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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/burdeny).

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 Dj is produced in
the skin through the action of UVB radiation reaching 7-dehydrocholesterol in the skin, followed by a
thermal reaction. That vitamin Dj or oral vitamin D is converted to 25(OH)D in the liver and then
to the hormonal metabolite, 1,25(OH),D (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(0OH),D 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 Thl cytokines, such as
tumor necrosis factor o and interferon y [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(0OH),D3 suppresses responses
mediated by the T helper cell type 1 (Th1), by primarily repressing production of inflammatory cytokines
IL-2 and interferon gamma (INFy) [33]. Additionally, 1,25(OH),D3 promotes cytokine production
by the T helper type 2 (Th2) cells, which helps enhance the indirect suppression of Thl cells by
complementing this with actions mediated by a multitude of cell types [34]. Furthermore, 1,25(OH),D3
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(0OH)D concentration.
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Table 1. Results of vitamin D randomized controlled trials (RCTs) on risk of influenza.

Baseline Vitamin D Influenza Cases in Outcome
Country Population 25(0H)D Dose Vitamin D, Placebo Ref
(ng/mL) (IU/d) Arms

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

Type A: 18/167; 31/167.
If not taking vitamin

Japan Schoolchildren N/A 0,1200 D before enrollment: D before entollment,  [52]
aged 6-15 yrs 8/140; 22/140. Type B: _ o
RR =0.36 (95% CI,
39/167;
28/167 0.17 to 0.79);
no effect for Type B
High school
students
. ) g . Type A,RR = 1.11 )
Japan mc!udlng mapy N/A 0, 2000 20/148; 12/99 (95% CI, 0.57 to 2.18) [54]
vaccinated against
influenza
Diff. in influenza A
viral load, high vs.
. low vitamin D on day
China Infants, 3-12 mos 17 400, 1200 4 of illness: 1.3 + 0.5 [53]
vs. 45+ 1.4 x 10°
copies/mL
223 patients

. 8/115; RR =1.25 (95% CI,

Japan with IBD, 23-24 0,500 6/108 0.45 to 3.49) [55]
mean age 45 yrs

. Children aged 0, 14,000 50/650; HR =1.18 (95% CI,

Vietnam 3-17 yrs % Jwk 43/650 0.79 to 1.78) 156l

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(0OH)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 HIN1 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 CER 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(0OH)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 prodqctlon of pro-inflammatory Inverse correlation [70,71]
cytokines such as IL-6
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(0H)D values in winter [48,81]
Males have higher incidence and much .
higher CFRs than females Smoking reduces 25(OH)D (821
Chronic disease rates increase with age;
CFR increases with age vitamin D plays a role in reducing risk of [83]
chronic diseases
Higher CER for diabetics Diabetics may have lower 25(0OH)D [84]
Higher CER for diabetics Lower 25(OH)'D ass.oc1'ated with increased [85]
risk of incidence
. . Lower 25(OH)D may be associated with
Higher CFR for hypertension increased risk of incidence (86l
. . . Lower 25(OH)D associated with increased
Higher CFR for cardiovascular disease risk of incidence and death [87]
For COPD patients, 25(OH)D inversely
Higher CFR for chronic respiratory disease correlated with risk, severity, and [88]
exacerbation
Found at higher rates in regions with Air pollution associated with lower 25(OH)D [89]

elevated air pollution

concentrations

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

Did not significantly result in complete resolution.
Treatment of CAP with vitamin D Baseline 25(OH)D was 20 ng/ml. Achieved 25(0OH)D in [90]
the treatment arm was 40 ng/mL.

Increased production of

pro-inflammatory cytokines such Reduces concentration of IL-6 [11]
as IL-6
Increased CRP Reduces CRP in diabetic patients [91]

No reduction in mortality rate found for adults with
sepsis supplemented with vitamin D. Most trials

Increased risk of sepsis included participants with 25(OH)D <20 ng/mL; 21
vitamin D3 doses between 250 and 600 thousand IU.
Risk of ARDS Vitamin D deficiency contributes to development of [77,93]

ARDS

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/ml1 [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(0OH);,D, 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]

Inverse association between 25(OH)D concentration and progression of
disease state

Vitamin D supplementation trial with 1000 and 4000 IU/d. 4000 TU/d
resulted in higher resistance to DENV-2 infection. MDDCs from those
Dengue supplemented with 4000 IU/d showed decreased mRNA expression of [29]
TLR3, 7, and 9; downregulation of IL-12/IL-8 production; and increased
IL-10 secretion in response to DENV-2 infection

Dengue [108]

1,25-hydroxyvitamin-D3-24-hydroxylase, encoded by CYP24A1 gene, is
Hepatitis C a key enzyme that neutralizes 1,25(OH),D. This study found that alleles [109]
of CYP24A1 had different effects on risk of chronic hepatitis C infection.

