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Abstract: Recent studies have demonstrated the relationship between vitamin D deficiency, infection
severity and mortality from COVID-19. This study aimed to analyze the vitamin D metabolites
and cytokine expression levels of COVID-19 patients who were hospitalized with bolus chole-
calciferol supplementation. Materials and methods: This study represents the next stage of the
open-label randomized pilot conducted by the Almazov National Medical Research Centre. A total of
44 hospitalized patients, comparable in demographic, clinical, laboratory and instrumental baseline
characteristics, with moderate/severe COVID-19 were included. All patients had similar doses of
concomitant corticosteroid therapy. Twenty-two patients received 50,000 IU cholecalciferol on the
first and eighth days of hospitalization. The serum 25(0OH)D, 1,25(0OH)2D and 28 plasma cytokines
were estimated for each group initially and on the ninth day of hospitalization. Results: Initially,
there were no differences in the 1,25(0OH)2D and cytokine levels in patients with vitamin D deficiency
and normal 25(OH)D. Bolus cholecalciferol therapy at a total dose of 100,000 IU led to an increase
in 25(OH)D levels in hospitalized patients with COVID-19, while the levels of the active metabolite
(1,25(0OH)2D) did not show significant differences between the groups or in its increased level over
time, regardless of cholecalciferol supplementation. Furthermore, cholecalciferol supplementation
at a total dose of 100,000 IU did not affect the majority of the cytokines estimated on the ninth day
of hospitalization, except for the pro-inflammatory marker IL-1b, the concentration of which was
lower in the group of patients without vitamin D supplementation. Conclusions: The 25(OH)D
level was positively associated with an anti-inflammatory immune response, but cholecalciferol
supplementation at a total dose of 100,000 IU did not affect the active-form vitamin D or cytokine
expression levels. This fact may be explained by the impact of corticosteroid therapy, and it requires
further investigation in a post-COVID-19 context.

Keywords: COVID-19; vitamin D; 25(0OH)D; 1,25(OH)2D; cholecalciferol; cytokines; inflammatory
markers

1. Introduction

Investigations on the prevention and treatment of acute respiratory viral infections
remain an essential task during the COVID-19 pandemic. Recent studies have demon-
strated the relationship between vitamin D deficiency, infection severity and mortality from
COVID-19 [1-4]. Some randomized intervention studies suggest that vitamin D supple-
mentation may improve clinical and laboratory parameters, immunological markers and
outcomes in patients affected by COVID-19 [5-7].
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Taking into account the crucial impact of the T-cell-mediated immune response in
SARS-CoV-2 infection [8], it is necessary to mention the role of vitamin D in the modulation
of the adaptive immune system through its direct effects on T cell activation.

In particular, the biological effects of vitamin D are mediated through nuclear recep-
tors (VDRs) that regulate multiple genes” expression [9]. Consequently, the binding of
1,25(OH)2D to VDRs on T lymphocytes results in a reduction in pro-inflammatory cytokines
and an increase in anti-inflammatory cytokine gene expression, indicating that vitamin D
may impact the development of the cytokine storm linked to COVID-19 [10,11]. Biologically
active 1,25(OH)2D is primarily produced through 1a-hydroxylation, predominantly in the
kidneys [12]. However, 1-a-hydroxylase (CYP27B1) in macrophages and monocytes, when
interacting with pathogens, can convert 25(OH)D to 1,25(OH)2D, leading to an increase
in the production of cathelicidin LL-37 with antiviral properties [13-15]. Despite the sig-
nificance of the active form of vitamin D, the assessment of serum 1,25(OH)2D in clinical
practice is constrained due to its low concentration and short half-life, the labor-intensive
methodology and the high cost [16].

It is crucial to ascertain whether cholecalciferol therapy influences clinical and labora-
tory parameters during the acute COVID-19, particularly given the mounting evidence of
the significance of vitamin D deficiency in infectious diseases’ pathology [17].

Thus, the aim of this study was to evaluate the levels of 25(OH)D and 1,25(0OH)2D and
the cytokine expression levels at baseline and on the ninth day after bolus cholecalciferol
supplementation in hospitalized patients with COVID-19.

