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Editorial on the Research Topic

Community series in: the role of vitamin D as an immunomodulator,
volume Il

1 Introduction

Vitamin D has emerged as a multifaceted molecule, acting not only as a regulator of
metabolic and skeletal homeostasis but also as a modulator of immune responses (1-3).
This dual functionality underscores the need to clarify the conceptual distinction between
regulation and modulation, particularly within the framework of immunology. The
following sections provide an integrated overview of the conceptual principles, molecular
foundations, immunomodulatory mechanisms, and systemic relevance of vitamin D as a
key homeostatic factor.

1.1 Molecular and physiological basis of vitamin D activity

Vitamin D continues to emerge as a pleiotropic regulator of immune and metabolic
homeostasis, operating at the crossroads of endocrine, skeletal, and immune systems (4-6).
Traditionally recognized for its role in calcium-phosphate balance and bone
mineralization, vitamin D—functioning both as a vitamin and a pre-hormone—exerts
wide-ranging biological effects through its active metabolite, 1,25-dihydroxyvitamin D;
[1,25(0OH),D3] (7-10). This metabolite binds to the vitamin D receptor (VDR), a ligand-
dependent nuclear transcription factor expressed in numerous immune and non-immune
cells, including those in the intestine, pancreas, bone, and skin (11). Upon activation, the
1,25(0OH),D3-VDR complex forms a heterodimer with the retinoid X receptor (RXR-ot)
and binds to vitamin D response elements (VDREs) in target genes, thereby regulating
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transcriptional programs involved in cell proliferation,
differentiation, cytokine secretion, and immune tolerance (12-15).

Physiologically, vitamin D is synthesized in the skin from 7-
dehydrocholesterol upon exposure to ultraviolet B radiation (290-
320 nm) and subsequently hydroxylated in the liver and kidney by
CYP2RI and CYP27B1 to generate its active form (16, 17). The
expression of these metabolic enzymes and the VDR within
immune and non-immune tissues underscores the body’s intrinsic
capacity to locally produce and respond to calcitriol, thereby
modulating both autocrine and paracrine signaling networks.
Beyond its classical skeletal actions, vitamin D plays critical roles
in neuromuscular function and in regulating key cellular processes
such as growth, differentiation, apoptosis, and glucose metabolism
(18-25). Collectively, these multidimensional effects position
vitamin D as a central integrator of immune regulation, metabolic
balance, and overall systemic health.

1.2 Immunomodaulation versus immune
regulation: conceptual distinction

In immunology, the terms immunomodulation and immune
regulation are often used interchangeably, yet they represent
distinct biological concepts.

Immune regulation refers to the intrinsic, homeostatic
mechanisms by which the immune system maintains balance
between activation and tolerance (26-28). These include key
processes such as central and peripheral tolerance, the action of
regulatory immune cells, cytokine feedback loops, and the
suppression of excessive or self-reactive immune responses (29-
31). In essence, immune regulation ensures the preservation of
immune equilibrium and self-tolerance under physiological
conditions. By contrast, immunomodulation encompasses any
external or endogenous intervention—pharmacological,
nutritional, hormonal, or microbial—that alters immune activity,
either by enhancing or suppressing or redirecting specific cellular
functions (32-34). Immunomodulators can therefore act as
stimulants, suppressants, or balancing agents depending on the
immunological context (Figure 1).

1.3 The dual and context-dependent
immunomodulatory actions of vitamin D

Through interconnected pathways, vitamin D acts as a pivotal
modulator of both innate and adaptive immunity. It strengthens
antimicrobial defenses by inducing the expression of potent effector
peptides, including cathelicidin and B-defensin 2, while
simultaneously attenuating excessive inflammation by
downregulating proinflammatory mediators (35-37). By fine-tuning
cytokine networks and antigen-driven responses, vitamin D
maintains a delicate equilibrium between immune activation and
tolerance, promoting resolution of inflammation and preserving

tissue integrity and homeostasis. Vitamin D thus exemplifies a
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potent immunomodulatory agent, as it influences both regulatory
and effector immune mechanisms (38). It does not merely suppress or
activate immune functions, but rather modulates their intensity and
quality, promoting an adaptive state of functional equilibrium that is
essential for immune homeostasis. In this regard, vitamin D serves as
a paradigm of context-dependent immunomodulation (39)—a
molecular sentinel that operates through finely regulated receptor-
mediated signaling to maintain immune homeostasis.

2 The immunomodulatory power of
vitamin D: key insights from volume Il

The compelling body of work compiled here, comprising 14
original research and review articles, highlights the growing interest
of vitamin D and significantly advances our understanding of its
immunomodulatory effects across a broad spectrum of conditions—
from allergic and autoimmune diseases to viral infections like
COVID-19, pregnancy-related disorders, inflammatory bowel
diseases, metabolic syndromes, and cancer.

This editorial synthesizes the key contributions of this volume,
emphasizing the convergence of mechanistic insights and
clinical applications.

2.1 UVB-driven vitamin D metabolism and
macrophage reprogramming fine-tuned by
physical shielding

The experimental study by Meterfi et al. reveals how
environmental factors dynamically shape vitamin D-mediated
immune regulation. By exposing peritoneal macrophages to UVB
radiation with or without a simulated passive barrier, the authors
demonstrate that UVB enhances respiratory burst, MPO
expression, and MI-like polarization, while physical shielding
fine-tunes these effects by attenuating METosis-related MPO
activity and modulating local redox metabolism. This study
highlights how physical environmental constraints can calibrate
vitamin D metabolism and innate immune effector functions,
providing mechanistic insight into how external cues orchestrate

immune homeostasis.

2.2 Vitamin D in allergic diseases and
immunotherapy

Allergic disease receives careful attention: the review by Zhang et al.
synthesizes mechanistic and clinical evidence linking vitamin D to
atopic dermatitis, allergic rhinitis and asthma. In a complementary
piece, Zuiiga and Bazan-Perkins analyze the controversial
relationship between vitamin D and atopy, highlighting that
vitamin D promotes a pro-tolerogenic Th2 phenotype, suppresses
Thil-driven inflammation, and supports immune homeostasis.

They further emphasize that vitamin D acts through regulatory
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FIGURE 1

Conceptual interplay between immunomodulation and immune regulation: the dual influence of vitamin D. Immunomodulation refers to
endogenous or exogenous influences that can bidirectionally modify immune responsiveness, either by stimulating, inhibiting, or redirecting cellular
activities, thereby highlighting its adaptive and context-dependent nature. These processes affect immune cells that are already activated or primed,
leading to a change in their functional and phenotypic state without complete loss of activation. In contrast, immune regulation represents intrinsic
physiological mechanisms that maintain immune homeostasis and prevent both excessive immune activation and loss of self-tolerance. It reflects
the immune system'’s self-governing capacity to restore equilibrium following activation, through cellular mechanisms involving regulatory cells that
directly suppress or modulate effector responses, molecular pathways engaging inhibitory checkpoint signaling that sustains immune homeostasis,
and soluble mediators that limit inflammation and maintain immune tolerance. The bioactive form of vitamin D, 1,25-dihydroxyvitamin Dz (calcitriol),
exemplifies a dual-acting molecule within this conceptual continuum. As a prohormone with immunomodulatory properties, it influences the
differentiation, activation, and reprogramming of immune cells, while indirectly supporting immunoregulatory balance through its systemic
endocrine and paracrine effects. All conceptual notions presented in this Figure are encompassed within this integrative framework. Schematic
elements were partially adapted from Servier Medical Art (https://smart.servier.com), licensed under a Creative Commons Attribution 3.0 Unported
License (CC BY 3.0). The molecular structure of the active form of vitamin D3 (calcitriol, 1,25(0OH),Ds; C»7H4403) was generated using ACD/ChemSketch,

Version 2.0 (Advanced Chemistry Development, Inc., Toronto, Canada).

T-cells to maintain cytokine balance—modulating both pro- and
anti-inflammatory pathways—and by limiting B-cell proliferation
and differentiation, thereby fostering a state of immune equilibrium.

2.3 Pregnancy, hemostasis and vitamin D-
associated platelet modulation

In obstetric immuno-hematology, the clinical study by Wang et al.
shows that gestational hypertension is associated with lower
vitamin D levels and platelet counts (PLT), along with higher
mean platelet volume (MPV), platelet distribution width (PDW),
and D-dimer levels. Vitamin D was significantly correlated with
these parameters, suggesting a potential role in modulating platelet
function and coagulation, and highlighting the value of optimizing
vitamin D status in managing this condition.

Frontiers in Immunology

2.4 Vitamin D and COVID-19 in risk
modulation and clinical outcomes

The role of vitamin D during the COVID-19 pandemic is
examined from multiple complementary angles. Missilmani et al.
report that while systemic serum 25(OH)D levels alone are not
directly associated with COVID-19 status, elevated nasopharyngeal
VDR and DEFA1-3 expression correlate with reduced risk of
SARS-CoV-2 infection, underscoring the importance of local
vitamin D responsiveness. Complementing these findings,
Petakh et al, in an umbrella review of systematic reviews,
conclude that vitamin D supplementation significantly reduces
the risk of Intensive Care Unit (ICU) admissions and mortality in
COVID-19, particularly in vitamin D-deficient populations, while
underscoring the need for standardized study designs. The cohort
study by Konikowska et al. further establishes that sufficient vitamin
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D levels (=30 ng/mL) are associated with improved survival and a
reduced risk of death among hospitalized COVID-19 patients,
highlighting the prognostic value of 25(OH)D concentrations
during hospitalization. In pediatric settings, Perestiuk et al.
demonstrate that vitamin D deficiency or insufficiency is
associated with more severe acute disease, prolonged
hospitalization, and a 2.2-fold higher risk of long COVID—
particularly with neurological and musculoskeletal symptoms—
underscoring the importance of age-specific preventive approaches.

2.5 Vitamin D status across metabolic and
inflammatory disease outcomes

Population and clinical cohort studies add epidemiological
weight to mechanistic findings. Liu et al. report that lower serum
25(OH)D is associated with a higher incidence of hyperlipidemia in
adults, highlighting the link between lifestyle-related vitamin D
insufficiency and adverse lipid profiles. In the inflammatory bowel
disease field, Zheng et al. report that higher baseline vitamin D
levels independently predict clinical remission in infliximab-treated
Crohn’s disease patients, suggesting that vitamin D status may
influence biologic therapy outcomes and patient stratification.

2.6 Vitamin D in autoimmunity:
immunomodulation and genetic evidence

In their Opinion article, Su et al. revisit the debated field of
high-dose vitamin D supplementation as a potential approach to
immune recalibration in autoimmune diseases, highlighting its
capacity to modulate Th1, Th17, and regulatory T-cells, alongside
B-cell activity, in selected conditions, including multiple sclerosis,
systemic lupus erythematosus, and Crohn’s disease. Adding a
genetic perspective, Huang et al. applied a Mendelian
randomization framework leveraging genetic variants linked to
various circulating micronutrients, including vitamin D, to dissect
causal relationships with systemic lupus erythematosus (SLE).
Using summary statistics from the IEU OpenGWAS database and
supported by multiple sensitivity analyses (including MR-PRESSO,
MR-Egger, and leave-one-out), their findings provide genetic
evidence for a protective role of selected nutrients—notably
vitamin D and calcium—against autoimmune susceptibility,
highlighting the value of integrative nutrigenomic approaches.

2.7 Mechanistic and nanotechnological
advances in vitamin D-based cancer
therapy

Two studies in this volume shed light on novel oncological
applications of vitamin D. Zhang et al. reveal an immunosuppressive
1,25(0OH),D5-LL-37-tumor-associated macrophage (TAM) axis in
hepatocellular carcinoma (HCC), in which LL-37 induction
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promotes macrophage recruitment and M2 polarization, thereby
limiting vitamin D’s efficacy. Importantly, the authors show that
suramin, an LL-37 inhibitor, disrupts TAM recruitment and M2
polarization, restores M1 polarization, inhibits protein kinase B/
mammalian target of rapamycin (Akt/mTOR) and signal
transducer and activator of transcription 3 (STAT3) signaling,
and enhances 1,25(OH),D; therapeutic effects, reducing tumor
growth and nodules in vivo, highlighting its potential as an
adjunct in vitamin D-based immunotherapy for HCC.

To overcome the narrow therapeutic window of vitamin Dj in
oncology, Ezcurra-Hualde et al. developed a liposomal
cholecalciferol formulation (VD-LP) with high encapsulation
efficiency and long-term stability. VD-LP modulated immune-
related and metabolic gene expression in THP-1 cells and exerted
superior antiproliferative effects across colorectal, breast, and
prostate cancer cell lines compared to free vitamin Ds;. In vivo,
VD-LP delayed tumor growth and improved survival without
inducing hypercalcemia, highlighting its favorable toxicity profile.
These findings demonstrate how nanotechnological innovations
can safely extend vitamin D’s therapeutic applications in
oncology field.

3 Concluding perspectives:
mechanistic integration and emerging
frontiers

Together, the studies featured in this volume illuminate how
vitamin D acts as a central immunometabolic regulator, bridging
molecular mechanisms with translational vision across diverse
pathophysiological contexts. From redox-sensitive macrophage
reprogramming and modulation of T helper (Th) cells to genetic
and nanotechnological innovations, these contributions collectively
underscore vitamin D’s capacity to fine-tune immune responses,
metabolic signaling, and therapeutic efficacy.

The integration of multi-omic approaches, including genomics,
transcriptomics, and nutrigenomics, emerges as a powerful avenue
for uncovering individualized responses to vitamin D and
identifying predictive biomarkers of efficacy across diseases.

Looking ahead, the convergence of precision nutrition, immune
engineering, and vitamin D-based interventions define an exciting
frontier for research, paving the way toward personalized
immunomodulatory strategies that harmonize metabolic, genetic,
and environmental dimensions of health.

In conclusion, this Research Topic provides a comprehensive
framework for understanding and advancing vitamin D-based
interventions across immune, metabolic, and oncological
landscapes, charting a path toward more precise and effective
clinical and therapeutic applications.

We trust that the insights presented here will catalyze
translational breakthroughs and support the rational design of
vitamin D-based interventions tailored to individual immune and
metabolic profiles.
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Background: Vitamin D deficiency is a substantial public health problem. The
present study evaluated the association between vitamin D concentration and
hospitalization and mortality risk in patients with coronavirus disease 19 (COVID-19).

Methods: This study used the COronavirus in LOwer Silesia (COLOS) dataset
collected between February 2020 and June 2021. The medical records of 474
patients with confirmed severe acute respiratory syndrome 2 (SARS-CoV-2)
infection, and whose vitamin D concentration was measured, were analyzed.

Results: We determined a significant difference in vitamin D concentration
between discharged patients and those who died during hospitalization (p =
0.0096). We also found an effect of vitamin D concentration on the risk of death
in patients hospitalized due to COVID-19. As vitamin D concentration increased,
the odds ratio (OR) for death slightly decreased (OR = 0.978; 95% confidence
interval [Cl] = 0.540-0.669). The vitamin D concentration cutoff point was 15.40
ng/ml. In addition, patients with COVID-19 and serum 25-hydroxyvitamin D (25
(OH)D) concentrations < 30 ng/ml had a lower survival rate than those with
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serum 25(OH)D > 30 ng/ml (log-rank test p = 0.0018). Moreover, a Cox
regression model showed that patients with an estimated glomerular filtration
rate (eGFR) > 60 ml/min/1.73 m? and higher vitamin D concentrations had a 2.8%
reduced risk of mortality (hazard ratio HR = 0.972; Cl = 0.95-0,99; p = 0.0097).

Conclusions: The results indicate an association between 25(OH)D levels in
patients with COVID-19 and the final course of hospitalization and risk of death.

KEYWORDS

SARS-CoV-2, vitamin D, COVID-19, mortality, vitamin D deficiency, public health

1 Introduction

Vitamin D deficiency is a global problem that affects healthy
and sick people (1). Race is a significant risk factor for vitamin D
deficiency (2). The overall prevalence rate of vitamin D deficiency in
the U.S. population was 41.6%, with the highest rate among African
Americans (82.1%), followed by Hispanics (69.2%), and lowest
among non-Hispanic Whites (30.9%) (3). The risk group consists
mainly of overweight and elderly individuals who require higher
doses of vitamin D (4, 5). Vitamin D deficiency is also often
detected in patients with liver and kidney disorders (4, 6-8).
Health benefits of vitamin D supplementation and sunlight
exposure include reduced risk of many chronic diseases, including
autoimmunity, cardiovascular disease, infections, and
neurocognitive dysfunctions (1). Adequate vitamin D levels also
prevent frailty and fractures (9).

Studies show that vitamin D has pleiotropic effects (10, 11).
Calcitriol, 1,25-dihydroxycholecalciferol [1,25(0OH)2D], is the
active form of vitamin D and participates in numerous
physiological processes while exhibiting immunomodulatory
effects (12). It promotes immune cell proliferation and
differentiation, modulates lymphocyte activity, and reduces pro-
inflammatory cytokine (tumor necrosis factor alpha [TNF-o] and
interleukin-1 [IL-1]) concentration while increasing anti-
inflammatory cytokine (IL-4, IL-5, and IL-10) concentration (4).
In addition, the action of 1,25(0OH)2D is mediated by a highly
specific, intracellular vitamin D receptor (VDR) (4, 13). As a
nuclear receptor, ligand activation of the VDR leads to protein
binding to specific sites in the genome, resulting in modulation of
target gene expression (14). The pleiotropic effect of 1,25(OH)2D is
believed to be active in the presence of VDR and 25(OH)D-10.-
hydroxylase (CYP27B1) in many tissues, which allows the
extrarenal synthesis of the active 1,25(OH)2D. The participation
of 25(OH)D in the endocrine, autocrine, and paracrine pathways
seems to be crucial for reducing the risk of cancer development,
autoimmune diseases (e.g., multiple sclerosis, type 1 diabetes, and
bronchial asthma), cardiovascular diseases, strokes, type 2 diabetes,
and neurocognitive disorders (13, 15). 25(OH)D also reduced the
incidence of recurrent infections (2, 16).

Vitamin D deficiency is linked to increased autoimmunity and
higher susceptibility to respiratory tract infection (RTI) (17, 18).

Frontiers in Immunology

Nevertheless, the association between antimicrobial, antiviral, and
anti-inflammatory effects may reduce the risk of asthma
exacerbation, often caused by RTI and characterized by
dysregulated pulmonary inflammation (19, 20). In addition, other
studies have demonstrated an association between vitamin D
deficiency and higher intensive care unit (ICU) mortality rates
(1, 22).

The therapeutic role of vitamin D in patients with coronavirus
disease 2019 (COVID-19) is currently a subject of discussion (23).
Low vitamin D concentration has been linked to an increased
predisposition to severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) infection (24) and a severe course of COVID-19
(25). Furthermore, it has been hypothesized that vitamin D may
prevent and/or alleviate SARS-CoV-2 infection (23). However, the
results of such research are not conclusive.

Based on studies conducted in 20 countries in Europe, Illie et al.
(26) demonstrated a significant negative correlation between total
25-hydroxyvitamin D [25(OH)D] serum concentration and death
in SARS-CoV-2 patients. In contrast, Orchard et al. (27) reported a
negligible difference in vitamin D levels among hospitalized and
ICU patients with COVID-19. Moreover, a non-significant
difference in the clinical course was found between patients with
low and normal vitamin D concentrations (27). Similarly, no
beneficial effect of vitamin D3 treatment was found in patients
with COVID-19 by Marani et al. (28). Administration of a large
single dose of vitamin D3 (500,000 IU) did not prevent respiratory
function deterioration in patients hospitalized with mild to
moderate COVID-19, and there was no significant effect on the
length of hospital stay (28).

Our study is one of the first to look at the association of vitamin
D with adult mortality in the Polish population. Based on current
knowledge, there are only a few published studies from Poland on
vitamin concentrations in patients with COVID-19 (29, 30). In the
study by Ziuzia-Janiszewska et al. (29), potential predictors of a
severe course of COVID-19 in young adults (20-45 years old) were
identified, including low vitamin concentration as one of the
predictors. In this study, vitamin D concentration was tested in
81 out of 229 patients with SARS-CoV-2. Ziuzia-Janiszewska et al.
(29) found that, among others, obesity, comorbidities, higher levels
of CRP, IL-6, creatinine, urea, and also lower eGFR value, albumin,
calcium, and vitamin D concentration may be associated with poor
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COVID-19 outcomes. In another study from Poland, vitamin D
concentrations were analyzed in 45 out of 52 pregnant women with
confirmed SARS-CoV infection (30). It was shown that
approximately 62% of pregnant women with COVID-19 had a
decreased concentration of vitamin D (mean value - 27.15 ng/
ml) (30).

Our study evaluated the association between vitamin D
concentration and the final course of hospitalization and risk of
death in patients treated for COVID-19. COVID-19 can affect many
organs of the human body, including kidneys (31). The mechanism
of kidney involvement in COVID-19 appears to be multifactorial.
Thus far, data suggest effects of direct viral infection (viral tropism
to the renal system), hypoxia, inflammatory syndrome-mediated
injury, hemodynamic instability, vascular injury, and
hypercoagulable state (32-35). In our study, an accurate analysis
of the relationship between vitamin D concentration and baseline
estimated glomerular filtration rate (eGFR) and the probability of a
patient’s survival outcome up to 90 days after hospital admission
was performed. In addition, the association between vitamin D and
other predictors of the incidence of death up to 90 days after
COVID-19 hospitalization was examined using a Cox regression
model. We hypothesized that low 25(OH)D plasma levels can
predict poorer survival outcomes. We also aimed to evaluate
whether 25(OH)D plasma levels predict mortality in adults with
COVID-19 while considering potential confounders.

2 Methods
2.1 Study design and participants

Our research was part of the COronavirus in LOwer Silesia
(COLOS) study of patients with laboratory-confirmed SARS-CoV-2
infection. The medical records of 474 patients with vitamin D
concentration measurements were analyzed retrospectively. The
patients were hospitalized at the University Hospital in Wroclaw
between February 2020 and June 2021.

SARS-CoV-2 infection was confirmed by positive reverse
transcriptase-polymerase chain reaction (RT-PCR) for viral
ribonucleic acid (RNA) from a nasopharyngeal swab.

The Institutional Review Board and Bioethics Committee of
Wroclaw Medical University approved this COLOS study (No: KB-
444/2021). The data were collected retrospectively, and written
informed consent to participate in the study was not required.
The Bioethics Committee approved the publication of
anonymized data.

2.2 Study procedures

The demographic data and information on medical history,
previous medication, symptoms at admission, laboratory tests, and
in-hospital clinical courses were derived from electronic hospital
medical records. The presence of comorbidities and information
about smoking was established from an interview with the patient
on admission.
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Laboratory assessment measured vitamin D status, IL-6, C-
reactive protein (CRP), and renal function tests, including
creatinine, were measured and eGFR values were calculated.
Different indexes are used for kidney function assessment and the
eGFR remains one of the best markers (36). eGFR was calculated
based on the Modification of Diet in Renal Disease Study equation
(36). A chemiluminescence method (Alinity i 25-OH Vitamin D
Reagent Kit, Abbott, USA) evaluated the total serum 25(OH)
D concentration.

Surviving patients were followed up by telephone after 3
months. Information was obtained directly from patients, their
relatives, or the hospital system. Government General Registry
Office data on death were used for the study.

2.3 Statistical analysis

Continuous data were expressed as mean and standard
deviation (SD) when a normal distribution occurred. In the
absence of a normal distribution, medians, and interquartile
ranges were reported. The categorical data were presented as
frequencies and percentages. Given the sample size in the study,
the continuous variable was analyzed using parametric tests.
Although parametric tests are designed for normal data
distribution in general, it has been shown recently that the
ANOVA is robust to the violation of this assumption (37, 38). It
matters especially when the sample size is large compared to a
threshold sample size (N = 30), which has been proposed as a
criterion for reliably using parametric tests (when the assumption of
the variance homogeneity is met) (39), with a sample size being
considered as “large” when it contains hundreds of data (37, 38).
Categorical variables were compared using Pearson’s Chi-squared
or Fisher’s exact tests when the sample size was smaller than five.

ANOVA with Welch correction evaluated the relationship
between the vitamin D concentration and the final hospitalization
course. As the variance was unequal among the compared group
(Levene’s test: F3 47 = 3.18, p = 0.024), Tamhane’s T2 post hoc test
assessed differences between the groups. The final course of
hospitalization was described as a categorical variable and divided
into four stages: 0 - completed with discharge; 1 - completed
transfer from the University Clinical Hospital to another acute
hospital for specialized treatment due to new problems/
deterioration of the patient’s condition; 2 - completed by transfer
to another hospital outside of the University Clinical Hospital for
rehabilitation or docking of patients who could not be discharged
home; 3 - fatal.

The effect of vitamin D concentration on the risk of death
during hospitalization was assessed using a receiver operating
characteristic (ROC) curve. The area under the curve (AUC) and
confidence intervals (CIs) were calculated. The analysis established
a Youden index and estimated a cutoff point for vitamin
D concentration.

A Cox model evaluated the relationship between vitamin D
concentration and eGFR values and the probability of patients’
survival up to 90 days from the start of hospitalization. The results
of patients’ survival probabilities were presented using Breslow
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survival curves, as were patients’ survival probabilities concerning
vitamin D concentration and eGFR value. According to the US
National Kidney Foundation, chronic kidney disease (CKD) can be
defined as an eGFR < 60 ml/min/1.73 m? (40). We assumed that the
expected normal clinical range of eGFR is > 60 ml/min/1.73 m*. To
visualize the effect of vitamin D concentration not disturbed by the
effect of eGFR, the latter was assumed to be equal to 76.2 ml/min/
1.72 m? (the arithmetic mean).

As the effects of the vitamin D concentration were statistically
significant in the Cox regression, in the next step, Kaplan-Meier
analysis with log-rank test compared the survival of patients up to
the 90th day after hospital admission, divided into two groups based
on the vitamin D concentration determined at the beginning of
hospitalization. Patients were grouped into two serum 25(OH)D
level categories: < 30 ng/ml and >30 ng/ml. Vitamin D sufficiency
was defined as a blood level of > 30 ng/ml. Vitamin D levels < 30 ng/
ml were considered low.