25(0OH)D concentrations were lower in CHB patients than that of

CHB healthy controls and inversely correlated with HBV viral loads

[110]

Found that cathelicidin significantly reduced KSVH by disrupting the

KSHV .
viral envelope.

[111]

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.

HIV-1 [112]

In a lung epithelial cell study, calcitriol treatment prior to and post
infection with HIN2 influenza significantly decreased expression of the
influenza M gene, IL-6, and IFN-f3 in A549 cells, but did not affect virus

replication.

HIN2 influenza [113]

Demonstrated that the human cathelicidin LL-37 has effective antiviral
RSV activity against RSV in vitro and prevented virus-induced cell death in [114]
epithelial cultures,

Performed a laboratory study that identified the mechanism by which

RSV vitamin D reduced risk of RSV.

[28]

Found that the T-allele of the vitamin D receptor has a lower prevalence
RSV in African populations and runs parallel to the lower incidence of [115]
RSV-associated severe ALRI in African children, 1 year.

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
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
(KSHYV); monocyte-derived dendritic cells (MDDCs); respiratory syncytial virus (RSV).

Rotaviral diarrhea [116]

One way that CoVs injure the lung epithelial cells and facilitate pneumonia is through increased
production of Thl-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 vy 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 Dj 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(0H)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(0OH)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(0OH)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 Ds 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(0OH)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(0OH)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
ARTISs 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(0OH)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 ug) 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),D (-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.

Nutrients 2020, 12, 1310; d0i:10.3390/nu12051310 www.mdpi.com/journal/nutrients
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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 ug (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 ug (2800 IU) of cholecalciferol or a similarly
administered placebo for 12 weeks. For the first two weeks, the design was 2 X 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 Il 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(0OH),D 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(0OH)D3) and 1,25-dihydroxyvitamin
(1,25(0OH), D) were quantified using isotope dilution liquid chromatography—tandem mass spectrometry
(LC-MS/MS), which is the gold standard for 25(0OH)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
(13,000x 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 H,O. A volume of 400 uL of filtrate was transferred
to a 5 mm NMR tube (VWR International, Herlev, Denmark) with 100 uL phosphate buffer (pH 7.4,
300 mM) and 100 uL D,O containing 0.05 wt. % sodium salt (TSP) (Sigma-Aldrich, Seborg, Denmark).
All NMR spectra were acquired at 298 K on a Bruker Avance III 600 spectrometer operating at a
H 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 (noesyprld) 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 'H 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(0OH),D, 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 (1 = 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/m?) 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 (1 = 38) p-Value
Appendicular lean mass index (Kg/mz) 10.8 [10.0; 12.1] 10.7 [10.1; 11.5] 0.56
Fat mass index (Kg/mz) 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 7 (%) 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) 5.24.8;5.9] 5.5[5.0; 6.4] 0.12
HDL (mmol/L) 1.8+04 1.8+04 0.76
LDL (mmol/L) 3.0+08 33+1.0 0.14
Triglycerides (mmol/L) 1.1[0.7;1.3] 0.910.7;1.3] 0.65
Arterial stiffness (m2/s) 97+17 91+13 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(0OH),D, 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 (A)
Ref.Range Baseline, n = 76 Vitamin D, n = 38 Placebo, n = 38 p-Value
Plasma
25(0OH)D (nmol/L) 50-160 33+9 58.5+16.3 —-45+6.3 <0.00001
1.25(OH)2D (pmol/L) 60-180 53 +14 185+ 15.2 -9.6+99 <0.00001
PTH (pmol/L) 1.6-6.9 6.1+13 -0.69 +0.79 0.28 +0.80 <0.00001
Ca?* (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 10319 0.33 +1.53 -0.37 £ 1.67 0.06

