group. In the control group, DBP levels correlated with both measured
and calculated 25(OH)D levels (r = −0.48, p < 0.05 and r = −0.69, p < 0.05 respectively),
while in patients with CD there was no association with measured free 25(OH)D levels
(r = 0.04, p > 0.05 and r = −0.50, p < 0.05 respectively).

Correlation with 24-h UFC in CD patients was observed for serum albumin level
(r = −0.37, p < 0.05) and urine calcium-creatinine ratio (r = 0.51, p < 0.05) among assessed
biochemical parameters, and only with 25(OH)D3/24,25(OH)2D3 ratio among the parame-
ters of vitamin D metabolism (r = 0.36, p < 0.05).

3.2. Laboratory Evaluation after the Intake of Cholecalciferol

All patients from the study group and 28 patients (93%) from the control group
completed the study.

The observed baseline differences in biochemical parameters mostly preserved during
the follow-up. In the study group there was an increase in serum phosphorus levels by
Day 1 (p = 0.006) and a tendency to an increase in the urine phosphorus-creatinine ratio by
Day 7 (p = 0.02). Patients from the control group showed a clinically insignificant increase in
serum creatinine levels by Day 1 (p = 0.002) and a non-significant trend towards an increase
in serum total and albumin-adjusted calcium (p = 0.01 for both measurements). No change
in PTH levels was observed in patients with CD during the follow-up (p > 0.05), while in
the control group there was a tendency for PTH to decrease by Day 3 (p = 0.02). There were
no new cases of hypercalcemia in both groups during the follow-up. One patient from
the study group and one patient from the control group had persistently increased urine
calcium-creatinine ratio throughout the study. Four patients from the study group (13%)
and none from the control group developed hypercalciuria during the follow-up, however
these patients had no clinical manifestations during the observation period.

By Day 7, 25 patients (83%) from the study group and 22 patients (79%) reached
sufficient 25(OH)D3 levels (≥30 ng/mL). Levels of 25(OH)D3 continued to increase by
Day 3 in both groups (p < 0.001), after which tended to decrease in the study group
(p = 0.01) and remained stable in the control group (p = 0.65). The increase in 25(OH)D3
after cholecalciferol intake was equal between the groups (18.5 [15.9; 22.5] ng/mL in the
study group vs. 16.6 [13.1; 19.8] ng/mL in the control group, p > 0.05). In the presence of
obesity, Δ25(OH)D3 was higher in the CD patients than in the control group (18.3 [14.2;
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23.0] vs. 12.1 [10.0; 13.1] ng/mL, p < 0.05), while in non-obese patients no difference was
observed (p > 0.05).

Obese and non-obese patients with CD had equal Δ25(OH)D3 (18.3 [14.2; 23.0] vs. 19.6
[16.0; 21.5] ng/mL, p > 0.05), while in the control group it was significantly lower in obese
patients (12.1 [10.0; 13.1] vs. 18.3 [15.3; 21.4] ng/mL, p < 0.05). BMI showed significant
correlation with Δ25(OH)D3 only in the control group (r = −0.47, p < 0.05), while in CD
patients there was no such association (r = −0.06, p > 0.05) (Figure 1).

Figure 1. Relationship between Δ25(OH)D3 and BMI in groups.

1,25(OH)2D3 levels increased in CD patients by Day 1 and were stable during the
follow-up in the control group. The rest of the studied parameters of vitamin D metabolism
changed in a similar way between groups: 3-epi-25(OH)D3 levels increased until the Day
3, after which they decreased by the Day 7; 24,25(OH)2D3 levels showed more graduate
elevation throughout the follow-up. In both groups 25(OH)D3/24,25(OH)2D3 ratios in-
creased by Day 1, after which they decreased by Day 7, and 25(OH)D3/1,25(OH)2D3 ratios
increased by Day 1, after which they remained stable. DBP levels didn’t change and free
25(OH)D levels showed an increase in both groups during the follow-up. The levels of
25(OH)D2 did not exceed 0.5 ng/mL in all examined individuals throughout the study.
Among assessed parameters of vitamin D metabolism, higher 25(OH)D3/24,25(OH)2D3
ratios in the study group was the only difference between the groups which remained
significant throughout the observation period (p < 0.05) (Figure 2).
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Figure 2. Dynamic evaluation of 25(OH)D3/24,25(OH)2D3 ratios in groups.

4. Discussion

The main goal of our study was to evaluate the 25(OH)D3 levels and its response to the
therapeutic dose of cholecalciferol in patients with CD as compared to healthy individuals.
We observed no difference in baseline 25(OH)D3 assessed by UPLC-MS/MS between
groups. Similar to our data were obtained in most studies conducted specifically in the state
of endogenous hypercortisolism in humans [12,15] and dogs [14]. The study by Kugai et al.
lacked control group and reported plasma levels of 25(OH)D corresponding to the vitamin
D deficiency in most of the examined patients [10], while in our study only 2/3 of the
patients with CD had 25(OH)D levels below 20 ng/mL. As for exogenous hypercortisolism,
the meta-analysis aimed to explore serum 25(OH)D levels in glucocorticoid users showed
lower levels than in healthy controls, but similar to steroid-naive disease controls, thus
causing concern regarding the influence of the disease status on 25(OH)D levels [24].
Somewhat surprisingly, we obtained significantly discordant results in the study group
when screening total 25(OH)D by ELISA and when measuring baseline 25(OH)D3 by
UPLC-MS/MS, since the initial difference between the groups revealed by ELISA data
with lower total 25(OH)D levels in the study group was not replicated by UPLC-MS/MS.
It should be noted that our ELISA method did not participate in an external quality control
program at the time of the study unlike UPLC-MS/MS; furthermore, a lower analytical
performance was previously described for this technique with tendency for low specificity
and lower measurement results [45].

When assessing other parameters of vitamin D metabolism, the most significant find-
ing was the higher 25(OH)D3/24,25(OH)2D3 ratio in CD patients, both initially and during
the observation after the intake of the cholecalciferol loading dose, indicating consistently
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reduced activity of 24-hydroxylase, the main enzyme of vitamin D catabolism. Earlier
clinical and experimental studies also suggested altered activity of enzymes of vitamin D
metabolism in hypercortisolism. However, these studies were heterogeneous and aimed
predominantly at studying the activity of 1α-hydroxylase [7,8,10–12,14], which was not
altered in patients with CD as compared to healthy individuals in our study. In the set-
ting of the short-term glucocorticoid administration, Lindgren et al. showed transient
increase in 24,25(OH)2D3 levels in rats [8], while in the study of Hahn et al. there was
no change in 24,25(OH)2D3 levels [11]. Dogs with CD had similar 24,25(OH)2D3 levels
before and after hypophysectomy as well as compared to control dogs [14]. The only
study of considerably similar design by Kugai et al. reported low-normal 24,25(OH)2D3 in
patients with Cushing’s syndrome [10], which is consistent with our result, as well as some
experimental works indicative of suppression on CYP24A1 expression by glucocorticoids
in human osteoblasts [23], liver and intestine [21] and in rat brain and myocardium [22].
However, in the present work, the activity of 24-hydroxylase in patients with hypercorti-
solism was for the first time evaluated by calculating the 25(OH)D3/24,25(OH)2D3 ratio,
which has recently emerged as a new tool for vitamin D status assessment [46,47]. Given
the correlation of this parameter with laboratory marker of the underlying disease activity
(24-h UFC), a direct effect of cortisol overproduction on 24-hydroxylase activity might be
assumed. Interestingly, it seems that the decreased activity of 24-hydroxylase observed in
CD influenced the effectiveness of cholecalciferol treatment, decreasing the negative effect
of obesity, as patients with CD had similar increase in 25(OH)D3 in obese and non-obese
state and lacked correlation between Δ25(OH)D3 and BMI, as opposed to the control group.
Moreover, the increase in 25(OH)D3 in obese patients from the control group was lower
not only than in non-obese controls, but also than in obese patients with CD.

Another intriguing finding was lower levels of free 25(OH)D observed in patients with
CD despite similar DBP levels and lower albumin levels, which, on the contrary, allows one
to expect higher values of free 25(OH)D. Considering the weaker correlation between the
measured and calculated free 25(OH)D in patients with CD, as well as the lack of correlation
of the measured 25(OH)D with the main transport protein, an altered affinity of DBP might
be suspected. One possible explanation is protein glycosylation as a consequence of
diabetes mellitus, which was present in half of the patients [38,48,49]. After cholecalciferol
intake, which was accompanied by an increase in free 25(OH)D, the differences between
the groups were leveled; therefore, another suggested explanation might be competitive
binding to the ligand. Since actin binds DBP with high affinity [50] and considering
catabolic action of glucocorticoids on muscle tissue [51], actin is a presumable competing
ligand candidate. Although this is mostly speculative, as far as the authors are aware,
the present work was the first to assess free vitamin D in the glucocorticoid excess, so the
described findings require verification of reproducibility and further evaluation.

The obtained discrepancies in the biochemical parameters characterizing calcium and
phosphorus metabolism were generally consistent with the data of early studies discussed
in the introduction [12,25–29], except for similar to controls serum phosphorus levels and
lower prevalence of hypercalciuria. An interesting observation was the complete absence
of the PTH decrease in patients with CD after receiving a loading dose of cholecalciferol.
The mechanism of this phenomenon is not entirely clear, we tend to agree with the earlier
hypothesis that this may be an adaptation to chronic urinary calcium loss [52].

Our research is distinguished by a number of important strengths: a prospective
design, substantial sample of patients with CD, accounting for social and behavioral factors
affecting vitamin levels D, comprehensive spectrum of vitamin D metabolism parame-
ters investigated and participation in an external quality control program for vitamin D
metabolites measurement.

Nevertheless, the study also had several limitations: the amount of dietary vitamin D
and phosphorus, as well as possible differences in DBP affinity to vitamin D metabolites
due to genetic isoforms of DBP [53] or other possible involved parameters (e.g., fibroblast
growth factor-23) were not taken into account. A few patients from both groups received

465



Nutrients 2021, 13, 4329

therapy with possible impact on vitamin D and calcium metabolism within 3 months
preceding the participation in the study (spironolactone, diuretics, proton pump inhibitors,
oral contraceptives, antifungal treatment, antidepressants, barbiturates, antiepileptic drugs).
The groups had a trend for differences in sex and BMI (p = 0.07 for both parameters). Also,
the study lacked a study group of patients with remission of CD to test the hypotheses put
forward, however, this is a promising direction for further research.

5. Conclusions

We report that patients with endogenous ACTH-dependent hypercortisolism of pitu-
itary origin have a consistently higher 25(OH)D3/24,25(OH)2D3 ratio than healthy controls,
which is indicative of a decrease in 24-hydroxylase activity. This altered activity of the
principal vitamin D catabolism might influence the effectiveness of cholecalciferol treat-
ment. There is also a lack of clarity regarding the lower levels of free 25(OH)D observed
in patients with CD, which require further study. To test the proposed hypotheses and to
develop specialized clinical guidelines for these patients, longer-term randomized clinical
trials are needed.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/nu13124329/s1, Method validation against DEQAS, Figure S1: Comparison between DEQAS
data for 25(OH)D scheme and our lab results, Figure S2: Comparison between DEQAS data for
1,25(OH)2D scheme and our lab results.

Author Contributions: Conceptualization, L.R., E.P., A.P. and A.Z.; methodology, V.B., Z.B., L.R. and
G.M.; formal analysis, A.P.; investigation, A.P., V.B., E.P., L.D. and A.Z.; data curation, A.P. and V.B.;
writing—original draft preparation, A.P.; writing—review and editing, V.B., E.P., A.Z., Z.B., L.R.;
visualization, V.B.; supervision, L.D., L.R., G.M. and N.M.; project administration, L.R. and N.M.;
funding acquisition, L.R. and N.M. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the Russian Science Foundation, grant number 19-15-00243.

Institutional Review Board Statement: This study was performed in line with the principles of the
Declaration of Helsinki. Approval was granted by the Ethics Committee of Endocrinology Research
Centre, Moscow, Russia on 10 April 2019 (abstract of record No. 6).

Informed Consent Statement: Written informed consent was obtained from all individual partici-
pants included in the study.

Data Availability Statement: The datasets generated during and/or analyzed during the current
study are available from the corresponding author on reasonable request.

Acknowledgments: We express our deep gratitude to our colleagues: Natalya M. Malysheva, Vitaliy
A. Ioutsi, Larisa V. Nikankina for the help with the laboratory research.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References

1. Nishioka, H.; Yamada, S. Cushing’s disease. J. Clin. Med. 2019, 8, 1951. [CrossRef]
2. Mazziotti, G.; Frara, S.; Giustina, A. Pituitary Diseases and Bone. Endocr. Rev. 2018, 39, 440–488. [CrossRef] [PubMed]
3. Compston, J. Glucocorticoid-induced osteoporosis: An update. Endocrine 2018, 61, 7–16. [CrossRef] [PubMed]
4. Buckley, L.; Guyatt, G.; Fink, H.A.; Cannon, M.; Grossman, J.; Hansen, K.E.; Humphrey, M.B.; Lane, N.E.; Magrey, M.; Miller, M.