In the last stage of the analysis, the hazard ratio (HR) and 95%
CI of mortality (the incidence of death in patients with COVID-19
up to 90 days from the start of hospitalization) in relation to vitamin
D concentration (as a continuous variable) and some other co-
variables that are considered potentially important predictors were
estimated using Cox proportional hazard regression models. The
other variables entered into the model were sex, age at admission,
CRP level, and the presence of heart disease. Because eGFR is
usually considered an important predictor when assessing COVID-
19 severity, a Cox model was used for the two patient groups
separately. Patients with a measured vitamin D concentration were
divided into two groups according to eGFR at admission: eGFR > 60
ml/min/1.73 m® or eGFR < 60 ml/min/1.73 m”.

In all the Cox regression models, p was > 0.2 for all the
predictors in the test of proportional hazard assumptions. The
assumption of a linear form of continuous covariates was assessed
by plotting the Martingale residuals against continuous covariates.
Goodness-of-fit of the Cox regression model was assessed using the
statistics “concordance” (see below).

A p-value < 0.05 was considered statistically significant.
Statistical analyses employed Statistica v.13.3 software (TIBCO
Software Inc., Krakow, Poland) (descriptive statistics, Levene’s
test, proportional hazard test, and preparing scatterplots of
Martingale residuals), SPSS 28.0 (Welch’s ANOVA), and R-
packages “survival” (41) and “survminer” (42) (Cox regression,
forest plot preparation, Kaplan-Meier curves, and log-rank
test “concordance”).

3 Results

Vitamin D concentration in the blood of 474 patients
hospitalized for SARS-CoV-2 infection was evaluated. The mean
age of patients was 63 (+ 15.3) years, and 276 (58.1%) patients were
men. Comorbidities such as diabetes, hypertension, cardiovascular
disease, and chronic kidney disease were present in 128 (26.9%),
259 (54.5%), 124 (26.1%), and 48 (10.1%) patients,
respectively (Table 1).
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TABLE 1 Patients’ characteristics and clinical outcomes.

Age, mean (SD), years 63.0 (15.3)

Men, No. (%) 276 (58.1)
Comorbidities occurrence*

Diabetes, No. (%) 128 (26.9%)

Hypertension, No. (%) 259 (54.5%)

Cardiovascular disease, No. (%) 124 (26.1%)
Chronic kidney disease, No. (%) 48 (10.1%)
Tumor, No. (%) 29 (6.1%)

Smoking, No. (%)*

Never 421 (88.6%)
Former 32 (6.7%)
Current 21 (4.4%)
Hospitalization course
The number of days in hospital, mean (SD), days 20.3 (15.5)

Transferring the patient to ICU, No. (%) 103 (21.7%)

Tracheostomy, No. (%) 47 (9.9%)
Intubation during hospitalization, No. (%) 98 (20.6%)
Shock during hospitalization, No. (%) 89 (18.7%)

Deterioration of the patient’s condition during hospital stay,
No. (%)

172 (36.2%)

Initiation of renal replacement therapy, No. (%) 41 (8.6%)

SIRS, No. (%) 65 (13.7%)
Death in hospital, No. (%) 96 (20.2%)
Laboratory values

25(0OH)D, ng/ml (Me, IQR) 20.55 (20.30)

Creatinine, mg/dl (Me, IQR) 0.95 (0.44)
CRP, mg/l (Me, IQR) 61.18
(101.29)

IL-6, pg/mL (Me, IQR) 21.85 (43.15)

* data from the interview with the patient on admission; SD, standard deviation; No., number;
ICU, Intensive Care Unit; SIRS, systematic inflammatory response syndrome; 25(OH)D, 25-
hydroxyvitamin D; CRP, C-reactive protein, IL-6, Interleukin-6, Me, median; IQR,
interquartile range.

The relationship between vitamin D concentration and the final
hospitalization course was statistically significant (ANOVA: F;
470 = 4.82, p = 0.003) (Table 2). A statistically significant
difference in vitamin D concentration compared to discharged

patients and those who were transferred urgently to another
hospital due to new health problems/deterioration of their
condition was determined. Moreover, discharged patients had
significantly higher mean vitamin D concentrations than patients
who died during hospitalization. In addition, patients who were
transferred urgently to another hospital due to new health
problems/deterioration of their condition had significantly lower
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TABLE 2 Vitamin D concentration and the course of hospitalization (ANOVA test, p-values for post-hoc Tamhane's T2 test).

mean (95% Cl)

Pairwise post-hoc comparisons

é 0 302 (63.6%) 26.0 (23.9-28.1) 23.1 ; 0 - 0.0002 0.5503 0.0096
§ 1 21 (4.4%) 16.0 (12.2-19.8) 13.4 § 1 0.0002 - 0.0362 0.4434
% 2 55 (11.6%) 23.0 (19.7-26.3) 22.0 % 2 0.5503 0.0362 - 0.7251
2 2

E 3 96 (20.2%) 20.1 (17.0-23.1) 14.9 :° 3 0.0096 0.4434 0.7251 -

Hospitalization*: 0 - completed with discharge; 1 - completed transfer from the University Clinical Hospital to another acute hospital for specialized treatment due to new problems/deterioration
of the patient’s condition; 2 - completed by transfer to another hospital outside the University Clinical Hospital for rehabilitation or docking of patients who cannot be discharged home; 3 - fatal;

CI, confidence interval; Me, median.

mean vitamin D concentrations than patients transferred to another
hospital for rehabilitation or docking.

In our study, the effect of vitamin D concentration on death risk
due to COVID hospitalization was also analyzed. Figure 1 shows the
area under the ROC curve of vitamin D serum level for in-hospital
mortality of patients with COVID-19. The AUC of the 25(OH)D
ROC curve was 0.605 (CI 95% = 0.540-0.669; p = 0.0106) and shows
that as vitamin D concentration increased, the odds ratio (OR) for
death slightly decreased (OR = 0.978). Without adjusting for
confounders, the sensitivity and specificity of vitamin D
concentration as a single predictor for mortality in patients
hospitalized for COVID-19 were poor (AUC = 0.605; 95% CI =
0.540-0.669). The cutoff point for vitamin D concentration was
15.40 ng/ml.

The study also assessed the probability of survival up to 90 days
after the onset of hospitalization for SARS-CoV-2 infection, taking
into account vitamin D concentration and eGFR values during
hospital admission. Using Cox regression, we demonstrated a

statistically significant effect of vitamin D concentration and
baseline eGFR on the probability of survival (vitamin D: HR =
0.98; 95% CI = 0.969-0.995; p = 0.0075; eGFR value: HR = 0.99; 95%
CI = 0.981-0.993; p = 0.000009, model concordance - 0.631).

To illustrate the effect of vitamin D concentration on survival
probability, Breslow survival curves were prepared for two vitamin
D concentrations to include the first and third quartiles. Survival
probability at a low vitamin D concentration was markedly lower
when compared to the high vitamin D concentration quartile
(68.9% vs. 77.2%) at the same eGFR value (see “Statistical
analysis” section and Figure 2 for details).

Figure 3 shows Kaplan-Meier curves for the survival probability of
patients with COVID-19 up to 90-days after admission to the hospital
according to vitamin D status. Patients with COVID-19 and serum 25
(OH)D concentrations < 30 ng/ml presented a lower survival rate than
those with serum 25(OH)D > 30 ng/ml (log-rank test p = 0.0018).

The Cox regression model showed that the association between
vitamin D concentration and mortality risk in patients with

ROC curve for mortality
Youden's index = 0.21
Proposed cut-off point: 15.40 ng/ml 25(OH)D

1,0
0,8
> 0,6
=
=
c
®
0,4
0,2
Sensitivity 53.1%
Specifity 67.7%
Area under the ROC curve 0.605 (95% CI = 0.540-0.669)
0,0
0,0 0,2 0,4 0,6 0,8 1,0
1-Specificity

FIGURE 1

Area under the ROC curve of vitamin D serum level for in-hospital mortality of patients with COVID-19.
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Breslow's function survival

Survival time

FIGURE 2

Breslow survival curves for patients with COVID-19 up to 90 days after hospitalization in relation to low (1% quartile Q1,) and high (3" quartile Q3)
vitamin D level, at constant eGFR level, equal to 76.2 mL/min/1.73m? (arithmetic mean).

COVID-19 depended on baseline eGFR (Figures 4, 5). In patients
with COVID-19, it relied on baseline eGFR (Figures 4, 5), though in
those with eGFR < 60 ml/min/1.73m?, vitamin D concentration was
not significantly associated with mortality risk (p = 0.882). In
contrast, patients with an eGFR > 60 ml/min/1.73 m? and higher
vitamin D concentrations had a 2.8% reduced mortality risk (HR =
0.972; CI = 0.95-0.99; p = 0.0097) even after adjusting for potential
confounders such as sex, heart disease, and CRP value. The
mortality risk also increased by 4% with age in COVID-19
patients with eGFR values > 60 ml/min/1.73 m2. Model
concordance for the patient groups amounted to 0.63 for patients
with eGFR < 60 ml/min/1.73 m* and 0.71 for patients with an eGFR
> 60 ml/min/1.73 m®,

4 Discussion

This study presented the results of the association between
vitamin D concentrations and the risk of death in patients
hospitalized with COVID-19. Campi et al. (43) evaluated the
vitamin D concentrations of 103 patients treated for severe

COVID-19 (study group) and compared them to 52 patients with
mild COVID-19 and 206 patients without confirmed SARS-CoV-2
infection (control group) and found that 25(OH)D concentrations
were lower in COVID-19 patients who died in hospital (13.2 + 6.4
ng/ml) compared to patients who survived (19.3 + 12.0 ng/ml;
p=0.0003). Moreover, they discovered an inverse correlation
between 25(OH)D and mortality regardless of age, sex, diabetes,
platelet count, and levels of IL-6, CRP, lactate dehydrogenase
(LDH), neutrophils, and lymphocytes. The study found that a 1
ng/ml 25(OH)D increase was associated with a 4% reduction in the
risk of death from COVID-19 (43).

In the current study, vitamin 25(OH)D values relevant to
survival were in analogous convergence. We found that patients
with COVID-19 and vitamin D values of 15.40 ng/ml or less at
admission had a higher risk of death during hospitalization than
patients whose vitamin D concentrations were above 15.40 ng/ml.
Hafez et al. (44) reported similar findings. This study showed a
statistically significant correlation between 25(OH)D deficiency
0.04). In an
unadjusted logistic regression model, the probability of mortality

(<12 ng/ml) and in-hospital mortality (p

increased significantly among patients with serum 25(OH)D

100%1

90%1

80%1

Survival probability

70%1

Log rank test: p= 0.0018

230 ng/ml

<30 ng/mi

FIGURE 3

50
Time [Days]

100

Kaplan—Meier survival analysis of COVID-19 patients until the 90th day from admission to hospital in relation to vitamin D concentration (<30 ng/ml

and > 30 ng/ml).
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FIGURE 4

Adjusted hazard ratios (HR) for 90-day mortality in the group of patients with eGFR < 60 ml/min/1.73 m?. *p-value <0.05; **p-value <0.01.

concentration <12 ng/ml compared to those with a higher serum
concentration (OR = 7.86, 95% CI =1.43-37.49). In addition, Hafez
et al. (44) used an adjusted logistic regression model for sex and age
(Model 1), with a cutoff point of 25(OH)D < 12 ng/ml and 25(OH)
D < 20 ng/ml adjusted for sex, age, race, and comorbidities in
multivariate logistic regression in Models 2 and 3, respectively. The
authors revealed that a serum 25(OH)D concentration <12 ng/ml
significantly increased mortality 12-fold in Model 1 and 62-fold in
Model 2.

In our study, the Cox regression model showed that the
mortality risk also increased by 4% with age in COVID-19
patients with eGFR values > 60 ml/min/1.73 m? Tt is worth

mentioning that the value of eGFR decreases with age by
approximately 1 ml/min/m” per year starting from the third
decade of life (45). In addition, renal hyperfiltration is associated
with a higher risk of cardiovascular disease and all-cause mortality
(46, 47). Hafez et al. (44) also showed increased mortality of 13% for
each 1-year increase in age. Researchers suggest that immune
system functions decline with increasing age, which may be one
of the risk factors for death (44).

Another study involving 464 patients with COVID-19 found
that 25(OH)D concentrations < 12 ng/ml were significantly
associated with a higher risk of severe SARS-CoV-2 infection and
mortality (48). Al Safar et al. (48) determined predictors of
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FIGURE 5

c-reactive protein, AIC — Akaike Information Criterion

Adjusted hazard ratios (HR) for 90-day mortality in the group of patients with eGFR > 60 ml/min/1.73 m?. *p-value <0.05; **p-value <0.01; ***p-

value <0.001.
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mortality using binary regression analysis with adjusted and
unadjusted models. Age was significantly associated with the risk
of death regardless of the model used. In addition, a significant
predictor of death in the adjusted models was serum vitamin D
concentration < 12 ng/mL, which was associated with a 2.55-fold
increased risk of death after adjusting for sex and age, and a 2.58-
fold increased risk of death after adjusting for sex, age, and
comorbidities (48). Comorbidities such as heart disease, diabetes,
kidney disease, and metabolic disease only manifested as risk factors
for death in unadjusted models (48). In our study, heart diseases
were also a significant risk factor for death, but only for patients
with an eGFR < 60 ml/min/1.73 m*.

In our study, Cox regression found no association between sex
and the risk of death up to 90 days from hospitalization for COVID-
19. In the Al Safar et al. (48) study, as in our study, sex was not a
significant predictor of death in patients with COVID-19.
Evaluating the association between sex and 25(OH)D with risk of
death requires further studies in a homogeneous group of patients.

The current study showed a significant effect of eGFR values
and vitamin D concentration on survival probability up to 90 days
after hospitalization, with a proportionally higher survival
probability and vitamin D concentration observed when
comparing the same baseline eGFR values (Figure 2). Thus, it
may be suggested that higher 25(OH)D concentrations are
important for a better prognosis in patients with COVID-19. On
the other hand, the Cox regression model showed that, while
analyzing additional variables such as age, gender, heart disease,
and CRP value, the association between vitamin D concentration
and mortality risk in patients with COVID-19 depended on baseline
eGFR. Kidneys are the main site for the conversion of 25-
hydroxyvitamin D into circulating calcitriol, and are essential for
the health benefits of endocrine VDR activation (49). Vitamin D
deficiency increases progressively in the course of kidney disease
and is associated with accelerated disease progression and death
(49). It has also been shown that eGFR values were significantly
correlated with COVID-19-related kidney injury, and eGFR values
< 60 ml/min/1.73 m> were independently associated with in-
hospital mortality (50).

In our previous study, we assessed renal function, according to
eGEFR values, in patients admitted to the hospital due to COVID-19
(51). Mortality during hospitalization and after 90 and 180 days was
significantly higher in the patients with an eGFR < 60 ml/min/1.73
m? (Group B) compared to patients with eGFR values > 60 ml/min/
1.73 m* (Group A) (p < 0.001) (51). Mortality in Group B patients
was associated with comorbidities, immune impairment, and the
frequent development of acute kidney injury. This study showed
that the baseline eGFR values determine the course of COVID-19
(51). Our current study also showed that vitamin D concentrations
are a significant risk factor for mortality and COVID-19, and
patients with lower vitamin D concentrations have a
WOorse prognosis.

D’Avolio et al. (24) stated that patients with COVID-19 had
significantly decreased 25(OH)D concentration compared to
healthy people (11.1 ng/ml vs. 24.6 ng/ml; p = 0.004). In a study
by Meltzer et al. (52), a multivariate analysis showed that a positive
test result for COVID-19 was associated with probable vitamin D
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deficiency status, compared to probable vitamin D sufficiency status
(risk ratio [RR] 1.77; 95% CI = 1.12-2.81; p = 0.02). On the other
hand, Annweiler et al. (53) found that vitamin D3 supplementation
was linked to better three-month survival in elderly patients with
COVID-19. Finally, based on systematic reviews and meta-analyses,
low vitamin D concentrations were related to a higher risk, severity,
and mortality from SARS-CoV-2 infection in most studies (54, 55).
Thus, taking into account all the references presented, it seems
reasonable to increase blood 25(OH)D concentration as a
therapeutic element in patients with COVID-19 (56, 57).

How vitamin D interferes with the outcomes of COVID-19
remains unknown (44). The protective effects of vitamin D in
SARS-CoV-2 infection may be mediated through the production
of antimicrobial peptides such as cathelicidin and defensin,
respiratory barriers, reduced inflammation through tolerogenic
effects, and the induction of T-regulatory cells and IL-10,
inhibition of IL-12, gamma interferon (IFN-y), TNF-o, IL-2, and
IL-17, along with the modulation of the renin-angiotensin pathway
and angiotensin-converting enzyme 2 (ACE-2) downregulation (44,
58-60).

According to current knowledge, it cannot be stated
unequivocally for many diseases, disorders, and consequences
that vitamin D deficiency is their direct cause (4). The reverse
causality hypothesis is gaining traction in light of the results of
systematic reviews, meta-analyses, and randomized controlled trials
(RCTs) (61, 62). In a review of meta-analyses and RCTs, the authors
supported the hypothesis that lower vitamin D concentrations are a
consequence of poor health rather than a cause of it (61, 62). In
addition, recent research indicates that vitamin D supplementation
may prevent frequent upper RTT and asthma exacerbation (62).

The dose of vitamin D has to be appropriately selected
depending on the subjects’ baseline 25(OH)D concentration. In a
normal-weight adult with a 25(OH)D concentration of 20 ng/ml,
100 IU of vitamin D is needed to increase blood 25(OH)D
concentrations by approximately 0.6-1 ng/ml (1). This explains
why giving an adult, whose blood 25(OH)D level is 18-20 ng/ml,
1,000 IU of vitamin D is not effective in achieving a blood 25(OH)D
of more than 30 ng/ml (1). Central European guidelines consider a
vitamin D concentration of 30 to 50 ng/ml as optimal for all
potential health advantages (63). On the other hand, the Vitamin
D recommendations of the Endocrine Society’s Practice Guidelines
refer to 25(OH)D ranging from 40 to 60 ng/ml (64). The authors
believe that there should be greater clinical awareness in recognizing
specific populations with COVID-19 that require vitamin D
supplementation over and above the recommended dose (56, 57).
In patients diagnosed with SARS-CoV-2, the daily dose should be
higher than those recommended for the elderly, those who are
obese, and those with comorbidities. Most of the study results show
that vitamin D supplementation would have clinical benefits for
patients with COVID-19 in terms of prevention and treatment,
including length of hospital stay, mortality, and prognosis
recovery (65).

This study was large, homogenous, and only included those
with a PCR-confirmed COVID-19 diagnosis who were treated in
one center according to the same rules, which may increase the
strength of the obtained results.
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In this study, some limitations occurred. As a retrospective
study, the causality cannot be inferred. Moreover, vitamin D levels
were monitored while patients were hospitalized due to SARS-CoV-
2 infection. As such, the findings may have been due to reverse
causality, which cannot be excluded. SARS-CoV-2 infection may
have led to a decreased 25(OH)D concentration, where an
enhancement of 25(OH)D1-alpha-hydroxylase enzyme activity
due to the systemic inflammatory response associated with
COVID-19 can be considered (28). The study did not collect data
on vitamin D supplementation or dietary intake.

5 Conclusions

The findings indicate an association between SARS-CoV-2
infected patients’ vitamin D concentration and the final course of
hospitalization and risk of death. Based on the results of our
research, it seems that low vitamin D concentrations should be
considered a risk factor for poor prognosis in SARS-CoV-2
infection. From the point of view of public health, it seems
important to monitor the concentration of vitamin D, in
particular in the elderly and people with heart diseases, and to
take preventive measures to achieve the optimal concentrations of
vitamin D. Nevertheless, the importance of vitamin D in
susceptibility to infection and disease course requires
further research.
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In recent years, the relationship between vitamin D and allergic diseases has
received widespread attention. As a fat-soluble vitamin, vitamin D plays a crucial
role in regulating the immune system and may influence the onset and
progression of diseases such as atopic dermiatitis, allergic rhinitis, and asthma.
To understand the underlying mechanisms, we have summarized the current
research on the association between vitamin D and allergic diseases. We also
discuss the impact of vitamin D on the immune system and its role in the course
of allergic diseases, particularly focusing on how vitamin D supplementation
affects the treatment outcomes of these conditions. We aim to provide a
theoretical basis and practical guidance for optimizing the management and
treatment of allergic diseases by modulating vitamin D levels.

KEYWORDS

vitamin D, allergic rhinitis, asthma, atopic dermatitis, food allergy, allergen immunotherapy

1 Introduction

Allergic diseases are a result of the immune system’s overreacted response to allergens,
with a diverse set of immune cells (such as lymphocytes, mast cells/basophils) and immune
molecules like IgE playing a role in the pathogenetic process. Studies suggest that a complex
interplay between genetic, environmental, and nutritional factors can lead to the onset of
allergic diseases (1). Over the past decades, there has been a dramatic increase in the
prevalence of allergic diseases, such as atopic dermatitis (AD), allergic rhinitis (AR), and
allergic asthma (AA), posing a significant societal burden (2).

Vitamin D, a fat-soluble vitamin, exists in two forms: D2 (ergocalciferol) and D3
(cholecalciferol) (3). Initially, vitamin D is hydroxylated by the 25-hydroxylase enzyme in
the liver to form 25-hydroxyvitamin D (25(OH)D), which is then metabolized in the
kidneys by the la-hydroxylase enzyme into the biologically active form, 1,25-
dihydroxyvitamin D (1,25(OH)2D) (4). Vitamin D primarily acts through the vitamin D
receptor (VDR) to regulate calcium and phosphorus balance and maintain bone health (5).
Given that mast cells, monocytes, macrophages, T cells, B cells, and dendritic cells (DCs)
express nuclear receptors (nVDR) and membrane receptors (mVDR) (6), vitamin D also
plays a vital role in modulating immune responses (7, 8).

Recent research has indicated that vitamin D, through its regulatory effect on the
immune system, could be involved in the onset and progression of allergic diseases. This
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article provides a review of the influence of vitamin D on the
immune system, the relationship between vitamin D and allergic
diseases, and the impact of vitamin D supplementation on
allergic outcomes.

2 The impact of vitamin D on the
immune system

Vitamin D primarily exerts its immunoregulatory effects
through the VDR. The expression of VDR in immune cells such
as DCs, macrophages, monocytes, and lymphocytes provides a
foundation for its role in immune regulation (9, 10).

2.1 Vitamin D and innate immune cells

Innate immunity is the body’s frontline defense, swiftly fending
off pathogen invasions. Vitamin D showcases distinct impacts on
various innate immune cells through different routes.

Vitamin D mainly exerts immunosuppressive effects on human
innate lymphoid cells (ILCs), inhibiting the ability of vitamin A-
induced ILC2 cells to produce cytokines such as IL-5 and IL-13, and
the expression of gut-directed integrin 04P7 induced by vitamin A
(11). Vitamin D inhibits the response of ILC3 cells to IL-23 through
its receptor, thereby inhibiting the production of cytokines such as
IL-22, IL-17F, and granulocyte-macrophage colony-stimulating
factor (GM-CSF), while enhancing the expression of genes
associated with the IL-1B signaling pathway, converting the
production of ILC3 cell factors to the production of innate
cytokines, such as IL-6, IL-8, macrophage inflammatory proteins
1o/B (MIFs) (12).

Vitamin D mainly exerts inhibitory effects on eosinophils. 1,25
(OH)2D can upregulate the expression of C-X-C motif chemokine
receptor 4 (CXCR4) on them, promoting the transfer of eosinophils
from allergic inflammation sites to non-inflammatory tissues
outside the blood vessels induced by the latter (13, 14), and can
inhibit the production of eosinophil mediators, such as major basic
protein (MBP), eosinophil peroxidase (EPX), eosinophil cationic
protein (ECP), and eosinophil-derived neurotoxin (EDN) (15). In a
mouse asthma model, vitamin D reduced the infiltration of
eosinophils in the lungs (16).

In mast cells, 1,25(OH)2D can increase the number of VDRs in
mast cells, maintain the stability of mast cells, and inhibit the
production of inflammatory and vasodilatory mediators mediated
by IgE in human mast cells (17, 18). In vitro studies have shown that
vitamin D upregulates the expression of IL-10 mRNA in mouse
mast cells and induces the secretion of IL-10 (19).

Vitamin D enhances the formation of neutrophil extracellular
traps (NETs), upregulates the production of IL-4, and downregulates
the expression of pro-inflammatory cytokines IL-1B, IL-6, IL-8,
and IL-12 in neutrophils (20-22). Some studies have shown that
vitamin D induces apoptosis of peripheral blood neutrophils
in patients with acute exacerbation of chronic obstructive
pulmonary disease (AECOPD) through the p38 MAPK signaling
pathway (23).
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For NK cells, vitamin D can promote their secretion of IFN-q,
making them more successful in exerting antibody-dependent
cellular cytotoxicity (ADCC) effects (24).

Monocytes/macrophages can recognize components of bacteria,
viruses, and fungi through their surface-expressed toll-like
receptors. Vitamin D can form a 1,25/VDR/RXR complex with
VDR and retinoid X receptor (RXR) on monocytes/macrophages,
promoting the expression of toll-like receptors (25), enhancing
the chemotaxis and phagocytosis capabilities of monocytes/
macrophages, and inducing the production of antimicrobial
peptides (26). Additionally, 1,25(OH)2D can promote the
development of macrophages, which play a key role in
the phagocytosis and clearance of bacteria, as evidenced by the
increased expression of complement receptor immunoglobulin
(CRIg) mRNA, protein, and cell surface expression. The
phagocytic ability of macrophages treated with 1,25(0OH)2D is
also significantly enhanced (26, 27). In general, macrophages
polarize into different phenotypes under various inflammatory
conditions (28). Resting macrophages (M0) become polarized
into pro-inflammatory M1-like macrophages (M1) when exposed
to stimuli such as lipopolysaccharide (LPS), interferon-alpha (IFN-
o), IL-12, and IL-23. These M1 macrophages primarily produce
pro-inflammatory cytokines such as TNF-a, IL-23, IL-12, and IL-
1B, thereby promoting inflammatory responses. Conversely, IL-4
and IL-10 enhance the development of anti-inflammatory M2-like
macrophages (M2), which produce anti-inflammatory cytokines IL-
10 and TGF-B, promoting wound healing and maintaining tissue
homeostasis (29, 30).