2. Materials and Methods

This study is one stage of the open-label randomized pilot conducted by the Almazov
National Medical Research Centre [18]. The randomized single-center open-label study
was performed from 30 November 2020 to 20 March 2021, when the Almazov National
Medical Research Centre (St. Petersburg, Russia) was transformed into a dedicated hospital
for COVID-19 patients.

The inclusion criteria were as follows: age from 18 to 75 years; diagnosis of moderate
to severe COVID-19 confirmed by multislice computed tomography (MSCT) of the chest
and/or real-time polymerase chain reaction (PCR). The exclusion criteria were as follows:
diseases affecting vitamin D metabolism; estimated glomerular filtration rate less than
45 mL/min/1.73 m?; and daily intake of vitamin D supplements at a dose of more than
1000 IU.

Regarding hospital outcomes, all patients were discharged from the hospital, with no
recorded mortality.

The patients’ baseline characteristics are presented in Table 1.

Table 1. Baseline characteristics of hospitalized COVID-19 patients.

Parameter Group 1 (n =22) Group 2 (n =22) 4
Age, years, Me + IQR [25; 75] 58.5 [55.5; 66.8] 65 [56.3; 70] 0.39
Gender, females, 1 (%) 11 (50) 12 (54.5) 0.78
BMI, kg/m?, Me + IQR [25; 75] 28.6 [24.7; 33.2] 29.5[27.2;33.1] 0.5
Admission dagf/[ (eﬁ:)iré gfzf;s;;]namfestatlon), 73; 10] 816;9] 0.44
Lung involvement, %, Me + IQR [25; 75] 35.5[20; 45.8] 37.5[16.3; 49.5] 0.76
Days of hospitalization, Me + IQR [25; 75] 16 [12; 20] 15 [14; 22] 0.86
C-reactive protein (1st day), mg/L 28.7 [19.4; 31.9] 36.7 [17.5; 83.8] 0.23
C-reactive protein (9th day), mg/L 3.0[0.7;7.7] 5.6 [1.3;14.9] 0.11

Data are presented as median and interquartile range—Me [Q25; Q75], absolute and relative frequencies—n (%),
BMI—body mass index.
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No participants were vaccinated as a general vaccination was not yet accessible at this
time in the Russian Federation [19].

Forty-two patients, matched in terms of their demographic, clinical, instrumental
and laboratory parameters (including vitamin D status), were selected from the two ran-
domized groups of the study, which have been described previously [18]. In Group 1
(n =22), 100,000 IU of water-soluble cholecalciferol (oral bolus) was added to the stan-
dard COVID-19 therapy; patients in Group 2 (1 = 22) did not receive cholecalciferol
supplementation.

Blood samples for measurements were taken in the morning from the cubital vein
and centrifuged, aliquoted and stored in a freezer at a temperature of —70 °C before the
laboratory testing.

The serum 25(OH)D level was assessed on the 1st and 9th days of hospitalization
with a biochemical analyzer, the Architect c8000 Processing Module (Abbott Laboratories,
Chicago, IL, USA), using calibrators and control serums from the manufacturer—reference
range, 3.4-155.9 ng/mL. The serum 1,25(OH)2D level was determined on the 1st and 9th
days of hospitalization by an enzyme immunoassay using a commercial kit (ELISA Kit
for 1,25-dihydroxyvitamin D3 (DHVD3); CEA467Ge; detection range: 24.69-2000 pg/mL;
Cloud-Clone Corp., Wuhan, China).

The assessment of the plasma cytokine profile (TNF-«, IFN-y, GM-CSF, IL-1b, IL-2,
IL-4, IL-6, IL-8, IL-10, IL-12(p70), IL-17A, IL-21) was performed using the MAGPIX System
multiplex fluorescent analyzer with Milliplex MAP Kit calibrators for each group, initially
and on the 9th day of hospitalization. The unit of measurement for all cytokines was
picograms per milliliter (pg/mL).