2017 American College of Rheumatology Guideline for the prevention and treatment of glucocorticoid-induced osteoporosis.
Arthritis Care Res. 2017, 69, 1095–1110. [CrossRef]

5. Belaya, Z.; Rozhinskaya, L.y.; Grebennikova, T.; Kanis, J.; Pigarova, E.; Rodionova, S.; Toroptsova, N.; Nikitinskaya, O.;
Skripnikova, I.; Drapkina, O.; et al. Summary of the Draft Federal Clinical Guidelines for Osteoporosis. Osteoporos. Bone Dis.
2020, 23, 4–21. [CrossRef]

6. Klein, R.G.; Arnaud, S.B.; Gallagher, J.C.; Deluca, H.F.; Riggs, B.L. Intestinal calcium absorption in exogenous hypercortisolism.
J. Clin. Investig. 1977, 60, 253–259. [CrossRef] [PubMed]

466



Nutrients 2021, 13, 4329

7. Seeman, E.; Kumar, R.; Hunder, G.G.; Scott, M.; Iii, H.H.; Riggs, B.L. Production, degradation, and circulating levels of 1,25-
dihydroxyvitamin D in health and in chronic glucocorticoid excess. J. Clin. Investig. 1980, 66, 664–669. [CrossRef]

8. Lindgren, J.U.; Merchant, C.R.; DeLuca, H.F. Effect of 1,25-dihydroxyvitamin D3 on osteopenia induced by prednisolone in adult
rats. Calcif. Tissue Int. 1982, 34, 253–257. [CrossRef]

9. Chaiamnuay, S.; Chailurkit, L.O.; Narongroeknawin, P.; Asavatanabodee, P.; Laohajaroensombat, S.; Chaiamnuay, P. Current
daily glucocorticoid use and serum creatinine levels are associated with lower 25(OH) vitamin D levels in thai patients with
systemic lupus erythematosus. J. Clin. Rheumatol. 2013, 19, 121–125. [CrossRef]

10. Kugai, N.; Koide, Y.; Yamashita, K.; Shimauchi, T.; Nagata, N.; Takatani, O. Impaired mineral metabolism in Cushing’s syndrome:
Parathyroid function, vitamin D metabolites and osteopenia. Endocrinol. Jpn. 1986, 33, 345–352. [CrossRef]

11. Hahn, T.J.; Halstead, L.R.; Baran, D.T. Effects of short term glucocorticoid administration on intestinal calcium absorption and
circulating vitamin D metabolite concentrations in man. J. Clin. Endocrinol. Metab. 1981, 52, 111–115. [CrossRef]

12. Findling, J.W.; Adams, N.D.; Lemann, J.; Gray, R.W.; Thomas, C.J.; Tyrrell, J.B. Vitamin D metabolites and parathyroid hormone
in Cushing’s syndrome: Relationship to calcium and phosphorus homeostasis. J. Clin. Endocrinol. Metab. 1982, 54, 1039–1044.
[CrossRef] [PubMed]

13. Slovik, D.M.; Neer, R.M.; Ohman, J.L.; Lowell, F.C.; Clark, M.B.; Segre, G.V.; Potts, J.T., Jr. Parathyroid hormone and 25-
hydroxyvitamin D levels in glucocorticoid-treated patients. Clin. Endocrinol. 1980, 12, 243–248. [CrossRef]

14. Corbee, R.J.; Tryfonidou, M.A.; Meij, B.P.; Kooistra, H.S.; Hazewinkel, H.A.W. Vitamin D status before and after hypophysectomy
in dogs with pituitary-dependent hypercortisolism. Domest. Anim. Endocrinol. 2012, 42, 43–49. [CrossRef] [PubMed]

15. Aloia, J.F.; Roginsky, M.; Ellis, K.; Shukla, K.; Cohn, S. Skeletal metabolism and body composition in Cushing’s syndrome. J. Clin.
Endocrinol. Metab. 1974, 39, 981–985. [CrossRef]

16. Van Cromphaut, S.J.; Stockmans, I.; Torrekens, S.; Van Herck, E.; Carmeliet, G.; Bouillon, R. Duodenal calcium absorption in
dexamethasone-treated mice: Functional and molecular aspects. Arch. Biochem. Biophys. 2007, 460, 300–305. [CrossRef] [PubMed]

17. Akeno, N.; Matsunuma, A.; Maeda, T.; Kawane, T.; Horiuchi, N. Regulation of vitamin D-1-hydroxylase and -24-hydroxylase
expression by dexamethasone in mouse kidney. J. Endocrinol. 2000, 164, 339–348. [CrossRef] [PubMed]

18. Kurahashi, I.; Matsunuma, A.; Kawane, T.; Abe, M.; Horiuchi, N. Dexamethasone enhances vitamin D-24-hydroxylase expression
in osteoblastic (UMR-106) and renal (LLC-PK 1) cells treated with 1a, 25-dihydroxyvitamin D3. Endocrine 2002, 17, 109–118.
[CrossRef]

19. Dhawan, P.; Christakos, S. Novel regulation of 25-hydroxyvitamin D3 24-hydroxylase (24(OH)ase) transcription by glucocorticoids:
Cooperative effects of the glucocorticoid receptor, C/EBPb, and the vitamin D receptor in 24(OH)ase transcription. J. Cell. Biochem.
2010, 110, 1314–1323. [CrossRef] [PubMed]

20. Luo, G.; Cunningham, M.; Kim, S.; Burn, T.; Lin, J.; Sinz, M.; Hamilton, G.; Rizzo, C.; Jolley, S.; Gilbert, D.; et al. CYP3A4 induction
by drugs: Correlation between a pregnane X receptor reporter gene assay and CYP3A4 expression in human hepatocytes. Drug
Metab. Dispos. 2002, 30, 795–804. [CrossRef]

21. Zhou, C.; Assem, M.; Tay, J.C.; Watkins, P.B.; Blumberg, B.; Schuetz, E.G.; Thummel, K.E. Steroid and xenobiotic receptor and
vitamin D receptor crosstalk mediates CYP24 expression and drug-induced osteomalacia. J. Clin. Investig. 2006, 116, 1703–1712.
[CrossRef] [PubMed]

22. Jiang, P.; Xue, Y.; Li, H.; Liu, Y. Dysregulation of vitamin D metabolism in the brain and myocardium of rats following prolonged
exposure to dexamethasone. Psychopharmacology 2014, 231, 3445–3451. [CrossRef] [PubMed]

23. Zayny, A.; Almokhtar, M.; Wikvall, K.; Ljunggren, Ö.; Ubhayasekera, K.; Bergquist, J.; Kibar, P.; Norlin, M. Effects of gluco-
corticoids on vitamin D3-metabolizing 24-hydroxylase (CYP24A1) in Saos-2 cells and primary human osteoblasts. Mol. Cell.
Endocrinol. 2019, 496, 110525. [CrossRef] [PubMed]

24. Davidson, Z.E.; Walker, K.Z.; Truby, H. Do glucocorticosteroids alter vitamin D status? A systematic review with meta-analyses
of observational studies. J. Clin. Endocrinol. Metab. 2014, 97, 738–744. [CrossRef] [PubMed]

25. Huybers, S.; Naber, T.H.J.; Bindels, R.J.M.; Hoenderop, J.G.J. Prednisolone-induced Ca2+ malabsorption is caused by diminished
expression of the epithelial Ca2+ channel TRPV6. Am. J. Physiol.-Gastrointest. Liver Physiol. 2007, 292, 92–97. [CrossRef] [PubMed]

26. Ferrari, P.; Bianchetti, M.G.; Sansonnens, A.; Frey, F.J. Modulation of renal calcium handling by 11β-hydroxysteroid dehydrogenase
type 2. J. Am. Soc. Nephrol. 2002, 13, 2540–2546. [CrossRef]

27. Faggiano, A.; Pivonello, R.; Melis, D.; Filippella, M.; Di Somma, C.; Petretta, M.; Lombardi, G.; Colao, A. Nephrolithiasis
in Cushing’s disease: Prevalence, etiopathogenesis, and modification after disease cure. J. Clin. Endocrinol. Metab. 2003, 88,
2076–2080. [CrossRef] [PubMed]

28. Ramsey, I.K.; Tebb, A.; Harris, E.; Evans, H.; Herrtage, M.E. Hyperparathyroidism in dogs with hyperadrenocorticism. J. Small
Anim. Pract. 2005, 46, 531–536. [CrossRef]

29. Freiberg, J.M.; Kinsella, J.; Sacktor, B. Glucocorticoids increase the Na+-H+ exchange and decrease the Na+ gradient-dependent
phosphate-uptake systems in renal brush border membrane vesicles. Proc. Natl. Acad. Sci. USA 1982, 79, 4932–4936. [CrossRef]
[PubMed]

30. Sempos, C.T.; Heijboer, A.C.; Bikle, D.D.; Bollerslev, J.; Bouillon, R.; Brannon, P.M.; DeLuca, H.F.; Jones, G.; Munns, C.F.;
Bilezikian, J.P.; et al. Vitamin D assays and the definition of hypovitaminosis D: Results from the First International Conference
on Controversies in Vitamin D. Br. J. Clin. Pharmacol. 2018, 84, 2194–2207. [CrossRef]

467



Nutrients 2021, 13, 4329

31. Melnichenko, G.A.; Dedov, I.I.; Belaya, Z.E.; Rozhinskaya, L.Y.; Vagapova, G.R.; Volkova, N.I.; Grigor’ev, A.Y.; Grineva, E.N.;
Marova, E.I.; Mkrtumayn, A.M.; et al. Cushing’s disease: The clinical features, diagnostics, differential diagnostics, and methods
of treatment. Probl. Endocrinol. 2015, 61, 55–77. [CrossRef]

32. Machado, M.C.; De Sa, S.V.; Domenice, S.; Fragoso, M.C.B.V.; Puglia, P.; Pereira, M.A.A.; De Mendonça, B.B.; Salgado, L.R. The
role of desmopressin in bilateral and simultaneous inferior petrosal sinus sampling for differential diagnosis of ACTH-dependent
Cushing’s syndrome. Clin. Endocrinol. 2007, 66, 136–142. [CrossRef]

33. Findling, J.W.; Kehoe, M.E.; Raff, H. Identification of patients with Cushing’s disease with negative pituitary adrenocorticotropin
gradients during inferior petrosal sinus sampling: Prolactin as an index of pituitary venous effluent. J. Clin. Endocrinol. Metab.
2004, 89, 6005–6009. [CrossRef] [PubMed]

34. Pigarova, E.A.; Rozhinskaya, L.Y.; Belaya, J.E.; Dzeranova, L.K.; Karonova, T.L.; Ilyin, A.V.; Melnichenko, G.A.; Dedov, I.I. Russian
Association of Endocrinologists recommendations for diagnosis, treatment and prevention of vitamin D deficiency in adults.
Probl. Endocrinol. 2016, 62, 60–84. [CrossRef]

35. Petrushkina, A.A.; Pigarova, E.A.; Tarasova, T.S.; Rozhinskaya, L.Y. Efficacy and safety of high-dose oral vitamin D supplementa-
tion: A pilot study. Osteoporos. Int. 2016, 27, 512–513. [CrossRef]

36. Pivonello, R.; De Martino, M.C.; De Leo, M.; Lombardi, G.; Colao, A. Cushing’s Syndrome. Endocrinol. Metab. Clin. N. Am. 2008,
37, 135–149. [CrossRef]

37. Belaya, Z.E.; Iljin, A.V.; Melnichenko, G.A.; Rozhinskaya, L.Y.; Dragunova, N.V.; Dzeranova, L.K.; Butrova, S.A.; Troshina, E.A.;
Dedov, I.I. Diagnostic performance of late-night salivary cortisol measured by automated electrochemiluminescence immunoassay
in obese and overweight patients referred to exclude Cushing’s syndrome. Endocrine 2012, 41, 494–500. [CrossRef]

38. Povaliaeva, A.; Pigarova, E.; Zhukov, A.; Bogdanov, V.; Dzeranova, L.; Mel’nikova, O.; Pekareva, E.; Malysheva, N.; Ioutsi, V.;
Nikankina, L.; et al. Evaluation of vitamin D metabolism in patients with type 1 diabetes mellitus in the setting of cholecalciferol
treatment. Nutrients 2020, 12, 3873. [CrossRef] [PubMed]

39. Thode, J.; Juul-Jørgensen, B.; Bhatia, H.M.; Kjaerulf-Nielsen, M.; Bartels, P.D.; Fogh-Andersen, N.; Siggaard-Andersen, O.
Comparison of serum total calcium, albumin-corrected total calcium, and ionized calcium in 1213 patients with suspected calcium
disorders. Scand. J. Clin. Lab. Investig. 1989, 49, 217–223. [CrossRef]