Studies have shown that vitamin D, through the VDR pathway,
downregulates the expression of IL-12, TNF-a, and IL-1 in M1
macrophages, as well as the expression of co-stimulatory molecules
CD80 and CD86 on macrophages, thereby reducing the
macrophages’ ability to stimulate T cells. Simultaneously, vitamin
D upregulates the production of IL-10 and TGF- in M2
macrophages, promoting the differentiation of macrophages
towards the M2 phenotype (31, 32). This polarization alleviates
the development of allergic diseases such as AR and AD (33-35).

For dendritic cells (DCs), it has been found that 1,25(OH)2D
can inhibit the expression of MHC class II and co-stimulatory
molecules CD40, CD80, and CD86 on the surface of DCs, thereby
reducing their antigen-presenting and T cell-activating capabilities.
It also inhibits the release of pro-inflammatory cytokines such as
tumor necrosis factor alpha (TNF-o), interferon-gamma (IFN-y),
and interleukin-2 (IL-12) (which influences Th cell differentiation
into Th1 cells), and IL-23 (which influences Th cell differentiation
into Th17 cells). Additionally, it upregulates IL-10 (an anti-
inflammatory cytokine that inhibits Th2-type immune responses)
and IL-6, reduces the production of C-C chemokine ligand 17
(CCL17), and inhibits the differentiation, maturation, and
chemotactic abilities of DCs (36-41). Moreover, vitamin D
promotes the induction of FOXP3 transcription by DCs to
enhance the generation of Tregs, thus boosting immune tolerance
and reducing allergic reactions (42, 43). Brulefert et al. collected
human skin samples to investigate the effects of vitamin D on DCs.
They found that vitamin D-induced CD14+ skin DCs significantly
increased the production of IL-4 and IL-13, promoting T helper cell
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2 (Th2) responses even in the absence of TSLP (44). This seems
contradictory, suggesting that the mechanisms by which vitamin D
affects DCs need further investigation.

Through the above various ways, vitamin D regulates the
function of innate immune cells, playing a crucial role in the
body’s first line of defense (Figure 1).

2.2 Vitamin D and adaptive immune cells

The influence of vitamin D on T cells varies across different
subsets, primarily showcasing inhibitory effects on T helper cell 1
(Th1) and T helper cell 17 (Th17) subsets and stimulatory effects on
Th2 and regulatory T cell (Treg) subsets. Sloka et al. used an
experimental autoimmune encephalomyelitis (EAE) model and in
vitro cultures of human and mouse cells to demonstrate that 1,25
(OH)2D upregulates GATA-3 through a STAT6-dependent
mechanism, promoting Th2 cell polarization and inhibits the
differentiation of Thl and Thl17 cells and the production of
inflammatory cytokines (45). Zhang et al. constructed vitamin D
receptor-deficient (VDR-/-) and wild-type (WT) mouse models. In
vitro experiments showed that 1,25(OH)2D significantly inhibited
Thl cell differentiation and the production of related cytokines
(such as IL-2, IFN-y, and TNF-f) activated by Bacillus Calmette-
Guérin (BCG). In vivo experiments further demonstrated that in
vitamin D-deficient mice vaccinated with BCG, 1,25(OH)2D
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reduced inflammatory infiltration in the spleen, decreased the
expression of inflammatory cytokines, and promoted the
development of Th2 cells. These results indicate that 1,25(OH)2D
alleviates inflammatory responses by inhibiting Thl cell
differentiation and cytokine production through the JAK/STAT
pathway (46), while fostering the expression of Th2 cell factors (IL-
4,1L-5, IL-9, IL-13) (36, 43). Vitamin D also lowers the levels of IL-
12 and IL-23, the Th1/Th17 polarizing cytokines produced by DCs,
inhibits the differentiation of naive CD4'T cells into Th17
and Thl cells, and significantly bolsters the development of
FoxP3*CD127"°¥CD25" regulatory T cells (Tregs) and IL-10-
producing T cells. The induction of ICOS"Tregs (mainly IL-10
producers), CD69"FoxP3™ and TIGIT FoxP3"Tregs is also
significantly increased (47). Moreover, 1,25(OH)2D curbs the
expression of IL-17A, IL-22, TNF-a, IFN-y and chemokine
receptor CCR6 in Th17 cells, thereby stopping Th17 cells from
migrating to inflamed tissues (48-50). It can also induce the
differentiation of Tregs by promoting the expression of IL-10 and
FoxP3, thereby curbing pro-inflammatory immune responses
(51, 52).

VDR also exists in human B lymphocytes. Studies indicate
that 1,25(OH)2D can curb the generation of plasma cells and
memory B cells (53), downregulate CD40, NF-«B signaling, lessen
the activation of human peripheral B cells and induce their apoptosis,
and curb the production of IgE (54-56). Simultaneously, 1,25(OH)
2D enhances the expression of IL-10 in activated B cells by
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Vitamin D and immune system. Vitamin D exerts immunoregulatory effects by binding to the Vitamin D Receptor (VDR) expressed on various
immune cells, including monocytes/macrophages, dendritic cells, innate lymphoid cells (ILC), as well as T and B cells within the adaptive immune
system. In innate immunity, vitamin D enhances monocyte/macrophage chemotaxis and phagocytosis, and induces antimicrobial peptide
production. It modulates dendritic cell maturation, activation, and chemotactic and immunostimulatory capabilities, along with affecting the
functions of ILCs and eosinophils. In the realm of adaptive immunity, vitamin D promotes the development of Th2 and regulatory T cells (Treg),
while inhibiting the differentiation and activation of Thl and Th17 cells. It also modulates B cell activity and IgE production. Through these pathways,
vitamin D contributes to maintaining immune homeostasis and preventing excessive inflammatory responses, thereby playing a vital role in

preserving human health.
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recruiting VDR to the promoter of IL-10, thereby participating in the
inhibition of T cell activation (57).

In summary, through various pathways to regulate the
activity of various T cell subgroups and B cells, maintain immune
balance and suppress inflammatory responses, vitamin D is of great
significance for maintaining the stability of the immune system and

preventing excessive immune responses.

3 Vitamin D and allergic diseases
3.1 Vitamin D and atopic dermatitis

Atopic dermatitis (AD) is a chronic, recurrent inflammatory skin
allergic disease, characterized by the disorder of skin barrier function
leading to dry skin, itching, eczematous skin lesions, and IgE-
mediated sensitization to food and environmental allergens (58). In
an ovalbumin (OVA)-induced AD mouse model (59), vitamin D
significantly improved the skin condition of mice, decreased IgE and
IL-5 levels, but increased IL-4 and IL-13 levels, reduced filaggrin
levels, and decreased epidermal thickness. Histological studies further
confirmed that vitamin D has significant effects in alleviating
inflammation and improving the pathological state of the skin.
Most studies support the negative correlation between vitamin D
levels and AD. A case-control study by El Taieb et al. (60) found that
the average vitamin D level in children with AD was much lower than
the normal value. A nationwide cross-sectional survey conducted by
Heimbeck et al. (61) in Germany found that low serum vitamin D
levels were negatively correlated with eczema in German children and
adolescents. Ahmed Mohamed et al. (62) also observed a dose-
response relationship between vitamin D deficiency and the
prevalence of AD in a comparison of 100 AD patients and 1001
normal controls in the dermatology outpatient department in Cairo,
Egypt. Moreover, most studies have observed a negative correlation
between the severity of AD and serum 25(OH)D levels; the more
severe the vitamin D deficiency, the higher the scoring atopic
dermatitis (SCORAD) score (63-67). A recent case-control study
(64) involving 96 AD patients and 90 healthy controls found that
compared with atopy and eosinophilia, the reduction of serum
vitamin D levels seems to have a more significant impact on the
severity of AD. For each unit increase in serum vitamin D levels, the
SCORAD index decreases by 0.449 units, while an increase of 1 unit
in eosinophil count will cause the SCORAD index to increase by
0.009 units. However, several other cohort studies believe that there
is no association between the risk of AD in offspring at 3-5 years
and the level of vitamin D during pregnancy, at birth, and early life
(68-70). Overall, the majority of existing studies suggest that vitamin D
is associated with the risk and severity of atopic dermatitis.

3.2 Vitamin D and allergic rhinitis

Allergic rhinitis (AR) is a common allergic disease mediated by
immunoglobulin E (IgE), caused by inhaled allergens, and clinically
manifested as sneezing, nasal congestion, nasal itching, and
rhinorrhea. In an ovalbumin-induced AR mouse model, 1,25
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(OH)2D reduced serum levels of ovalbumin-specific IgE and
spleen IL-17 levels, as well as IL-5 and IL-13 levels in nasal lavage
fluid (71). Additionally, studies on human serum have shown that
the level of 1,25(OH)2D is related to the Th1/Th2 balance in AR
patients, and vitamin D deficiency shifts the Th1/Th2 balance to
Th2 (72). Most studies believe that the serum vitamin D level of AR
patients is lower than that of healthy people or the control group
(73-78). Jung et al. (79) conducted a large-scale national survey of
8,012 Korean adults over 18 years old, indicating that the lower the
25(OH)D level, the higher the prevalence of AR. A recent secondary
study (80) of the Vitamin D Antenatal Asthma Reduction Trial
(VDAART) birth cohort showed that compared with patients with
vitamin D deficiency in early and late pregnancy, the occurrence of
AR and sensitization to airborne allergens at 3 and 6 years old in
the offspring of mothers with sufficient prenatal vitamin D in
late pregnancy was reduced (OR= 0.47; 95% CI, 0.26-0.84).
Bunyavanich et al. (81) studied 1,248 mother-child pairs in the
US prenatal cohort and found that every 100 IU/d of dietary
vitamin D intake in the first three months and the last three
months of pregnancy reduced the chance of school-age children
suffering from AR by 21% and 20% respectively. Saad et al. (73)
found in a cohort study of 120 Egyptian children with AR and 100
healthy children that the average 25(OH)D level of patients with
moderate/severe AR was significantly lower than that of patients
with mild AR, and the average 25(OH)D level of the AR group was
negatively correlated with the total nasal symptom score and
total IgE level. However, it has been observed that the association
between Vitamin D and AR is affected by race, age, gender, etc. (82-
84). For example, Mai et al. (84) reported that lower levels of
vitamin D in the Norwegian adult population are related to an
increased risk of AR in men and a reduced risk of AR in women.
The authors speculated that this might be related to female sex
hormones enhancing Th1 responses and reducing Th2 responses.
Wegienka et al. (83) found that higher prenatal and cord blood 25
(OH)D levels were generally associated with fewer allergic
outcomes, such as eczema and sensitization to airborne allergens.
This association was more significant in white children and less
evident in black children. Additionally, they observed that 25(OH)
D levels were negatively associated with sensitization to airborne
allergens only in black children.

Some research has refuted the link between vitamin D and AR.
A cross-sectional study conducted by Wu et al. (85), which included
32 patients with persistent AR and 25 controls, found no significant
difference in serum 25(OH)D levels between the two groups. A large
cross-sectional study (86) in Korea involving 15,212 adults aged 19
or above indicated, through multivariate linear regression analysis,
that adults with vitamin D deficiency did not have an increased
likelihood of asthma, AR, or IgE sensitization. A cohort study (87)
collected the cord blood 25(OH)D levels of 239 newborns. Using a
symptom questionnaire based on the International Study of Asthma
and Allergies in Childhood (ISAAC) and following up these
children until they were 5 years old, it was found that there was
no correlation between cord serum 25(OH)D levels and asthma and
AR at age 5. The most recent Mendelian randomization study (88)
also did not find evidence of a causal relationship between serum
vitamin D levels and AR risk in individuals of European descent.
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Therefore, more research is needed to confirm the relationship
between vitamin D and the development of AR.

3.3 Vitamin D and asthma

Asthma is a common chronic respiratory disease, characterized
by chronic inflammation of the airways and high airway reactivity,
manifested as coughing, wheezing, chest tightness, and difficulty
breathing. The most common phenotype is allergic asthma.
Vasiliou et al. (89) investigated the immune responses and
inflammatory markers in neonatal allergic airway disease using a
vitamin D-deficient mouse model. Their findings indicated that
vitamin D deficiency resulted in an elevated proportion of Th2
cells, a decrease in IL-10-secreting regulatory T cells, and
exacerbated eosinophilic inflammation and airway remodeling
following exposure to house dust mites, thereby fostering the
development of allergic diseases (90). Vitamin D supplementation
significantly mitigated these pathological changes. Hamzaoui et al.
collected peripheral blood samples from young children with asthma
and found that vitamin D significantly inhibited the differentiation of
Th17 cells and the production of IL-17 while increasing the levels of
the anti-inflammatory cytokine IL-10 (91). A cross-sectional study in
the Cyprus region (92) included 69 active asthmatics and 671 never
wheezing/never asthmatic teenagers aged 16-17. It was found that the
average vitamin D level of asthmatic children was lower, and in the
AA group, the vitamin D level was negatively correlated with the
severity of asthma. Previously, Bener et al. (93) compared the vitamin
D levels of 483 asthmatic children with healthy children in Qatar, and
also proposed that vitamin D deficiency is a major predictor of
childhood asthma. A cross-sectional study (94) in the UK of 435,040
adults found that compared with vitamin D deficiency, the risk of
asthma in individuals with low and sufficient vitamin D
concentrations was reduced by 6.4% and 9.8% respectively, and
their lung function would also improve. Similarly, many studies
have reported that 25(OH)D deficiency is related to increased risk
of asthma in newborns, adolescents, adults, and decreased lung
function (95-100), and is affected by many factors such as gender,
race, ethnicity, smoking, whether to use ICS, sleep mode and genetic
susceptibility (98-101). As Chang et al. (98) discovered in a large-
scale prospective cohort study based on the UK Biobank, the
protective effect of vitamin D against asthma was strongest under
healthy sleep patterns. In individuals with moderate genetic risk,
higher levels of vitamin D were associated with a significantly reduced
risk of asthma. The protective effect of vitamin D was most notable in
males, individuals under 60 years old, overweight individuals, and
current or former smokers. Another Norwegian cohort study
reported that the association between vitamin D levels and lung
function varied by gender and allergy status, with this association
being particularly significant among male asthma patients (99).

Studies have shown that vitamin D has a protective effect on
airway smooth muscle cell contraction and remodeling in asthma.
Vitamin D inhibits the growth of airway smooth muscle cells by
reducing the expression of cyclin D1 and inducing the
phosphorylation of retinoblastoma protein and checkpoint kinase
1 (102). It also inhibits vascular endothelial growth factor (VEGF)-
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induced ADAM Metallopeptidase Domain 33 (ADAM33)
expression and proliferation, reducing airway remodeling (103).
Furthermore, Plesa et al. demonstrated that vitamin D can inhibit
the proliferation and migration of bronchial fibroblasts by
suppressing ERK1/2 and Akt signaling pathways and upregulating
genes involved in cell cycle arrest, such as p21 and p27. It also
reduces the expression of genes involved in extracellular matrix
remodeling, such as type I collagen and matrix metallopeptidase 2
(MMP2) (104). Vitamin D inhibits NF-kB activation, reducing the
expression of pro-inflammatory cytokines like IL-6 and IL-8 (105),
and decreases the expression of type I collagen and protein
arginine methyltransferase 1 (PRMT1) activity, exhibiting anti-
inflammatory and antifibrotic effects (106). These mechanisms
indicate that vitamin D may play a pivotal role in regulating
airway remodeling in asthma, thereby reinforcing its association
with the condition and its potential as an adjunctive therapy for
asthma management (107, 108).

Recent studies underscore a close interrelationship between
vitamin D, gut microbiota, and asthma. Vitamin D deficiency
may compromise barrier integrity and alter microbiome
composition, with gut dysbiosis potentially impairing both local
and pulmonary immune functions, thus heightening asthma
susceptibility. Respiratory infections can disrupt the gut
microbiome, decreasing bacteria that produce short-chain fatty
acids (SCFAs), which in turn impacts the function and fate of
immune cells, further exacerbating asthma symptoms (109-111).

Contradictorily, as mentioned earlier, in vitro experiments have
proven that vitamin D can promote Th2 cell shift (45, 112), which
seems to contradict the protective effect of vitamin D on allergies. A
cohort study (113) based on a large population of adults only
reported that vitamin D deficiency is related to acute asthma
attacks, but there is no significant connection with doctor-
diagnosed asthma. Cheng et al. (86) investigated the data of 15,212
people aged 19 and above in South Korea, and also found that adults
with vitamin D deficiency did not increase the likelihood of asthma or
IgE sensitization. Overall, the majority of studies support the
association between vitamin D and the risk and severity of asthma.

3.4 Vitamin D and food allergies

Food allergies (FAs) are pathological reactions triggered by the
immune system mistakenly identifying one or more protein antigens in
food as harmful substances. Symptoms can accumulate in multiple
systems such as the skin, digestion, respiration, circulation, and even
lead to anaphylactic shock. They can be classified as IgE-mediated, IgE-
dependent and IgE non-dependent pathways co-mediated (mixed),
and non-IgE-mediated (114). Studies have shown that light, latitude,
and season of birth are related to FAs (115). For example, a survey by
Vassallo (116) and others showed that the proportion of children under
5 years old born in autumn or winter with FA is 50% higher than those
born in spring or summer. In the United States and Australia, the
overall risk of allergies, FAs, and FA markers in the population farthest
from the equator is higher than those closest to the equator (117, 118).
Seasons and latitude affect the exposure of the human body to sunlight
and solar radiation (with fewer megajoules of sunlight per square meter
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in the world’s southernmost and northernmost parts and shorter
daylight hours in autumn and winter). The synthesis of vitamin D is
also related to light with 80%-90% of the serum 25(OH)D levels
deriving from sun exposure. Its level changes periodically with the
seasons, because the time for sun exposure to synthesize vitamin D is
longer in winter than in summer (119). There is also direct evidence
indicating that insufficient sunlight exposure before the age of 24
months may elevate the risk of developing FAs, asthma, AR, and AD in
school-aged children (120). This connects vitamin D with FAs, AR, AD
and other allergic diseases. A cross-sectional study (121) by Silva and
others found that infants with cow’s milk protein allergy had lower
average vitamin D levels compared with the healthy control group. A
large study (122) reported a cross-sectional association between
vitamin D deficiency (VDL 25(0OH)D <50 nmol/L) in one-year-old
infants of Australian-born parents and positive provocation test IgE-
mediated food allergies, with evidence suggesting a dose-response
relationship, where infants deficient in vitamin D had a 3-fold
increased risk of egg allergy, an 11-fold increased risk of peanut
allergy, and a 10-fold increased risk in infants with two or more FAs.
In addition, in infants who already have food sensitization, those who
are deficient in vitamin D have a 6-fold risk of developing FAs
compared to those who develop food tolerance. A recent systematic
review suggests that maternal vitamin D deficiency and infant vitamin
D deficiency appear to increase the risk of FAs, especially in the second
year after the baby’s birth (123). In contrast, Weisse et al. (124)
observed in a cohort study that the higher the maternal and cord
blood 25(0OH)D levels, the higher the risk of FAs in children in the first
two years, and they believe that this association can be explained by the
observed decrease in the number of Treg cells at birth. Similarly, a case-
cohort study by Molloy (125) and others also believes that vitamin
deficiency in the first 6 months of infancy is not significantly associated
with FAs at one year old. In summary, most of the literature supports a
significant association between vitamin D and food allergies, but the
specific mechanism needs to be further studied.

Indeed, the relationship between vitamin D and allergies may
depend on several factors, including an individual’s vitamin D
levels, the type of allergic disease, gender, ethnicity, and other
potential immune regulatory mechanisms. Therefore, further
research is necessary to clarify the exact role of vitamin D in
allergic diseases, and how to effectively use vitamin D in the clinic
to regulate immune responses and improve the treatment of
allergic diseases.

4 The clinical efficacy of vitamin D
supplementation in allergic diseases

4.1 The impact of vitamin D
supplementation on the outcomes of
allergic diseases

With the established association between vitamin D deficiency
and allergic diseases, numerous studies have been dedicated to
investigating the clinical benefits of vitamin D supplementation in
various populations, and the results have been relatively promising
(Table 1). A significant, large-scale randomized controlled trial
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(RCT) study is the VDAART trial (126). The VDAART trial was
a randomized, double-blind, placebo-controlled study conducted
across three centers in the United States. It included 881 non-
smoking pregnant women aged between 18-39 years, who were at
10-18 weeks of gestation and had a high risk of their offspring
developing asthma. These women were randomly divided to receive
either the intervention group (4400 IU of vitamin D daily) or
placebo (a multivitamin containing 400 IU of vitamin D daily) until
childbirth. The study examined the maternal 25(OH)D levels in the
late stages of pregnancy and the conditions of asthma and recurrent
wheezing in the offspring. While the intention-to-treat analysis
and stratified analysis based on the 25(OH)D levels of the
mothers during pregnancy indicated that maternal vitamin D
supplementation did not impact the occurrence of asthma and
recurrent wheezing in the offspring at ages 3 and 6 (127, 128),
further analysis of early and late prenatal vitamin D status, baseline
vitamin D levels of the mothers at the beginning of the study, and
the timing of supplementation initiation led researchers to conclude
that adequate prenatal vitamin D throughout pregnancy provides a
protective effect against the development of asthma/recurrent
wheezing in children before the age of 3 (129). The study also
found that earlier intervention during pregnancy can significantly
reduce the risk of asthma or recurrent wheezing in offspring, with
each week of earlier intervention reducing the odds of the oftspring
developing asthma and recurrent wheezing by 15%. When
compared with daily supplementation of 400 IU of vitamin D,
initiating daily intake of 4400 IU of vitamin D between the 9th and
12th weeks can decrease the odds of asthma or recurrent wheezing
by a maximum of 55% (130). Concurrently, a secondary analysis of
VDAART by Chen et al. (80) also highlighted that prenatal vitamin
D supplementation has a protective effect on the incidence of AR
and sensitization to airborne allergens at ages 3 and 6.

A randomized, triple-blind, parallel, placebo-controlled study
(131) conducted in Spain included 112 patients with an average age
of 55 years suffering from asthma and with serum 25(OH)D levels
below 30ng/mL. The study period was 6 months. The intervention
group received 16,000 IU of oral cholecalciferol supplements
weekly, while the control group added a placebo to the routine
asthma treatment. The results showed that compared with
the placebo, weekly oral supplementation of 25(OH)D can
significantly improve Asthma Control Test (ACT) scores within 6
months. It can also improve the quality of life of patients, reduce the
use of oral corticosteroids and the number of asthma attacks, and
reduce the risk of hospital treatment for asthma.

In a prospective double-blind study conducted by Nabavizadeh
et al. (132), 80 patients with chronic spontaneous urticaria were
included. These patients were given low-dose vitamin D (4200IU/
week, Group 1) and high-dose vitamin D (28,000 IU/week, Group
2) supplements for 12 weeks, in addition to their baseline treatment
plan. The results indicated that both groups experienced a
significant decrease in the total scores of urticaria severity,
medication scores, and quality of life scores. Moreover, the high
vitamin D group exhibited a more significant reduction in the total
score of urticaria severity at the 6th week, and a more noticeable
decrease in the quality-of-life score at the 6th and 12th weeks,
compared to the low vitamin D group. Another study by Mohamed
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TABLE 1 Studies on the impact of vitamin D supplementation on allergy outcomes.

Reference

Country

Subject
characteristics

Treatment
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outcome

Conclusion

« Prenatal VD

. Vitamin D group: supplementation
Multicenter, N N
. Boston, n=806, vitamin | Pregnant women vitamin D3 4400 U/ alone
o double blind, e .
Litonjua et al. . Massachusetts; D group: 27.5 with either history of = day; Placebo group: . « Has no effects
randomized, i K U Offspring asthma or i
(2014,2016,2020) St Louis, (5.5) y; Placebo | asthma or allergies vitamin D3 400 1U/ on offspring
placebo- . . R . recurrent wheeze
(126-128) controlled Missouri; San group: 27.32 in themselves or the  day, duration the asthma and
trial Diego, USA (55)y biological father woman’s pregnancy, recurrent wheeze
about 22 to 30 weeks development up
to age 6
«VD sufficiency
throughout
Multicenter, Vitamin D gro roughou
itami; roup: regnan
double blind, . o group pregn Cy
. Boston, n=806, vitamin | Pregnant women vitamin D3 4400 TU/ « Reducing the
Lu et al. (2021) randomized, e . .
Massachusetts; |~ D group: 27.5 with either history of = day; Placebo group: . risk of asthma
(129); placebo- i K U Offspring asthma or
. St Louis, (5.5) y; Placebo | asthma or allergies vitamin D3 400 U/ and recurrent
Shadid et al. controlled . ) . . recurrent wheeze K
(2023) (130) trial Missouri; San group: 27.32 in themselves or the day, duration the wheeze in
ial, . . s )
seconda Diego, USA (5.5)y biological father woman’s pregnancy, offspring
. R about 22 to 30 weeks «The earlier the
analysis i K
intervention, the
better the effect
Multicenter, Vitamin D :}\1/' b SI;Ifﬁciency
itamin D group: roughou
double blind, o amim = group g1e
. Boston, n=806, vitamin | Pregnant women vitamin D3 4400 IU/ pregnancy
randomized, A . : ;
Chen et al lacebo Massachusetts; D group: 27.5 with either history of = day; Placebo group: Offspring aeroallergen «Attenuating the
(2021) (80.) cpontrolle d St Louis, (5.5) y; Placebo | asthma or allergies vitamin D3 400 IU/ sensitization and risk of offspring
trial Missouri; San group: 27.32 in themselves or the  day, duration the allergic Rhinitis allergic rhinitis
i Diego, USA (55)y biological father woman’s pregnancy, with
secondary L
. about 22 to 30 weeks sensitization by
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age 6 years.
Asthma control degree: «Weekly oral
. ACT; Life quality: Mini-  calcifediol
Prospective, .
randomized n=112, 25(OH)D group: 25 AQLQ, Asthma attacks, compared with
L. R o Calcifediol Adult asthmatic (OH)D 16000 TU/ Oral corticosteroid placebo
Anddjar- triple-blind, . . - .
. . . group: 54.57 patients with serum week; Placebo group: cycles, Emergency visits, =~ «Improving
Espinosa et al. placebo- Murcia, Spain
(15.83) y; 25(OH)D3 <30 placebo + usual Unscheduled asthma control
(2021) (131) controlled, . . .
parallel Placebo group: | ng/mL asthma consultations with the among asthmaic
arallel-

Nabavizadeh
et al.
(2023) (132)

Mohamed et al.
(2022) (133)

group study

Prospective,
randomized,
double-
blinded
clinical trial

Prospective,
randomized,
controlled
and single
blinded
clinical trial

Shiraz, Iran

Cairo, Egypt

56.61(15.00) y

n=69, vitamin
D group: 27.5
(5.5) y; Placebo
group: 27.32
(5.5)y

n=77, Study
group: 35.2
(4.37) y;
Placebo group:
34.6(9.8) y

Patients with
chronic
spontaneous
urticaria

Adults >18 y with
urticaria episodes at
least 2 days per week
for 6 weeks
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treatment, 6months

Low vitamin D3
group: 4200 TU/week;
High vitamin D3
group: 28,000 IU/
week, 12 weeks
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alfacalcidol +
Hydroxyzine 25 mg/
day; Placebo group:
0.25pg placebo +
Hydroxyzine 25 mg/
day, 12 weeks

primary care physician
and hospitalizations
for asthma.