COVID-19 medications, including the total dose of glucocorticosteroids (GCS) admin-
istered by the 9th day of hospitalization, were analyzed in all patients. The calculation of
the dexamethasone-equivalent dose of GCS was conducted using the Steroid Conversion
Calculator software [20].

Statistical analysis was performed using Jamovi, v. 2.3.2, 2022 (Jamovi Project, Sydney,
Australia). Data are presented as the median and interquartile range (25th; 75th percentiles):
Me [Q25; Q75]. The Mann-Whitney U-test was used to assess the statistical significance of
the differences between two independent groups. The Wilcoxon W-test was used to assess
the statistical significance of the differences between two dependent indicators. Spearman’s
correlation test was used for correlation analysis. Statistical significance was defined as
p < 0.05.

3. Results

Most patients from both groups had vitamin D deficiency or insufficiency at baseline
(Table 2).

Table 2. Vitamin D metabolite levels on the 1st and 9th days of hospitalization.

Parameter Group 1 (n =22) Group 2 (n =22) p
25(OH)D (1st day), ng/mL, ) )
Me + IOR [35; 75] 17.1[9.83; 24.9] 12.9[8.2;17.4] 0.19
25(OH)D (1st day), 1 (%)
Normal 5(22.7) 2(9) 013
Insufficiency 1(4.5) 0 (0) :
Deficiency 16 (72.7) 20 (91)

25(0OH)D, ng/mL (9th day),

Me + IOR [25; 75] 24.5[18.9; 34.2] 9.15[6.38; 13.3] <0.001
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Table 2. Cont.
Parameter Group 1 (n =22) Group 2 (n =22) p
25(OH)D, ng/mL (9th day), n (%)
Normal 8 (36.4) 2(9)
Insufficiency 7 (31.8) 0(0) <0.001
Deficiency 7 (31.8) 20 (91)
A25(OH)D, % 45.8[16.9; 98.4] —179[-27.9; 0] <0.001
1,25(0OH)2D (1st day), pg/mL, ) )
Me + IOR [25; 75] 1158 [649; 1455] 1127 [665; 1390] 0.71
1,25(0OH)2D (9th day), pg/mL, ) )
Me + IOR [25; 75] 1333 [1111; 1779] 1506 [1137; 1750] 0.96
A1,25(0OH)2 D, % 18.6 [3.12; 39.3] 13.0 [4.48; 28.3] 0.74

Data are presented as median and interquartile range—Me [Q25; Q75], absolute and relative frequencies— (%);
25(OH)D—25-hydroxycholecalciferol, 1,25(0OH)2D—1,25-dihydroxycholecalciferol.

On the ninth day of hospitalization, an increase in serum 25(OH)D levels of 45.8% [16.9;
98.4] in patients from Group 1 (bolus cholecalciferol therapy) and a decrease in 25(OH)D
levels of 17.9% in patients from Group 2 (without cholecalciferol therapy) were observed
(Figure 1).

Group 1 Group 2

25(0OH)D, ng/ml

25(0H)D, ng/ml

1st Day

..\
15 \
10 :k\
0
9th Day 1st Day 9th Day

Figure 1. Serum 25(OH)D dynamics from the 1st to the 9th day of hospitalization.

There were no differences in the serum 1,25(0OH)2D levels at baseline and on the ninth
day of hospitalization between the groups (Figure 2).

The paired comparison analysis on the first and ninth days of hospitalization revealed
an increase in both the 25(OH)D (p < 0.001) and 1,25(OH)2D (p < 0.001) levels by the
ninth day in Group 1 (bolus cholecalciferol therapy). Despite the negative dynamics of the
25(0OH)D level by the ninth day (p < 0.001) in Group 2 (without cholecalciferol therapy), an
increase in the 1,25(OH)2D (p < 0.001) concentration was also observed.

The correlation analysis between the active-form vitamin D levels and clinical parame-
ters revealed a significant positive association between the 1,25(0OH)2D levels on the ninth
day of hospitalization and the number of hospitalization days (r = 0.38, p = 0.011).