40. Bikle, D.D.; Siiteri, P.K.; Ryzen, E.; Haddad, J.G.; Gee, E. Serum protein binding of 1, 25-Dihydroxyvitamin D: A reevaluation by
direct measurement of free metabolite levels. J. Clin. Endocrinol. Metab. 1985, 61, 969–975. [CrossRef]

41. Bikle, D.D.; Gee, E.; Halloran, B.; Kowalski, M.A.N.N.; Ryzen, E.; Haddad, J.G. Assessment of the Free Fraction of 25-
Hydroxyvitamin D in Serum and Its Regulation by Albumin and the Vitamin D-Binding Protein. J. Clin. Endocrinol. Metab. 1986,
63, 954–959. [CrossRef]

42. 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. J. Clin. Endocrinol.
Metab. 2011, 96, 1911–1930. [CrossRef] [PubMed]

43. Dirks, N.F.; Martens, F.; Vanderschueren, D.; Billen, J.; Pauwels, S.; Ackermans, M.T.; Endert, E.; den Heijer, M.; Blankenstein, M.A.;
Heijboer, A.C. Determination of human reference values for serum total 1,25-dihydroxyvitamin D using an extensively validated
2D ID-UPLC–MS/MS method. J. Steroid Biochem. Mol. Biol. 2016, 164, 127–133. [CrossRef] [PubMed]

44. Tang, J.C.Y.; Nicholls, H.; Piec, I.; Washbourne, C.J.; Dutton, J.J.; Jackson, S.; Greeves, J.; Fraser, W.D. Reference intervals for serum
24,25-dihydroxyvitamin D and the ratio with 25-hydroxyvitamin D established using a newly developed LC–MS/MS method.
J. Nutr. Biochem. 2017, 46, 21–29. [CrossRef]
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Abstract: Dyshomeostasis of vitamin D-binding protein (VDBP) has been implicated in the pathogen-
esis of various pregnancy complications, including preeclampsia, preterm birth, gestational diabetes,
and adverse metabolic profiles in the offspring. VDBP polymorphisms have been consistently re-
ported to contribute to this intriguing interplay. Until recently, the effects of VDBP polymorphism
heterogeneity on maternal and neonatal adipomyokine profiles have not been investigated, specif-
ically after incorporating the different maternal and neonatal 25-hydroxyvitamin D concentration
cut-offs at birth. We aimed to investigate the potential effects of maternal and neonatal VDBP
polymorphisms on adiponectin, irisin, and VDBP concentrations at birth, according to different
cut-offs of vitamin D status, in maternal–neonatal dyads recruited from the sunny region of Northern
Greece. We obtained blood samples from 66 mother–child pairs at birth. Results indicated that
(i) Neonatal serum biomarkers were not affected by any included neonatal VDBP polymorphism
according to different cut-offs of neonatal vitamin D status at birth, (ii) neonatal VDBP concentration
was elevated in neonates with maternal rs7041 GG genotype, (iii) maternal 25(OH)D at ≤75 nmol/L
resulted in increased concentrations of maternal VBDP and irisin concentrations in women with CC
genotype for rs2298850 and rs4588,whereas this effect was also evident for this cut-off for neonatal
VDBP concentrations at birth for GC genotype for rs 7041, and (iv) no significant effect of neonatal
VDBP polymorphisms was observed on neonatal VDBP, adiponectin, or irisin levels when stratified
according to maternal 25(OH)D cut-offs. In conclusion, these findings confirm that among women
with the combination of CC genotype for rs2298850 and rs4588, a specific high cut-off of maternal
25(OH)D results in increasing maternal VBDP concentrations, hence providing a mechanistic ratio-
nale for aiming for specific cut-offs of vitamin D after supplementation during pregnancy, in daily
clinical practice.
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1. Introduction

Vitamin D-binding protein (VDBP) is considered as a crucial factor for vitamin D
homeostasis [1,2] since it comprises the major biological parameter regulating the half-
life of vitamin D in the systemic circulation. These effects are mediated by both serum
VDBP concentrations and VDBP genotype, which affect bioavailable 25-hydroxyvitamin
D[25(OH)D] [3,4]. VDBP has been also considered as a potent immuno-regulator impli-
cated in the pathogenesis of autoimmune diseases, either through its effects on vitamin D
equilibrium or via direct effects, which are mediated by VDBP concentrations [5].

VDBP dyshomeostasis has been linked to a plethora of complications, including
gestational diabetes, preeclampsia, preterm birth, and adverse metabolic profiles in the
offspring [6–8]. Our group has previously reported a strong association for VDBP con-
centrations with adipomyokines, adiponectin, and irisin, which are involved in energy
regulation in both mothers and neonates [9]. We also confirmed this association between
VDBP and adiponectin in healthy nonpregnant women, with no such association observed
among men [10]. Vitamin D receptor and VDBP polymorphisms have been consistently
reported to contribute to this intriguing interplay [11–14]. We have recently described
that although vitamin D concentrations in the examined neonates were not impacted by
maternal VDBP polymorphisms at birth, mothers with CC genotype for rs2298850 and
CC genotype for rs4588 manifested higher 25(OH)D concentrations [11]. These effects
were evident after adopting conventional international maternal or neonatal cut-offs for
25(OH)D concentrations. VDBP could be also considered as a molecule with significant
metabolic functions regulating energy homeostasis. However, the potential effects of VDBP
polymorphism heterogeneity on maternal and neonatal adipomyokine profiles remain
largely unexplained, specifically after incorporating the effects of maternal and neonatal
vitamin D status at birth.

Plasma half-life of 25(OH)D is approximately 3 weeks, according to previous re-
ports [15]. It is a useful biomarker of environmental and physiological determinants of
vitamin D status, including dietary and cutaneous synthesis, and is determined by CYP27B1
and CYP24A1 enzyme activity and all factors that influence the delivery and transport of
25(OH)D, including VDBP concentrations and genotypes [15].

Despite the sunny weather in Greece and the other Mediterranean countries, vitamin
D deficiency is a major public health burden [16]. Moreover, a systematic review regarding
hypovitaminosis D in the Mediterranean region including 2649 pregnant women revealed
a prevalence range between 22.7% and 90.3% for vitamin D deficiency [17].We aimed to
examine the potential effects of maternal and neonatal VDBP concentrations and poly-
morphisms on the specific adipomyokines adiponectin and irisin at birth, according to
different cut-offs of vitamin D status, in maternal–neonatal dyads from the sunny region of
Northern Greece.

2. Methods

2.1. Inclusion and Exclusion Criteria

A cohort of mother–child pairs at birth was included in the study. A detailed descrip-
tion of the enrollment has been previously described [18]. Informed consent was obtained
from all mothers. The study was conducted from January 2018 to September 2019 and
was granted ethical approval by the Bioethics Committee of the Aristotle University of
Thessaloniki, Greece (approval number 1/19-12-2011).

2.2. Demographic and Dietary Data—Biochemical and Hormonal Assays

At enrollment, demographic and social characteristics were recorded. All dietary
and demographic data of the cohort and methods of sampling have been reported pre-
viously [19]. Concentrations of 25(OH)D2 and 25(OH)D3 were determined using liquid
chromatography–tandem mass spectrometry (LC–MS/MS), with lower limits of quan-
tification (LLOQ); 25(OH)D2 (0.5 ng/mL), 25(OH)D3 (0.5 ng/mL), and the combination
of the two vitamin D forms, as total 25(OH)D, were provided [20]. VDBP, irisin, and
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adiponectin were measured with enzyme-linked immunosorbent assay on a Synergy H1
Hybrid reader and Gen5 software (BioTek, Winooski, VT, USA): GC-Globulin/VDBP (As-
sayPro, St. Charles, MO, USA); irisin (My BioSource, San Diego, CA, USA); adiponectin
(R&D Systems, Minneapolis, MN, USA). Intra-assay and inter-assay variance was <8%
and <10% for adiponectin and <8% and <10% for irisin, respectively. Detection limits for
assays were as follows: 0.098 μg/mL for VDBP, 3.12 ng/mL for irisin, and 0.039 μg/mL
for adiponectin. We classified maternal and neonatal vitamin D status at birth according
to the following: 25(OH)D ≤ 25 nmol/L (deficiency), 25–50 nmol/L (insufficiency), and
25(OH)D ≥ 50–75 nmol/L (sufficiency) [21,22].

2.3. VDBP Analysis

DNA isolation was performed by QIAamp DNA Blood Mini Kit (Cat. No. 51304,
QIAGEN, Hilden, Germany) according to the manufacturer’s protocol. Genotypes of VDBP
rs2298850, rs4588, and rs7041 SNPs were determined by LightSNiP assay using simple
probes (LightSNiP, TibMolBiol, Berlin, Germany) and LightCycler Fast Start DNA Master
HybProbe Kit (Cat. No.12239272001, Roche Diagnostics, Mannheim, Germany). Real-time
PCR (RT-PCR) was performed with LightCycler 480 Instrument II (Roche Diagnostics,
Mannheim, Germany). Genotyping was performed as previously explained [23].

2.4. UVB Measurements

UVB data for the broad geographical region of Thessaloniki, Greece, were collected as
described previously [18]. Mean UVB exposure during the previous 21 days (daily integral)
before blood sample collection (estimated mean half-life of vitamin D) was calculated.

2.5. Statistical Analysis

All analyses that involved the distributions of genotypes of VDBP polymorphisms
were analyzed with the chi-square (χ2) test, df:2 for genotypes. Significance was also
confirmed with Cramer’s V/Kendall’s tau-c. One-way ANOVA and multiple-comparison
tests were run to compare between mean values of the groups, either Tukey HSD or Dunett
C, depending on the normality of the data set. Homogeneity of variances was checked with
Levene’s Test for homogeneity of variances. Data and p-values were adjusted as needed by
one-way analysis of covariance (ANCOVA) for maternal height (cm), BMI prepregnancy
(kg/m2), BMI terminal (kg/m2), UVB, and weeks of gestation. All data are presented as
mean ± SD. A p-value < 0.05 was considered statistically significant. SPSS version 24.0”
software (SPSS, Chicago, IL, USA) was used to perform statistical analysis.

3. Results

3.1. Demographics of the Study Participants

The demographic characteristics of mothers–neonates cohort recruited in the study
are shown in Table 1. There were 66 mothers with 28 female and 38 male neonates in
total. Mean prepregnancy BMI (kg/m2) was 24.91 ± 4.81; while term pregnancy BMI
(kg/m2) was 29.62 ± 5.80. Daily dietary vitamin D intake during the third trimester was
2.9 ± 1.2 mcg.

3.2. Distribution of Neonatal Adiponectin, Irisin, and VDBP Concentrations According to
Maternal Vitamin D Status or Maternal VDBP Polymorphisms

Distributions of vitamin D status of neonatal adiponectin, irisin, and VDBP concentra-
tions according to maternal vitamin D status are presented in Table 2. Data and p-values
were adjusted for maternal height (cm), BMI prepregnancy (kg/m2), BMI at term (terminal
has a different connotation) (kg/m2), UVB exposure, and weeks of gestation. The mean pre-
conception BMI was 22.2 ± 3.3 kg/m2 (range 16.1–31.6), adjusted BMI was 22.4 ± 4.3 kg/m2

(range 13.5–35.5), and duration gestation was 37 to 42 weeks. The frequency distribution for
the lower tertile of vitamin D status revealed that 47 mothers–neonates dyads had serum
25(OH)D ≥25 nmol/L, with concentrations of 8.97 ± 13.24 μg/mL and 7.28 ± 7.73 μg/mL
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for adiponectin, while 16 dyads had serum 25(OH)D ≤25 nmol/L, with concentrations of
20.56 ± 20.53 μg/mL and 20.95 ± 21.53 μg/mL for adiponectin. Differences across neonatal
adiponectin concentrations according to maternal vitamin D status were remarkably signif-
icant (p = 0.048; adjusted = 0.003) with maternal 25(OH)D ≥25 nmol/L versus ≤25 nmol/L
in the lower tertile, while there were no significant differences for the other biomarkers,
irisin and VDBP, across the middle and upper tertiles. On the other hand, neonatal VDBP
concentration in maternal rs7041 GG genotype was significantly increased compared to
GT + TT genotype (GG genotype, n: 17, adjusted mean ± SD: 495.74 ± 279.57; GT + TT
genotype, n: 47, adjusted mean ± SD: 295.44 ± 156.61; adjusted p: 0.02, power: 67%).

Table 1. Demographics of mothers and neonates.

Mothers

Number (n) 66
Age (years) 31.92 ± 6.08
Prepregnancy weight (kg) 67.56 ± 14.54
Term Weight (kg) 85.43 ± 14.30
Prepregnancy BMI (kg/m2) 24.91 ± 4.81
Term BMI (kg/m2) 29.62 ± 5.80
Duration of gestation (weeks) 38.80 ± 1.56
Small for gestational age (SGA,%) 0.04
Appropriate for gestational age (AGA,%) 0.96
Large for gestational age (LGA,%) 0.00
Daily dietary calcium intake during 3rd trimester (mg) 792.5 ± 334.0
Daily dietary vitamin D intake during 3rd trimester (mcg) 2.9 ± 1.2

Neonates

Number (n) 66
Gender; females (n (%)) 28 (0.42)
Height (cm) 50.48 ± 1.96
Weight (g) 3292.12 ± 414.25

Table 2. Neonatal serum biomarkers according to maternal vitamin D status.