Quality of life (CU-
Q2oL questionnaire),
urticaria severity (USS
questionnaire) and
medication scores

UAS?7 total score, serum

IL-6, hsCRP, TNF-ou

adults with VD
deficiency at
6 months.

«High dose of
vitamin D

« Reducing CU
symptoms
severity and the
required doses of
allergy
medications.

VD
supplementation
for 12 weeks
«Improveing
UAS?7 total score
and the level of
the
inflammatory
markers
«Having a
beneficial effect
on CSU patients
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TABLE 1 Continued
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with AR.

VD, vitamin D; ACT, asthma control test; mini-AQLQ, the mini asthma quality of life questionnaire; CU-Q20L, chronic urticaria quality of life questionnaire; USS, urticaria severity score; CU,
chronic urticaria; CSU, Chronic spontaneous urticaria; UAS7, urticaria activity score over 7 days; AD, atopic dermatitis; SCORAD, scoring atopic dermatitis; EASI, eczema area and severity
index; VDR, vitamin D receptor; CAMP, cathelicidin antimicrobial peptide; TSLP, thymic stromal lymphopoietin; AR, allergic rhinitis; TNSS, total nasal symptom score; RQLQ,
rhinoconjunctivitis quality of life questionnaire.
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et al. (133), which focused on adults aged 18 and above in Egypt,
corroborated these findings. They also observed that, in comparison
with the placebo group and baseline results, the study group had
significantly lower average serum IL-6, hypersensitive C-reactive
protein (hs-CRP), and TNF-a. levels.

For AD, El-Heis et al. (134) observed that supplementing
mothers with 1000 IU of vitamin D daily from 14 weeks of
pregnancy to delivery could reduce the incidence of AD in the
first year after birth. Most RCT studies have confirmed that the
addition of vitamin D to the basic treatment of AD significantly
reduces the severity of the disease in children, including reducing
SCORAD scores and eczema area and severity index (EASI) scores
(135, 136). A study in the United States further found that oral
vitamin D supplementation may be related to the increase in the
expression of VDR and Cathelicidin in lesion skin (137).

In the context of AR, an RCT study carried out by Guo et al.
(138) discovered that supplementing vitamin D can enhance the
therapeutic effect of mometasone nasal spray on moderate to severe
AR. This resulted in a more significant decrease in patients’ TNSS
total score, T lymphocyte subsets (CD3+, CD4+), CD4+/CD8+
ratio, TNF-o,, and rhinoconjunctivitis quality of life questionnaire
(RQLQ) total score. The levels of CD8+, IFN-v, IL-10, and serum
vitamin D were found to be more significantly increased compared
to the control group and the initial test. Liu et al. (139) also noticed
that patients who received vitamin D as an adjunct therapy had
higher serum 25(OH)D levels, lower AR symptom scores, IL-4
levels, and peripheral blood eosinophils, and a higher effective rate
of AR treatment, compared to those treated with desloratadine
citrate dihydrate (DCD) alone. Hence, supplementing vitamin D in
routine treatment can serve as an effective adjuvant treatment for
AR patients by suppressing inflammation (Table 1).

The above studies have many limitations. First, the study
population may be single-center, short-term, and small-scale.
Second, the selection of the severity of the study subjects may be
overly broad. Third, most studies may not consider the intake of
vitamin D in the diet and the data of the patient’s sun exposure
time. Fourth, many self-filled questionnaires may have recall bias.
Therefore, subsequent studies should consider the impact of
differences in age, gender, severity, race, etc. on the clinical
efficacy of vitamin D supplementation, and further large-scale,
long-term follow-up, multi-center clinical trials and randomized
controlled trials are needed. Also, it’s necessary to determine the
optimal dosage and duration of vitamin D supplementation and to
deeply understand the impact of vitamin D on the treatment effect
of allergic diseases.

4.2 Vitamin D and allergen immunotherapy

Allergen immunotherapy (AIT) is a therapeutic approach for
allergic diseases that modulates the patient’s immune system by
progressively increasing the dose of allergens, thus reducing the
allergic response to specific allergens. This method is commonly
used for treating conditions such as pollen allergy, house dust mite
(HDM) allergy, certain FAs, and bee venom allergy. AIT can be
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administered via subcutaneous injections, sublingual drops, or
sublingual tablets. It can decrease allergen-specific Th2, stimulate
regulatory T cells and B cells, and produce IgG and IgA blocking
antibodies, thereby inducing tolerance to allergens in patients,
reducing symptoms, and enhancing the quality of life. Given its
long treatment cycle and high demand for patient compliance, new
strategies are being explored currently, such as novel adjuvants,
recombinant allergens, and immunomodulators, to provide safer,
more effective, and convenient treatment plans and more lasting
long-term tolerance (140). In this context, vitamin D has been
identified as a potential enhancer, improving the effectiveness
of AIT.

Numerous animal studies have demonstrated the enhancing
effect of vitamin D on AIT. In a murine model of grass pollen-
induced allergic asthma, vitamin D supplementation reduced the
Th2 cell factor responses and innate cell factor responses to
allergens in lung tissue, increased IL-10 in lung tissue, and
reduced airway hyperresponsiveness (AHR). Researchers observed
that, compared to subcutaneous immunotherapy (SCIT) or
sublingual immunotherapy (SLIT) alone, the combination of 1,25
(OH)2D with SCIT or SLIT resulted in a more significant reduction
in eosinophil counts and IL-5 and IL-13 levels in bronchoalveolar
lavage fluid, as well as marked improvement in lung function. The
authors concluded that vitamin D enhances the efficacy of grass
pollen SLIT and SCIT in mice (141, 142).

Li (143) and colleagues conducted a regression analysis on 153
AR patients who received SLIT, revealing that a deficiency in serum
Vitamin D could impact the effectiveness of SLIT in children with
AR. Majak (144) and others carried out a retrospective secondary
analysis of the combined data from a prospective, randomized,
placebo-controlled trial involving 36 children with asthma
undergoing AIT. They discovered that patients with higher serum
25(OH)D levels experienced more significant reductions in asthma
symptom scores and AIT-induced corticosteroid reduction effects
over the 12-month AIT period. These patients also exhibited higher
peripheral blood TGF-f production and greater expression of
Foxp3 positive cells, suggesting that vitamin D might serve as an
effective adjuvant for AIT. A randomized, double-blind, placebo-
controlled trial (145) in Poland, which included 50 children aged 5-
12 who were allergic to grass pollen and had AR (with 8 also having
asthma), used a daily 5-grass pollen sublingual 300 IR tablet and
supplemented with either 1000 IU of vitamin D or a placebo for 5
months. The study found that the SLIT plus vitamin D group was
more effective in alleviating nasal symptoms, asthma symptoms,
and symptom-medication combined scores compared to the
placebo group. In a study on children with asthma who were
allergic to HDMs, the SCIT plus vitamin D group had a lower
total asthma symptom score at the 6th month and the highest
average fluorescence intensity of Foxp3 at the 12th month,
compared to using SCIT alone (146).

A study conducted in Bangkok, Thailand (147), demonstrated
that, compared to a placebo, adult patients allergic to HDMs who
received subcutaneous AIT and supplemented with vitamin D
experienced significantly reduced symptom-drug scores and
increased treatment response rates. This improvement in allergic
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symptoms is thought to be achieved by vitamin D significantly
reducing the quantity of dysfunctional regulatory T cells (CRTH2
+Treg). This lends further support to the potential value of vitamin
D in AIT. These findings also offer new treatment strategies for
AIT and pave the way for new possibilities in the treatment of
allergic diseases.

5 Summary

Based on existing research, the role of vitamin D in allergic
diseases cannot be ignored. Vitamin D can affect the occurrence and
development of allergic diseases through its immune regulatory
function. Although existing research shows that vitamin D
deficiency is related to an increased risk of allergic diseases, its
correlation is not consistent among different populations, and the
effect of vitamin D supplementation on improving the outcomes of
these diseases still needs further research. In terms of mechanism,
there are many contradictions in vitamin D’s regulation of Th1/Th2
balance, Th17/Treg, ILC2 cells, etc. Due to the complexity of the
immune system, the occurrence and development of allergies by
vitamin D cannot be explained by a single regulatory method,
and further research is needed to discuss which regulation
predominates. In terms of clinical efficacy, future research should
explore the optimal supplement dose and duration of vitamin D
more deeply, considering patients’ lifestyles, dietary habits, and
basic health conditions, and carry out more rigorous and detailed
research design. This includes cross-racial and regional studies, as
well as analyses of different age and gender groups, to ensure the
wide applicability and accuracy of the research results, and how to
use vitamin D more effectively to regulate immune responses and
improve the treatment effects of patients with allergic diseases. At
the same time, we need to pay attention to the potential of vitamin
D as an adjuvant combined with AIT, to develop safer, more
effective and convenient treatment methods. In summary, vitamin
D plays an important role in the prevention and treatment of
allergic diseases, but its specific mechanisms and application
strategies still need to be clarified by further research in the future.
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Glossary
AD Atopic Dermatitis
AR Allergic Rhinitis
AA Allergic Asthma
VDR Vitamin D Receptor
DCs Dendritic Cells
ILCs Innate Lymphoid Cells
GM-CSF Granulocyte-Macrophage Colony-Stimulating Factor
CXCR4 C-X-C Motif Chemokine Receptor 4
MBP Major Basic Protein
EPX Eosinophil Peroxidase
ECP Eosinophil Cationic Protein
EDN Eosinophil-Derived Neurotoxin
NETs Neutrophil Extracellular Traps
AECOPD Acute Exacerbation of Chronic Obstructive Pulmonary Disease
ADCC Antibody-Dependent Cellular Cytotoxicity
RXR Retinoid X Receptor
CRIg Complement Receptor Immunoglobulin
LPS Lipopolysaccharide
INF-ou Interferon-Alpha
TGF-B Transforming Growth Factor Beta
MHC Major Histocompatibility Complex
TNF-o Tumor Necrosis Factor Alpha
IFN-y Interferon-Gamma
IL Interleukin
CCL17 C-C Chemokine Ligand 17
FOXP3 Forkhead Box P3
Thi T Helper Cell 1
Th2 T Helper Cell 2
Th17 T Helper Cell 17
Tregs Regulatory T Cells
SCORAD Scoring Atopic Dermatitis
JAK/STAT Janus Kinase/Signal Transducer and Activator of Transcription
ICOS Inducible T-Cell Costimulator
CCR6 C-C Chemokine Receptor Type 6
NF-kB Nuclear Factor Kappa-Light-Chain-Enhancer of Activated
B Cells
IgE Immunoglobulin E
SCFAs Short-Chain Fatty Acids
AHR Airway Hyperresponsiveness

(Continued)
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Continued
ERK1/2 Extracellular Signal-Regulated Kinase 1/2
PRMT1 Protein Arginine Methyltransferase 1
VEGF vascular endothelial growth factor
MMP2 matrix metallopeptidase 2
ACT Asthma Control Test
hs-CRP High-Sensitivity C-Reactive Protein
EASI Eczema Area and Severity Index
RQLQ Rhinoconjunctivitis Quality of Life Questionnaire
DCD Desloratadine Citrate Dihydrate
AIT Allergen Immunotherapy
SCIT Subcutaneous Immunotherapy
SLIT Sublingual Immunotherapy
HDM House Dust Mite
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randomization study
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Chuye Mo!, Yiwen Kang?, Chunlin Huang?*, Junjun Jiang3*
and Li Yels3*

'Guangxi Key Laboratory of AIDS Prevention and Treatment, School of Public Health, Guangxi Medical
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Region, Nanning, China, *Collaborative Innovation Centre of Regenerative Medicine and Medical
BioResource Development and Application Co-constructed by the Province and Ministry, Life Science
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Background: Previous studies showed the conflicting associations between
circulating micronutrient levels and systemic lupus erythematosus (SLE).
Therefore, we aimed to clarify the causal association between circulating
micronutrient levels and the risk of SLE by two-sample Mendelian randomization
(MR) analysis.

Methods: 56 single nucleotide polymorphisms (SNPs) significantly associated
with 14 circulating micronutrients (vitamin A, B6, B9, B12, C, D and E,
phosphorus, calcium, magnesium, copper, iron, zinc, and selenium) in published
genome-wide association studies (GWAS) were used as instrumental variables
(IVs). And summary statistics related to SLE were obtained from the IEU
OpenGWAS database. We used the MR Steiger test to estimate the possible
causal direction between circulating micronutrients and SLE. In the MR analysis,
inverse variance weighting (IVW) method and the Wald ratio was as the main
methods., Moreover, the MR-Pleiotropy residuals and outliers method (MR-
PRESSO), Cochrane’s Q-test, MR-Egger intercept method and leave-one-out
analyses were applied as sensitivity analyses. Additionally, we conducted a
retrospective analysis involving the 20,045 participants from the Third National
Health and Nutritional Examination Survey (NHANES Ill). Weight variables were
provided in the NHANES data files. Univariate and multivariate logistic regression
analyses were performed to determine the associations between circulating
micronutrients and SLE.

Results: The MR estimates obtained from the IVW method revealed potential
negative correlations between circulating calcium (OR: 0.06, 95% CI: 0.01-0.49,
P = 0.009), iron levels (OR: 0.63, 95% CI: 043-0.92, P = 0.016) and the risk of
SLE. The results remained robust, even under various pairs of sensitivity analyses.
Our retrospective analysis demonstrated that the levels of vitamin D, serum total
calcium, and serum iron were significantly lower in SLE patients (N = 40) when
compared to the control group (N = 20,005). Multivariate logistic regression
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analysis further established that increased levels of vitamin D and serum total
calcium served as protective factors against SLE.

Conclusion: Our results provided genetic evidence supporting the potential
protective role of increasing circulating calcium in the risk of SLE. Maintaining
adequate levels of calcium may help reduce the risk of SLE.

KEYWORDS

circulating micronutrients,

minerals, vitamins, systemic lupus erythematosus,

Mendelian randomization

1 Introduction

Systemic lupus erythematosus (SLE) is a chronic, debilitating,
multi-system autoimmune disease characterized by wide-ranging
clinical manifestations (1), with high morbidity and mortality
(2). The global prevalence and fatality rates of SLE have
been documented as 13-7713.5/100,000 and 0.01-2.71/100,000,
respectively (3). Recently, dietary interventions in preventing
autoimmune diseases have garnered increasing interest among
researchers. Circulating micronutrients primarily obtained through
dietary intake can notably influence physiological functions in
the conditions of both overabundance and deficiency. Despite
extensive research, the circulating micronutrients associated with
SLE remain only partially understood.

Micronutrients are typically nutrients that cannot be
synthesized by the body and generally consist of water-soluble
vitamins, fat-soluble vitamins, trace elements, and trace minerals.
In the past two decades, many studies have indicated that
circulating micronutrients play a significant role in developing
immunoinflammatory diseases, but the findings are still confusing
(4-10). In numerous studies of patients with SLE, vitamin D
deficiency was more common compared to those without SLE
(11-13). However, two prolonged follow-up studies showed that
vitamin D supplementation during adolescence had no preventive
effect on the development of SLE in adulthood and adult women
(9, 14). As an essential trace element, iron has been reported to be
involved in a diversity of biological processes. Nevertheless, there
are still limited findings on the role of iron in the pathogenesis
of SLE. It was observed from two recent studies that sufficient
iron status was inversely associated with the risk of developing
SLE (15, 16). In contrast, a case report conducted by Oh VM
illustrated that iron supplementation resulted in the manifestation
of SLE-like symptoms in a woman of childbearing age suffering
from iron deficiency anemia (17). Given that most of these studies
are observational studies and prone to confounding factors and
reverse causation. Therefore, a more detailed elucidation of
the potential causal relationship and causal direction between
circulating micronutrients and SLE is urgently necessary.

Mendelian randomization (MR) leverages genetic variations
associated with exposure as unconfounded instrumental variables
(IVs) to evaluate the causal relationship between exposure and
outcome (17). This method limits both bias and reverse causality,
which commonly occurs in observational epidemiological studies
(18). In theory, MR operates on a similar principle to naturally
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occurring randomized controlled trials (RCTs) and serves as a
pivotal approach to strengthening causal inference in situations
where conducting RCTs is impractical or unethical (19). Given
the multiple advantages of MR in inferring the causal relationship
between exposure and outcome, our study utilized a two-sample
MR analysis to investigate potential causal relationships between
genetically predicted 14 circulating micronutrients (including
vitamins and minerals) and the risk of SLE.

2 Materials and methods

2.1 Study design

This study adhered to the guidelines stipulated by the

Strengthening the Reporting of Observational Studies in
Epidemiology using Mendelian randomization (STROBE-MR)
(20). The STROBE-MR checKlist for the reporting of MR studies
was showed in Supplementary Table 1. We utilized the two-sample
MR method to investigate the potential causal relationships
between circulating micronutrients and the risk of SLE. Given that
our study harnessed data extracted from pre-existing published
literature, it circumvented the need for further ethical approval or
informed consent. The architecture of our study was based on the

three core assumptions underpinning MR (Figure 1).

2.2 Selection of genetic instrumental
variables

A systematic search of PubMed was conducted to identify
observational studies published on circulating micronutrients
in relation to SLE. This resulted in an initial list of such
micronutrients, comprising vitamin A, vitamin B6, vitamin
B9, vitamin B12, vitamin C, vitamin D, vitamin E, sodium,
phosphorus, calcium, magnesium, copper, iron, zinc, and selenium
(4). Although several MR studies have evaluated the role of
vitamin B9 (21), vitamin B12 (21), vitamin D (22), and iron
status (16) in SLE, the Genome-Wide Association Study (GWAS)
data for both exposures and outcomes used in our research
exhibit slight variations. As a result, we have undertaken a
replication of these analyses. Following this, we explored the
GWAS catalog and PubMed for published GWAS centered on
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FIGURE 1

A schematic representation of our study design. SNPs, single nucleotide polymorphisms; SLE, systemic lupus erythematosus; MR, Mendelian

randomization.

circulating micronutrients in European populations (the search was
last updated in September 2023). Owing to the lack of relevant
studies on sodium, it was excluded from our analysis. Ultimately,
our research encompassed GWAS of 14 different circulating
micronutrients: vitamin A (23), vitamin B6 (24), vitamin B9 (25),
vitamin B12 (25), vitamin C (26), vitamin D (27), vitamin E
(28), phosphorus (29), calcium (30), magnesium (31), copper (32),
iron (33), zinc (32), and selenium (32). In this research, Single
Nucleotide Polymorphisms (SNPs) linked to these 14 circulating
micronutrients were designated as instrumental variables (IVs)
adhering to the following standards: (1) The SNP demonstrates
significant association with circulating micronutrient (P < 5e-08)
and lacks linkage disequilibrium (r* < 0.001, KB = 10,000) (34); (2)
The SNP with a minor allele frequency (MAF) of > 5% (35); (3)
The SNP showing no evidence of reverse causality, as determined
); (4) In cases where the SNP is not

found in the results dataset, a closely associated SNP (r* > 0.8) is

by the Steiger filtering test (

chosen as a proxy in the 1000 Genomes database. If proxy SNP
was unavailable, it was excluded from the analysis (37). (5) The
chosen SNP is confirmed to be unassociated with confounding
factors through inspection via the PhenoScanner database! (P < 5e-
08,2 = 0.8) (
variance explained by the SNP and the F-statistic to signify potential

). Furthermore, we calculated the R? to denote the

weak IV bias in MR analysis. The R? was calculated as follows (39):
R? = 2 x Beta? x (1-EAF) x EAF/SD?, and the F-statistic was
calculated as (40): F = (Beta)?/(SE)?, where Beta is the per allele
effect size of the association between each SNP and phenotype,
EAF is the effect allele frequency, SE is the standard error, SD
is the standard deviation. The IV is deemed strong when the
F-statistic > 10 (40). Ultimately, we identified 56 SNPs correlated
with 14 circulating micronutrients, serving as IVs. The summary
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statistics of these SNPs utilized for MR analysis are presented in
and

2.3 SLE data source

The GWAS summary data (GCST90018917) for SLE were
sourced from a recent large-scale GWAS in the IEU OpenGWAS
database. This dataset comprises 647 cases of European ancestry
(from Finland and the UK) and 482,264 control subjects of
European ancestry. Then, cases of non-European ancestry (from
Japan) have been excluded.

2.4 Statistical analysis

Following the harmonization of SNPs in both exposure and
outcome using identical alleles, a two-sample MR analysis was
conducted. When the MR estimate contained only one single
SNP, the Wald ratio method was adopted as the primary analysis
method (
inverse variance weighted (IVW) method as the primary analysis
method (42). When the number of SNPs was > 3, the MR-Egger
and Weighted median methods were applied for supplementary

); when the number of SNPs was > 2, we employed the

approaches to test the robustness of the primary analysis (43, 44).
Furthermore, an MR analysis was conducted separately for each
SNP associated with exposures. In addition, to ensure that the
MR effects were oriented in the correct direction (from exposure
to SLE), we conducted the MR Steiger test to confirm that each
instrumental variable (IV) explained more variance in the exposure
than in the outcome (36).

The degree of heterogeneity amongst the IVs was evaluated
using Cochrane’s Q test (45). When P < 0.05, it signifies the
presence of heterogeneity. In cases of observed heterogeneity, the
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TABLE 1 Circulating micronutrient-associated SNPs used as instrumental variables in the Mendelian randomization analyses.

Exposure MR Steiger test
(P-value)
Vitamins
Vitamin A 1510882272 C T 0.35 —0.03 0.004 7.80E-12 9.65E-14
151667255 C A 031 0.03 0.004 6.35E-14 4.04E-13
Vitamin B6 154654748 C T 0.50 —1.45 0.280 8.30E-18 3.17E-07
vitamin B9 151801133 G A 0.67 0.11 0.008 6.65E-53 8.74E-43
15652197 C T 0.18 0.07 0.010 5.73E-13 2.96E-10
1576630415 G T 0.21 —0.04 0.007 2.40E-08 1.04E-06
Vitamin B12 151131603 C T 0.06 0.19 0.017 4.30E-28 1.55E-25
rs1141321 C T 0.63 0.06 0.007 1.40E-16 2.17E-16
1512272669 A G 0.00 0.51 0.086 3.00E-09 2.48E-08
151801222 G A 0.59 0.11 0.007 1.10E-52 2.37E-48
152270655 G C 0.94 0.07 0.016 3.50E-05 1.30E-04
152336573 T C 0.03 0.32 0.021 1.10E-51 1.69E-47
1534324219 C A 0.88 0.21 0.012 8.80E-71 6.86E-58
153742801 T C 0.29 0.05 0.008 5.30E-08 1.73E-07
541281112 C T 0.95 0.17 0.016 9.60E-27 5.76E-23
15602662 A G 0.60 0.16 0.008 4.10E-96 1.40E-79
Vitamin C 1510051765 C T 0.34 0.04 0.007 3.64E-09 2.95E-07
1510136000 A G 0.28 0.04 0.007 1.33E-08 5.87E-08
15117885456 A G 0.09 0.08 0.012 1.70E-11 1.12E-09
rs13028225 T C 0.86 0.10 0.009 2.38E-30 6.66E-27
15174547 C T 033 0.04 0.007 3.84E-08 1.06E-05
152559850 A G 0.60 0.06 0.006 6.30E-20 6.69E-20
1556738967 C G 0.32 0.04 0.007 7.62E-10 8.98E-06
156693447 T G 0.55 0.04 0.006 6.25E-10 1.56E-09
159895661 T C 0.82 0.06 0.008 1.05E-14 5.65E-13
Vitamin D 1510741657 A G 0.40 0.03 0.002 2.05E-46 4.88E-44
1510745742 T C 0.40 0.02 0.002 1.88E-14 4.17E-15
1512785878 T G 0.75 0.04 0.002 3.80E-62 6.05E-61
1517216707 T C 0.79 0.03 0.003 8.14E-23 3.73E-15
183755967 T C 0.28 —0.09 0.002 1.00E-200 0.00E+00
158018720 C G 0.82 —0.02 0.003 4.72E-09 3.86E-07
Vitamin E 15964184 G C 0.21 0.04 0.010 7.80E-12 7.53E-05
Minerals
Phosphorus 152970818 T A 0.09 0.05 0.008 4.38E-09 8.73E-09
159469578 C T 0.92 0.06 0.009 LIIE-11 2.34E-10
15947583 T C 0.29 0.04 0.005 3.45E-12 1.32E-10
Calcium 1510491003 T C 0.09 0.03 0.005 1.60E-06 2.05E-06
151550532 C G 031 0.02 0.003 4.60E-08 1.22E-08
151570669 G A 0.66 0.02 0.003 4.00E-08 1.07E-07
157336933 G A 0.15 0.02 0.004 1.60E-07 9.71E-08
157481584 G A 0.30 0.02 0.003 9.20E-10 1.39E-10
15780094 T C 0.42 0.02 0.003 3.70E-11 9.17E-10
(Continued)
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Exposure ‘ SNPs ‘ Beta ’ SE ’ P-value MR Steiger test
(P-value)
Magnesium rs11144134 C T 0.08 0.01 0.001 8.20E-15 5.76E-26
1513146355 A G 0.44 0.01 0.001 6.30E-13 2.53E-06
153925584 T C 0.55 0.01 0.001 5.20E-16 1.23E-08
154072037 T C 0.54 0.01 0.001 2.00E-36 8.49E-22
15448378 A G 053 0.00 0.001 1.25E-08 1.12E-04
2157965584 A G 0.71 0.01 0.001 1.10E-16 456E-11
Copper 151175550 G A 023 0.20 0.032 5.03E-10 1.23E-09
152769264 G T 0.19 031 0.034 2.63E-20 1.14E-19
Iron 151800562 A G 0.07 0.33 0.016 2.72E-97 1.89E-69
157385804 T G 0.67 —0.07 0.007 6.65E-20 7.52E-79
158177240 T G 0.67 —0.07 0.007 6.65E-20 8.91E-18
15855791 G A 0.55 0.18 0.007 1.32E-139 321E-18
Zine rs1532423 A G 043 0.18 0.026 9.00E-12 1.39E-11
152120019 T C 0.81 0.29 0.033 1.50E-18 1.35E-17
Selenium 15921943 T C 0.29 0.25 0.023 9.40E-28 1.05E-25

SNPs, single nucleotide polymorphisms; OA, other allele; EA, effect allele; SE, standard error. *rs7965584 was not available in the outcome dataset, and rs11105470 was found to replace it in

the 1000 Genomes database.

random effects IVW method is deployed to ascertain the causal
relationship between exposure and outcome, thereby mitigating
bias from heterogeneous IVs. The MR-Egger intercept detected
horizontal pleiotropy in the IVs, with P < 0.05 indicating its
presence (44). The MR-Pleiotropy Residual Sum and Outlier
method (MR-PRESSO) was employed to identify outlying SNPs
and rerun the analysis after outlier removal (46). Finally, the leave-
one-out analysis was implemented to ascertain the MR analysis’s
robustness and determine whether a specific SNP drove any
association (47).