Abbreviations: 25(0OH)D, 25-hydroxy vitamin D, 1,25(OH),D, 1,25dihydroxy vitamin D, PTH, parathyroid hormone,
Ca?*, 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 (1 = 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(0OH);D increased, and PTH decreased (p,; < 0.001). Similarly,
within the placebo group, 25(OH)D and 1,25(OH),D decreased significantly (p,; < 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.
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Compared with the placebo, vitamin D supplementation significantly increased the serum levels
of carnitine to 6.0 pmol/L (95% CI: —1.1 to 13) vs. —5.5 pmol/L (-13 to 2.0), p = 0.03), choline to
—0.00 pmol/L (=2.2 to 2.1) vs. —4.1 umol/L (=6.7 to —1.6), p = 0.02), and urea to 45 pmol/L (24 to 66 vs.
13 umol/L (7.0 to 34, p = 0.03), whereas trimethylamine-N-oxide (TMAO) tended to increase, reaching
6.3 umol/L (1.5 to 11) vs. 0.6 pmol/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 nug/d) compared to placebo.

Changes (A), pmol/L

Metabolites Baseline, umol/L, n =76 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] 033
Alanine 210 + 57 8.3 [-15; 47] 7.1 [-30; 38] 0.26
Betaine 16 [9; 23] 3.3(-09t05.5) 0.3 (-2.7t03.3) 0.36
Carnitine 77 [65; 86] 6.0 (-1.1to 13) -5.5 (=13 t0 2.0) 0.03
Choline 15+6 —0.00(-22t021)  —4.1 (=67 to -1.6) 0.02
Citrate 93 [82; 108] —042(-89108.0)  -1.1(-7.8t05.7) 091
Creatine 23[18; 31] 3.5 (~0.44 to 7.5) 42 (=0.76 t0 9.1) 0.84
Creatinine 49 +11 8.6 (3.4 to 14) 53 (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(-024t00.3)  —0.01 (=0.29 to 0.3) 091
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] 4.41[-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(-2.7t0 0.4) -1.2(-2.9t00.5) 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 (-0.1t09.6) 0.4 (-3.5t04.4) 0.17
Proline 150 [110; 280] 52 (27 to 77) 25 (2 to 47) 0.11
Pyruvate 12[7; 18] 45 (1.7 to 7.4) 49(1.9t07.9) 0.87
Succinate 3.6 [2.6; 6.6] ~0.25[~2.9; 0.6] —09[-47;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 (1.5to 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
t™ethylhistidine 110 [100; 120] 3.6 [-13; 30] 4.8 [-13; 30] 0.34

The metabolites were quantified by TH 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 (1 = 76). A positive correlation at the TUG test means spending
longer time performing the test (worse performance).

Changes (A) Total Fat Mass TUG Handgrip Strength  Knee Flexion 60°
r p-Value r p-Value r p-Value R p-Value
25(0OH)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(0OH)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).

Vitamin D supplementation increased:

Choline .

Carnitine ',
TMAO @0’
Urea °
Urinary excretion of creatinine

“ e e e e

Carnitine

Glucose ‘\\‘ Cholme

/ Creatinine

Amino
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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

Alanine

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.

TMAQO 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, TMAOQ, 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 ug 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(0OH)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
Ierrors.

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 pg/day [16]. In contrast, dosages at 70 pg/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(0OH)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 pg/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, TNF«x) 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(0OH)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) HbAlc <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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98 patients assessed for

eligibility

31 patients did not fulfill inclusion
criteria

67 eligible and randomized

Group I Group II
34 patients 33 patients
2 patients refused to participate 1 patient refused to participate
1 patient withdrawn 1 patient withdrawn
31 completed study ‘ l 31 completed study

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 HbAlc (reference values
4.0-6.0%) was carried out on a Bio-Rad D-10 Chemistry Analyzer (Bio-Rad Diagnostics, Hercules,
USA). Serum 25(0OH)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(0OH)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-oc (TNFa) 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-1f (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 TNF« (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, oc—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 TNF«x 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 ? 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/m?, serum
25(0H)D—17.2 (10.2; 27.9) ng/mL, HbAlc—7.9 (7.2; 8.4)%. Both treatment groups were matched for
age, gender, diabetes duration, BMI, HbAlc, 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), HbAlc 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-13, TNFx 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 HbAlc (r = —0.388,
p = 0.031) and positive correlation of HbAlc 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 HbA1lc level (r = —0.352, p = 0.003).
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Table 1. Baseline clinical characteristics of type 2 diabetic patients according to randomization.