N
Neonatal VDBP

(μg/mL)
N

Neonatal
Adiponectin

(μg/mL)
N

Neonatal Irisin
(ng/mL)

Maternal vitamin
D status

<25 nmol/L 17 470.29 ± 325.47
(426.69 ± 292.65) 16 20.56 ± 20.53

(20.95 ± 21.53) 10 141.03 ± 90.35

>25 nmol/L 47 313.63 ± 176.35
(294.24 ± 125.52) 47 8.97 ± 13.24

(7.28 ± 7.73) 32 184.82 ± 186.36

p-value; adjusted p;
power

0.074
(0.085) *
41% φ

0.048
(0.003) *
88% φ

0.32

<50 nmol/L 42 372.86 ± 271.59 41 12.00 ± 15.36 25 157.62 ± 139.61

>50 nmol/L 22 321.61 ± 132.69 22 11.76 ± 17.67 17 199.06 ± 206.09

p-value 0.41 0.96 0.48

<75 nmol/L 53 365.10 ± 248.70 52 11.23 ± 13.99 33 182.44 ± 172.66

>75 nmol/L 11 307.78 ± 136.31 11 15.19 ± 24.24 9 144.91 ± 158.43

p-value 0.46 0.46 0.56

If the Levene’s test for equality of variances p > 0.05, then equal variances assumed (significant (2-tailed) p-values
of t-tests are given). If the Levene’s test for equality of variances p < 0.05, then equal variances not assumed
(significant (2-tailed) p-values of t-tests are given). * The data and p-values adjusted for maternal height (cm),
BMI prepregnancy (kg/m2), BMI terminal (kg/m2), and weeks of gestation by one-way analysis of covariance
(ANCOVA). φ Posthoc power analysis. Abbreviations: VDBP: Vitamin D-binding protein; 25(OH)D: 25-hydroxy-
vitamin D. Digits in bold refer to significant effects.
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3.3. Neonatal Serum Biomarkers according to Neonatal Vitamin D Status at Birth and Neonatal
VDBP Polymorphism

Neonatal serum adiponectin, irisin, and VDBP concentrations according to different
neonatal vitamin D cut-offs at birth and neonatal VDBP polymorphisms are presented in
Table 3. No significant effect was revealed for neonatal biomarkers, according to neonatal
vitamin D status at birth and different SNPs and genotypes. The only remarkable effect was
evident in neonates with 25(OH)D ≤ 75 nmol/L, which demonstrated higher irisin concen-
trations (233.56 ± 191.3 ng/mL),when harboring rs2298850 (CG + GG) (p = 0.04). However,
results were nonsignificant after adjusting for maternal height (cm), BMI prepregnancy
(kg/m2), BMI at term (kg/m2), UVB exposure, and weeks of gestation (p = 0.091).

3.4. Maternal Serum Biomarkers according to Maternal Vitamin D Status and Maternal
VDBP Polymorphisms

Maternal serum adiponectin, irisin, and VDBP concentrations according to different
maternal vitamin D cut-offs during delivery along with maternal VDBP polymorphisms are
presented in Table 4. Mothers in the upper tertile of 25(OH)D (≤75 nmol/L),with rs2298850
(CC genotype),manifested higher VDBP concentrations (403.06 ± 64.72 μg/mL, p = 0.007)
after multiple adjustments for maternal height (cm), BMI prepregnancy (kg/m2), BMI at
term (kg/m2), UVB exposure, and weeks of gestation, compared with women in the middle
and lower tertiles of 25(OH)D concentrations. Similar results were obtained for moth-
ers with rs4588 (CC genotype) regarding VDBP concentrations (403.06 ± 64.72 μg/mL,
p = 0.07), whereas the same SNP-genotype pattern revealed a similar effect on maternal
irisin concentrations (508.57 ± 559.87 ng/mL, p = 0.03).

3.5. Neonatal Serum Biomarkers According to Maternal Vitamin D Status and Maternal
VDBP Polymorphisms

Neonatal serum adiponectin, irisin, and VDBP concentrations in the context of mater-
nal VDBP polymorphisms and different maternal vitamin D cut-offs at birth are presented
in Table 5. We observed that women with rs 7041 (genotype GC) delivered neonates with
higher VDBP concentrations, at maternal concentrations of ≤50 nmol/L and ≤75 nmol/L
(524.75 ± 331.56 μg/mL, p = 0.05 and 526.26 ± 282.39 μg/mL, p = 0.01, respectively). Signif-
icance was more pronounced (p = 0.01) with increasing maternal vitamin D concentrations,
including a cut-off of 75 nmol/L.

3.6. Neonatal Serum Biomarkers According to Neonatal Vitamin D Status at Birth and Maternal
VDBP Polymorphisms

Neonatal serum adiponectin, irisin, and VDBP concentrations according to different
neonatal vitamin D cut-offs at birth and maternal VDBP polymorphisms are presented
in Table 6. There were no significant effects of different maternal cut-offs of 25(OH)D
according to neonatal vitamin D status and genetic profiles.
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4. Discussion

We aimed to investigate interactions between VDBP polymorphisms and adiponectin
(adipokine),irisin (myokine), and VDBP concentrations, according to different maternal
and neonatal 25(OH)D cut-offs, in mother–neonate pairs at birth. To our knowledge, this
is the first study on the effects of different VDBP polymorphisms on the adipo-myokine
offspring profiles, in the sunny Mediterranean region of Northern Greece. Our results
revealed the following:

(i) Neonatal serum biomarkers were not affected by any included neonatal VDBP poly-
morphism according to different cut-offs of neonatal vitamin D status at birth;

(ii) Neonatal VDBP concentration was increased in neonates with maternal rs7041
GG genotype;

(iii) Elevated maternal 25(OH)D at ≤75 nmol/L resulted in increased concentrations of
maternal VBDP and irisin concentrations in women with CC genotype for rs2298850
and rs4588,whereas this effect was also evident for this cut-off for neonatal VDBP
concentrations at birth for GC genotype for rs 7041;

(iv) No significant effect of neonatal VDBP polymorphisms was observed on neonatal
VDBP, adiponectin, or irisin levels when stratified according to maternal 25(OH)D
cut-offs.

We identified a specific type of functional polymorphism, in relation to vitamin D
status, VDBP polymorphisms, and metabolic profiles of future mothers and their neonates.
Higher maternal vitamin D status at birth affected concentrations of VDBP and irisin in
women and neonates with a specific VDBP SNP-genotype pattern, indicating an intriguing
interaction of a modifiable factor (maternal vitamin D status at birth) with a specific genetic
background (SNPs for VDBP), resulting in differences in concentrations of metabolites,
involved in energy regulation and immune response, such as those described for VDBP
and irisin previously [9–12]. Apart from its functions as the primary carrier molecule of
vitamin D, VDBP is considered as a critical regulator of the half-life of circulating vitamin D
metabolites [1–4]. It is also considered as a potent immunomodulator during pregnancy, at
placental and systemic level, inducing systemic and local maternal tolerance to paternal and
fetal allo-antigens [7]. VDBP has been implicated in regulating gene expression of certain
placental amino-transporters, which might be involved during in utero development in the
control of amino acid transfer to the offspring [8]. The exact pathways of the association of
VDBP dyshomeostasis and adverse pregnancy and offspring outcomes are still a matter
of debate. In this regard, specific VDBP polymorphisms have been also consistently
reported to contribute to this intriguing interplay of VDBP biodynamics and pregnancy
complications [7,24].

A study among Chinese women showed that the risk allele-A of rs3733359 of VDBP
gene was associated with a modest increase of risk for gestational diabetes mellitus (GDM)
in the obese subgroup, where other SNPs demonstrated correlations with insulin and
glucose homeostasis [25]. Another Chinese group reported that GC rs16847024 C > T was
significantly associated with an increased risk of GDM, however 25(OH)D concentrations
were not evaluated in most women included in the study; nevertheless, genes encoding
VDBP were found to be associated with vitamin D status [26]. These interactions, however,
should be carefully deciphered, since there are important ethnic variations, which do
not necessarily confirm the above findings in other pregnant cohorts. In this regard, a
prospective large case-control study from Norway evaluated potential interactions of
VDBP and its polymorphisms in pregnant women at 18th week of gestation and after
delivery, withT1D risk of offspring [27]. Although higher VDBP concentrations at term
were associated with lower risk of T1D in the offspring, no effects of VDBP polymorphisms
were evident. Absence or attenuation of the prominent physiological increase of VDBP
concentrations during pregnancy has been also reported in women whose offspring later
developed T1D from the same region [28]. A recent study from Sweden also investigated
associations of gene polymorphisms of vitamin D metabolism with markers of insulin
resistance and secretion with regard to the development of GDM. No associations of SNPs
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for VDBP and postpartum diabetes in women with a history of GDM, after multiple
adjustments, were found [29]. It becomes clear that available findings on the field are
largely affected by ethnic heterogeneity, highlighting the importance of national or regional
data from homogeneous populations.

Similar findings were reported for rs4588 (CC genotype) and rs 7041 (TT genotype)
in women with preeclampsia, compared to normotensive pregnant women from South
Africa [30]. Results from United States reported that a variant in the GC flanking region
(rs13150174) and a GC missense mutation in rs7041 were correlated with differences in
log-transformed 25(OH)D concentration. A meta-analysis conducted by the same authors,
also revealed that the minor allele for rs7041 was associated with elevated 25(OH)D concen-
trations and rs4588 was correlated with reduced 25(OH)D concentrations, among pregnant
women [31]. The A-allele of the rs7041 polymorphism of the VDBP gene was also associated
with a reduction in circulating 25(OH)D3 (difference in nmol/L) per allele of −5.48, and
similar findings were observed for the T-allele of the rs4588 polymorphism (difference in
nmol/L) per allele of −6.32 in a pregnant cohort from Northern Europe [28].

In addition, Chinese pregnant women with VDBP Gc-1f and Gc-1s genotypes had
elevated plasma 25(OH)D concentrations compared to women with Gc-2 genotypes [32].
Similar results were obtained by a large cohort of 2658 women from the Zhoushan Pregnant
Women Cohort study in China. Mutations of rs2298849 and rs7041 on the GC gene were
respectively associated with higher 25(OH)D in the first and third trimesters, whereas mu-
tations of seven SNPs (rs1155563, rs16846876, rs17467825, rs2282679, rs2298850, rs3755967,
and rs4588) on the GC gene were respectively associated with lower 25(OH)D both in
the first and in the third trimester. These effects were modified by season and vitamin D
supplementation [33], which was an exclusion condition in our study. Vitamin D-binding
protein polymorphisms have been shown to regulate attained 25(OH)D concentrations after
the use of supplements during pregnancy. In this regard, a positive association between
GC rs2282679 polymorphism and the achieved 25(OH)D status was noted following gesta-
tional cholecalciferol supplementation [34]. Recently, a multi-ethnic Asian genome-wide
association study analysis pertaining to a birth cohort of three ethnicities identified rs4588
and its defining haplotype as a risk factor for low antenatal and cord blood vitamin D [35].
We have also recently reported that mothers with a CC genotype for rs2298850 and a
CC genotype for rs4588 demonstrated higher 25(OH)D concentrations during delivery,
confirming these findings in a Southern European pregnant population [11].

Irisin has been involved in the regulation of glucose homeostasis during pregnancy
and neonatal body composition [36–38]. Irisin concentrations demonstrated a relationship
with anthropometric measurements inappropriate for gestational-age infants, whereas
low irisin concentrations in maternal serum were reported in pregnancies that developed
preeclampsia and isolated intrauterine growth retardation [37–40]. We have previously de-
scribed that maternal VDBP concentrations demonstrate a strong positive correlation with
maternal adiponectin and irisin concentrations, after adjustments for weeks of gestation,
maternal age, and BMI [9,10]. Further investigations are required to decipher the exact
dynamic pathways of VDBP, adiponectin, and irisin during pregnancy and their effects on
pregnancy complications and offspring body anthropometry.

During pregnancy, the binding affinity of VDBP for vitamin D metabolites is reduced to
compensate for the maternal and neonatal higher demand for calcium and elevated VDBP
concentrations, with almost two-fold increases between the second and third trimesters
during fetal development [6]. Moreover, physiological hemodilution might affect maternal
serum 25(OH)D levels due to maternal plasma volume expansion. Inflammation, placental
functions, and iron and calcium metabolism also contribute to the peculiarities of vitamin
D metabolism during pregnancy. In this regard, free 25(OH)D may be a better indicator
compared to total 25(OH)D since it remains comparable to levels reported in nonpregnant
women [41]. The analytical significance of several vitamin D metabolites including epimers
during pregnancy has been vastly questionable [42]. Recent studies are shedding light
on a plausible biologically active role for epimers in vitamin D metabolism and hence its

479



Nutrients 2022, 14, 90

importance upon interpretation of serum 25(OH)D levels based on the measurement assay
being used. Specific and accurate assays, namely, LC–MS/MS, separate epimers and thus
provide a better diagnostic tool for the measurement of 25(OH)D during pregnancy [43].