In this study, P < 0.05 was considered statistically significant.
All analyses were performed using R software, with the
“TwoSampleMR” and “MR-PRESSO” packages facilitating the
two-sample MR analysis.

2.5 External validation in the NHANES lII
cohort

We utilized the NHANES III (1988-1994) data as the external
validation dataset for this study. The NHANES III participants
were restricted to adults aged 17 years and older. After excluding
5 participants with unknown SLE status, a total of 20,045
participants with the completed household interview and physical
examination were included in the analysis. The participant’s
SLE status was determined by the item in the questionnaire:
“Doctor ever told you had: lupus?” The other variables including
age, gender, and race were also derived from the household
interview data, while BMI was calculated using the formula:
BMI = weight (kg)/[height (m)]?. The serum levels of the 6
circulating micronutrients (vitamin A, vitamin C, vitamin D, serum
calcium, iron, and selenium) were obtained from the laboratory
examination data.
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Considering the complex survey design, the weight variables
were provided in the NHANES data files and t-tests, chi-square
tests, and rank-sum tests were utilized to compare demographic
disparities between the SLE group (N = 40) and the control
group (N = 20,005). In the univariate regression analysis, we first
constructed a preliminary rude model using only age, gender,
race, and BMIL Then 6 circulating micronutrients were individually
analyzed based on this rude model. Finally, variables with a
significance level of P < 0.10 in above univariate regression analysis
were included in the next multivariate regression analysis, which
aimed to identify the most significant factors associated with SLE.
And both the multivariate and univariate regression analyses were
adjusted for the same covariates.

3 Results

3.1 The causal relationship of 14
circulating micronutrients on SLE in the
European populations

The MR estimates obtained from the IVW method revealed
potential negative correlations between circulating calcium (OR:
0.06, 95% CI: 0.01-0.49, P = 0.009), iron levels (OR: 0.63, 95% CI:
0.43-0.92, P = 0.016) and the risk of SLE (Figure 2). Concurrently,
the weighted median method also derived similar results regarding
the causal relationship between circulating iron level and the risk
of SLE (OR: 0.60, 95% CI: 0.39-0.92, P = 0.020). The directional
consistency of the causal relationship between circulating calcium
level and the risk of SLE was maintained in the weighted median
analysis (OR: 0.08, 95% CI: 0.00-1.18, P = 0.066) and IVW analysis,
albeit without statistical significance (Supplementary Table 3).
However, we did not observe significant correlations between
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FIGURE 2

A forest plot showing the associations between genetically determined circulating micronutrients and systemic lupus erythematosus, based on
Mendelian randomization analysis. IVW, inverse variance weighted; OR, odds ratio; Cl, confidence interval.

vitamin A, vitamin B9, vitamin B12, vitamin C, vitamin D, vitamin
E, phosphorus, magnesium, copper, zinc, selenium and the risk of
SLE, as detailed in Supplementary Table 3.

3.2 Sensitive analysis

As indicated in Supplementary Table 4, both Cochrane’s Q
test and the MR-Egger intercept suggest no heterogeneity and
horizontal pleiotropy present in our MR analyses (P > 0.05). In
the MR-PRESSO analyses, the rs1697421 (P = 0.01), rs17265703
(P = 0.005) and rs1801725 (P = 0.005) were identified as outliers.
Then, no outlier SNPs were detected after removing and re-testing
(P > 0.05) (Supplementary Table 4). When conducting the MR
analyses using individual SNPs for either circulating calcium or
iron levels, the results aligned with those obtained through the
MR-PRESSO method (Supplementary Figure 1). The scatter plots,
funnel plots, and leave-one-out plots all showed that the MR
analysis results for the relationship between circulating calcium
and iron levels with the risk of SLE remained robust, even under
various pairs of sensitivity analyses (Supplementary Figures 2-4).
Furthermore, as shown in Supplementary Table 5, the F-statistics
for all 56 SNPs exceed 10, indicating no weak instrumental bias in
our MR analyses.

3.3 Validation analysis in the NHANES III
cohort

To further validate the findings in our MR analysis, we
compared and analyzed the levels of circulating micronutrients
in the serum of patients with SLE and those without SLE which
sourced from a large cohort, known as the NHANES III cohort.
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A total of 20,045 participants were ultimately included in
this study. The demographic characteristics of the NHANES III
participants by SLE status are presented in Supplementary Table 6.
After applying appropriate weighting for the analysis, we observed
that the mean age of the SLE group [52.06 (13.72)] was significantly
higher than that of the control group [57.80 (13.92)] (P < 0.01).
However, there were no significant differences observed in other
demographic characteristics, including BMI, gender, and race. In
the comparative analysis of 6 circulating micronutrients between
the two groups, the SLE group exhibited significantly lower levels
of vitamin D (P < 0.01), serum total calcium (P = 0.01), and serum
iron levels (P = 0.04) (Supplementary Table 7). Consistent with
the results of univariate Logistic regression analyses, multivariate
Logistic regression analyses also found that vitamin D (OR: 0.98,
95% CI: 0.97-1.00, P = 0.01) and serum total calcium (OR: 0.03,
95% CI: 0.00-0.58, P = 0.02) had a protective effect against SLE
(Supplementary Table 8).

4 Discussion

The precise etiology of SLE remains unclear. Recently, the
potential of dietary interventions in preventing autoimmune
diseases has garnered increasing interest among researchers. While
there have been prior causal analyses involving single exposure,
such as vitamin D, vitamin B, and iron status with SLE, to the best
of our knowledge, this is the first comprehensive study to explore
the causal associations between multiple circulating micronutrients
and SLE. Our MR analyses showed the causal association between
genetically predicted reductions in circulating calcium, iron and
susceptibility to SLE in European populations. However, in the
external validation analysis using the NHANES III cohort, only
circulating calcium emerged as a protective factor for SLE.
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In the present study, for the first time, we support a causal
association between circulating calcium and SLE, and circulating
calcium can serve as a potential protective factor against SLE.
An earlier observational case-control study supported our results
by finding a correlation between serum total calcium levels and
activity of SLE (48). The researchers also observed that the
serum calcium levels in SLE patients were significantly lower than
those of healthy individuals (48). A retrospective analysis likewise
discovered a significant reduction in the serum calcium levels of
SLE patients when compared to those of healthy controls (49).
Furthermore, a significant proportion of patients with SLE, as
identified by numerous cross-sectional studies, exhibit insufficient
levels of calcium intake, seldom reaching the recommended dietary
allowance (15, 50). Calcium is an essential trace metal required for
biological growth, and calcium signaling regulates many immune
tolerance and inflammation pathways. Studies have found that the
disruption of B-cell tolerance is a core key to the onset of SLE,
and calcium signaling plays an important role in the development
and fate of B cells (two key aspects of immune tolerance) through
specific activation of transcription programs (51). Additionally,
calcium signaling transmission can regulate the activation of the
c¢GAS-STING axis, thus participating in innate immunity and
autoimmune regulation through Type I interferon (52). Calcium
exists in the blood in three forms (the ionic form, the form bound
primarily to albumin, and the form bound to anions), with Ca?t
being the physiologically active form of calcium. Nonetheless,
contemporary clinical laboratory routines continue to measure
overall serum calcium levels to represent the calcium status of the
body. Thus, serum calcium may serve as a potential biomarker for
the onset and progression of SLE.

In the MR analysis, an elevation in serum iron levels is
associated with a decreased risk of SLE, the findings congruent
with those derived from recent MR investigations (16). However,
our validation analysis in the NHANES III cohort revealed that,
after adjusting for demographic characteristics, there was no
significant association between serum iron and SLE, as indicated
by the univariate analysis using Logistic regression. In fact,
the association between serum iron and SLE is not clear, with
inconsistent conclusions reported. A recent substantial cohort
study conducted in China revealed that the risk of developing
SLE is notably higher in patients with iron deficiency anemia
(53). Another case-control study conducted in Bangladesh also
revealed similar results (54). However, in two additional small-
scale case-control studies, no substantial difference was observed
in the serum iron levels between patients with SLE and their
control counterparts (55, 56). There are also indeed conflicting
research findings regarding the association between serum iron
and the mechanisms of inflammation induction. Prior studies
have established that iron serves as a crucial micronutrient
required for the proliferation of B cells and the production
of antigen-antibodies (57). Iron homeostasis is critical in the
incidence and progression of autoimmune inflammatory diseases
(58). Research has demonstrated a substantial correlation between
iron homeostasis and immune inflammation. Iron deficiency
could potentially influence the expression of cytokines such as
IL-6, IL-1, TNF-a, and IFN-y, contributing to tissue damage
(59). However, Wang et al. discovered that an overabundance
of iron could stimulate the generation of pro-inflammatory
cytokines via poly(rC)-binding protein 1 (Pcbpl), consequently
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leading to the direct induction of autoimmune diseases (60).
Therefore, further investigation through large-scale experimental
epidemiological studies is needed to explore the association
between serum iron and SLE.

The strengths of this study are as follows: First, we built the
causal relationship between multiple circulating micronutrients
and the risk of SLE in European populations and validate in the
NHANES IIT cohort. This comprehensive analysis can provide a
more global understanding of them. Second, the exposure and
outcome of our study come from different regions of the same
lineage, the overlap of samples is relatively light, and the bias
of population stratification is small. Finally, we excluded SNPs
that may have a reverse causality and overcame the limitations of
observational studies (confounding factors, recall bias).

There are also some limitations in this study. First, although
multiple MR methods were used to prevent confounding caused by
pleiotropy, residual bias cannot be eliminated. We cannot be sure
that the SNPs chosen concerning circulating micronutrients will
not affect SLE-related outcomes through other causal pathways.
Second, there are significant gender differences in SLE, but we
cannot stratify the outcome data due to the lack of individual-level
data in the summary statistics.

In conclusion, by a two-sample MR analysis and an
external validation analysis, our results provided genetic evidence
supporting the potential protective role of circulating calcium levels
in the risk of SLE. Our findings will provide a crucial scientific basis
for dietary intervention in the development and progression of SLE.
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Objective: This study aims to investigate the potential association between
serum 25(OH)D levels and the risk of hyperlipidemia in adults through a
prospective cohort study conducted in Zhejiang Province.

Methods: Baseline surveys and follow-up studies were conducted to collect
and analyze follow-up data over a three-year period. Vitamin D deficiency
was defined as 25(OH)D < 20 ng/mL, insufficiency as 20-29 ng/mL, and
sufficiency as 25(0OH)D > 30 ng/mL. Hyperlipidemia or dyslipidemia was
defined as the presence of hypercholesterolemia, hypertriglyceridemia, or both.
The relationship between demographic characteristics and the incidence of
hyperlipidemia among the study participants was explored.

Results: A total of 1,210 participants were included in this study, with 43.80%
being male. The mean age of the participants was 51.84 + 14.37 years, and the
average serum 25(OH)D level was 25.89 (21.50, 29.82) ng/mL. A significant
difference in the proportion of vitamin D deficiency was observed between
males and females (22.06% vs. 10.94%, p < 0.001). Vitamin D deficiency and
insufficiency were prevalent among the middle-aged and elderly population
(78.24%). Significant differences were found between the two groups in
multiple sociodemographic variables, behavioral factors, and metabolic risk
factors (p < 0.05). The incidence of hyperlipidemia among vitamin D-deficient
individuals was 1.612 times higher than that among vitamin D-sufficient
individuals (95% confidence interval [Cl]: 1.228-2.116; p < 0.001). After fully
adjusting for confounding factors, the multivariate-adjusted hazard ratio
(HR) was 1.572 (95% Cl: 1.187-2.08; p = 0.002), indicating a difference in the
incidence of hyperlipidemia across different serum vitamin D levels.

Conclusion: This cohort study reveals a significant association between serum
25(0OH)D levels and the incidence of hyperlipidemia. Additionally, lifestyle factors
associated with vitamin D deficiency are also correlated with the incidence
of hyperlipidemia. These findings provide further evidence for improving
blood lipid profiles through adjustments in vitamin D intake or related lifestyle
modifications.
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1 Introduction

Hyperlipidemia, as a chronic metabolic disorder characterized by
abnormal lipid metabolism, exhibits a complex pathogenesis involving
interactions between genetic and environmental factors (1, 2). Adverse
dietary patterns, particularly excessive intake of high-fat and high-
calorie foods and nutritional imbalances, coupled with lifestyle
changes such as lack of regular exercise and irregular sleep patterns,
along with specific medical interventions like drug side effects,
collectively contribute to the development of hyperlipidemia (3, 4).
This condition has emerged as a global public health challenge, not
only severely impacting individuals’ quality of life but also significantly
increasing the risk of severe complications such as cardiovascular
disease, diabetes, and metabolic syndrome, thereby imposing a
substantial burden on national healthcare systems (5). In recent years,
with shifts in lifestyle, the incidence of hyperlipidemia has risen
markedly (6). Data that the
hypercholesterolemia among adults in the Americas and Europe is as

indicates prevalence of
high as 47.7 and 53.7%, respectively (7), while the prevalence of
dyslipidemia among adults aged 65 and older in the United States has
reached 60.3% (8). A recent meta-analysis from Malaysia also revealed
high prevalence rates for various subtypes of dyslipidemia,
emphasizing the global ubiquity of hyperlipidemia and the urgency
for in-depth research (9).

Vitamin D (calciferol), a fat-soluble steroid hormone, primarily
exists in the forms of ergocalciferol (Vitamin D,), derived from plant-
based foods, and cholecalciferol (Vitamin D,), sourced from animal-
based foods and endogenously synthesized in the epidermis under
UVB light (10). In circulation, vitamin D binds primarily to vitamin
D-binding protein (VDBP) and is transported to the liver for the
initial hydroxylation to produce the main circulating metabolite,
25(0OH)D (11). 7-dehydrocholesterol is converted into the vitamin D3
precursor by microsomal cytochrome P450 (12). Subsequently,
25(OH)D is transported to the kidneys or other extrarenal tissues
(VAN ETTEN and MATHIEU (13)) for further hydroxylation into the
biologically active form, 1,25-dihydroxyvitamin D [1,25(OH)2D]
(14). Vitamin D is not only crucial for bone health (15), but also
participates in regulating immune responses, cell proliferation and
differentiation, and cardiovascular physiology among various
biological processes (14). Recently, the association between vitamin D
deficiency and an increased risk of metabolic, immune, and various
chronic diseases has garnered considerable attention (16, 17).

When exploring the complex relationship between vitamin D
levels and lipid metabolism, existing studies provide mixed evidence.
Some studies have found that lower concentrations of 25(OH)D
correlate with higher total and abdominal fat levels (18), and vitamin
D deficiency is associated with elevated triglyceride (TG)
concentrations in obese adults (19). A potential correlation between
vitamin D deficiency and obesity may arise because adipose tissue can
sequester vitamin D or because obese individuals may be less inclined
to expose themselves to sunlight, thereby reducing skin synthesis of
vitamin D. Numerous studies have pointed out the association
between vitamin D deficiency and overweight, which further
exacerbates the risk of lipid metabolism disorders (20, 21).
Additionally, a potential correlation between vitamin D deficiency and
increased total cholesterol (TC) levels and decreased low-density
lipoprotein cholesterol (LDL-C) levels has been observed (22, 23).
However, other studies have reported different trends, such as Ponda
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etal. (24) finding that patients with optimal 25(OH)D concentrations
had lower LDL-C and TG concentrations but higher high-density
lipoprotein cholesterol (HDL-C) concentrations. These discrepancies
may stem from differences in study design, sample selection, and
adjustment for confounding factors (25, 26).

This study aims to conduct a well-designed cohort study to delve
into the potential association between serum 25(OH)D levels and the
risk of hyperlipidemia in adults. By systematically analyzing the
impact of different vitamin D concentrations on lipid metabolism
patterns in hyperlipidemia patients, we hope to provide scientific
support for the prevention and treatment of hyperlipidemia (27, 28).
Although the specific mechanisms by which vitamin D regulates
blood lipids are not fully understood, its positive effects are widely
recognized (29, 30). Given the wide availability, cost-effectiveness, and
safety of vitamin D, its potential as a blood lipid-regulating supplement
is noteworthy (31). However, more in-depth research is needed
regarding optimal dosage and intervention timing. This study employs
a prospective cohort design to assess the relationship between serum
vitamin D concentrations and the incidence of hyperlipidemia in the
general population, aiming to validate and deepen the knowledge in
this field, open new perspectives for the prevention and treatment of
scientific basis for future

hyperlipidemia, and provide a

clinical practice.

2 Materials and methods
2.1 Study population

A multi-stage sampling method was employed for sample
recruitment. Two communities/administrative villages were selected
from 16 streets/towns in the Lishui area of southeastern Zhejiang
Province using random integer sampling. Then, the corresponding
number of participants was randomly selected from each community.
The specific sampling approach was as follows. In the first step, cluster
sampling was employed, with all communities/administrative villages
within each street/township being assigned numerical labels. Two
communities/administrative villages were selected through a random
drawing process. In the second step, systematic sampling was utilized
to select survey participants from the chosen communities/
administrative villages. This involved sorting households by house
number and using a random number generator to select the first
household. Subsequent sample households were determined at
intervals based on the total number of households in the community
and the desired sample size. All household members over 18 years of
age in the sampled households were selected as survey subjects. The
sample of the study included 3,828 adult permanent residents.

From this larger sample, subjects were selected to participate in
the current study. Subjects for the current study were selected based
on the following inclusion criteria: (1) no hyperlipidaemia: serum
TC < 6.2 mmol/L (240 mg/dL), serum TG < 2.3 mmol/L (200 mg/dL),
serum  LDL-C <4.l mmol/L (160 mg/dL) and  serum
HDL-C > 1.0 mmol/L (40 mg/dL) (32), (2) no malignant diseases,
chronic liver disease or chronic kidney disease; (3) no hyperlipidaemia
drug treatment; (4) no vitamin D supplementation. At the end of the
follow-up period, a total of 1,210 subjects were included in the
statistical analysis. This study was designed as a cohort study, including
baseline measurements and follow-up measurements over a
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three-year period. The data included survey data, anthropometry data
and laboratory testing. All subjects provided written informed consent
and the study was performed in strict accordance with the Helsinki
Declaration. This topic has been approved by the Ethics Committee of
Soochow University (No. ECSU-20160001).

2.2 Instruments and equipment

After fasting for 12h, 5mL of peripheral venous blood was
collected from each subject. The blood was centrifuged at 3,000 r/min
for 10 min, and the upper serum was taken to detect related indicators.
Fasting blood glucose levels were measured by the hexokinase method
using a fully automatic biochemical analyzer (COBAS ¢702, Roche
Diagnostics, Mannheim, Germany). The levels of TG, TC, HDL-C and
LDL-C were measured by the enzymatic method using an automatic
biochemical analyzer (COBAS e601, Roche Diagnostics Co., Ltd.,
Mannheim, Germany). Serum 25(OH)D concentrations were
determined by chemiluminescence immunoassays using an automatic
chemiluminescence immunoassay analyzer (ADVIA Centaur XP,
Siemens Medical Diagnostics, New York, United States). The intra-and
inter-assay coeflicients of variation for this method were <5%. These
analyses were completed by Hangzhou Dean Medical Laboratory
Centre Co., Ltd.

2.3 Baseline data collection

Standard questionnaires were used to collect demographic data
(age, gender, area of residence, etc.), socioeconomic status (education
level), smoking habits (current smoking, smoking cessation, or never
smoking), drinking status (current drinking, smoking cessation, or
never drinking), physical activity, family income, marital status,
cognitive attitude toward chronic diseases, family history of
hypertension and family history of diabetes. The education level is
divided into four groups: no school, primary school, junior high
school, college and above. This study used the World Health
Organizations physical activity recommendations (at least 150 min of
moderate activity per week or the same amount of exercise) as a
reference value for regular exercise. Family history of hypertension
was defined as any first-degree relative (mother, father, sister, or
brother) diagnosed with hypertension, and family history of diabetes
was defined as any first-degree relative (mother, father, sister, or
brother) diagnosed with diabetes.

2.4 Measurement of physical parameters

Physical examinations were performed in the early morning on
an empty stomach and included measurements of height, weight,
waist circumference and blood pressure. Height was measured by a
height meter with a length of 2.0 m and an accuracy of 0.1 cm. Body
weight is measured by a weight meter with a maximum weight of
150 kg and an accuracy of 0.1 kg. Blood pressure was measured using
a standard mercury sphygmomanometer. Blood pressure was
measured in millimeters of mercury, with an accuracy of up to 1 mm.
After the subjects rested for 15 min, their blood pressure was
measured three times in a relaxed seated position. There was a 5-min
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break between each measurement. The average of the three
measurements was used for analysis. Hypertension was defined as
systolic blood pressure (SBP) > 140 mmHg and/or diastolic blood
pressure (DBP) > 90 mmHg and/or taking antihypertensive drugs
and/or diagnosed with hypertension by a medical unit at or above the
county level (33). Body mass index (BMI) was calculated as weight
divided by the square of height (BMI = kg/m?). BMI > 28 kg/m* was
defined as obese, 24 kg/m? < BMI < 28 kg/m* as overweight and
18.5 kg/m* < BMI < 24 kg/m? as normal (34).

2.5 Follow-ups and study outcome

All subjects were followed up by strictly trained community
physicians. Data on relevant hyperlipidaemia events during the
follow-up period were collected. The occurrence of hyperlipidaemia
was the primary endpoint of this study. New-onset hyperlipidaemia
was defined as a self-reported history of physician diagnosis during
follow-up and/or receiving medication for hyperlipidaemia and/or
serum TC > 6.2 mmol/L (240 mg/dL) and/or serum TG > 2.3 mmol/L
(200 mg/dL) and/or serum LDL-C > 4.1 mmol/L (160 mg/dL) and/or
serum HDL-C < 1.0 mmol/L (40 mg/dL) (35).

2.6 Index division standards

(1) According to the Chinese Guidelines for the Prevention of
Dyslipidaemia in Adults (2016 Edition) (32), serum TC > 6.2 mmol/L
(240 mg/dL) was defined as hypercholesterolemia, serum
TG > 2.3 mmol/L (200 mg/dL) was defined as hypertriglyceridemia,
serum LDL-C > 4.1 mmol/L (160 mg/dL) defined as
LDL-hypercholesterolemia, and serum HDL-C < 1.0 mmol/L (40 mg/
dL) was defined as HDL-hypocholesterolemia. Hypercholesterolemia,

was

hypertriglyceridemia, =~ LDL-hypercholesterolemia or HDL-
hypocholesterolemia were defined as hyperlipidaemia or
dyslipidaemia.

(2) According to the diagnostic criteria of hypertension of the
National Health Commission: (1) In the absence of antihypertensive
drugs, the clinic blood pressure was measured three times on
different days, SBP > 140 mmHg and/or DBP > 90 mmHg. Simple
systolic hypertension was defined as SBP > 140 mmHg and
DBP < 90 mmHg; (2) The patient has a history of hypertension and
is currently using antihypertensive drugs. Although the blood
pressure is lower than 140/90 mmHg, it should still be diagnosed as
hypertension (33).

(3) According to the Endocrine Society’s Clinical Practice
Guidelines, serum 25(OH)D deficiency was defined as 25(OH)
D < 20 ng/mL, insufficiency as (20-29 ng/mL), and sufficiency was
defined as 25(OH)D > 30 ng/mL.

2.7 Quality control

To ensure standardization of the project and obtain high-quality
survey data, before the implementation of the survey, the community
doctors, public health doctors, nursing staff and questionnaire survey
personnel were uniformly trained. After the implementation of the
project, on-site quality control was carried out, and the quality of the

frontiersin.org


https://doi.org/10.3389/fnut.2024.1492621
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org

Liu et al.

survey data, physical measurements, blood sample collection and
laboratory testing were dynamically monitored in real time. When a
quality problem was found, timely feedback and correction were
performed to prevent the diffusion of the problem. All data are input
by a unified program, and double data entry is used to check data logic
and abnormal data.

2.8 Statistical analysis

EpiData 3.1 software was used for double data entry, logical error
correction and consistency testing. Normally distributed data were
expressed as the mean =+ standard deviation (X + s), non-normally
distributed data were expressed as the median and interquartile range
[M(QR)] and categorical variables were expressed as frequencies (%).
Analysis of variance (ANOVA) and the Chi-square test were used to
analyze the differences in quantitative variables between 25(OH)D
level groups. Between-group differences in qualitative variables were
tested by the Chi-square test. A Cox proportional hazard model was
used to evaluate HR and 95% CI for the relationship between baseline
serum 25(OH)D levels and hyperlipidaemia. In model 1, only serum
25(0OH)D was included as an independent predictor. Age, gender and
BMI levels were also included in model 2. Model 3 was based on
model 2 with further adjustment for the following variables: residence
area (rural or urban), education level, SBP, DBP, smoking, alcohol
consumption, physical activity and family history of hypertension. The
median serum 25(OH)D value for each group was input into the
model as a continuous variable for trend testing. Then, the association
between serum 25(OH)D levels and the risk of hyperlipidaemia was
examined in subgroups stratified by age, sex, BMI, area of residence,
education, SBP, DBP, smoking, alcohol consumption, physical activity
and family history of hypertension. The subjects were divided into two
groups according to a 25(OH)D cut-point of 30 ng/mL. All data were
analyzed using SPSS version 26.0, and statistical significance was
defined as a two-tailed p < 0.05.