5000 IU/Week, n = 31

40,000 IU/Week, n = 31

Characteristics (Group 1) (Group II) P
Males, 1 (%)/Females, 1 (%) 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/m? 30 (28.3; 31.8) 31(29.5;32.)7 0.155
Obesity, 1 (%) 21 (68) 20 (65) 0.789
Duration of type 2 diabetes, years 6 (5;8.5) 7 (5;11) 0.733
Diabetic peripheral neuropathy, 7 (%) 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, 1 (%) 21(68) 24(77) 0.394
Diabetic nephropathy, 1 (%) 11(35) 9(29) 0.584
Arterial hypertension, 1 (%) 23 (74) 25 (81) 0.544
Coronary heart disease, 1 (%) 17 (55) 15 (48) 0.701
Insulin, 1 (%) 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, 1 (%) 5(16) 5(16) 1.000
SGLT-2 inhibitors, 1 (%) 1(3) 3(10) 0.302
GLP-1R agonists, 1 (%) - 1(3) 0.314
ACE inhibitors/ARB, 1 (%) 23 (74) 25 (81) 0.544
Calcium channel blockers, 1 (%) 5 (16) 7 (22) 0.521
B-adrenergic receptor blockers, 1 (%) 21 (68) 23 (74) 0.576
Diuretics, 1 (%) 14 (45) 11 (35) 0.438
Statins, 1 (%) 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.

5000 TU/Week, 1 = 31

40,000 IU/Week, n = 31

Parameters (Group ) (Group ID)
Baseline After 24 Weeks Baseline After 24 Weeks
BMI, kg/m? 30 (28.3; 31.8) 30 (28.4; 31.8) 31 (29.5; 32.7) 28,7 (25.4; 30.4) **#
25(0OH)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) *+*#
HbAlc, % 79(7.1;8.3) 79(7.2;84) 79(7.1;8.5) 7.4(65;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 49(4.1,6.1) 5.3 (4.1,6.3) 5.5(4.5;6.5) 54 (4.7;6.1)
TNFo 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-1B 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; HbAlc—glycated hemoglobin; PTH—parathyroid
hormone; TC—total cholesterol; TNFo—tumor necrosis factor o; CRP—C-reactive protein; IL-1—interleukin 1f3;

IL-6—interleukin-6; IL-10—interleukin-10.

Baseline parameters of MC (M, o, and Kv) did not differ between the treatment groups (pm.ir
=0.08; porir = 0.08; pxyrir = 0.74). After 24 weeks of treatment, a significant difference between the
initial and final Kv (p < 0.001) was found only in Group IL. 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, Max 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.

5000 IU/Week, n = 31

40,000 IU/Week, n = 31

Parameters (Group I) (Group II)
Baseline After 24 Weeks Baseline After 24 Weeks
M, pf units 7.41 +3.97 716 +4.26* 6.01 + 1.89 7.01 + 2.46 **
o, pf units 1.11 + 0.57 1.05 + 0.56 * 0.85 + 0.57 1.81 +1.14 *#
Kv*, % 17.68 + 10.14 18.89 +10.83 * 16.65 = 10.99 27.96 + 16.38 *#
AKv, % +6.8% +68.3%
Postural Test
Mpase, pf unit 775+1.8 7.78 £2.3% 6.69 + 1.51 7.97 +2.13 *#
Mmin, pf unit 6.10 + 1.52 6.13+226" 5.36 + 1.47 5.07 £ 1.72*#
DDB, % 24.82 +9.27 2387 +9.1* 23.4 +12.68 51.88 + 36.71 **#
A DDB, % -3.8% +121.7%
Occlusal Test
Mpase pf unit 7.10 +1.72 674+ 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 *+#
A 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; c—average blood flow modulation; Kv—coefficient
of variation (%); Mpase—average value of microcirculation before orthostasis or occlusion, Mpin—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
Mpase, %); A—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 TU/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 HbAlc 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 HbA1lc 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 HbAlc 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
TNFo and lower IL-10 levels associated with increased HbAlc 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 TNF« 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 TNF« 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(0OH)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(0OH)D and ILs but found a correlation with HbAlc 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.
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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: 250HD; 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.