Most patients (95.5%) from both groups received GCS during hospitalization (Table 3).
The total GCS dose equivalent to dexamethasone by the ninth day did not differ between
the groups (p = 0.32). One patient in Group 2 took GCS for rheumatoid arthritis before
hospitalization.
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Figure 2. Serum 1,25(OH)2D dynamics from the 1st to the 9th day of hospitalization.
Table 3. Characteristics of glucocorticosteroid therapy.
Parameter Group 1 (n =22) Group 2 (n =22) 4
GCS therapy before admission, 1 (%) 0(0) 1(4.5) 0.34
GCS therapy during hospitalization, n (%) 21 (95.5) 21 (95.5) 1.0
Dexamethasone therapy, n (%) 18 (81.8) 19 (86.4) 0.7
Prednisolone therapy, 1 (%) 6(27.2) 2(9) 0.13
Methylprednisolone therapy, 1 (%) 3 (13.6) 1 (4.5) 0.31
Total GCS dose (equivalent to
dexamethasone) by the 9th day of 120 [45; 152] 146 [78; 195] 0.32

hospitalization, mg, Me + IQR [25; 75]

Note. Data are presented as median and interquartile range—Me [Q25; Q75], absolute and relative frequencies—n

(%); GCS—glucocorticosteroids.

Subsequently, an assessment of the dynamics of the pro-/anti-inflammatory cytokine

expression levels was conducted (Table 4).

Table 4. Cytokine profile dynamics from the 1st and to the 9th day of hospitalization.

Group 1a (n = 16) Group 2a (n =15)
Parameter p1 p2 p* p*
1st Day 9th Day 1st Day 9th Day

6.71 5.86 7.11 5.79

TNFa, pg/mL [6.20;9.64]  [4.85;08.07] 0.08 [5.48;849] [429;7.00 OV 049 066
65.1 54.9 56.4 62.2

[FNy, pg/mL [45.0;77.2]  [45.0;74.0] 0-56 [48.1;80.7]  [44.3;73.3] 0.54 0.76 0.87
15.7 17.0 135 184

GM-CSF, pg/mL [142;186]  [155;20.6] 0.12 (9.45,246] [144;215 OV 0-59 095
227 222 2.00 [ 1.79

IL-1b, pg/mL [192;2.70]  [1.96;2.41] 098 158,232]  [158;200 02 015 004

IL-2, pg/mL 2.73 304 0.30 213 248 0.46 0.29 0.18

[2.28;3.41]  [2.56;3.64] [1.77;2.94]  [1.82; 03.04]
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Table 4. Cont.
Group 1a (n = 16) Group 2a (n =15)
Parameter p1 p2 p* p*
1st Day 9th Day 1st Day 9th Day
26.0 26.7 163 17.0
IL-4 pg/mL [16.3;39.9]  [23.5;34.3] 023 [114;263] [135;288] 66 025 0.09
2.70 3.34 313 2.65
IL-5 pg/mL [222;373]  [2.16;4.10] 039 (02.06;339] [244;3.44] O 071 052
0.880 0.231 13 0.207
IL-6, pg/mL. [0.482;2.01]  [0.183;0.741] 0.02 (0554;3.49] [0.183;1.07] 92 076 0.3
3.70 143 3.22 1.05
IL-8, pg/mlL [256;640] [0901;170] <000 573731 Loz1erp <0001 019 082
176 144 124 10.1
IL-10, pg/mL [10.9;24.8]  [11.6;182] 017 (681,193] [6.04;134] 04 023 015
2.07 252 1.92 2.07
IL-12 (p70), pg/mL 1370 314]  [2.02:3.07] 033 157;316) (21,359 061 072 071
7.46 7.80 8.76 9.4
IL-17A, pg/mL [561;937]  [7.25;10.3] 012 [541;122]  [643;122] 77 0-79 0.74
411 3.92 3.92 3.92
IL-21, pg/mL [3.48;4.83]  [3.53;4.64] 085 3.63;554] [363526 O 063 090
261 294 211 258
1L-23, pg/mL [186;361]  [188;363] 0.02 [175;320]  [221;284] O 02 O
17.8 16.9 17.0 14.9
MIP-3a, pg/mL [153;227]  [15.0;19.8] 068 [140;189] [127;172] OO 0.12 019