3 Results

3.1 Demographic characteristics and
incidence of hyperlipidaemia

The study sample comprised 1,210 individuals, among which,
43.80% were male (530 subjects) and 56.19% were female (680
subjects). The average age of the subjects was 51.84 + 14.37 years. As
shown in Table 1, there were 368 new cases of hyperlipidaemia (167
males and 201 females) during the three-year follow-up period, and
the cumulative incidence of hyperlipidaemia was 30.41%. Specifically,
the cumulative incidence of hyperlipidaemia was 31.51% in males and
29.56% in females. There was no statistically significant difference in
the prevalence of hyperlipidaemia between male and female subjects
(p>0.05). In the relationship between age and the incidence of
hyperlipidemia shown in Table I, with the increase of age, the
incidence of hyperlipidemia in male and female participants showed
a significant upward trend, and when the age reached a certain stage,
this upward trend did not continue, but there was a slight decline in
the reversal. The incidence of hyperlipidaemia increased the fastest
among men in the 30-39 years age group.
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3.2 Comparison of the baseline
characteristics of subjects classified by
vitamin D status

Among the 1,210 participants, the overall mean serum 25(OH)D
level was 25.87 + 6.56 ng/mL, and the respective ratios of vitamin D
deficiency (<20 ng/mL) and insufficiency (20-29 ng/mL) were 17.19
and 58.76%. According to Table 2, the rates of vitamin D deficiency
and insufficiency in male subjects were 10.94% (58 people) and
52.45% (278 people), respectively, and the rates of vitamin D
deficiency and insufficiency in female subjects were 22.06% (150
people) and 63.68% (433 people), respectively. Vitamin D deficiency
was more common in women than in men (22.06% vs. 10.96%). With
increases in age, the vitamin D deficiency rate showed an upward
trend; only 21.43% of the elderly subjects aged over 80 years had
sufficient vitamin D. The rates of vitamin D deficiency and
insufficiency among rural residents were 12.93% (67 people) and
57.92% (300 people), respectively. The rates of vitamin D deficiency
and insufficiency among urban residents were 20.36% (141 people)
and 59.39% (411 people), respectively. The rates of vitamin D
deficiency and insufficiency in subjects with BMI < 24 kg/m2 were
16.80% (128 people) and 26.90% (205 people), respectively. The rate
of vitamin D deficiency was higher in women and participants living
in urban areas (p < 0.01). Aside from baseline age, education level,
SBP, DBP, dyslipidaemia and family history of hypertension, the
differences between other sociodemographic, behavioral and
metabolic risk factors and vitamin D levels were statistically significant
(all p < 0.05, Table 3).

3.3 The relationship between serum 25(OH)
D levels and hyperlipidaemia

As shown in Table 4, when the clinical classification of vitamin D
status was used, the subjects with sufficient vitamin D (>30 ng/mL)
were used as a reference. The incidence of hyperlipidemia in vitamin
D deficiency (20-29 ng/mL) was statistically different (p < 0.05), and
the incidence of hyperlipidemia was significantly higher than that of
vitamin D sufficient subjects. When using the clinical classification of
vitamin D status, compared with the survey of vitamin D sufficiency
(>30 ng/mL), the incidence of hyperlipidemia in patients with vitamin
D insufficiency (<30 ng/mL) was significantly increased (p < 0.05).
According to the quartile of baseline 25(OH)D level, the study
population was divided into four groups (Q1, Q2, Q3, and Q4). Taking
the respondents in the Q4 group as a reference, the incidence of
hyperlipidemia in the Q2 and Q3 groups was higher than that in the
Q4 group (p < 0.05).

After adjusting the potential confounding factors of age, gender
and BMI, when the vitamin D status was classified into three clinical
categories, the incidence of hyperlipidemia in vitamin D deficiency
subjects was still significantly higher than that in vitamin D
sufficient subjects (p < 0.05). When the clinical classification of
vitamin D status was used, the investigation of vitamin D adequacy
was used as a reference. There was a statistically significant
difference in the incidence of hyperlipidemia between vitamin D
insufficiency and sufficiency (p <0.05), and the incidence of
hyperlipidemia in vitamin D insufficiency was higher. According to
the baseline 25(OH)D level quartiles, the study population was
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TABLE 1 Incidence of hyperlipidemia in different sex and age groups.

10.3389/fnut.2024.1492621

Age group Baseline Hyperlipidemia Follow-up Cumulative Incidence density

(years) number years incidence (%) (per 1,000
person-years)

Whole crowd

18- 80 14 26.88 17.50 52091

30- 180 51 80.86 28.33 630.73

40- 277 84 134.64 3032 623.89

50- 314 111 201.07 3535 552.04

60- 236 72 122.53 30.51 587.61

70- 95 32 52.82 33.68 605.78

80- 28 4 8.65 14.29 462.36

Total 1,210 368 3153.45 30.41 116.70

Male

18- 27 5 75.63 18.52 66.11

30- 67 34 148.11 50.75 229.55

40- 110 4 280.25 38.18 149.87

50- 136 39 363.45 28.68 107.31

60- 118 29 321.64 24.58 90.16

70- 56 18 149.16 32.14 120.67

80- 16 0 48.00 0.00 0.00

Total 530 167 1386.24 31.51 120.47

Female

18- 53 9 149.25 16.98 60.30

30- 113 17 327.04 15.04 51.98

40- 167 4 455.50 25.15 9221

50- 178 72 456.85 40.45 157.60

60- 118 43 304.66 36.44 141.14

70- 39 14 98.37 35.90 142.32

80- 12 4 32.65 33.33 122,51

Total 680 201 1824.32 29.56 110.18

We recorded the baseline survey time and follow-up time of each participant. Participants were tracked at different times during the three-year period. After completing the calculation of the

number of follow-up years at the individual level, summary statistics were performed to calculate the total follow-up years and average follow-up years of the entire cohort.

divided into four groups. The subjects in the Q4 group were used as
a reference. There was a statistically significant difference in the
incidence of hyperlipidemia between the subjects in the Q2 group
and the Q4 group (p < 0.05).

After adjusting the potential confounding factors such as
residence, education level, SBP, DBP, smoking status, drinking status,
physical activity and family history of hypertension, when the vitamin
D status was classified into three clinical categories, the subjects with
sufficient vitamin D were used as a reference, and the incidence of
hyperlipidemia in vitamin D deficiency was still high (p < 0.05). When
using the clinical classification of vitamin D status, the incidence of
hyperlipidemia in vitamin D deficiency and sufficient subjects was
higher than that in vitamin D sufficient subjects (p < 0.05). According
to the quartile of baseline 25(OH)D level, the study population was
divided into four groups. Taking the respondents in the Q4 group as
a reference, the incidence of hyperlipidemia in the Q4 group was lower
than that in the Q2 group (p < 0.05).

Frontiers in Nutrition

As shown in Table 5, when analyzing the relationship between
baseline serum 25-hydroxyvitamin D (25(OH)D) levels and the
incidence of hyperlipidemia among individuals with normal weight,
after excluding those who were overweight or obese, it was found that
there was no statistically significant association between vitamin D
and the risk of hyperlipidemia, regardless of the vitamin D clinical
classification used. However, in the subset of overweight and obese
individuals (Table 6), under the clinical binary classification of vitamin
D status, those with vitamin D deficiency (<30 ng/mL) exhibited a
significantly higher incidence of hyperlipidemia compared to those
with sufficient vitamin D (>30 ng/mL) (p < 0.05). Similarly, under the
clinical ternary classification of vitamin D status, with those having
sufficient vitamin D (>30 ng/mL) as the reference group, individuals
with vitamin D insufficiency (20-29 ng/mL) demonstrated a
statistically significant difference in hyperlipidemia incidence
(p < 0.05). When the study population was stratified into four groups
based on quartiles of baseline 25(OH)D levels (Q1, Q2, Q3, and Q4),
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TABLE 2 Incidence of hyperlipidemia in different sex and age groups.

Characteristic

Vitamin D deficiency = Vitamin D insufficiency

10.3389/fnut.2024.1492621

Vitamin D sufficiency

Male, n(%)

18- 2(7.41) 16(59.26) 9(33.33) 27
30- 8(11.94) 32(47.76) 27(40.3) 67
40- 12(10.91) 60(54.55) 38(34.55) 110
50- 18(13.24) 64(47.06) 54(39.71) 136
60- 9(7.63) 69(58.47) 40(33.9) 118
70- 6(10.71) 30(53.57) 20(35.71) 56
80- 3(18.75) 7(43.75) 6(37.5) 16
Total 58(10.94) 278(52.45) 194(36.6) 530
Female, n(%)

18- 10(18.87) 36(67.92) 7(13.21) 27
30- 29(25.66) 67(59.29) 17(15.04) 67
40- 31(18.56) 112(67.07) 24(14.37) 110
50- 31(17.42) 120(67.42) 27(15.17) 136
60- 25(21.19) 75(63.56) 18(15.2) 118
70- 16(41.03) 19(48.72) 4(10.26) 56
80- 8(66.67) 4(33.33) 0(0) 16
Total 150(22.06) 433(63.68) 97(14.26) 530

with Q4 serving as the reference group, the incidence of hyperlipidemia
was higher in Q1, Q2, and Q3 compared to Q4 (p < 0.05).

After fully adjusting for potential confounding factors such as age,
gender, and BMI, under the clinical ternary classification of vitamin
D status, with those having sufficient vitamin D as the reference group,
individuals with vitamin D insufficiency (20-29 ng/mL) still exhibited
a significantly higher incidence of hyperlipidemia (p < 0.05). When
using the clinical binary classification of vitamin D status, with those
having sufficient vitamin D as the reference, there was a statistically
significant difference in hyperlipidemia incidence between vitamin
D-deficient and sufficient individuals (p <0.05), with a higher
incidence among the deficient group. Additionally, when stratifying
the study population into four groups based on quartiles of baseline
25(0OH)D levels and using Q4 as the reference, there was a statistically
significant difference in hyperlipidemia incidence between Q2 and Q4
(p < 0.05). After fully adjusting for potential confounding factors such
as residence, education level, systolic blood pressure, diastolic blood
pressure, smoking status, alcohol consumption, physical activity, and
family history of hypertension, the results remained consistent with
the previous findings.

4 Discussion

A substantial body of literature has established a strong association
between vitamin D and various disease states, including, but not
limited to, type 2 diabetes, dyslipidemia, cardiovascular diseases,
autoimmune disorders, certain cancers, metabolic syndrome,
schizophrenia, and depression (CHEN (3, 36)). Clinical trial data, in
particular, reveal a close relationship between 25(OH)D levels and
lipid metabolism, indicating that elevated lipid levels can lead to a
decrease in vitamin D levels, while vitamin D deficiency further
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exacerbates dyslipidemia and weight gain (37). Vitamin D deficiency
has become a global public health issue, affecting individuals across
all age groups, ethnicities, and socioeconomic statuses (38). Certain
groups, such as individuals with obesity, the elderly, children, pregnant
women, and postmenopausal women, exhibit especially high rates of
vitamin D deficiency (39). Hyperlipidemia, as an increasingly
prevalent metabolic disorder, not only poses a threat to individual
health but also places a considerable burden on global healthcare
systems (40, 41). For instance, by 2017, over 100 million people in the
United States had been diagnosed with hypercholesterolemia, with 31
million adults experiencing elevated LDL-C levels (42). Therefore,
investigating effective treatment strategies for hyperlipidemia,
particularly regarding the potential role of vitamin D, is essential for
managing lipid levels and improving patient outcomes.

Research has demonstrated that vitamin D plays a crucial role in
reducing lipid levels and mitigating mortality risk (43), especially in
patients with hypertension and type 2 diabetes (44). Theoretically,
vitamin D not only exerts a direct influence on lipid levels but may
also indirectly impact lipid metabolism by modulating serum
parathyroid hormone and/or calcium balance (45). Specifically,
sufficient vitamin D increases intracellular calcium levels in
adipocytes, promoting the activity of fatty acid synthase, inhibiting
lipolysis, and enhancing the storage of lipids within adipocytes (46).
Additionally, vitamin D can inhibit macrophage migration and
phagocytic activity, reducing the deposition of LDL-C (47).
Conversely, as vitamin D levels decline, calcium absorption in the
gastrointestinal tract diminishes (48), impairing the lipid storage
function of adipocytes, which leads to the release of lipids into the
bloodstream, causing elevated concentrations of TC, TG, and LDL-C,
as well as a decrease in HDL-C levels (49). Studies from Australia (50)
and animal models (51) further support that adequate vitamin D
supplementation effectively inhibits hepatic steatosis and fibrosis,
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TABLE 3 Baseline characteristics of the study population (n = 1,210).

10.3389/fnut.2024.1492621

Characteristic Total Serum 25(OH)D concentrations (ng/ml)
(n =1,210) <20(n = 208) 20-29(n = 711) >30(n = 291)
25(0OH)D 25.87 £6.56 16.16 £ 2.96 25.32+2.78 34.15+4.16
Age (years) 51.84 +14.37 5292 +15.74 51.39 £ 14.07 52.17 £ 14.04 1.01 0.365
Sex (men), 7(%) 530(43.80) 58(10.94)* 278(52.45) 194(36.60)
89.598 <0.001

(Women), n(%) 680(56.20) 150(22.06) 433(63.68) 97(14.26)

District (rural), 7(%) 518(42.81) 67(12.93)* 300(57.92) 151(29.15)
19.453 <0.001

(Urban), n(%) 692(57.19) 141(20.38) 411(59.39) 140(20.23)
Education, n(%) 7.148 0.307
No school 210(17.36) 36(17.14) 129(61.43) 45(21.43)
Primary school 328(27.11) 56(17.07) 182(55.49) 90(27.44)
Middle school 611(50.50) 105(17.18) 358(58.59) 148(24.22)
Junior college or higher 61(5.04) 11(18.03) 42(68.85) 8(13.11)
BMI (kg/m?) 2328 £3.24 23.34+£3.34 23.44 +3.26* 22.86 £ 3.09 3.364 0.035
<24 762(62.98) 128(61.54) 429(60.34) 205(70.45) 9.414 0.052
24-27.9 346(28.60) 62(29.81) 219(30.80) 65(22.34)
>28 102(8.43) 18(8.65) 63(8.86) 21(7.22)
TC 4.95+0.72 513+0.72 4.95+0.72% 4.84 £0.69 9.978 <0.001
TG 1.25+0.45 1.32 £ 0.46 1.26 £ 0.45* 1.17 £ 0.46 6.674 0.001
LDL-C 2.84 £ 0.60 2.94 +0.63 2.85 +0.60%* 2.75+0.59 5.726 0.003
HDL-C 1.58 £ 0.34 1.66 +0.48 1.57 £ 0.31* 1.57 £0.31 6.078 0.002
Systolic pressure 125.01 +18.77 126.70 + 20.32 124.14 + 18.45 125.93 +19.04 1.954 0.142
Diastolic pressure 78.72 +10.21 78.62+11.13 78.90 £10.11 78.36 £9.81 0.298 0.743
Family history of hypertension, n(%) 258(21.32) 46(17.83) 46(17.83) 46(17.83) 0.989 0.610
Dyslipidemia, 1(%) 53(4.38) 12(5.77) 30(4.22) 11(3.78) 7.150 0.128
Current smoker, 1(%) 267(22.08) 39(18.84) 146(20.53)* 82(28.18) 8.539 0.014
Current drinker, 1(%) 370(30.63) 41(19.81) 217(30.52)* 112(38.62) 20.131 <0.001
Sufficient physical activity, n(%) 292(24.17) 56(27.18) 185(26.02)* 51(17.53) 9.357 0.009

*There was a significant difference compared with the 25(OH) D sufficient group [serum 25(OH)D > 30 ng/mL]; TG, triglyceride; TC, total cholesterol; HDL-C, high density lipoprotein

cholesterol; LDL-C, low density lipoprotein cholesterol.

promotes hepatic calcium absorption, and thereby helps regulate
lipid profiles.

However, it is worth noting that when we limited the analysis to
individuals with normal weight, the results showed a very different
pattern (73). We discovered that restricting the analysis to overweight
and obese individuals can unveil a significant statistical correlation
between vitamin D status and hyperlipidemia risk. In the clinical
dichotomous classification of vitamin D status, individuals with
vitamin D insufficiency (<30 ng/mL) exhibited a significantly higher
incidence of hyperlipidemia compared to those with sufficient vitamin
D (>30 ng/mL) (p < 0.05). When further refining the classification into
trichotomous categories, individuals with vitamin D levels in the
insufficient range (20-29 ng/mL), using those with sufficient vitamin
D as a reference, meanwhile demonstrated a statistical difference in
hyperlipidemia incidence (p <0.05). These observations strongly
indicate that, in overweight and obese adults, the nutritional status of
vitamin D may exert a notable impact on lipid metabolism, thereby
increasing the risk of hyperlipidemia. To further explore this
relationship, we grouped the study population based on quartiles of
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baseline 25(OH)D levels. The results showed that, using the highest
quartile group (Q4) of 25(OH)D levels as a reference, individuals in
the lower quartiles (Q1, Q2, and Q3) had significantly higher
incidences of hyperlipidemia (p < 0.05). This trend analysis not only
reinforces the negative correlation between vitamin D and
hyperlipidemia risk but also suggests a potential dose-response effect
of increasing vitamin D levels on reducing hyperlipidemia risk.
Notably, this effect is particularly evident in overweight and obese
populations, providing robust evidence to support vitamin D
supplementation strategies tailored for these groups.

However, it is worth noting that when we expanded the analysis
to individuals with normal body weight, the research findings
presented a starkly different pattern. Regardless of the vitamin D
clinical classification standard employed (i.e., dichotomous,
trichotomous, or more detailed quartile classification), no statistically
significant correlation was observed between baseline serum 25(OH)
D levels and the risk of hyperlipidemia. This finding may suggest that,
in adults with normal body weight, the nutritional status of vitamin D
may not be a primary influencing factor in the development of
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TABLE 4 Relationship between baseline serum 25(OH)D levels and the incidence of hyperlipidemia.

25(0OH)D (ng/ Events (%) Model 1 Model 2 Model 3

Y HR(95% CI) P HR(95% CI) P HR(95% ClI)

Clinical triad

<20 208(60) 1.306(0.921-1.853) 0.134 1.309(0.915-1.873) 0.141 1.315(0.914-1.89) 0.140
20-29 711(242) 1.612(1.228-2.116) 0.001 1.581(1.197-2.087) 0.001 1.572(1.187-2.08) 0.002
>30 291(66) 1.00 - 1.00 - 1.00 -
P for trend’ 0.984(0.965-1.003) 0.100 0.985(0.965-1.004) 0.123 0.984(0.965-1.004) 0.123
Dichotomy

<30 919(302) 1.540(1.180-2.010) 0.001 1.523(1.159-2.001) 0.003 1.519(1.130-2.001) 0.003
>30 291(66) 1.00 - 1.00 - 1.00 -
P for trend' 0.953(0.925-0.982) 0.001 0.954(0.925-0.984) 0.003 0.954(0.925-0.984) 0.003
Quartile

Q1(<21.50) 301(90) 1.280(0.940-1.743) 0.117 1.259(0.916-1.731) 0.156 1.265(0.916-1.746) 0.153
Q2(21.50-25.88) 303(109) 1.580(1.175-2.125) 0.002 1.565(1.156-2.119) 0.004 1.535(1.130-2.084) 0.006
Q3(25.89-29.82) 303(96) 1.392(1.027-1.888) 0.033 1.351(0.993-1.837) 0.055 1.350(0.989-1.843) 0.059
Q4(>29.83) 303(73) 1.00 - 1.00 - 1.00 -
P for trend' 0.984(0.965-1.003) 0.107 0.985(0.966-1.005) 0.150 0.985(0.965-1.006) 0.153
Continuous® 1,210(368) 0.987(0.972-1.003) 0.104 0.988(0.972-1.004) 0.139 0.987(0.971-1.004) 0.136

Model 1: no adjustment; model 2: adjust gender, age and BMI; model 3: adjust residence, education level, systolic blood pressure, diastolic blood pressure, smoking status, drinking status,
physical activity and family history of hypertension.

HR, hazard ratio; CI, confidence interval.

Test trends based on median variables in each group (medians for Q1, Q2, Q3, and Q4 were 18.55, 24.17, 27.92, and 32.88 ng/mL, respectively).

*HR is the standard deviation (6.43 ng/mL) proportionally scaled to serum 25(OH)D levels.

TABLE 5 Relationship between baseline serum 25(OH)D levels and the incidence of hyperlipidemia (excluding overweight and obese people from
normal-weight individuals).

25(0OH)D Events (%) Model 1 Model 2 Model 3
(ng/ml) HR(95% ClI) P HR(95% ClI) P HR(95% Cl)

Clinical triad

<20 81(32) 0.982(0.612-1.576) 0.939 0.956(0.497-1.838) 0.892 0.999(0.549-1.817) 0.997
20-29 287(127) 1.125(0.780-1.623) 0.528 0.930(0.552-1.565) 0.784 1.024(0.625-1.677) 0.925
>30 87(37) 1.00 - 1.00 - 1.00 -
P for trend' 0.989(0.965-1.015) 0.410 0.990(0.965-1.016) 0.451 0.990(0.965-1.017) 0.472
Dichotomy

<30 368(159) 1.093(0.764-1.563) 0.626 0.935(0.561-1.558) 0.796 1.017(0.633-1.635) 0.944
>30 87(37) 1.00 - 1.00 - 1.00 -
P for trend' 0.988(0.954-1.023) 0.508 0.988(0.953-1.024) 0.514 0.989(0.954-1.026) 0.550
Quartile

Q1(<21.15) 114(45) 0.923(0.617-1.38) 0.697 0.898(0.513-1.570) 0.705 0.952(0.568-1.596) 0.851
Q2(21.16-25.38) 113(52) 1.086(0.737-1.602) 0.676 0.828(0.477-1.439) 0.504 0.955(0.565-1.612) 0.862
Q3(25.39-28.80) 113(49) 1.068(0.720-1.584) 0.742 1.074(0.618-1.865) 0.801 1.021(0.603-1.730) 0.937
Q4(>28.81) 115(50) 1.00 - 1.00 - 1.00 -
P for trend' 0.993(0.969-1.018) 0.579 0.994(0.969-1.019) 0.625 0.994(0.969-1.020) 0.669
Continuous* 455(196) 0.993(0.973-1.013) 0.490 0.993(0.973-1.014) 0.508 0.994(0.973-1.015) 0.585

Model 1: no adjustment; model 2: adjust gender, age and BMI; model 3: adjust residence, education level, systolic blood pressure, diastolic blood pressure, smoking status, drinking status,
physical activity and family history of hypertension.

HR, hazard ratio; CI, confidence interval.

"Test trends based on median variables in each group (medians for Q1, Q2, Q3, and Q4 were 18.62, 23.86, 26.94, and 32.15 ng/mL, respectively).

*HR is the standard deviation (6.00 ng/mL) proportionally scaled to serum 25(OH)D levels.
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TABLE 6 Relationship between baseline serum 25(OH)D levels and the incidence of hyperlipidemia (overweight and obese people).

25(0OH)D Events (%) Model 1

HR(95% ClI)

(ng/ml)

Model 2
HR(95% ClI)

Model 3
HR(95% ClI)

Clinical triad

<20 127(28) 1.571(0.935-2.641) 0.088 1.637(0.957-2.802) 0.072 1.643(0.955-2.826) 0.073
20-29 424(115) 1.987(1.322-2.986) 0.001 2.052(1.351-3.118) 0.001 2.098(1.374-3.201) 0.001
>30 204(29) 1.00 - 1.00 - 1.00 -
P for trend" 1.005(0.991-1.021) 0.475 1.005(0.989-1.020) 0.551 1.004(0.988-1.020) 0.660
Dichotomy

<30 551(143) 1.889(1.267-2.816) 0.002 1.967(1.302-2.972) 0.001 2.013(1.323-3.061) 0.001
>30 204(29) 1.00 - 1.00 - 1.00 -
P for trend" 1.012(0.992-1.032) 0.253 1.011(0.990-1.032) 0.309 1.010(0.989-1.032) 0.348
Quartile

Q1(<21.73) 186(44) 1.821(1.115-2.975) 0.017 1.884(1.131-3.140) 0.015 1.894(1.128-3.181) 0.016
Q2(21.73-26.47) 191(51) 2.114(1.310-3.411) 0.002 2.201(1.351-3.585) 0.002 2.239(1.369-3.664) 0.001
Q3(26.48-30.45) 188(52) 2.287(1.419-3,684) 0.001 2.315(1.429-3.749) 0.001 2.360(1.448-3.847) 0.001
Q4(>30.46) 190(25) 1.00 - 1.00 - 1.00 -
P for trend" 1.008(0.993-1.023) 0.313 1.007(0.992 ~ 1.023) 0.374 1.006-(0.9911.022) 0.441
Continuous® 755(172) 1.005(0.993-1.017) 0.394 1.004(0.9921.017) 0.484 1.005(0.993-1.017) 0.394

Model 1: no adjustment; model 2: adjust gender, age and BMI; model 3: adjust residence, education level, systolic blood pressure, diastolic blood pressure, smoking status, drinking status,

physical activity and family history of hypertension.
HR, hazard ratio; CI, confidence interval.

"Test trends based on median variables in each group (medians for Q1, Q2, Q3, and Q4 were 18.53, 24.42, 28.38, and 33.34 ng/mL, respectively).

*HR is the standard deviation (6.86 ng/mL) proportionally scaled to serum 25 (OH)D levels.

hyperlipidemia, or its effect may be obscured by other more dominant
metabolic factors. This result challenges the view that vitamin D is
generally beneficial to lipid metabolism in some previous studies, and
further emphasizes that there may be differences in the potential
mechanism of vitamin D on lipid metabolism under overweight
(74, 75).