44



Nutrients 2020, 12, 2587

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 (1 = 96) was selected using a simple random sampling technique from the case registry.
Similarly, controls (1 = 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/m?) 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:

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

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

e Vitamin D Dose (VDD) = Standard Vitamin D Dose (SVD) x 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 (No0.2018/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%) 1.0
Female 59 (61%) 59 (61%) :
Job-status
Employed 27 (28%) 69 (72%) 0.001
Unemployed 69 (72%) 27 (28%) .
Marital status
Single 48 (50%) 23 (24%) 0.001
Married 48 (50%) 73 (76%) .
BMI classification
Underweight 4 (4%) 2 (2%)
Normal 26 (27%) 34(35%) 0.95
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%)
Moderate 40 (42%) Not applicable -
Severe 43 (45%)
Age (year) 44 + 13 43 + 15 04
Weight (kg) 76 £19 75+ 17 0.63
Height (cm) 163 £ 10 165 + 10 0.13
BMI (kg/m?) 2947 2846 0.11
Body fat percentage (%) 35+12 33+£10 0.09
Total body water percentage (%) 36+6 36+7 0.91
Body surface area (m?2) 2+02 2+02 0.98
Lean mass (kg) 49 +8 49+ 8 0.68
Fat mass (kg) 28 +13 26 +10 0.31
Serum 25(0OH)D (nmol/L) *** &b 35+7 38+6 0.01

* Frequency count and (%) OR Mean + SD; ** Independent samples t-test or Pearson’s Chi-Squared; ***  To convert
to ng/mL, divide by 2.5, b Jata 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 31 65 7 68-94 87 6 7 74-101 050
per day (IU)
Vitamin Dsynthesis from 55 06 51 111195 270 260 27 218-323 0.001
sunlight per day (IU)
Vitamin D per day (IU) 234 275 23 189-280 357 275 28 301-413 0.001
Share of Vitamin D from diet 35% 25% 011
per day
Share of Vitamin D from 65% 759% 011

sunlight exposure per day

Compliance with the
recommended minimum daily 18 (19%) 29 (30%) 0.048
intake (400 IU per day)

Vitamin D according to

25(OH)D 1(2%) 3 (6%)
Optimal—>50 nmol/L 34 (79%) 44 (88%) 0.13
Insufficient—>30 <50 nmol/L 8(19) 3 (6%)
Deficient—<30 nmol/L
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(0OH)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.
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Figure 2. The association between serum vitamin D 25(OH)D and daily vitamin D from solar
ultraviolet B.
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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 (1 = 96)

Outcome variable: Daily vitamin D Dose

Explanatory Variables B 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 B 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.

Alow 25(0OH)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(0OH)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=10.134, 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 (2049 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
(2022 °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,
Liibeck, 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 dominantside 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.

Vitamin D Level

Variable Deficiency Insufficiency  Sufficiency P Value?
(<20 ng/mL)  (20-32ng/mL) (>32ng/mL)
No. players (%) 11 (30.5) 15 (41.7) 10 (27.8)

Vitamin D (ng/mL) 16.4 £3.2 246 +2.6 339+14 <0.001 *

Age (yr) 223 +3.2 223 +3.3 232+24 0.731

Height (cm) 187.5+7.2 188.5+55 192.8 £ 89 0.198

Weight (kg) 82878 83571 85.6 + 8.8 0.697

Body mass index (kg/mz) 233+14 234+15 221+15 0.098

Values are presented as mean + standard deviation. ? 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/m?) -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).
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Table 3. Comparison of maximal isokinetic knee strength by vitamin D level.

Vitamin D Level

Knee Str(e;}g:? at 60°/s Deficiency Insufficiency Sufficiency p Value ?
(<20 ng/mL) (20-32ng/mL)  (>32ng/mL)

Dominant

Extension 165.3 £ 33.0 172.3 £22.7 166.2 +20.5 0.753
Flexion 93.5 + 11.012214 99.9 +16.0 922 +14.1 0.340

Non-Dominant

Extension 160.1 +30.3 1733 £25.2 1542 £ 215 0.182

Flexion 89.0 +£10.1 98.0 +20.5 88.8 +18.6 0.316

Values are presented as mean + standard deviation. ? 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.