5. Strengths and Limitations

To the best of our knowledge, this study is the first to evaluate the contribution of
genetic variants of maternal and neonatal VDBP polymorphisms on adiponectin, irisin,
and VDBP concentrations at birth, according to different cut-offs of vitamin D status, in
maternal–neonatal dyads. Our findings, which were based on the inclusion of both maternal
and neonatal polymorphisms in conjunction with the assessment of different 25(OH)D
cut-offs, could pave the way for future investigations aiming to examine the potential role
of variants of VDBP on maternal–neonatal VDBP and adipokine status. Results could be
projected to guide future research for a personalized genotype-based approach that could
be particularly valuable for metabolic profiles of future mothers and their offspring.

Despite the strengths of our study, there are a few limitations that should be acknowl-
edged. First, the sample size was limited in its ability to identify additional differences in
other maternal–neonatal cut-offs. Second, the causality between the examined correlates
could not be confirmed by cross-sectional design. Third, all women were Caucasian, so
the findings cannot be confidently projected to other populations. In addition, despite
the implications of our results as a personalized genotype-based approach, one major
limitation pertains to the practicality of applying such an approach in the current clinical
setting in terms of cost-efficiency and feasibility. Hence, to monitor and secure adequate
vitamin D status during pregnancy, vitamin D supplementation remains the norm in the
clinical practice.

6. Conclusions

The findings in our study emphasize a potential role for VDBP genetic variants, CC
genotype for rs2298850 and rs4588, in conjunction with a specific high cut-off of maternal
25(OH)D, in increasing maternal VBDP concentrations, hence providing a mechanistic ratio-
nale for aiming for specific cut-offs of vitamin D, after supplementation during pregnancy,
in the daily clinical practice.
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Abstract: In the last 2 years, observational studies have shown that a low 25-hydroxyvitamin D
(25(OH)D) level affected the severity of infection with the novel coronavirus (COVID-19). This
study aimed to analyze the potential effect of vitamin D supplementation in reducing SARS-CoV-2
infection morbidity and severity in health care workers. Of 128 health care workers, 91 (consisting
of 38 medical doctors (42%), 38 nurses (42%), and 15 medical attendants (16%)) were randomized
into two groups receiving vitamin D supplementation. Participants of group I (n = 45) received
water-soluble cholecalciferol at a dose of 50,000 IU/week for 2 consecutive weeks, followed by
5000 IU/day for the rest of the study. Participants of group II (n = 46) received water-soluble
cholecalciferol at a dose of 2000 IU/day. For both groups, treatment lasted 3 months. Baseline serum
25(OH)D level in health care workers varied from 3.0 to 65.1 ng/mL (median, 17.7 (interquartile
range, 12.2; 24.7) ng/mL). Vitamin D deficiency, insufficiency, and normal vitamin D status were
diagnosed in 60%, 30%, and 10%, respectively. Only 78 subjects completed the study. Vitamin
D supplementation was associated with an increase in serum 25(OH)D level, but only intake of
5000 IU/day was accompanied by normalization of serum 25(OH)D level, which occurred in 53%
of cases. Neither vitamin D intake nor vitamin D deficiency/insufficiency were associated with a
decrease in SARS-CoV-2 morbidity (odds ratio = 2.27; 95% confidence interval, 0.72 to 7.12). However,
subjects receiving high-dose vitamin D had only asymptomatic SARS-CoV-2 in 10 (26%) cases; at the
same time, participants who received 2000 IU/day showed twice as many SARS-CoV-2 cases, with
mild clinical features in half of them.

Keywords: COVID-19; SARS-CoV-2; vitamin D; 25(OH)D; health care workers

1. Introduction

Recent studies showed that vitamin D deficiency and insufficiency are common in the
world’s general population, including Russia [1,2]. The COVID-19 pandemic that swept the
world in 2019 changed our lifestyles, as well as scientific and medical approaches. SARS-
CoV-2, a respiratory viral airborne infection with no effective treatment other than applying
prevention strategies, had serious damaging health effects [3]. In the last 2 years, researchers
have shown that COVID-19 severity may be related to vitamin D status [4]. Considering
vitamin D’s immunomodulatory properties [5–8], scientists found associations between low
25(OH)D level and COVID-19 severity in observational studies [9–12]. The largest study in
the United States reported that the SARS-CoV-2 positivity rate was 6%. It was lowest in
subjects with 25(OH)D concentration >55 ng/mL, compared with patients with 25(OH)D
of 20 ng/mL, whose rate reached about 11% [13]. However, for hospitalized patients, being
aged 50 years or older was a more significant factor than vitamin D status [14]. At the
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same time, we published data with analysis for more than 300,000 subjects who had a
known 25(OH)D level from fall 2019 to fall 2020, and detected that vitamin D deficiency
did not increase the rate of positive PCR test to SARS-CoV-2 in the Russian population [15].
One reason for that difference between the United States and Russia could be the high
prevalence of vitamin D deficiency in Russia, as well as using different methods for the
PCR testing of COVID-19.

Health care workers are now considered a risk group because they are continually
exposed to COVID-19. In a study of 120,075 participants, Mutambudzi and colleagues
showed that medical support staff had a sevenfold-higher risk of severe COVID-19 infection
than other worker groups (relative risk (RR) = 7.43; 95% confidence interval (CI), 5.52 to
10.00) [16]. The same data were found in the United Kingdom, where medical staff had a
high risk of COVID-19, especially those with vitamin D deficiency [17].

Vitamin D activates immune cells to produce cathelicidin and defensins, as well as
increasing expression of angiotensin-converting enzyme 2, which promotes the binding of
the virus in the lung blood vessels [18], leading to reduced survival and replication. As a
result, vitamin D supplementation could prevent and treat SARS-CoV-2. Results of the pilot
study in Spain, in which hospitalized COVID-19-positive patients took calcifediol, showed
that only 1 of 50 treated patients required the intensive-care unit in comparison with 13 of
26 nontreated patients (odds ratio (OR) = 0.02; 95% CI, 0.002 to 0.17) [19]. The bolus vitamin
D supplementation also was associated with decreased mortality in hospitalized COVID-19
patients in Turkey [20], and an improved 3-month survival in geriatric patients [21]. This
information was confirmed in a meta-analysis that included data from observational and
randomized controlled trials that reported reduced severity risk with higher 25(OH)D, and
some benefit from vitamin D in treating COVID-19 [22].

Despite many COVID-19 studies having been performed in the last 18 months, we
could not find interventional studies among medical staff with the use of vitamin D
supplementation to assess its preventive effect on SARS-CoV-2 morbidity. So, this study
aimed to analyze the potential effect of vitamin D supplementation in reducing SARS-CoV-2
infection morbidity and severity in health care workers.

2. Materials and Methods

2.1. Patients

The study population included 128 employees of Almazov National Medical Research
Centre (111 women and 17 men) who signed an informed consent for participation. They
began work in the infectious hospital amid the COVID-19 pandemic, had a negative PCR
test, and were off vitamin D or received only preventive doses. This single-center, open-
label, randomized, interventional study was performed from October 30 2020 to February
28 2021, with the following inclusion criteria: (i) age 18–65 years, (ii) negative PCR test
for SARS-CoV-2, (iii) absence of clinical signs of acute respiratory viral infection (ARVI),
(iv) contact with patients with laboratory and/or clinically confirmed SARS-CoV-2 in-
fection. We did not include subjects with a history of intolerance or allergic response to
water-soluble cholecalciferol in anamnesis, or those not compliant with the recommenda-
tion of the Ministry of Health with regard to personal protective equipment [23]. Exclusion
criteria included primary hyperparathyroidism or hypercalcemia of other etiology (includ-
ing a mutation of 24 hydroxylase); clinically significant gastrointestinal diseases, kidney
pathology (estimated glomerular filtration rate less than 45 mL/min/1.73 m2), and liver
diseases that can influence vitamin D absorption and metabolism; a history of granulo-
matous diseases; a history of oncology diseases (<5 years); intake of glucocorticosteroids
or anticonvulsants; and alcohol and drug addiction. Pregnant, breastfeeding women or
women planning pregnancies also did not participate. If potential participants had other
circumstances that the investigator considered inappropriate, they were excluded. Of note,
the general vaccination, including for high-risk groups, was launched only in the end
of February to early March 2021, and the first participant was included in the study in
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November 2020, when the center started to work with COVID-19 patients. Hence, we did
not include vaccinated health care workers at the beginning or throughout the study.

After signing the informed consent and initial physical examination, 23 subjects (18%)
were excluded from the survey after the prompt onset of a respiratory tract infection before
taking the first dose of cholecalciferol. Eleven employees (9%) withdrew consent soon
after signing; and three subjects (2%) were excluded because of a lack of initial laboratory
data. Thus, the final survey included data for 91 health care workers. After randomization
(random numbers method) at a ratio of 1:1, all participants were divided into two groups.
The participants of group I (n = 45) received water-soluble cholecalciferol (Aquadetrim,
“Akrichin,” Staraya Kupavna, Moscow region, Russia) at a dose of 50,000 IU/week for 2 con-
secutive weeks, followed by 5000 IU/day for the rest of the study. The participants of group
II (n = 46) received water-soluble cholecalciferol (Aquadetrim) at a dose of 2000 IU/day.
Our center was involved in the treatment of COVID-19 patients only for a duration of three
months; hence, the health care workers had direct contact with such patients only during
this time. Thus, the treatment lasted 3 months for both groups (Figure 1).

Figure 1. Study design. IC, informed consent; IgG, immunoglobulin G.

2.2. Physical Data

Anthropometric examination included height (centimeters) and weight (kilograms), from
which body mass index (BMI) was calculated (kilograms per square meter of body surface
area). The participant questionnaire included demographic data, education, medical history
and concomitant medication, smoking status, allergies, and vitamin D supplement intake.

2.3. Laboratory Tests

Serum 25(OH)D level was detected by the chemiluminescent immunoassay (Archi-
tect i8000; Abbott, Chicago, IL, USA) using laboratory sets and control sera from the manu-
facturer. Vitamin D deficiency was defined as a serum 25(OH)D level < 20 ng/mL [24].

Testing of immunoglobulin G (IgG) to SARS-CoV-2 was performed with a semiquantita-
tive method by using the enzyme-linked immunosorbent assay on the Bio-Rad 680 microplate
reader equipment (Hercules, CA, USA) with the corresponding set SARS-CoV-2-IgG-ELISA-
Best (Vector Best; Novosibirsk, Russia). A result was considered negative for positivity
index (PI) < 0.8; positive for PI ≥ 1.1; and borderline for 0.8 ≤ PI < 1.1.
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In addition, we evaluated biochemical parameters, such as a fasting plasma glucose level
and blood lipid profile (Roche Diagnostics GmbH, Mannheim, Germany). Also, 2 weeks after
starting the study, participants underwent blood tests to assess serum 25(OH)D (Abbott Archi-
tect i8000) and total calcium levels (reference interval, 2.15–2.65 mmol/L; Roche Diagnostics
GmbH, Mannheim, Germany).

All blood samples were taken in the morning from the cubital vein, centrifuged,
aliquoted, and stored in a freezer at −70 ◦C before testing.

2.4. Statistical Analysis

For sample calculation, we used Power and Sample Size software [25]. At a 5% signifi-
cance level and 80% power, the sample size was 72 people (36 per group).

Statistical processing was carried out using SPSS for Windows (ver. 26; IBM, Armonk,
NY, USA), with the help of standard methods of variation statistics. Between-group
comparison was carried out using the Mann–Whitney criteria for incorrect distribution;
results are presented as median and interquartile range, as well as mean and standard
deviation for the Student criterion in correct distributed parameters. Associations between
quantitative parameters were assessed using Spearman’s correlation coefficient. To describe
relative risk, we calculated the odds ratio, with a 95% confidence interval calculated using
Fisher’s exact method. The criterion for the statistical reliability of the obtained results was
p < 0.05.

3. Results

Of the 128 health care workers who signed the informed consent, 57 were medical
doctors (44%), 52 were nurses (41%), and 19 were medical attendants (15%). Baseline
serum 25(OH)D level varied from 3.0 to 69.0 ng/mL (mean, 18.5 (interquartile range, 11.9;
26.7) ng/mL). A total of 114 participants presented with baseline 25(OH)D results, with
63 subjects (55%) deficient, 34 subjects (30%) insufficient, and only 17 health care workers
(15%) with normal vitamin D status. Medical attendants were diagnosed with vitamin D
deficiency more often than medical doctors and nurses: 88%, 46%, and 53%, respectively
(p = 0.001). The participants with graduate medical education had a higher serum 25(OH)D
level (22.1 (16.1; 29.5) ng/mL) than subjects with a secondary medical education (19.3 (10.7;
24.9) ng/mL) or without specialized education (11.1 (9.7; 17.6) ng/mL) (p = 0.001; Table 1).