Note. p;—the significance of the differences in the cytokine levels on the 1st and 9th days of hospitalization
in patients in Group 1a, p,—the significance of the differences in the cytokine levels on the 1st and 9th days of
hospitalization in patients in Group 2a, p*—the significance of the differences in the cytokine levels between
patients in Group 1a and Group 2a on the 1st day of hospitalization, p*—the significance of the differences in the
cytokine levels between patients in Group la and Group 2a on the 9th day of hospitalization.

As previously outlined (Table 3), the patients in both groups received GCS therapy in
equivalent doses, with an equivalent number of patients receiving pathogenetic therapy
with IL-6 receptor antagonists (n = 7 in each group). Considering the known impact of
the agonist IL-6 receptor on the cytokine profile, the cytokine levels were evaluated on the
ninth day of hospitalization, excluding these patients (1 = 30).

It was observed that the duration from the onset of the initial COVID-19 symptoms to
the first cytokine control assessment and the initiation of therapy did not differ significantly
between the two groups, averaging 7 [3; 10] days in Group 1a and 8 [6; 9] days in Group 2a
(p=0.44).

The duration from the onset of the initial COVID-19 symptoms to the cytokine assess-
ment during cholecalciferol therapy was 15 [11; 18] days in Group 1a and 16 [14; 18] days
in Group 2a (p = 0.48) (Figure 3).

The baseline expression levels of pro-inflammatory and anti-inflammatory cytokines
were comparable in both groups. On the ninth day of hospitalization, a significant decrease
in the concentrations of IL-10, MIP-3a, and TNFa was observed in Group 2a, while an
increase in the level of IL-23 was noted in Group 1a (p < 0.05).

Both groups exhibited a decrease in IL-6 and IL-8 levels. However, no significant
differences in the aforementioned parameters were observed by the ninth day of hospital-
ization in the study groups. Meanwhile, significant differences in the level of IL-1b were
observed on the ninth day of hospitalization, with a level of 2.22 [1.96; 2.41] in Group 1a
and 1.79 [1.58; 2.0] in Group 2a.

Thus, cholecalciferol supplementation at a dose of 100,000 IU did not affect the ma-
jority of the cytokines estimated on the ninth day of hospitalization, except for the pro-
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inflammatory marker IL-1b, the concentration of which was lower in the group of patients
without vitamin D supplementation.
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Figure 3. Cytokine profile dynamics from the 1st to the 9th day of the hospitalization.

4. Discussion

There have been limited studies focusing on vitamin D metabolism during the acute
period of COVID-19; for example, Povaliaeva A. and colleagues observed elevated serum
levels of 1,25(OH)2D in hospitalized patients with acute COVID-19 compared to the control
group. They also noted a decrease in these levels during the long-term follow-up period.
The authors proposed that the increase in extrarenal 1x-hydroxylase activity in the acute
phase of COVID-19 may contribute to the rise in 1,25(0OH)2D levels [21].

Furthermore, the use of GCS therapy in patients with moderate and severe COVID-19
may also impact vitamin D metabolism. The findings from the NHANES cross-sectional
study revealed a link between GCS therapy and vitamin D deficiency. It is widely known
that GCS reduces the serum 25(OH)D concentration by upregulating 1x-hydroxylase expres-
sion, but there are no data about the effects on the levels of 1,25(0OH)2D [22,23]. However,
the level of 1,25(0OH)2D does not necessarily reflect vitamin D sufficiency, unlike its inactive
precursor, 25(OH)D. Several studies have shown that vitamin D supplementation increases
the levels of 25(0OH)D without affecting its active form [23-26].