Vitamin D level

o
Ankle Stl;;ﬁt)h at30°fs Deficiency Insulfficiency Sufficiency p Value
(<20 ng/mL)  (20-32ng/mL)  (>32ng/mL)
Dominant
Plantarflexion 81.4+14.7 883 +224 78.5 +20.3 0.445
Dorsiflexion 273+6.2 30.0+7.1 30.3+13.8 0.694
Non-Dominant
Plantarflexion 70.8 £13.6 852 +27.8 787 £19.4 0.277
Dorsiflexion 277 +4.6 29.3+10.2 284 +11.2 0.901

Values are presented as mean + standard deviation.

250
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Knee muscle strength (Nm)
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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].
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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].
Brannstrom 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 1L
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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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
Nutrients 2020, 12, 2780; d0i:10.3390/nu12092780 www.mdpi.com/journal/nutrients
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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- 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 (TGF). TGFp 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 (1 = 126)

I 9 (7%)
il 13 (10.3%)
/11 61 (48.5%)
111 35 (27.8%)
I/IV 7 (5.6%)
v 1(0.8%)
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Table 2. Patient characteristics.

Patient Characteristics Mean +SD
Age [years] 49.06 1753
BMI [kg/m?] 2459 376
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 116 107
Superficial 182 135
Superficial partial thickness 13.08 9.9
Superficial deep dermal 11.7 134
Full thickness 128 117
Full thickness with catastrophic ~ 8.45 8.3
Catastrophic 74 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 ; Value FDR *
[ng/mL] vs., n =126 v p Value
BMI [kg/m?] 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] (=)021  p<0.05 0.07
ALT [U/L] (-)0.08 NS 0.43
CRP [mg/L] (-)022 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.
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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). Ptudowski 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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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 (1 = 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).

Pubmed search for articles containing the Medical Subject Headings

(MESH) terms "Vitamin D” AND "Thyroid Diseases" published from

January 2019 to july 2020, written in English, Portuguese and Spanish
205 articles found

132 articles excluded based on title and/or abstract
8 articles excluded after full text reading

65 articles initially included in the review

33 added upon review of the bibliography of consulted
publications

21 added to provide context and/or address specific
questions that emerged during research or the peer-
review process

119 articles included in the review

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(0OH)D (calcidiol); 1e- hydroxylation,
which generates 1,25(OH),D (calcitriol); and 24-hydroxylation, which inactivates 25(OH)D and
1,25(OH),D (preferentially), preventing the accumulation of toxic levels [4-6]; see Figure 2.

25(0OH)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),D requires the action of 1a-hydroxylase (CYP27B1). Although the majority of
human cells express this enzyme, levels of 1,25(0OH),D 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(0OH),D itself [5].
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Figure 2. Schematic representation of vitamin D metabolism. UV, ultraviolet; Vit D,, vitamin D,;
VitD3, vitamin D3; PTH, parathyroid hormone; FGF-23, fibroblast growth factor 23.

CYP24Al is the only established 24-hydroxylase, which has an inverse regulation from the
kidney’s 1a-hydroxylase, as it is induced by 1,25(0H),D and FGF23 [5].

Most other human cells include 1x-hydroxylase and VDR, but seem to essentially regulate the
levels of 1,25(0OH),D 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);D 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, Sjogren’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),D inhibit the maturation
of dendritic cells and maintain a more tolerogenic phenotype [17]. As dendritic cells become more
mature, they express more 1x-hydroxylase and less VDR. As a consequence, mature antigen-presenting
dendritic cells can be relatively insensitive to the action of 1,25(0H),D, allowing for the induction of an
initial T response. However, they synthesize 1,25(OH),D, 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].