The results of this study further confirm a positive association
between vitamin D deficiency and the incidence of hyperlipidemia.
When baseline 25(OH)D levels were considered as the sole predictor,
vitamin D deficiency was significantly associated with an increased
incidence of dyslipidemia. Even after extensive adjustment for
confounding variables, a low vitamin D status remained significantly
associated with dyslipidemia. Notably, the cumulative incidence of
hyperlipidemia did not show a statistically significant difference between
women and men, suggesting that the mechanisms underlying
hyperlipidemia may transcend gender and are likely driven by similar
fundamental physiological and genetic factors. However, in terms of
vitamin D deficiency prevalence, a gender disparity was observed, with
women exhibiting a higher frequency of vitamin D deficiency compared
to men (22.06% vs. 10.94%), consistent with findings from a cross-
sectional study in the Netherlands (52). This gender-specific variation
may stem from differences in lifestyle, physiological characteristics, time
spent outdoors, sun protection practices, and occupational activities
between men and women (53). For instance, traditional or societal
expectations may lead women to adopt sun protection measures or
spend more time indoors, thereby reducing natural sunlight
exposure—a primary pathway for endogenous vitamin D synthesis.
Additionally, women experience unique life stages and hormonal
changes, including menarche, potential pregnancy, breastfeeding, and
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contraceptive use, through to menopause, where the production of
hormones such as estrogen and progesterone may predispose them to
vitamin D deficiency (54). Furthermore, occupational differences could
contribute to unequal sunlight exposure opportunities between genders.
These factors collectively influence the efficiency of vitamin D synthesis
in the skin, either directly or indirectly. Additionally, dietary habits—
another crucial source of vitamin D—may also vary by gender. Women,
in their pursuit of healthier eating, may inadvertently restrict foods rich
in vitamin D, especially within specific dietary cultures or societal
norms. In contrast, men may be less affected by these factors, or their
dietary patterns may naturally include more vitamin D-rich foods.
These hypotheses warrant further research, with detailed dietary surveys
and lifestyle assessments needed to substantiate these findings.

With advancing age, the incidence of hyperlipidemia and vitamin
D deficiency increases in both men and women, aligning with findings
from previous literature (55). This age-related rise may be attributable
to reduced outdoor activity, diminished gastrointestinal function, and
imbalances in dietary intake and nutrition, which can lead to decreased
vitamin D absorption and greater intracellular deposition of LDL-C in
older adults (56). Interestingly, the incidence of hyperlipidemia tends
to slightly decline among the elderly at certain advanced ages. This may
be due to the premature attrition of high-risk individuals from the
cohort because of the onset or progression of other health conditions,
such as cardiovascular disease or diabetes, which reduces their
representativeness in the study’s data on hyperlipidemia incidence (57).
Such individuals may experience limited ability or willingness to
participate due to health complications, thereby decreasing their
representation in the cohort. Additionally, it is essential to consider the
effects of aging on physiological function and metabolic processes (58,
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59). With age, physiological functions, including lipid metabolism,
undergo gradual decline, potentially impacting the incidence of
hyperlipidemia either directly or indirectly (60). To further investigate
this phenomenon, we plan to conduct a refined age-stratified analysis
in future studies to elucidate similarities and differences in the
mechanisms of hyperlipidemia onset across different age groups.
Furthermore, we observed that individuals with lower educational
attainment, lower BMI, or a family history of hyperlipidemia are more
susceptible to both vitamin D deficiency and dyslipidemia. This trend
may be associated with limited health literacy, imbalanced diets,
inadequate nutrient intake, and genetic predispositions (61). First,
individuals with lower educational levels may lack health knowledge
and practices, such as regular monitoring of vitamin D levels and taking
appropriate supplements, which could increase their risk for vitamin D
deficiency and consequently dyslipidemia. Second, those with lower
BM], particularly underweight individuals, may experience vitamin D
deficiency and other nutritional deficiencies due to imbalanced diets or
inadequate nutrient intake. This state of nutrient deficiency could
further impact lipid metabolism, elevating the risk of dyslipidemia.
Finally, individuals with a family history of hyperlipidemia may inherit
gene variants that affect vitamin D or lipid metabolism, rendering them
more vulnerable to both vitamin D deficiency and dyslipidemia (62).
We intend to explore these potential factors further to develop a more
comprehensive predictive model for hyperlipidemia risk.

In this study, a threshold of 30 ng/mL was set for vitamin D levels,
and significant differences in the prevalence of dyslipidemia and
individual lipid profile measures were observed between the two groups.
Even after adjusting for various potential confounders, vitamin D
deficiency remained significantly associated with an elevated risk of
dyslipidemic events. This finding aligns with prior meta-analyses (63) and
individual studies (64-66), which collectively indicate a close relationship
between serum vitamin D levels and lipid markers such as TC, TG,
LDL-C, and HDL-C. An increase in serum 25(OH)D levels has been
shown to aid in reducing blood lipid levels and improving dyslipidemia
(67). Although adjustments were made for multiple traditional risk
factors, residual confounders such as dietary habits, genetic background,
and medication use may still influence the relationship between vitamin
D levels and hyperlipidemia (68, 69). Insufficient intake of vitamin D-rich
foods, such as fish, dairy products, and fortified foods, may contribute to
vitamin D deficiency. Concurrently, diets high in fat, sugar, and salt could
exacerbate lipid metabolism disorders, increasing the risk of dyslipidemia.
Additionally, genetic background plays a key role in both vitamin D
metabolism and lipid metabolism. Genetic variants may influence the
activity of vitamin D receptors or related enzymes, affecting vitamin D
bioavailability and lipid processing. Furthermore, medication use is a
critical factor impacting both vitamin D levels and lipid abnormalities;
certain drugs, such as antiepileptics, antibiotics, and lipid-lowering agents,
may alter vitamin D metabolism or elevate the risk of dyslipidemia. Given
individual variability and the complexity of these interactions,
unidentified or insufficiently understood confounders may still impact
the association between vitamin D levels and hyperlipidemia. Future
studies should more deeply explore these potential factors and utilize
more precise study designs and sensitive detection methods to uncover
the subtler relationships between vitamin D and lipid abnormalities.

Given the extensive physiological effects of vitamin D (70), particularly
its pivotal role in metabolic regulation, we emphasize the importance of
ensuring adequate vitamin D levels. The long half-life of vitamin D, which
allows it to persist in the human body for 3 weeks and maintain a relatively
stable blood concentration, provides a rationale for its use as a mild and
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effective control measure (56). Consequently, it is reasonable to encourage
patients to ensure sufficient vitamin D intake during glycemic and lipid-
lowering therapy (27). However, there is currently a lack of support from
large-scale, long-term studies regarding the optimal dosage and frequency
of vitamin D supplementation, necessitating cautious consideration of
individual differences
supplementation strategies (71). Our study has made certain progress in

and potential risks when formulating
exploring the relationship between serum 25(OH)D levels and the risk of
hyperlipidemia in adults. Its strengths lie in the rigorous design, employing
a cohort study approach, which enables the observation of the impact of
25(OH)D levels over time on hyperlipidemia risk. Furthermore, the study
considered various potential confounding factors, such as age, gender, and
BM], thereby enhancing the accuracy and reliability of the findings.
Nonetheless, our study also has some limitations. Firstly, during data
collection, factors that may influence vitamin D levels, such as habitual
diet, sun exposure time, and sunscreen use, were not considered. These
factors could potentially interfere with the study results and affect the
accuracy of the conclusions. Secondly, the study sample was regionally
limited, and the follow-up period was relatively short, which may impact
the reliability of the correlation test between 25(OH)D and hyperlipidemia.
This limitation may be particularly evident in subgroup analyses,
challenging the robustness of the conclusions. Additionally, the insufficient
sample size and follow-up duration may restrict the generality and
applicability of the study results. Future research is needed to conduct a
series of targeted studies to clarify the recommended dosage and frequency
of vitamin D supplements, maximizing their benefits while minimizing
potential risks. It is essential to identify target populations, such as elderly
individuals and specific high-risk groups (e.g., obese and diabetic patients),
who are likely to benefit most from these interventions, in order to provide
more precise vitamin D management guidelines to support personalized
treatment in clinical practice. At the same time, we also need to consider
factors such as habitual diet, sunshine time, and sunscreen use into the
study to more comprehensively and accurately assess the effect of vitamin
D on the risk of hyperlipidemia. This study also provides some implications
for enhancing the intake of vitamin D-rich foods such as milk, salted fish
and cod liver oil (72). By continuously exploring and optimizing vitamin
D management strategies, we are expected to make a greater contribution
to improving metabolic health and preventing chronic diseases. Future
studies need to further increase the sample size and prolong the follow-up
time, so as to improve the accuracy and reliability of the study and provide
more strong evidence support for clinical practice.

5 Conclusion

This study is a three-year prospective cohort analysis conducted in
Zhejiang, which delves into the relationship between serum 25(OH)D
levels and the risk of hyperlipidemia in adults. The results indicate a
significant correlation between vitamin D status and the incidence of
hyperlipidemia, and this association remains robust even after extensive
adjustment for confounding factors, further confirming the crucial role
of vitamin D in lipid metabolism. Women are more prone to vitamin D
deficiency compared to men, and this gender disparity may be associated
with factors such as lifestyle, physiological characteristics, and
occupational activities. Additionally, older age, lower educational
attainment, lower BMI, and a family history are predictive of both
vitamin D deficiency and dyslipidemia. Compared to existing research,
this study not only validates the close correlation between vitamin D and
lipid levels but also uncovers the distribution characteristics of vitamin
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D deficiency across different populations and its independent impact on
the risk of hyperlipidemia. Future research should further explore the
optimal dosage and frequency of vitamin D supplementation and how
to optimize vitamin D management strategies for specific high-risk
populations to improve metabolic health, providing novel insights into
the prevention and treatment of hyperlipidemia. The findings of this
study offer compelling evidence for the potential role of vitamin D in the
prevention and control of hyperlipidemia, emphasizing the importance
of maintaining adequate vitamin D levels.
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Introduction: Vitamin D3 (cholecalciferol) has demonstrated potential anticancer
properties, but its clinical application is limited by associated toxicity at effective
doses. This study investigated the use of liposomal encapsulation to increase the
therapeutic efficacy of vitamin Dz while mitigating its toxicity.

Methods: Liposomal vitamin Ds (VD-LP) was prepared via the film-hydration
method and characterized for particle size, polydispersity index, encapsulation
efficiency, and long-term stability. /n vitro gene expression modulation was
evaluated in monocytic THP-1 cells, and antiproliferative effects were assessed
in HT29 (colorectal), BT474 (breast), and TRAMP-C1 (prostate) cancer cell lines.
In vivo antitumor efficacy and toxicity were tested in a mouse model with
subcutaneously implanted MC38 tumors. Tumor growth, survival rates, and
serum calcium and phosphate levels were analyzed.

Results: VD-LP demonstrated high encapsulation efficiency and stability over 90
days, with a consistent particle size of approximately 83 nm. VD-LP modulated
immune-related and metabolic gene expression in THP-1 cells, including
upregulation of antimicrobial peptides and vitamin D receptor genes. VD-LP
showed superior antiproliferative effects compared to free vitamin D3 in all tested
cancer cell lines. In vivo, VD-LP delayed tumor growth and improved survival
without causing hypercalcemia, highlighting its favorable toxicity profile.

Discussion: Liposomal encapsulation of vitamin Dz significantly improves its
anticancer efficacy while mitigating toxicity, making it a promising strategy for
future cancer therapies. VD-LP shows potential for enhanced therapeutic
applications with reduced adverse effects, warranting further clinical exploration.

KEYWORDS

liposomal encapsulation, vitamin D3, anticancer efficacy, gene expression,
tumor growth
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1 Introduction

Vitamin D, particularly its active form, vitamin D;
(cholecalciferol), is traditionally known for its role in calcium
homeostasis and bone health (1). However, emerging evidence
over the past few decades has revealed a much broader spectrum
of biological functions, including modulation of the immune
system, regulation of cell proliferation and differentiation, and a
potential role in the prevention and treatment of various
malignancies (2). Vitamin Dj exerts its effects primarily through
the vitamin D receptor (VDR), a nuclear receptor that regulates the
expression of numerous genes involved in cellular growth, immune
responses, and metabolic processes (3).

Several epidemiological studies have suggested an inverse
relationship between vitamin D levels and the incidence of various
cancers, including colorectal, breast, and prostate cancers (2). In vitro
and in vivo studies have further supported these observations,
demonstrating that vitamin D; can induce cell cycle arrest,
promote apoptosis, inhibit angiogenesis, and modulate the tumor
microenvironment. These anticancer effects are believed to be
mediated through the activation of the VDR and subsequent
transcriptional regulation of target genes involved in these
processes (4).

Despite the promising anticancer properties of vitamin Dj, its
clinical application has been significantly hindered by its narrow
therapeutic window (5). At the therapeutic doses required to exert
anticancer effects, vitamin D; can induce hypercalcemia,
hypercalciuria, and other toxic effects, limiting its safe
administration (6). Hypercalcemia resulting from vitamin Dj
toxicity can manifest as nephrocalcinosis, renal failure, cardiac
arrhythmias, and soft tissue calcification, posing significant risks
to patients (7). The primary mechanism of this toxicity involves the
dysregulation of calcium absorption and mobilization due to the
overactivation of the VDR (8). Consequently, vitamin Dj’s
therapeutic potential is often overshadowed by its narrow
therapeutic index, which limits its safe and effective use, especially
in high doses required for treating conditions such as cancer. This
challenge has prompted the exploration of various strategies aimed
at enhancing its efficacy while minimizing toxicity.

One widely explored approach involves the development of
vitamin Dj analogues with modified structures to retain biological
activity while reducing the risk of hypercalcemia. These analogues,
such as calcipotriol and paricalcitol, have shown promise in specific
applications, particularly in dermatological and renal contexts.
However, their broader use remains limited due to variable
efficacy and potential off-target effects (9-13).

Another strategy involves combining vitamin D5 with agents
that either enhance its antitumor activity or mitigate toxicity. For
instance, pairing vitamin D; with chemotherapeutic drugs or
immune modulators has demonstrated synergistic effects in
preclinical models. Despite these advances, such combinations
require careful dose calibration to prevent adverse interactions
and maintain safety (14-17).

Liposomal encapsulation of vitamin Dj; represents a
complementary and innovative approach that directly addresses the
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dual challenges of bioavailability and toxicity. Unlike free vitamin D5
or its analogues, liposomal formulations provide enhanced stability,
targeted delivery, and sustained release, which collectively reduce
systemic toxicity while improving therapeutic efficacy. While not the
only solution, liposomal encapsulation offers unique advantages that
make it a particularly promising strategy for clinical applications,
especially in oncology. Liposomal encapsulation has emerged as a
promising approach to improve the therapeutic index of various
drugs, including those with poor solubility, poor stability, or
significant toxicity. Liposomes are spherical vesicles composed of
phospholipid bilayers that can encapsulate hydrophobic or
hydrophilic drugs within their core or membrane. This
encapsulation can protect the drug from degradation, increase its
bioavailability, and provide controlled release, thereby reducing the
frequency and dose of administration required (18).

The use of liposomal formulations has been particularly
advantageous in cancer therapy, as they can facilitate targeted
delivery to tumor tissues while minimizing systemic exposure and
toxicity. Liposomes can preferentially accumulate in tumor tissues
through the enhanced permeability and retention (EPR) effect, a
phenomenon resulting from the leaky vasculature and poor
lymphatic drainage typically associated with tumors. This targeted
delivery not only enhances the therapeutic efficacy of the drug but
also reduces the adverse effects on healthy tissues (19).

Given the challenges associated with the systemic
administration of vitamin D3, liposomal encapsulation represents
a potential strategy to enhance its anticancer effects while
minimizing toxicity. Previous studies have demonstrated that
liposomal vitamin D3 (VD-LP) can increase bioavailability,
leading to more pronounced biological effects at lower doses (20).
Furthermore, liposomal encapsulation may protect vitamin Dj
from rapid degradation in the bloodstream, thereby extending its
half-life and improving its therapeutic efficacy (21).

In this context, our study aimed to explore the potential of
liposomal encapsulation to overcome the limitations associated with
vitamin Dj therapy in cancer. We hypothesized that compared with
VD, VD-LP would demonstrate enhanced stability, reduced toxicity,
and improved anticancer efficacy. To test this hypothesis, we
conducted a series of in vitro and in vivo experiments to evaluate
the physicochemical properties, biological activity, and therapeutic
potential of VD-LP. Our findings suggest that liposomal
encapsulation not only enhances the delivery and efficacy of
vitamin Dj but also significantly reduces the risk of hypercalcemia
and other toxic effects, thus offering a safer alternative for clinical use.

2 Materials and methods
2.1 Vitamin D3 liposome preparation

Vitamin Dj (cholecalciferol) was purchased from Sigma
(Spain); phosphatidylcholine-hydrogenated (HSPC), cholesterol
(CH), and DSPE-PEG2K were purchased from Avanti Polar
Lipids (USA). Other reagents were of analytical grade.

VD-LP was prepared via the film-hydration method.
The methodology was based on a previous protocol (22, 23).
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Briefly, lipids and VD (HSPC: CH : VD: DSPE-PEG2K 60:35:4.5:5,
molar ratio) were dissolved in a solution of chloroform:methanol
[9:1 (v/v)]. The mixture was dried by rotary evaporation at 40°C
(Biichi, Switzerland) to form a film, which was hydrated with
HEPES buffer (pH 6.7) (Gibco, Waltham, Massachusetts, USA).
Finally, for homogenization of the particle size, the liposomal
solution was extruded through several polycarbonate membranes
(from 200 nm in size to 80 nm in size). This protocol was also
followed to formulate empty liposomes (HSPC: CH : DSPE-PEG2K,
65:35:5 molar ratio). The purification of the VD-LP was carried out
by size exclusion chromatography using a PD10 column (loaded
with Sephadex-25) (GE Healthcare, Madrid, Spain).

2.2 Characterization of vitamin
D3 liposomes

The particle size, polydispersity index (PDI) and zeta potential
were analyzed via laser diffractometry (DLS) using a Zetasizer Nano
Series system (Malvern Instruments, UK). The lipid concentration
was measured via a phosphate assay, and the encapsulation efficiency
of VD was measured via a Nanodrop at 265 nm. The long-term
stability of the VD-LP preserved at 4°C was assayed for 90 days.

For the morphological characterization of the formulations,
transmission electronic microscopy (FE-SEM Zeiss Sigma 300 VP)
was used to analyze the samples. Briefly, the samples suspended in
ddH20 were laid on copper grids with a film of formvar (EMS,
FF200-cu) for 2.5 min at room temperature. These samples were
washed twice with ddH,O, and negative staining with 1% uranyl
acetate for 15 s was performed.

2.3 Cell lines and culture

Tumor cell lines were grown with appropriate culture media.
Adherent murine MC38 (University of Washington, Seattle, USA)
and human HT29 (ATCC; HTB-38) colorectal cancer cells were
cultured with RPMI 1640 (Gibco) supplemented with 10% (v/v) fetal
bovine serum (FBS; Gibco), 100 IU penicillin and 100 pg/mL
streptomycin (1% P/S; Gibco). The human BT474 breast cancer
cell line (Hospital del Mar, Barcelona, Spain) was seeded with DMEM
F12, 10% (v/v) FBS and 1% P/S. The murine TRAMP-C1 prostate
cancer cell line (ATCC; CRL-2730) was cultured with DMEM F12,
10% (v/v) FBS, 1% P/S, 0.005 mg/mL bovine insulin (Sigma) and 10
nmol-L" dehydroisoandrosterone 90% (ACROS Organics, Thermo
Fisher Scientific, Spain). The human monocytic leukemia cell line
THP-1 (ATCC, TIB-202) was grown in suspension with RPMI 1640,
10% (v/v) FBS, 1% P/S and 0.9 pL/mL 2-mercaptoethanol. All the
samples were incubated in a 5% CO, humidified atmosphere at 37°C.

2.4 Evaluation of the modulation of
gene expression

In a 96-well plate, 3x10° cells/well/150 uL were seeded, and the
cells were subsequently stimulated with 10 uL of VD-LP containing
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0.25 uM vitamin Ds, 10 pL of empty-liposomes (Empty-LP) or 0.25
uM VD mixed in a volume of 50 uL/well in triplicate. Vitamin D;
was prepared as a concentrated stock solution by dissolving it in
absolute ethanol. The stock solution was diluted in the cell culture
medium to achieve the final working concentration. The final
ethanol concentration in the culture medium was less than 0.1%,
a level that does not induce toxicity in the cells. This preparation
ensured the solubility of VD5 and its bioavailability for comparison
with the liposomal-encapsulated vitamin D; formulation. For 24 h,
the plates were incubated in a 5% CO, atmosphere at 37°C.

RNA extraction was carried out with a Maxwell® RSC simple
RNA Tissue Kit and Instrument (Promega, Madison, Wisconsin,
USA) following the manufacturer’s instructions. The RNA was
quantified with a NanoDrop spectrophotometer (Thermo
Scientific Wilmington, Delaware, USA).

Reverse transcription was performed from 300 ng of RNA with
reverse transcriptase (Promega). Amplification from generated
cDNA was performed with iQ SYBR Green Supermix (Bio-Rad,
Hercules, California, USA). Specific forward (Fw) and reverse (Rv)
primer sequences for each gene were purchased from Invitrogen
(Thermo Fisher). Housekeeping gene RPLPO Fw 5'-
aacatctcececttctectt-3' Rv5'-gaaggcecttgaccttttcag-3'; cathelicidin
antimicrobial peptide (hCAMP) Fw 5'-tgggcctggtgatgect-3" Rv 5'-
cgaaggacagcttccttgtage-3'. Vitamin D receptor (hVDR) Fw 5’-
gtggacatcggcatgatgaag-3’ Rv 5°-ggtcg aggtcttatggtggg-3". ATP-
binding cassette subfamily D member 2 (ABCD2) Fw 5’-
aatggaccagatcgagtgctg-3’ Rv 5-tgggatagagggttttcagagc-3’. Fructose-
1,6-biphosphatase 1 (FBP1) Fw 5’-cgcgcacctctatggeatt-3° Rv 5'-
ttettctgacacgagaacacac-3’. Neuronal growth regulator 1 (NEGR1)
Fw 5’-gcttgttgctcgaaccagtg-3’ Rv 5-ccccttttctgaccatcatgtt-3". The
resulting amount of each transcript was expressed via the

formula 22,

2.5 RNA sequencing

RNA sequencing (RNAseq) analysis was performed to analyze
MC38 tumors treated in vivo and THP-1 cells treated in vitro.
MC38 tumors were isolated 48 h after the last dose. A total of 3.5 x
10° THP-1 cells were stimulated with 10 pL of VD-LP containing
0.25 uM vitamin D3, 10 pL of Empty-LP or 0.25 uM VD in triplicate
for 24 hours. In both cases, RNA was isolated with a Maxwell® RSC
simple RNA Tissue Kit and Instrument (Promega) and quantified
with a NanoDrop spectrophotometer (ThermoScientific). Starting
from the isolated RNA of the induction assay. The 20 ng/uL samples
were sequenced by the Genomic Unit of the Center for Applied
Medical Research (CIMA, University of Navarra). All the RNA
samples were high-quality, with RIN values greater than 7. Library
preparation was performed via the Illumina Stranded mRNA Prep
Ligation Kit (Illumina) following the manufacturer’s protocol. All
sequencing libraries were constructed from 100 ng of total RNA
according to the manufacturer’s instructions. The protocol selects
and purifies poly(A)-containing RNA molecules via magnetic beads
coated with poly(T) oligos. Poly(A)-RNAs are fragmented and
reverse transcribed into the first cDNA strand via random
primers. The second cDNA strand is synthesized in the presence
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of dUTP to ensure strand specificity. The resulting cDNA fragments
were purified with AMPure XP beads (Beckman Coulter),
adenylated at 3’ ends and then ligated with uniquely indexed
sequencing adapters. Ligated fragments are purified and PCR
amplified to obtain the final libraries. The quality and quantity of
the libraries were verified via a Qubit dsDNA HS Assay Kit
(Thermo Fisher Scientific) and 4200 TapeStation with High
Sensitivity D1000 ScreenTape (Agilent Technologies). Libraries
were then sequenced via a NextSeq2000 sequencer (Illumina).
Forty million pair-end reads (100 bp; Rd1:51; Rd2:51) were
sequenced for each sample and demultiplexed via Cutadapt.
RNA-seq was carried out at the Genomics Unit of CIMA.

2.6 In vitro proliferation assay

Analyses were carried out on a Real-Time Cell Analyzer
xCELLigence. The HT29, BT474 and TRAMP-CI1 cell lines were
seeded in a 16-well E-Plate 16 PET (Aligent, Adelaida, South
Australia, AUS) at a concentration of 3.5 x 10* cells/well/100 pL.
For 4-6 hours, readings were collected from the plate until
exponential cell growth occurred. The treatments were
subsequently added in duplicate: 0.25 uM VD, 10 puL of VD-LP
containing 0.25 uM vitamin D3 and 10 puL of Empty-LP. Readings
were collected for an additional 72-96 hours.

2.7 In vivo antitumor efficacy

C57BL/6] mice (female, 5 weeks old) were purchased from
Harlan Laboratories (Barcelona, Spain) and maintained under a 12
h light/dark cycle with free access to food and water. After
trypsinization of the MC38 cells and counting of the cells (98%
viability) and previous shaving, each mouse received a
subcutaneous injection in the flank of the right hind leg of 5 x
10° cells resuspended in 100 L of PBS and randomly assigned to
treatment cohorts: control/HEPES, VD, VD-LP and Empty-LP. A
dose of 30 pg of vitamin D3 was given to each mouse in the VD and
VD-LP groups, and the equivalent quantity of lipids in Empty-LP
and VD-LP was determined. All the treatments were administered
intravenously through the lateral tail vein in a volume of 200 uL
every 2 days for a total of 3 doses/mouse. The tumors were
measured 2 days a week. Twenty-four hours after the last
administration, serum samples were drawn to analyze the calcium
(Ca®") and phosphate (PO,*) levels via a chemical analyzer (Cobas
c311, Roche).