Table 1. Vitamin D status among health care workers (n = 114).

Parameter
Medical Doctors

n = 52
Nurses
n = 45

Medical Attendants
n = 17

p

25(OH)D, ng/mL, Me + IQR (25; 75) 22.1 (16.1; 29.5) 19.3 (10.7; 24.9) 11.1 (9.7; 17.6) 0.001

Vitamin D status, n (%)

Normal 12 (23) 4 (9) 1 (6)

0.001Insufficiency 16 (31) 17 (38) 1 (6)

Deficiency 24 (46) 24 (53) 15 (88)

25(OH)D, 25-hydroxyvitamin D; Me, median; IQR, interquartile range.

After exclusion of subjects infected with COVID-19 or those who withdrew consent
before the first dose of vitamin D supplementation, 91 employees (38 medical doctors,
38 nurses, and 15 medical attendants) were randomized. Participants in the groups were
comparable and had no significant differences in baseline serum 25(OH)D level, which was
16.9 (11.4; 23.9) for group I, and 18.4 (12.2; 25.1) ng/mL for group II (p = 0.54; Table 2).
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Table 2. Baseline characteristics of randomized health care workers.

Parameters
Group I
n = 45

Group II
n = 46

p

Age, years (mean ± SD) 35 ± 2 35 ± 2 0.81

Sex, M/F, n (%) 8 (18)/37 (82) 6 (13)/40 (87) 0.53

Education, n (%)

Graduate medical 15 (33) 23 (50)

0.36Secondary medical 24 (53) 14 (30)

Without specialized education 6 (14) 9 (20)

BMI, kg/m2, n (%) 24.8 ± 0.8 24.6 ± 0.7 0.98

Normal 25 (55) 29 (63)

0.49Overweight 12 (27) 10 (22)

Obese 8 (18) 7 (15)

FPG, mmol/L 5.3 ± 0.2 5.3 ± 0.2 0.35

TC, mmol/L 5.3 ± 0.2 5.3 ± 0.2 0.95

LDL, mmol/L 2.9 ± 0.2 3.0 ± 0.1 0.46

HDL, mmol/L 1.6 ± 0.1 1.6 ± 0.1 0.44

TG, mmol/L 1.6 ± 0.2 1.6 ± 0.2 0.49

25(OH)D, ng/mL, Me + IQR (25; 75) 16.9 (11.4; 23.9) 18.4 (12.2; 25.1) 0.54

Vitamin D status, n (%)

Normal 4 (9) 5 (11)

0.45Insufficiency 12 (27) 15 (33)

Deficiency 29 (64) 26 (56)

SD, standard deviation; M, male; F, female; BMI, body mass index; FPG, fasting plasma glucose; TC, to-
tal cholesterol; LDL, low-density lipoprotein; HDL, high-density lipoprotein; TG, triglycerides; 25(OH)D,
25-hydroxyvitamin D; Me, median; IQR, interquartile range.

Two weeks after the initiation of vitamin D supplementation, serum 25(OH)D level
and total calcium level were measured to control efficacy and safety. So, after 100,000 IU
of water-soluble cholecalciferol after 2 weeks, median 25(OH)D level was 32.9 (26.3; 39.6)
ng/mL, and was significantly higher than in the initial data (p = 0.001). Participants who
received 2000 IU had no significant changes in 25(OH)D level (19.3 (14.1; 27.2) ng/mL);
p = 0.08. Total serum calcium level was within reference values in both groups.

Analyses of IgG to SARS-CoV-2 showed that 13 randomized participants (14%) had ini-
tially positive IgG titers, an indicator of past infection—probably asymptomatic. Therefore,
data of those participants were excluded from the final analysis.

The analyzable final results included data of 78 employees (34 medical doctors (44%),
33 nurses (42%), and 11 medical attendants (14%)) who had not been exposed to the virus
in the past as a result of SARS-CoV-2 (Table 3). The results of their examination showed
the absence of significant differences, including the values of the baseline serum 25(OH)D
level in group I (18.4 (14.3; 24.5) ng/mL) and group II (18.5 (12.5; 25.0) ng/mL) (p = 0.94).
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Table 3. Characteristics of health care workers with initially negative IgG titer to SARS-CoV-2.

Parameters
Group I
n = 38

Group II
n = 40

p

Age, years (mean ± SD) 34 ± 2 36 ± 2 0.93

Sex, M/F, n (%) 6 (16)/32 (84) 6 (15)/34 (85) 0.92

Education, n (%)

0.99
Graduate medical 15 (39) 19 (48)

Secondary medical 20 (53) 13 (32)

Without specialized education 3 (8) 8 (20)

BMI, kg/m2, n (%) 24.3 ± 0.9 24.7 ± 0.7 0.57

Normal 22 (58) 25 (63)

0.85Overweight 12 (32) 9 (22)

Obesity 4 (10) 6 (15)

FPG, mmol/L 4.9 ± 0.1 5.4 ± 0.2 0.12

TC, mmol/L 5.2 ± 0.2 5.3 ± 0.2 0.91

LDL, mmol/L 2.8 ± 0.2 3.0 ± 0.1 0.44

HDL, mmol/L 1.6 ± 0.1 1.6 ± 0.1 0.29

TG, mmol/L 1.5 ± 0.2 1.6 ± 0.2 0.81

25(OH)D, ng/mL, Me + IQR (25; 75) 18.4 (14.3; 24.5) 18.5 (12.5; 25.0) 0.94

Vitamin D status, n (%)

Normal 3 (8) 5 (12)

Insufficiency 12 (32) 12 (30)

Deficiency 23 (60) 23 (58)

SD, standard deviation; M, male; F, female; BMI, body mass index; FPG, fasting plasma glucose; TC, total
cholesterol; HDL, high-density lipoprotein; LDL, low-density lipoprotein, TG, triglycerides; Me, median; IQR,
interquartile range; 25(OH)D, 25-hydroxyvitamin D.

All participants had an increase in serum 25(OH)D level at the end of the study. Therefore,
serum 25(OH)D after 3 months of vitamin D supplementation reached 29.9 (25.2; 42.0) ng/mL
in group I and 26.0 (21.3; 30.3) ng/mL in group II (p = 0.01), with 53% of participants from
group I and 25% from group II reaching normal vitamin D status (Figure 2).

Analysis of positive IgG to SARS-CoV-2 cases among employees showed that
10 (26%) health care workers in group I had a positive PCR test and positive IgG titer, but no
clinical features of ARVI. At the same time, 18 (45%) employees in group II had positive re-
sults, including 9 (23%) subjects with mild ARVI clinical features, and 9 (23%) subjects with
asymptomatic disease. No participants underwent a computed tomography scan owing to
asymptomatic or a mild course of COVID-19. Baseline and following vitamin D supplemen-
tation serum 25(OH)D level was the same among participants with positive IgG to SARS-
CoV-2, and virus-free participants (baseline, 19.3 (12.1; 23.6) and 16.9 (11.8; 24.9) ng/mL,
p = 0.51; and, at end of the study, 26.4 (20.3; 29.3) and 27.2 (22.2; 36.4) ng/mL, p = 0.69,
respectively). Assessing the risk of SARS-CoV-2 morbidity depending upon vitamin D
status, we found no associations between vitamin D deficiency/insufficiency and increased
incidence of viral infection (OR = 2.27; 95% CI, 0.72 to 7.12).
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Figure 2. Serum 25(OH)D level before and after different doses of vitamin D supplementation.

4. Discussion

To our knowledge, this is the first randomized interventional trial among health
care workers to show that high-dose vitamin D supplementation is safe and effective
in achieving normal vitamin D levels, but was not connected to reduced SARS-CoV-2
morbidity. However, intake of 50,000 IU/week twice, followed by 5000 IU/day, seemed to
be associated with asymptomatic COVID-19 cases, whereas health care workers receiving
2000 IU/day had a two-fold higher infection that was symptomatic with mild clinical
features in half of cases.

Vitamin D is postulated to play an important immunomodulatory role, and deficiency
is associated with increased incidence of ARVI, including COVID-19 [26–28]. Our previous
results also showed that severe vitamin D deficiency is associated with severity and death
in COVID-19 patients [29], and were comparable to recent findings [4,30]. Dissanayake and
colleagues, whose meta-analysis included 72 COVID-19 observational and 4 interventional
randomized studies, have shown not only correlations between 25(OH)D level and severity
or mortality, but also some clinical benefits and improvement in inflammatory markers of
vitamin D supplementation in treating COVID-19 [22].

Recent observational studies showed a more frequent vitamin D deficiency among
shift workers and newcomers, including health care workers, than day workers [17,31,32],
whereas data regarding mortality rate showed a high COVID-19-related mortality among
health care workers, as published by the World Health Organization [33]. Thus, a great
necessity exists to find new effective measures to prevent SARS-CoV-2 and/or decrease
COVID-19 morbidity and severity in medical workers. Taking into account the need to
improve preventive actions for medical staff in daily contact with SARS-CoV-2 patients, we
developed a hypothesis for this research to assess vitamin D supplementation’s effective-
ness in preventing COVID-19 among this population.

To reduce the risk of infection, it is recommended that people at risk should rapidly in-
crease 25(OH)D concentrations above 40–60 ng/mL [27,34]. In order to achieve this, patients
need to take higher loading vitamin D doses: 100,000–200,000 IU over 8 weeks [34,35]. To
maintain that level after the first month, the dose can be decreased to 5000 IU/day [36]. Con-
sidering published recommendations for decreasing the morbidity of COVID-19 [27,34,35],
we have chosen a high vitamin D supplementation dose of 50,000 IU/week twice for a
rapid increase of 25(OH)D level, followed by 5000 IU/day, and compared with the common
daily dose used in clinical practice. We showed a good tolerability of the saturating dose of
water-soluble cholecalciferol, and a rapid increase in the serum 25(OH)D level to normal
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values without an increase in total calcium levels in the blood. Those results are comparable
to those of previous works [36,37].

Inspection of the population-based study results shows that subjects with cholecalcif-
erol supplementation had a lower risk of SARS-CoV-2 infection (hazard ratio (HR) = 0.95
(95% CI, 0.91 to 0.98); p = 0.004) than deficient unsupplemented subjects. The protective
effect was more significant between treated subjects with 25(OH)D > 30 ng/mL and un-
treated deficient subjects (HR = 0.57 (95% CI, 0.50 to 0.66); p < 0.001) [38]. In our study, no
significant differences were evident in morbidity between the comparable groups, and no
difference in serum 25(OH)D level emerged between subjects with positive or negative IgG
titers despite vitamin D supplementation. That result might be related to our inability to
achieve the recommended 25(OH)D level of 40–60 ng/mL. However, subjects receiving
a higher dose of cholecalciferol had an asymptomatic course of viral infection. Those
differences can be explained by engagement mechanisms as in the cell-bound and adaptive
immunity, as well as a protective function on the level of upper-airway mucosa [39].

Possible study limitations include the small sample, absence of lab baseline data of
serum 25(OH)D level and IgG before randomization, and short study duration of 3 months.
In addition, the study was carried out in a comparative rather than placebo-controlled
design. Therefore, conducting more detailed research is necessary to better understand
vitamin D’s role in preventing SARS-CoV-2 infection.
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İ.İ.; et al. Rapid and Effective Vitamin D Supplementation May Present Better Clinical Outcomes in COVID-19 (SARS-CoV-2)
Patients by Altering Serum INOS1, IL1B, IFNg, Cathelicidin-LL37, and ICAM1. Nutrients 2021, 13, 4047. [CrossRef] [PubMed]

38. Oristrell, J.; Oliva, J.C.; Casado, E.; Subirana, I.; Domínguez, D.; Toloba, A.; Balado, A.; Grau, M. Vitamin D supplementation and
COVID-19 risk: A population-based, cohort study. J. Endocrinol. Investig. 2021, 45, 167–179. [CrossRef] [PubMed]

39. Rondanelli, M.; Miccono, A.; Lamburghini, S.; Avanzato, I.; Riva, A.; Allegrini, P.; Faliva, M.A.; Peroni, G.; Nichetti, M.; Perna, S.
Self-Care for Common Colds: The Pivotal Role of Vitamin D, Vitamin C, Zinc, and Echinacea in Three Main Immune Interactive
Clusters (Physical Barriers, Innate and Adaptive Immunity) Involved during an Episode of Common Colds-Practical Advice on
Dosages and on the Time to Take These Nutrients/Botanicals in order to Prevent or Treat Common Colds. Evid. Based Complement.
Altern. Med. 2018, 2018, 5813095. [CrossRef]

492



Citation: Helde Frankling, M.;

Klasson, C.; Björkhem-Bergman, L.