Antigen presentation to a T cell

by a mature dendritic cell ‘
VitaminD o400 dendritic 7/ ‘ I

receptors Tcell

proliferation
and immune
response (A)

Naive T cells

. Vitamin D Mature T cells
Antigens

Tolerance (B)

Immature dendritic
cells

Antigen presentationtoa T cell

by an immature dendritic cell
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), D, 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),D 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),D 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-e&, 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(0OH),D 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(0OH)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(0OH)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),D
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-§3 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(0OH)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(0OH)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(0OH)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(0OH)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]. Sonmenzgoz et al. found no correlation between the levels of
25(0OH)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(0OH)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),D 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(0OH),D 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),
Bsml (rs1544410), Apal (rs7975232), and Taql (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 Main Results
(Cases/Controls)
Increased risk of GD in Asians (OR 1.31)
Apal 182011866 No statistical association in Caucasians
Nine on the relationship Increased risk of GD in Asians (OR 1.58)
Zhou H., Xu C., and Gu
C.,2009 (data from bet;/v?en \;‘]_DR'P_IE;I‘F Bsml 18152066 No statistical association in Caucasians
T onsni 1
2000-2008) [86] elatiol GSDP w Taql 1348/1175 No statistical association in Caucasians
Fox 1662/1840 Increasgd Tisk of Gp ilj\ As}ans (OR .1.68)
No statistical association in Caucasians
Apal 1009/1080 No statistical association
Feng M. etal. 2012 (data Eigthf on g‘gée?&;nsbiﬁ Bsml 1158/1049 Risk decreased B allele vs. b (OR 0.801)
up to 08/2012) [87] e Taql 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 Main Results
(Cases/Controls)
Increased risk in Africans (OR 3.62) !
1
Apal 3544/3117 No statistical association in general
Reduced risk in Europeans (OR 0.79) !
. . 1 ; 1
GaoX.and YuY, 2017 [woonthe elationship - Bami 3636573 Increased ik i Asans (OR 141)!
(data until 08/2017) [85] ~ Petween VDRPMEwid ° :
AITD Tagl 2050/2254 1 Reduced risk of HT in the African
q population (OR 0.33) !
Reduced risk of HT in the Asian
1
Foxl 317472836 population (OR 0.65) !
Apal 2533/2474 No statistical association
No statistical association in general
Ten on the relationship Risk decreased in Asians (OR 0.67), but
Veneti S. et al. 2019 (data between VDR-PMF Bsml 2536/2576 increased in Caucasians (OR1.31) of
up to 12/2018) [88] relationship with subtype bb
GD Taql 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 Ca>*/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(0OH)D,, no statistically
significant difference in Ca®*
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(0OH)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 Ca®* 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
1U/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 Ca?*/PTH

Krysiak R. et al. 2017 [92]

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

At baseline: inverse correlation of
25(0OH)D with antibody titers with
non-significant difference
between groups.

At 6 months: reduction in

o and 25(0OH) > 30 ng/mL antibody titers (mainly anti-TPO)
Longitudinal, . ith VitD in relati hei s
Case—Control trial -18 were supplemented with Vit] in relation to the increase in
; 2000 Ul/day for 6 months 25(0OH)D only statistically

-16 were not supplemented

significant in those with

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

Similar reduction in anti-TPO and
anti-Tg titers in both groups.
Greater effect of VitD on antibody
titers in those with
25(0OH)D < 30 ng/mL (~75 nmol/L)
at baseline.

Thirty-two men with AITD in
euthyroidism
-20 supplemented with VitD 4000 IU/day
-17 with selenomethionine 200 pg/day

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

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 Ca>* and P~ at
baseline or after
supplementation.

Mazokopakis E. et al.
2015 [90]
Non-randomized

From a group of 218 HT, the 186 with
25(0OH) < 30 ng/mL were supplemented
with cholecalciferol 1200-4000 [U/day.

Positive relationship between
fT4/fT3 ratio in patients with
AITD and 25(0OH)D deficiency
which disappeared after
supplementation with
cholecalciferol.

Correlation with higher PTH
and lower Ca?* at baseline.
Normalization after
supplementation.

Thirty-seven women with AITD were
supplemented with 4300 IU/day of
cholecalciferol for 3 months.

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

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-naive 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
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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), D,
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(0OH),D 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 TNF«. 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(0OH)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),D
levels. Excess 1,25(OH),D has the ability to displace ligands of nuclear receptors such as «-thyroid,
glucocorticoids, and androgens, which can lead to glandular dysfunction [118]. Elevated levels of
1,25(0OH),D 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),D 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(0OH)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),D 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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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(0OH)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-«, 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; d0i:10.3390/nu12092880 www.mdpi.com/journal/nutrients

91



Nutrients 2020, 12, 2880

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 TU
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 TU
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.