Our findings align with the previously reported data. Bolus cholecalciferol therapy
at a total dose of 100,000 IU led to an increase in 25(OH)D levels in hospitalized patients
with COVID-19, whereas COVID-19 therapy without cholecalciferol supplementation
was associated with a decrease in 25(OH)D levels. Interestingly, the levels of the active
metabolite (1,25(0OH)2D) did not show significant differences between the groups and
increased over time regardless of cholecalciferol supplementation. These characteristics of
vitamin D metabolism during the acute phase of COVID-19 may stem from alterations in
la-hydroxylase activity due to both the active infectious process and GCS therapy, leading
to an increase in the 1,25(OH)2D concentration independently of the basal vitamin D status.
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After excluding patients who had received IL-6 receptor antagonist drugs during
their hospitalization, we evaluated alterations in the cytokine profile following the ad-
ministration of bolus cholecalciferol therapy. The analysis revealed that cholecalciferol
supplementation at a total dose of 100,000 IU did not have a significant impact on the major-
ity of the cytokines examined on the ninth day of hospitalization, with the exception of the
pro-inflammatory marker IL-1b, which exhibited lower levels in patients not undergoing
vitamin D therapy.

Previous studies investigating cytokine expression levels have yielded conflicting
results [27-30]. The authors attribute these divergent trends to variations in the timing of
the cytokine assessments throughout the course of the illness, differing dosages of vitamin
D supplementation, and, primarily, the concomitant use of GCS therapy. Regarding the
time points of the cytokine profile evaluations, the relatively lengthy interval between
the onset of acute respiratory illness symptoms and the commencement of vitamin D
administration (median 7-8 days), alongside the necessary duration for the active form of
vitamin D to modulate the anticipated immune response, may have mitigated its impact on
the clinical and biochemical outcomes.

Furthermore, a recent study by Liu C. et al. demonstrated that critically ill COVID-19
patients experience a peak in inflammation, marked by the second wave of the “cytokine
storm”, approximately 17-23 days after symptom onset [31]. In this study, the median
duration until the assessment of the second data point was 15-16 days. It is plausible that
the evaluation was premature in identifying shifts in the cytokine profile. Additionally,
all patients received GCS therapy equating to a total dose of 120-146 mg of dexametha-
sone by the ninth day of hospitalization; this serves as the principal pathogenetic and
immunosuppressive therapy for COVID-19 and predominantly influences the cytokine
response. According to the literature data, glucocorticoids suppress the production and
activity of various cytokines, effectively dampening both the initial immune response and
the subsequent immune regulation. Specifically, they significantly reduce the levels of
early-phase cytokines, responsible for initiating the inflammatory cascade (IL-1 beta and
TNF-alpha), and immunomodulatory cytokines (IL-2, IL-3, IL-4, IL-5, IL-10, IL-12, IFN-
gamma, IL-6, IL-8, GM-CSF), crucial in orchestrating the immune response. Interestingly,
even the production of the anti-inflammatory cytokine IL-10, which typically helps to
resolve inflammation, is also suppressed by glucocorticoids [32,33].

To summarize, despite the positive impact of vitamin D treatment on the course
of COVID-19 and patients’ laboratory parameters demonstrated in a recently published
paper [18], we did not observe a significant effect on 1,25(OH)2D or the cytokine profile.
This finding could be explained by the influence of concomitant therapy and warrants
further investigation.

5. Study Limitations

This study did not include patients with mild COVID-19 infection. All patients in this
study received GCS therapy, and there was no comparison group without GCS therapy.
There is a lack of data on 24,25(OH)2D and other vitamin D metabolite concentrations.
Mass spectrometry methods were not used for the metabolite assessment.

6. Conclusions

Regardless of cholecalciferol therapy, all patients showed an increase in the level of
1,25(0OH)2D, which may indicate vitamin-D-associated immunomodulatory properties in
patients with COVID-19.

At the same time, despite the positive impact of vitamin D treatment on the course
of COVID-19 and patients” laboratory parameters demonstrated in a recently published
paper [18], we did not observe a significant effect on 1,25(OH)2D or the cytokine profile.
This finding could be explained by the influence of concomitant therapy and warrants
further investigation, alongside interventional studies in a post-COVID-19 context.
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