25-Hydroxyvitamin D in Cancer

Patients Admitted to Palliative Care:

A Post-Hoc Analysis of the Swedish

Trial ‘Palliative-D’. Nutrients 2022, 14,

602. https://doi.org/10.3390/

nu14030602

Academic Editors: Spyridon

N. Karras and Pawel Pludowski

Received: 10 December 2021

Accepted: 27 January 2022

Published: 29 January 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

nutrients

Article

25-Hydroxyvitamin D in Cancer Patients Admitted to Palliative
Care: A Post-Hoc Analysis of the Swedish Trial ‘Palliative-D’

Maria Helde Frankling 1,2,*, Caritha Klasson 1,3 and Linda Björkhem-Bergman 1,3

1 Karolinska Institutet, Department of Neurobiology, Care Sciences and Society (NVS), Division of Clinical
Geriatrics, Blickagången 16, Neo Floor 7, SE-141 83 Huddinge, Sweden; caritha.klasson@ki.se (C.K.);
linda.bjorkhem-bergman@ki.se (L.B.-B.)

2 Thoracic Oncology Center, Department of Oncology-Pathology, Karolinska Institutet, Karolinska University
Hospital, SE-171 76 Stockholm, Sweden

3 Stockholms Sjukhem, Palliative Medicine, Mariebergsgatan 22, SE-112 19 Stockholm, Sweden
* Correspondence: maria.helde.frankling@ki.se

Abstract: The purpose of this study is to explore 25-hydroxyvitamin D (25-OHD) levels in patients
with cancer in the palliative phase in relation to season, sex, age, tumor type, colectomy, and survival.
To this end, we performed a post-hoc analysis of ‘Palliative-D’, a randomized placebo-controlled,
double-blind trial investigating the effect of daily supplementation with 4000 IU of vitamin D for 12
weeks on pain in patients in palliative cancer care. In the screening cohort (n = 530), 10% of patients
had 25-OHD levels < 25 nmol/L, 50% < 50, and 84% < 75 nmol/L. Baseline 25-OHD did not differ
between seasons or tumor type and was not correlated with survival time. In vitamin D deficient
patients supplemented with vitamin D (n = 67), 86% reached sufficient levels, i.e., >50 nmol/L, after
12 weeks. An increase in 25-OHD was larger in supplemented women than in men (53 vs. 37 nmol/L,
p = 0.02) and was not affected by season. In the placebo-group (n = 83), decreased levels of 25-OHD
levels were noted during the study period for patients recruited during the last quarter of the year. In
conclusion, cancer patients in palliative phase have adequate increase in 25-OHD after vitamin D
supplementation regardless of season, age, tumor type, or colectomy.

Keywords: vitamin D; cholecalciferol; 25-OHD; vitamin D deficiency; palliative; cancer; latitude;
tumor type; season; sex differences

1. Introduction

Vitamin D is a hormone mainly synthesized in the skin in the presence of sunlight,
with 7-deoxycholesterol as a substrate [1]. Smaller amounts of vitamin D are ingested
orally, through foodstuffs and supplementation products [2]. Vitamin D is activated in
two hydroxylation steps into the active form, 1,25-dihydroxyvitamin D [1]. The active
form of vitamin D is the only known ligand to the vitamin D receptor (VDR), a nuclear
receptor present in many different cell types [3]. Vitamin D plays an important role in
maintaining calcium homeostasis [1], in skeletal health [1], and in the immune system [4,5].
The individual’s vitamin D levels is assessed by 25-hydroxyvitamin D (25-OHD), a more
stable compound than 1,25(OH)2D [6]. 25-OHD levels below 25 nmol/L constitute severe
deficiency and between 25 and 50 nmol/L deficiency [7]. Levels above 50 nmol/L are
considered to ensure skeletal health, while 75 nmol/L may be needed for optimal function-
ing of the immune system [7]. Toxic levels that can cause hypercalcemia and renal failure
are identified as levels above 250 nmol/L [7]. Cross sectional data on 25-OHD levels and
mortality do however suggest a U-shaped relationship, where levels above 125 nmol/L are
not necessarily beneficial for the individual [8].

Mechanistic studies suggesting anti-proliferative and anti-inflammatory effects of
vitamin D [4,5,9,10], have spiked interest in epidemiological vitamin D research in cancer
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patients. Studies on cancer incidence and mortality indicate that vitamin D supplemen-
tation may reduce cancer specific, but not overall, mortality [11–15]. Prospective clinical
studies investigate the possible potentiating effect of vitamin D on oncologic treatment
effect [16,17], as well as its possible role in the management of pain [18–22], fatigue, and
quality of life [20,21,23–25]. In a recent US study, 56% of cancer survivors took vitamin D
supplementation compared to 37% in the general population [26]. This is a large increase
in numbers compared with older cohorts, where fewer than 20% of cancer patients took
vitamin D [27].

In Sweden, synthesis of vitamin D cannot take place between October and March (“vita-
min D-winter”) [28]. Foods are fortified with vitamin D, and risk groups are recommended
supplementary vitamin D intake [2]. Still, there is a significant seasonal variation in vitamin
D levels [29–31], and 50% of healthy Swedish adults have vitamin D levels below 50 nmol/L
during winter [29,31,32]. Although oral vitamin D intake has increased over time [33],
vitamin D levels have remained constant [32]. In institutionalized patients in Swedish care
homes, most patients were vitamin D deficient [34,35]. In contrast, community-dwelling
elderly Swedes have much higher vitamin D levels [36–39]. In Supplementary Materials
Table S1, we present cross sectional Swedish studies on 25-OHD levels.

In cross sectional studies on 25-OHD levels in advanced or metastatic cancer patients,
25-OHD levels differ greatly between cohorts [40–46], with no seasonal variation in an
Australian cohort [45]. In Table 1, we present an overview of cross-sectional data from
cohorts of patients with palliative stage cancer disease.

In the randomized, placebo-controlled, double-blind trial ‘Palliative-D’, we investi-
gated the effect of 12 weeks of supplementation with 4000 IU vitamin D3 to patients with
advanced or metastatic cancer and 25-OHD ≤ 50 nmol/L on pain, infections, fatigue, and
quality of life (QoL) [20,47]. The mean change in opioid dose (as a proxy for pain) was
lower in vitamin D supplemented patients than in controls. Vitamin D treated patients
were also less fatigued. There was no difference between groups regarding antibiotic use
(as a proxy for infections), or QoL [47].

We have identified a knowledge gap regarding 25-OHD levels in palliative cohorts
from Northern latitudes, as well as the effect of vitamin D supplementation in palliative care
cohorts with mixed cancer types. In this post-hoc analysis of the randomized, controlled
trial (RCT) Palliative-D’, the primary aim is to explore 25-OHD levels in relation to season,
age, and tumor type in patients with advanced cancer, as well as change in 25-OHD in both
untreated and vitamin D supplemented patients. We hypothesize that this severely diseased
cohort presents smaller seasonal variations compared to healthier Swedish cohorts due to
more time spent indoors and thus experiencing less sun exposure during summer months.
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2. Materials and Methods

Patients were all in a palliative phase of their disease trajectory and they were recruited
from advanced palliative home care teams in the Stockholm Region (59◦ N) between
November 2017 and March 2020. Vitamin D levels (25-OHD) were assessed as part of the
screening procedure in all consenting patients (n = 530), fulfilling inclusion and exclusion
criteria. At screening, information on age, sex, and type of cancer was retrieved from
medical records [20]. The original study did not comprise assessment of food intake or
more specifically vitamin D ingestion.

Patients with 25-OHD ≤50 nmol/L (n = 244) were randomized to study drug, n = 121
to vitamin D3 oil drops (Detremin) 4000 IU/day and n = 123 to placebo [47]. Patients
completing all 12 weeks of intervention (n = 150) had their 25-OHD levels measured again
at the end of the study (Figure 1). Only 61% of randomized patients could be evaluated
after twelve weeks, with clinical deterioration and death due to malignancy causing high
attrition rates. In the results section, we present data on the screening cohort (n = 530)
and the randomized cohort with two measurements of 25-OHD with a 12-week interval
(n = 150) under different subheadings (Figure 1).

 

 

Sreening cohort 

n=530 

Randomized cohort 

25-OHD ≤ 50 nmol/L 

n=244 

Cohort with two 
measurements of 25-OHD 

(0,12 weeks) 
n=150 

Placebo, n=83 
Vitamin D3, n=67 

Figure 1. ‘Palliative-D’ cohorts analyzed regarding 25-OHD levels.

Some data on 25-OHD levels have been presented in previous publications on the
studied cohort. In the screening cohort, median 25-OHD was 51 nmol/L (range 8–195) in
both men and women [50]. Median baseline values of 25-OHD in randomized patients was
38 nmol/L (IQR 28–45) [47]. In the placebo group, median 25-OHD remained unchanged.
In patients supplemented with vitamin D, 25-OHD increased from 36 (±11) to 81 (±26)
nmol/L (p < 0.001) [47].

As previously reported, the median age in the entire screening cohort was 70 years
(IQR 62–77) [50], and the median age was 68 years (IQR 61—75) in patients randomized
to study the drug [47]. There were equal numbers of men and women in the screening
cohort, with 265 in each group [50]. In randomized patients with two assessments of
25-OHD (n = 150), 49% were men [47]. In both the screening and in the randomized cohorts,
colorectal cancer was the most common tumor type, followed by upper gastrointestinal
(GI) and lung cancer [47,50]. We did not collect data on physical performance status or
socioeconomic factors.

Inclusion criteria allowed for a daily dose of 400 IU vitamin D, and patients were
meticulously asked about nutritional supplements during the screening process, so as to
avoid recruiting patients who were taking larger than allowed doses of vitamin D [47]. We
only recruited patients who planned to spend the next 12 weeks in the Stockholm region,
but are aware that a few recruited participants still went on shorter holiday trips during
winter months. Compliance was overall good, however 2 patients in the intervention group
reported lacking compliance. Compliance is reported in greater detail in the supplementary
material of the original publication [47].

Vitamin D levels were assessed as 25-OHD in serum analyzed by chemiluminescence
immunoassay (CLIA) on a LIAISON-instrument (DiaSorin Inc, Stillwater, MN, USA) with a
detectable range of 7.5 ± 175 nmol/L, CV 2 ± 5% at the Department of Clinical Chemistry,
Karolinska University Hospital.
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Statistical analysis was performed using Graph-Pad Prism version 8.4.3. Data that do
not show Gaussian distribution, medians, IQR, and min-max are presented. For data with
Gaussian distribution, we also calculated means and standard deviations (SD). Two tailed
significance tests with a significance level of 0.05 were performed with Mann–Whitney U
for non-normally distributed data and with Fisher’s exact test for normally distributed data.
Baseline 25-OHD in relation to tumor type and change in 25-OHD in relation to tumor type
in non-supplemented patients were compared using the Kruskal Wallis test. Proportions
of categorical variables were compared with Fisher’s exact test. An analysis of correlation
between 25-OHD and survival was done with simple linear regression.

3. Results

3.1. Baseline Characteristics Not Reported in Previous Publications

In randomized patients, 25-OHD levels ranged from 8–50 nmol/L. Vitamin D levels
at screening in patients randomized to intervention were lower in patients who did not
complete all 12 weeks, compared to those who did (median 25-OHD 34 vs. 39 nmol/L),
however the difference was not statistically significant (p = 0.075).

3.2. Cutoff Levels for Vitamin D Deficiency
3.2.1. Screening Cohort

In the screening cohort, 10% of patients had 25-OHD levels < 25 nmol/L, 50% < 50
nmol/L, and 84% < 75 nmol/L. Two percent of screened patients had 25-OHD above 125,
with the highest individual value at 195 nmol/L. Two patients in the screening cohort
had undetectable vitamin D levels at screening (<8 nmol/L), one of them being a patient
with breast cancer who died shortly after inclusion. The other patient with unmeasurable
25-OHD also had a diagnosis of breast cancer, and was randomized to vitamin D supple-
mentation 4000 IU/day in September and increased 25-OHD to 130 nmol/L after 12 weeks
of follow up (the largest individual increase in the intervention group).

3.2.2. Randomized Cohort

In patients who received vitamin D supplementation for 12 weeks (n = 67), 13% had
baseline values < 25 nmol/L and 15/67 patients with initial values below 50 nmol/L
reached levels above 100 nmol/L after 12 weeks (median increase in this subpopulation
was 79 nmol/L, IQR 64–94). In contrast, 9/67 vitamin D supplemented patients remained
vitamin D deficient. In this group, 8/9 patients were male and 7/9 had gastrointestinal
tumors. One patient with a gastrointestinal neuroendocrine tumor (GI-NET) and one with
pancreatic malignancy dropped their 25-OHD-levels with two units during follow-up. Very
small increases in 25-OHD (2–5 nmol/L) were seen in three colorectal cancer patients, two
of which had undergone total or partial colectomy. Still, median 25-OHD levels in all
patients with gastrointestinal cancer were not significantly lower than other tumor groups.
Change in 25-OHD in relation to cutoff values for vitamin D deficiency are presented in
Supplementary Materials Table S2.