94



Nutrients 2020, 12, 2880

‘urajord aampear-) (D Juauodwod J projAure wmios :Jys
‘aTewdy 1 AeIA A "8€00°0 > d 1e JueoyruSis ‘sonfea-d fenyoe 0y parjdde anjea-d pajdaLIod TUOLIDJUO , ‘SOPLIDIAISLII—O) ], {0100 [e103—) [, “aanssard pooyq drjoyserp—Jg(J ‘omssaid
PoO[q d1[03SAS—gS ‘oner diy-1StTem—Y M Xopur ssewr Apoq—IIA{ "SI[qeLIEA [EULIOU-UOU 10§ Sa[[uad1ad (PITY}—ISITy) ULIPIW PUe [EULIOU IO (]S F Ueaur se pajuasaid eje(] 910N

8600 ¥L0 (69-T0z-) §¢— (#08-08) L% (6'SL-6'F1)6°6€ $10°0 #TT991-) T8~ (SPe-6F) G€T (§'es-6%) 8'TC (Tw/3r) 09D
50 620 (7'8-9'6-)TH'1 (€29-LTD¥TH  (9£5-6'9T) 0°0F 2000 (FL1-T81-) 8'C— (1'69-60) T (8F78-1¢) 6F7F (1/3w) avs
€60 6€0 #F0-£1°0-) €10 g0F GG 60F¥S €50 (€2T°0-01°0-) £0°0 60FS5S 6'0 F 8F'S (71/1ouru) asoonon
09°0 110 L0-T9-) 8T~ FTLF 16T €CIF6'IE 100°0> (T6e-062) 1T 861 F 8¢9 LITFLIE (1/10w) A(HO)ST
800 200 (#S°0-10°0) 620 60F LT S0F¥T 040 (61°0-€1°0-) €0°0 0TFSLT TTFUL (1/1oww) 5,
640 €€0 (IF70-¥10-) ¥1°0 60F¥E 80F €€ LT0 (S0°0-92°0-) TT°0— 0TFSTE 60F9C¢ (7/1ownw) D11
88°0 €000 (££70-80°0) TT'0 FOFECL GOFIT £00°0 (61°0-€0°0) LT°0 FOFILL FOFH0L (7/1owwr) >-1AH
£9°0 9000 (80-€1°0) ¥¥°0 TIFISS 60F01'S 980 (61°0-91°0-) 200 TIFIUS TIFGCIS (1/1owrw) O,
050 G6FFYL 68F ¥ LL (BHuww) dga
€0 FELF el 9ELFSHTL (BHww) 49
100°0> I1°0F 480 €U0 F 60 YHM
860 TSFTL 6% FT6C (zw/3) INg
£00°0 TITF9%¢ 90T F 6'6€ (1eak) 98y
(9¢/6T) SS (66/95) SST /MW N
anyep-d anyep-d aBuey) nRYV a1039g anyep-d aduey) nRYV EXOET: |
sIdjawrereJ
s1apuodsay-uoN s1apuodsay

“UOTIUS ATD)UT JJUOWI-9 Idjje pue duraseq je syuedonred Apnjs jo sonstwyoerep [estur))) 1 3[qeL

95



Nutrients 2020, 12, 2880

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(0OH)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 25O D (nmol/L) Group Effect Cif;’;l:lfti;f;;t
Responders Non-Responders J
Baseline 31.7 +11.7 319+153
6 month 63.8 +£19.8 29.1+124
Mean Difference 32.1(29.0-35.2) —2.8(-6.2-0.7)
Change (%) 103% 8.8% <0.001 <0.001
Time effect <0.001
Time effect (adjusted) <0.001
Serum Amyloid P Component (mg/L)
Responders Non-Responders
Baseline 449 (3.1-84.8) 40.0 (16.9-57.6)
6 month 412 (2.5-69.1) 424 (21.7-67.3)
Mean Difference 2.8 (~18.2-1.74) 1.42(~5.6-8.4) 0.004 0.001
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).

96



Nutrients 2020, 12, 2880

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 A SAP and A HDL (r = —0.30, p < 0.01), and it
was positively correlated with A CRP (r = 0.28; p < 0.01) in our study population. After stratification
according to sex, A SAP was inversely correlated with A HDL (r= —0.31; p < 0.05) and A 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(0OH)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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