3.3. 25-OHD in Relation to Season
3.3.1. Screening Cohort (n = 530)

Baseline 25-OHD did not differ significantly between months or quarters of the year or
summer (April–September) versus winter season (October–March) in the screening cohort
(Figure 2, Supplementary Materials Table S3). There were differences in the number of
patients screened each month, with the lowest numbers in June (n = 12) and July (n = 16),
and the highest numbers in November (n = 92), March (n = 68), and January (n = 67).
Only 10 percent of patients were recruited during the summer months June, July, and
August (52/530).
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Figure 2. Cross-sectional 25-OHD in relation to screening month. Median 25-OHD values in nmol/L
in the screening cohort (n = 530) of the ‘Palliative-D’ study. Boxes show interquartile range whiskers
5/95 percentiles and dots outliers. There were no statistically significant differences between groups
(Mann-Whitney U).

3.3.2. Randomized Cohort (n = 150)

In patients receiving placebo, the difference in median change in 25-OHD over
12 weeks for patients recruited during the first quarter of the year (3 nmol/L) was signif-
icantly higher than in those recruited during Q4 (−3 nmol/L p = 0.003) (Supplementary
Materials Table S4). In patients supplemented with 4000 IU vitamin D/day, median change
in 25-OHD for patients recruited during the first two quarters of the year was 44 and
47 nmol/L respectively, and 36.5 and 37 nmol/L in Q3 and Q4, however differences
between time periods were not significant (Supplementary Materials Table S4).

3.4. Change in 25-OHD in Relation to Sex, Randomized Cohort (n = 150)

In patients receiving placebo, there was no difference in median change in 25-OHD
over 12 weeks between men and women (data not shown). In patients supplemented
with 4000 IU vitamin D for 12 weeks (n = 67), a median increase in 25-OHD for men
was 37 nmol/L and for women, it was 53 nmol/L (confidence interval, CI, for difference
between groups −26 to −2, p = 0.02). The difference between groups was mainly due to
large increases in 25-OHD in a small number of women, i.e., outliers.

3.5. 25-OHD in Relation to Cancer Type
3.5.1. Screening Cohort (n = 530)

In the screening cohort, there were no significant differences in 25-OHD between
patients with breast, colorectal, lung, gynecological, prostate cancer, upper gastrointesti-
nal (GI) cancer, or “other”, a group in which tumor types with fewer observations were
pooled (cancer of unknown primary, tumors of the central nervous system, head & neck
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cancer, hematological malignancy, malignant melanoma, sarcoma, and urinary tract tu-
mors) (Figure 3).

Figure 3. Cross-sectional 25-OHD in relation to tumor type (n = 530). Median 25-hydroxyvitamin D
(25-OHD) values in nmol/L in patients with different types of cancer from the screening cohort of the
‘Palliative-D’-study. Boxes show interquartile range and whiskers min-max values. There were no
statistically significant differences between groups (Kruskal Wallis).

3.5.2. Randomized Cohort (n = 150)

A change in 25-OHD over time in patients receiving placebo did not vary between
cancer types (p = 0.56). In vitamin D supplemented patients, the median change in 25-OHD
was largest in patients with gynecological tumors (n = 7, median 64, IQR 54–86) and lowest
in patients with prostate cancer (n = 7, median 26, IQR 21–58). Due to few observations, we
did not perform a significance test for change in 25-OHD in supplemented patients across
all tumor types. When comparing median change in 25-OHD between the two largest
supplemented groups, colorectal cancer and upper GI-cancer, results were very similar
(data not shown). When looking at individual values, all vitamin D supplemented patients
with very small changes in 25-OHD after 12 weeks had GI-tumors.

Median 25-OHD values in nmol/L in the screening cohort (n = 530) of the ‘Palliative-D’
study included the interquartile range (boxes) and min-max values (whiskers). Compar-
isons between groups was performed with Mann–Whitney U, and no significant difference
between the types of cancer was observed.

3.6. 25-OHD in Relation to Age, Screening Cohort (n = 530)

In the screening cohort, median vitamin D levels in patients aged 70–79 years old
(n = 206) was significantly higher compared to the rest of the screening cohort (56 vs. 51,
95% CI of difference 1–8, p = 0.02). In 60–69-year-old patients (n = 145), median 25-OHD-
levels were instead lower than in other age groups (45 vs. 51 nmol/L, 95% CI of difference
2–10, p = 0.005). All other comparisons between age groups and the remaining cohort were
not significant. However, when comparing age groups with each other, we also noted that
the small group of younger patients (<39 years, n = 7) had lower 25-OHD levels than elderly
patients. Patients 60–69 years of age had significantly lower 25-OHD levels compared to
those who were older, as seen in Figure 4.
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Figure 4. Cross-sectional 25-OHD in relation to age (n = 530). Median 25-hydroxyvitamin D (25-OHD)
values in nmol/L in the screening cohort (n = 530) of the ‘Palliative-D’ study, included the interquartile
range and min-max values. Comparisons between groups was performed with Mann–Whitney U. In
the 60–69 years age group, the median 25-OHD was lower than in the 70–79 years age group (45 vs.
56 nmol/L, 95% CI −15 to −5, p < 0.0001, and in the 80+ years age group (45 vs. 51 nmol/L, 95%
CI −15 to −2, p = 0.006).

3.7. 25-OHD in Relation to Survival
3.7.1. Screening Cohort (n = 530)

In patients in the screening cohort who were deceased by 9 June 2021 (n = 440),
25-OHD at screening did not correlate with survival time (p = 0.159). In Figure 5, we
present median 25-OHD in patients with a survival time of less than 1 month, 1–3, 3–6,
6–12, and more than 12 months between survival time periods. In Figure 6, we have plotted
25-OHD values versus survival in days. In patients who survived for less than a month
after screening (n = 44), median 25-OHD was 41.5 and in patients surviving longer than a
year (n = 59), 56 nmol/L respectively (p = 0.11).

Figure 5. Median 25-hydroxyvitamin D (25-OH) values in nmol/L in deceased patients from the
screening cohort (n = 440) of the ‘Palliative-D’ study included the interquartile range and min-max
values. Comparisons between groups was performed with Mann–Whitney U and there were no
statistically significant differences between groups.
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Figure 6. Median 25-hydroxyvitamin D (25-OHD) values in nmol/L in deceased patients from the
screening cohort (n = 440) of the ‘Palliative-D’ study plotted against survival time in days.

3.7.2. Randomized Cohort (n = 150)

There was no correlation between 25-OHD and survival after 12 weeks of vitamin D
supplementation (n = 112, p = 0.40).

3.8. 25-OHD in Colectomized Patients/Patients with Short Bowel Syndrome
3.8.1. Screening Cohort (n = 530)

There was no difference in median 25-OHD at screening between colectomized patients
(n = 60) and the rest of the screening cohort (n = 470, Figure 7). There were six patients with
short bowel syndrome in the screening cohort. In this group, median 25-OHD was 42.5
(range 21–137). Due to the small number of observations, we could not make a comparison
of 25-OHD between groups.

Figure 7. Cross-sectional 25-OHD in colectomized patients. Median 25-hydroxyvitamin D (25-OHD)
values in nmol/L in colectomized and non-colectomized patients from the screening cohort of the
‘Palliative-D’-study. Boxes show interquartile range and whiskers min-max values. There was no
statistically significant difference between groups (Fischer’s exact test).
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3.8.2. Randomized Cohort (n = 150)

One patient with short bowel syndrome was supplemented with vitamin D and
increased 25-OHD levels from 40 to 98 nmol/L.

4. Discussion

In this explorative post-hoc analysis of 25-OHD levels in the ‘Palliative-D’ cohort of
severely diseased patients with cancer, 50 percent of patients were vitamin D deficient, and
84% had 25-OHD values below the proposed desired level of 75 nmol/L. Cross-sectional
25-OHD-levels did not vary with time of the year. As shown in the original publication,
there was no difference in cross-sectional 25-OHD between men and women, but women
had a significantly larger increase in 25-OHD when supplemented with 4000 IU of vitamin
D3 for 12 weeks. In our material, 60–70-year-old patients had significantly lower 25-OHD
levels and 70–80-year-old patients had higher levels compared to other age groups. There
was no association between tumor type and 25-OHD. Colectomized patients did not
exhibit lower 25-OHD levels than non-colectomized patients. Almost one in four patients
supplemented with vitamin D for 12 weeks increased their 25-OHD levels with more than
50 nmol/L. In patients who did not reach vitamin D levels above 50 nmol/L, a majority
were male patients with gastrointestinal tumors. There was no association between baseline
25-OHD and survival.

In comparison with other Swedish cohorts with cross-sectional data on 25-OHD, our
cohort of severely diseased patients had higher 25-OHD values compared to comparatively
older Swedish nursing home residents [34,39,51], however values were lower than in
healthy elderly [39]. We also observed significantly less seasonal variation in 25-OHD
levels compared to healthy (and younger) Swedish cohorts [29,31]. We suggest that as
patients with advanced cancer spend less time outside, consequently their 25-OHD levels
rely less on sun exposure.

As seen in Table 1, 25-OHD levels in palliative cohorts with mixed tumor types vary
greatly [40–43,46,48,49]. Our cohort is the yet largest to be studied. Patients screened in
‘Palliative-D’ had higher 25-OHD levels compared to recently studied cohorts in Spain
and Turkey [24,40], well in line with Australian and US experiences [43,45,46,48,49]. The
fact that 25-OHD-levels did not differ between tumor types is consistent with previous
findings [45].

In our material, women increased their 25-OHD-levels more than men when supple-
mented with vitamin D, and more specifically a small number of women had very large
increases in 25-OHD. We do not know whether this is due to sex differences in vitamin D
uptake and metabolization, whether these individuals took more vitamin D supplementa-
tion than prescribed in the study, or otherwise changed their lifestyle and eating habits to
increase 25-OHD.

In the multivariate analysis of ‘Palliative-D’, colectomy and cancer type did not affect
results regarding pain, infections, and quality of life [47]. However, all vitamin D supple-
mented patients with very small changes in 25-OHD after 12 weeks had GI-tumors. This
indicates that at least in some GI-cancer patients, reduced uptake of vitamin D may be an
issue, as seen in other studies on patients with GI cancer [52].

We consider the fact that vitamin D supplementation is recommended in all citizens
aged 75 years and above in Sweden plays a role in the higher levels of 25-OHD observed in
the elderly in our cohort [2]. In the small group of young patients, 25-OHD levels were low.
We do not interpret this as a difference between groups attributable to age itself. Rather,
there were individuals in this group with very long disease trajectories and many lines of
palliative oncological treatment.

We noted that 10 patients had very high levels of 25-OHD at screening, although
ongoing vitamin D supplementation was an exclusion criterion in the ‘Palliative-D’ study.
These patients were recruited to the study during all four quarters of the year. To us it
seems unlikely that levels above 150 nmol/L are attained solely through sun exposure, and
we suspect that these patients were taking vitamin D supplementation. Use of vitamin D
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supplementation is presently very common in cancer patients [26]. In Sweden, we do not
routinely screen for vitamin D deficiency, and possibly some patients enrolled in the study
mainly to have their vitamin D status checked.

Several patients had high 25-OHD levels at screening, and a few also reached levels
above 150 nmol/L after 12 weeks of supplementation. The safety, over time, of such high
levels is debated [8,53].

A strength of this study is the size of the screening cohort and the fact that we included
many different types of cancer types. Limitations include the fact that the subgroups
are small, especially when analyzing patients followed for 12 weeks, and this makes
comparisons across subgroups less reliable. Furthermore, only 10% of patients were
recruited to the screening cohort during the months of June, July, and August. We did
not collect data on dietary intake and did not assess levels of the parathyroid hormone
(PTH). However, dietary intake could not account for the large increases of 25-OHD in
supplemented patients.

5. Conclusions

Levels of 25-OHD in palliative cancer patients in northern latitudes have less seasonal
variation than healthy populations from the same latitudes. The type of cancer does not
predict vitamin D levels in a palliative setting. There is large inter-individual variation in
cross-sectional 25-OHD levels, indicating that some patients take larger doses of vitamin D
supplementation. Even in a severely diseased population, patients respond well to vitamin
D supplementation with adequate increase in 25-OHD levels, regardless of season, age,
tumor type, or colectomy, however the increase may be more pronounced in women than
in men.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/nu14030602/s1, Table S1: Cross sectional cohorts with measurements of 25-OHD in Sweden,
Table S2: Baseline levels and change in 25-OHD (nmol/L) after 12 weeks of supplementation of
vitamin D3 4000 IU/day in relation to cutoff levels in a cohort of patients with cancer in palliative
phase, Table S3: 25-OHD in the screening cohort (n = 530) in relation to season, Table S4: Change
in 25-OHD over 12 weeks in relation to season in vitamin D supplemented patients and in patients
receiving placebo.
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