2.8 Statistical analysis

The software used for statistical analysis was GraphPad Prism
version 8.0.2 (GraphPad Software, San Diego, California, USA). The
data were analyzed via one-way ANOVA followed by ordinary
ANOVA, the Kruskal-Wallis test, Sidak’s multiple comparisons test
or the log-rank Mantel-Cox test. Significant differences *p < 0.05,
©p < 0.01, **p < 0.001, ***p < 0.0001.
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3 Results

3.1 Characterization and stability of the
VD-LP formulation

The physicochemical properties of the VD-LP formulation were
evaluated over a 90-day period at 4°C to assess its stability. The
particle size, polydispersity index (PDI), and encapsulation
efficiency (EE) of VD-LP remained stable throughout the study.
The mean particle size of the VD-LP was consistently less than 100
nm (mean * SD: 82.69 + 0.984 nm), with a PDI of 0.041 + 0.012,
indicating a narrow size distribution. The encapsulation efficiency
was high, with a mean value of 94.85% + 4.82% (Figure 1A, Table 1).
Transmission electron microscopy (TEM) confirmed the spherical
morphology of the liposomes and their uniform size distribution
(Figure 1B). These results indicate that the VD-LP formulation is
stable and uniform throughout the storage period.

3.2 Modulation of gene expression by VD-
LP in THP-1 cells

To evaluate the biological activity of VD-LP, we performed gene
expression analysis on human monocytic THP-1 cells following
treatment with VD-LP, VD, or Empty-LP (Figure 2A). RNA-seq
revealed significant differences in gene expression profiles among the
treatment groups. Cells treated with free VD presented the fewest
changes in gene expression, likely reflecting the limited ability of free
VD to penetrate the cytoplasm and activate the vitamin D receptor
(Figures 2B, C). In contrast, both VD-LP and Empty-LP had more
pronounced effects on gene expression (Figures 2B, C). Notably,
Empty-LP induced the greatest number of gene expression changes
(Figure 2B), likely due to its promotion of inflammatory pathways,
with TNF signaling being the most prominently upregulated pathway
(Figure 2D). For VD-LP, the upregulated pathways were related
primarily to metabolic processes. These findings indicate that
incorporating vitamin D into liposomes helps prevent the
activation of inflammatory responses while facilitating intracellular
vitamin Dj activity (Figure 2D). To validate these findings, real-time
PCR analysis was conducted, confirming that VD-LP treatment led to
the upregulation of key genes such as cathelicidin antimicrobial
peptide (hCAMP), vitamin D receptor (hVDR), ATP-binding
cassette subfamily D member 2 (ABCD2), neuronal growth
regulator 1 (NEGR1) and fructose-1,6-bisphosphatase 1 (FBP1).
Specifically, fold-change increases in expression were: hCAMP 5-
fold, hVDR 1.5-fold, ABCD2 2.3-fold, NEGR1 1.6-fold, and FBP1
3.7-fold (Figure 2E). Overall, VD-LP treatment effectively modulated
the expression of genes involved in the immune response and
metabolism in THP-1 cells.

3.3 Antiproliferative effects of VD-LP in
cancer cell lines

The antiproliferative effects of VD-LP were assessed in three
cancer cell lines: HT29 (human colorectal cancer), BT474 (human
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FIGURE 1

Characterization and stability of the VD-LP formulation. (A) Stability evaluation of VD-LP over 90 days at 4°C. The particle size (nm), polydispersity
index (PDI), and encapsulation efficiency (EE%) were monitored and remained stable throughout the study period. The data represent the means +
SDs of three independent batches. (B) Transmission electron microscopy (TEM) images of the VD-LP showing spherical liposomes with sizes of less
than 100 nm. The images confirmed the uniform morphology of the liposomes.

breast cancer), and TRAMP-CI (mouse prostate cancer). Using
real-time cell analysis via the xCELLigence system, we found that
compared with no treatment, VD-LP treatment significantly
inhibited the proliferation of all three cell lines. At 40 hours, VD-
LP treatment resulted in a significant reduction in cell proliferation:
86.4% in HT29 cells, 56.1% in BT474 cells, and 84.5% in TRAMP-
C1 cells. These results demonstrate a pronounced sensitivity of
HT29 and TRAMP-CI1 cells to VD-LP, with a more moderate effect
observed in BT474 cells (Figure 3).

TABLE 1 Physicochemical characterization of empty and VD
liposomal formulations.

Empty-LP
Particle size (nm) 96.72 + 0.949 82.69 + 0.984
PDI 0.046 + 0.009 0.041 + 0.012
Zeta potential (mV) -6.24 + 1.05 ‘ -24.6 + 2.54
EE (%) - ‘ 94.85 + 4.82

PDI, polydispersity index; EE, encapsulation efficiency.
The data represent the means + SDs of three independent batches.
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3.4 In vivo antitumor efficacy and toxicity
of VD-LP

To evaluate the antitumor efficacy of VD-LP in vivo, we
employed a mouse model in which MC38 colon carcinoma cells
were subcutaneously implanted. The mice were treated with VD-
LP, VD, Empty-LP, or HEPES buffer as a control (Figure 4A). The
administration of VD induced acute toxicity, with only one animal
surviving long enough to assess tumor growth (Figure 4B). In the
remaining experimental groups, no early signs of acute toxicity were
observed, allowing for the evaluation of tumor progression.
Compared with control mice (median survival time: 26 days) and
Empty-LP-treated mice (median survival time: 26 days), which
exhibited similar survival rates, those treated with VD-LP showed
significantly reduced tumor growth. Moreover, the survival of the
VD-LP-treated group was significantly prolonged, with a median
survival time of 35.5 days (p < 0.01 when compared to the control
group) (Figures 4B, C).

To evaluate the potential toxicity of VD-LP, we analyzed the
serum calcium and phosphate levels. Interestingly, VD-LP
treatment did not cause significant changes in these parameters,
suggesting a favorable toxicity profile (Figure 4D). These results
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Modulation of gene expression by VD-LP in THP-1 cells. (A) A total of 300000 THP-1 cells were seeded in a 96-well plate and stimulated for 24 h
with VD-LP, VD or Empty-LP. RNA was extracted for RNA-seq, and cDNA was generated for PCR. (B) Venn diagram representing the number of
modulated genes in each experimental group. (C) Volcano plots representing down- and upregulated genes. (D) GSEA of differentially regulated
pathways. (E) Real-time PCR analysis of cathelicidin antimicrobial peptide (hNCAMP), vitamin D receptor (WVDR), ATP-binding cassette subfamily D
member 2 (ABCD?2), fructose-1,6-biphosphatase 1 (FBP1), and neuronal growth regulator 1 (NEGR1). One-way ANOVA with Sidak's multiple

comparisons test was used. *p < 0.05, **p < 0.01, ****p <0.0001.

underscore the enhanced safety and therapeutic efficacy of the
liposomal formulation.

Gene expression analysis was conducted on tumor tissues from
VD-LP-treated and control mice to investigate the molecular
mechanisms underlying the observed antitumor effects. RNA-seq
data revealed significant upregulation and downregulation of genes
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involved in cell proliferation, apoptosis, and immune response
pathways following VD-LP treatment. Volcano plot analysis
revealed clear differences in gene expression profiles between the
VD-LP-treated group and the control group (Figure 4E).
Furthermore, gene set enrichment analysis (GSEA) revealed
significant downregulation of multiple pathways related to the
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FIGURE 3

Antiproliferative effects of VD-LP in cancer cell lines. (A—C) Evaluation of the antiproliferative effects of VD-LP on the HT29 (human colorectal
cancer), BT474 (human breast cancer), and TRAMP-C1 (prostate cancer) cell lines. The cells were treated with VD-LP, free VD, or Empty-LP or left
untreated, and cell proliferation was monitored via xCELLigence real-time cell analysis. One-way ANOVA with the Kruskal-Wallis test; ****p

< 0.0001.

immune response and inflammation (Figure 4F). These findings
suggest that VD-LP exerts its antitumor effects by modulating key
inflammatory pathways within the tumor microenvironment.

4 Discussion

This study highlights the potential of liposomal encapsulation
to enhance the therapeutic efficacy and safety profile of vitamin D;
(cholecalciferol) for cancer treatment. Our findings demonstrate
that VD-LP exhibits superior stability, enhanced biological activity,
and significant anticancer effects both in vitro and in vivo, while
minimizing the toxicity typically associated with free vitamin Ds.
These results extend the current knowledge on the advantages of
liposomal drug delivery systems, particularly in improving the
pharmacokinetics and therapeutic outcomes of hydrophobic
drugs such as vitamin D3 (18, 24, 25).

The physicochemical stability of VD-LP, as evidenced by the
consistent particle size, polydispersity index (PDI), and
encapsulation efficiency (EE) over 90 days at 4°C, suggests that
this formulation is highly stable under storage conditions. Our data
indicate that VD-LP maintained a mean particle size of ~83 nm
with a narrow size distribution (PDI < 0.05) and high EE (~95%).
These findings align with previous studies indicating that liposomal
encapsulation can improve the absorption of hydrophobic drugs
such as vitamin D3, which are otherwise prone to degradation in
oily formulations (20). The uniform size and spherical morphology
of VD-LP, as confirmed by transmission electron microscopy
(TEM), further support its potential for controlled drug delivery,
with small, well-defined particles facilitating better biodistribution
and tumor-targeting properties (8). In terms of biological activity,
gene expression analysis of THP-1 cells revealed that VD-LP
significantly modulated the expression of genes involved in the
immune response and metabolism. Notably, compared with free
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vitamin D;, VD-LP treatment led to the upregulation of the
cathelicidin antimicrobial peptide (hCAMP) and vitamin D
receptor (hVDR) genes, suggesting enhanced immune
modulation. This aligns with earlier findings that vitamin D;
induces antimicrobial peptide expression, although the liposomal
formulation appeared to further enhance this effect, likely due to
improved cellular uptake and sustained release. The limited activity
observed in the free vitamin Dj; treatment group may be explained
by reduced intracellular delivery in the presence of serum. Our
previous research has demonstrated that scavenger receptor class B
type 1 is required for 25-hydroxycholecalciferol cellular uptake and
signaling. In serum-rich conditions, the lipoproteins may restrict its
cellular entry and subsequent activity (26). The liposomal
formulation appears to bypass these limitations, facilitating more
efficient intracellular delivery and enhancing stability, which likely
accounts for the observed differences in gene expression profiles
between VD-LP and free vitamin D5 treatments.

The modulation of immune-related genes and pathways, such
as hCAMP and VDR, by VD-LP treatment may have implications
for its potential role in antitumor responses. These genes are known
to influence the immune microenvironment, particularly by
enhancing antimicrobial peptide expression and promoting the
activation of the vitamin D receptor, which plays a role in
immune regulation. Enhanced expression of these genes could
contribute to a more robust immune activation, potentially
facilitating tumor immune surveillance and control (27, 28).

The observed upregulation of metabolic genes, such as ABCD2
and FBP1, following VD-LP treatment, suggests that the liposomal
formulation may influence key pathways in cancer metabolism.
ABCD2 is part of the peroxisomal transporter family and has been
implicated in the regulation of lipid metabolism, which is critical for
energy homeostasis and cellular proliferation in cancer. Enhanced
ABCD?2 expression may reflect a shift in the metabolic state of
tumor cells toward pathways less favorable for tumor progression,

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1529007
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Ezcurra-Hualde et al.

10.3389/fimmu.2025.1529007

A
Groups (n=6)
(soo,oz%(ﬁs s.c) S 1. Control (HEPES)
i.v. injection 2 E LP
2 B . Empty-
% ™ 3. VD (30pg)
I N 4. VD-LP (30ug)
0 3 5 7
Time (days) T T T T
Tumor 1st 2nd 3rd Tumor Growth
Challenge Dose Dose Dose Survival
+24h
Blood sample collection:
Calcium and Phosphate analysis
B Cc
Survival
450—
e Control
100 Y.
Control E 3604 Empty-LP "
~ Empty-LP = VD-LP
® 757 VD g 270+
© VD-LP 2
o
2 50 S 180
2 =
@ g
25— s 90
-
0
0 T T T T T 1 0 36 91215
0 10 20 30 40 50 60 Days after
Days after Tumor Challenge Tumor Challenge
D E .
o °
2 o T e o
= g , Tt w:l;:ysm\- . ° NESJ
%‘l 1 g s [ ] !T
£ E g ° :
& L S ° -
3 1 8 g [ ] I:z
g 5 £ o Count
3 z ° ount
? @ ‘ o °-
’ ORI ° (&
Ooés@ @Q\«” < : L
: e ’ .
Compared gene expression » Dowr-esed + Nochrges  Up-epted ([ ]

FIGURE 4

In Vivo Antitumor Efficacy and Toxicity of VD-LP in a Mouse Model (A) Graphical representation of the in vivo assay. C57BL/6J mice were
subcutaneously inoculated with 5 x 10° MC38 cells and treated with VD-LP, free VD, Empty-LP, or HEPES buffer (control). (B) Kaplan-Meier survival
curve for mice treated with VD-LP, free VD, Empty-LP, or HEPES. VD-LP treatment resulted in improved survival rates compared with those of the
other groups. Log-rank (Mantel-Cox) test. (C) Tumor volume over time in mice treated with VD-LP, free VD, Empty-LP, or HEPES. VD-LP
significantly reduced tumor growth compared with that in the control groups. One-way ANOVA with Sidak’s multiple comparisons test was used. *p
< 0.05, **p < 0.01, ***p < 0.001. (D) Measurement of toxicity: serum calcium (Ca>*) and phosphate (PO4>") levels. (E) Volcano plot of differentially
expressed genes in tumor tissues from VD-LP-treated versus control mice, highlighting upregulated and downregulated genes. (F) GSEA plot
showing significant pathways that were activated or inhibited in tumor tissues following VD-LP treatment.

potentially through altered fatty acid oxidation or lipid biosynthesis
(29, 30). Similarly, FBP1, a gluconeogenesis-related enzyme, has

been associated with tumor suppression in various cancers. Its
upregulation may disrupt the glycolytic phenotype typically
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exhibited by cancer cells, known as

the Warburg effect, thereby

impairing their metabolic adaptability and proliferation (31-33).
These findings point to a broader antitumor potential of VD-LP,
not only through immune modulation but also by altering cancer
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cell metabolism (34). Future studies could investigate whether these
changes in metabolic gene expression directly contribute to tumor
growth inhibition or interact synergistically with immune pathways
to enhance therapeutic efficacy. This line of research could provide
novel insights into the metabolic vulnerabilities of tumors and
inform the development of combination therapies targeting both
immune and metabolic axes.

Compared with those of untreated controls, the antiproliferative
effects of VD-LP on multiple cancer cell lines—HT29, BT474, and
TRAMP-Cl—were particularly striking, with significant reductions
in cell proliferation. These findings build on the work of Krishnan
et al., who demonstrated the antiproliferative effects of vitamin Ds
on various cancer cell lines through cell cycle arrest and apoptosis
(35). However, VD-LP was more effective than free vitamin Ds,
suggesting that liposomal encapsulation enhances drug efficacy,
likely by improving cellular delivery and therefore increasing the
intracellular availability of vitamin Ds. This finding is consistent
with other studies demonstrating the enhanced efficacy of liposomal
formulations, such as liposomal paclitaxel and liposomal
doxorubicin, compared with their free forms (36).

In an in vivo MC38 colon carcinoma mouse model, compared
with free vitamin D5 and control treatments, VD-LP treatment
significantly inhibited tumor growth and improved survival rates.
These findings underscore the potential of VD-LP as a more potent
antitumor agent, with enhanced bioavailability and efficacy due to
the liposomal delivery system. The reduced toxicity of VD-LP, as
evidenced by the absence of hypercalcemia and weight loss, further
supports its therapeutic advantage over free vitamin Ds, which is
often associated with toxicity at high doses. This favorable toxicity
profile suggests that VD-LP allows for increased therapeutic dosing
without the adverse effects typically linked to high-dose vitamin D;
administration (37).

Gene expression analysis of tumor tissues provided additional
insights into the molecular mechanisms underlying the antitumor
effects of VD-LP. Significant modulation of genes involved in cell
proliferation, apoptosis, and immune response pathways was
observed following VD-LP treatment. Notably, GSEA revealed
downregulation of immune and inflammatory pathways,
suggesting that VD-LP may also exert its antitumor effects by
modulating the tumor microenvironment. These findings support
previous studies demonstrating the immunomodulatory potential
of vitamin D; and its role in enhancing the immune response
against tumors (38). The ability of VD-LP to influence both tumor-
intrinsic and immune-related pathways reinforces its potential as a
powerful anticancer agent.

To advance the translational potential of the VD-LP
formulation, future efforts should focus on defining a clinically
viable target product profile. Intravenous administration appears
most suitable for systemic delivery, ensuring efficient distribution
and bioavailability while minimizing first-pass metabolism.
Alternatively, subcutaneous administration could be explored for
its convenience in outpatient settings or for use in extended-release
formulations. Regarding formulation, a lyophilized product format
would offer advantages in terms of long-term stability and ease of
storage and transportation. This format could be reconstituted into
an injectable solution prior to administration. The final dosage and
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volume of administration will require optimization to ensure safety
and efficacy, particularly in preventing hypercalcemia while
maintaining therapeutic benefits. The scalability of the VD-LP
formulation is promising, as established liposomal manufacturing
technologies, such as high-pressure homogenization or ethanol
injection methods, are already compliant with pharmaceutical
production standards. These features support the potential for
large-scale production and clinical application. Targeting VD-LP
as an adjunctive therapy in cancer or other diseases leveraging its
immunomodulatory and antitumor properties could position it as a
valuable addition to existing therapeutic regimens. Future studies
should aim to evaluate its pharmacokinetics, pharmacodynamics,
and compatibility with current treatment modalities to refine its
clinical potential and ensure its successful translation to patient
care. VD-LP offers distinct advantages over other strategies for
mitigating vitamin Dj toxicity. Unlike analogues, which require
chemical modification and may lack the full biological activity of
native vitamin D3, liposomal encapsulation preserves its natural
structure while enhancing bioavailability and reducing systemic
toxicity (10). Compared to combination therapies, which involve
additional agents and require precise dose calibration, VD-LP
provides a simpler and more direct approach, ensuring sustained
release and targeted delivery (17). These features make liposomal
encapsulation a scalable and versatile solution, positioning it as a
promising strategy for reducing toxicity while maintaining the
therapeutic potential of vitamin D3, particularly in oncology.

The carrier material DSPE-PEG2000, widely used for its
biocompatibility and low immunogenicity, is not entirely free
from immunogenic potential. Reports of anti-PEG antibody
development and hypersensitivity reactions highlight the need for
safety considerations. While our study focused on acute toxicity and
efficacy, no immediate adverse effects related to DSPE-PEG2000
were observed. However, long-term immunogenicity assessments
are crucial, particularly for repeated dosing. Future strategies, such
as optimizing PEG density or exploring alternative materials, could
further enhance the formulation’s safety and clinical viability.

While our study demonstrates the potential of VD-LP in
reducing toxicity and enhancing antitumor efficacy, several
limitations should be acknowledged. First, the long-term safety
and immunogenicity of the liposomal formulation, particularly with
repeated dosing, remain to be thoroughly evaluated. Second,
although VD-LP was compared to free vitamin D3 in this study,
direct comparisons with other advanced drug delivery systems were
not included and could provide additional context for its relative
advantages. Third, the mechanistic pathways underlying the
improved efficacy and reduced toxicity of VD-LP require further
exploration to fully understand its therapeutic potential. Finally, the
efficacy of VD-LP as a standalone treatment is limited. Vitamin D3,
including its liposomal formulation, may be best suited for use in
combination therapies rather than as a monotherapy in cancer
treatment. Integration with other modalities, such as chemotherapy,
immunotherapy, or targeted therapies, could potentially enhance its
antitumor effects by leveraging complementary mechanisms of
action. For instance, combining VD-LP with immune checkpoint
inhibitors might amplify immune activation, while pairing it with
cytotoxic agents could exploit its modulatory effects on tumor
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metabolism. Addressing these limitations in future studies will
strengthen the evidence base and facilitate the translation of VD-
LP into clinical applications.

In conclusion, this study demonstrated that liposomal
encapsulation of vitamin D5 enhances its stability, bioavailability,
and therapeutic efficacy while reducing its associated toxicity. VD-
LP exhibits potent anticancer activity across multiple cancer cell
lines and in an in vivo tumor model, making it a promising
candidate for future clinical applications. The ability of VD-LP to
modulate key molecular pathways involved in tumor growth and
the immune response further supports its potential as a novel
therapeutic approach for cancer treatment. Future research
should focus on optimizing the formulation and exploring its
effects in clinical settings to fully realize its therapeutic potential.
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Introduction: Long COVID is characterized by diverse symptoms persisting after
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). Given the
immunomodulatory and  neuroprotective  properties of vitamin D,
understanding its role in long COVID symptoms is of growing interest. This
study aimed to determine vitamin D status in children with COVID-19 and
assess its impact on the clinical course of disease and long COVID development.
Methods: A prospective cohort study included hospitalized children with
confirmed COVID-19, aged 1 month to 18 years, diagnosed between
September 2022 and March 2024. Serum 25-hydroxyvitamin D (25(OH)D)
concentrations were measured upon hospital admission, and follow-up was
done to identify long COVID symptoms.

Results: In total, 162 hospitalized patients with COVID-19 were examined. Vitamin
D deficiency was determined in 8.0%, insufficiency in 25.3%, and optimal levels in
66.7% of children with COVID-19. Vitamin D deficiency/insufficiency was
observed in 73% of children over 6 years and 21.6% of children under 6 years of
age. Comorbid conditions were 14 times more frequent in children with
vitamin D insufficiency, with undernutrition and obesity playing the most
significant roles (p=0.0023, p=0.0245, respectively). Serum 25(OH)D
concentration depends on COVID-19 severity (p =0.0405) and children with
vitamin D deficiency/insufficiency had a longer hospital stay (4 vs. 3 days,
p =0.0197). The vitamin D status affected the median levels of neutrophils,
lymphocytes, their ratio, prothrombin time, fibrinogen levels, and the frequency
of increased immunoglobulins M and E levels. Among 134 children who agreed
to follow up, 56 (41.8%) experienced long COVID symptoms, while 78 (58.2%)
recovered fully. Long COVID was frequently observed in children with vitamin
D deficiency/insufficiency (p =0.0331). The odds of developing long COVID
were 2.2 times higher (p=0.0346) in children with vitamin D deficiency/
insufficiency compared to those with optimal levels. Children with vitamin
D deficiency/insufficiency more often exhibited neurological (80% vs. 41.9%,
p = 0.0040) and musculoskeletal symptoms (16% vs. 0%, p = 0.0208).
Conclusion: The 25(0OH)D concentrations in children with COVID-19 depended on
their age. Comorbid conditions affect the vitamin D status in children with COVID-
19. Vitamin D influenced the COVID-19 severity and duration of hospitalization.
There was an increased risk of developing long COVID in children with vitamin
D deficiency/insufficiency, and its impact on the development of neurological
symptoms associated with long COVID was established.

KEYWORDS

COVID-19, SARS-CoV-2 infection, long COVID, vitamin D, 25(OH)D, children vitamin D,
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Introduction

COVID-19, caused by severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), primarily affects the respiratory
system, leading to conditions like interstitial pneumonia and acute
respiratory distress syndrome (1). Although COVID-19 can cause
severe complications in adults, especially those with comorbidities,
most children experience mild or asymptomatic cases, with very
few requiring hospitalization and a low mortality rate globally (2, 3).

As the incidence of SARS-CoV-2 infection increases, concerns
are rising regarding persistent symptoms following acute infection,
widely known as “long COVID” (4). Long COVID (sometimes
referred to as “post-acute sequelae of COVID-19” or “post-
COVID-19 syndrome”) is a multisystem condition characterized

symptoms,
neurological, psychosomatic, sensory, cognitive, and psychological

by a variety of including cardiorespiratory,
symptoms that arise after infection with coronavirus type 2 (4,
5). As of September 1, 2024, the World Health Organization
(WHO) reports that more than 776 million cases of COVID-19
have been documented worldwide, and 10%-30%
hospitalized individuals and 50%-70% of hospitalized patients

may experience long COVID (6, 7).

of non-

Long COVID raises growing health concerns as its persistence
can affect multiple organ systems with potentially negative impacts
on quality of life (8, 9). Only a few prospective studies collect
systematic data in larger cohorts of children with
multidisciplinary clinical assessment (4, 5, 10, 11).

Post-COVID syndrome in adults is more often associated with
prolonged tissue damage following persistent inflammation caused
by the virus, immune dysregulation, autoimmune processes,
endothelial damage, and microthrombosis (12, 13). In children
and adolescents, similar pathogenic mechanisms are plausible,
but the significance of vitamin and micronutrient deficiencies is
also being discussed (14). In developing long COVID symptoms
in children, age, certain comorbid conditions, and hospitalization
in intensive care units were considered important factors (14-16).

Despite the importance of control measures during the
COVID-19 pandemic (17-19), prolonged stay at home negatively
impacted the health and development of children (20). Children
who remain at home for extended periods are more prone to
physical inactivity, unhealthy diets, and limited sunlight
exposure, which may put them at greater risk of vitamin
D deficiency and insufficiency (20-22).

Vitamin D plays a key role in maintaining calcium homeostasis
and bone health, as well as having immunoregulatory effects as a
potent regulator of innate and adaptive immune responses,
influencing the expression of antimicrobial peptides and the
inflammatory cascade (23-25). It has been shown to influence
gene expression, modulating immune response, inflammation,
oxidative stress, and the gut microbiota (26). Optimal serum
vitamin D levels are fundamental for promoting health in both
pediatric and adult populations (27).

Several studies have shown a connection between symptoms,
severity, mortality, and outcomes of COVID-19 and vitamin
D concentration in patients, regardless of age (28, 29). However,

the majority of studies are related to the adult population.
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Szerszen et al. (30) noted a correlation between patient mortality,
the need for oxygen therapy, and vitamin D levels in older
patients. Some publications have shown the impact of vitamin
D status on the development of long COVID, including
multisystem inflammatory syndrome (31). However, the studies on
the significance of vitamin D in the development and course of
COVID-19 in children, and its role in the emergence of long
COVID in the pediatric population remain limited and their
results are contradictory. The aim of our study was to determine
vitamin D status in children with COVID-19 and assess its impact
on the clinical course of disease and long COVID development.

Materials and methods
Study design

A prospective cohort study was conducted from September
2022 to March 2024 in the pediatric infectious diseases
department of a tertiary-level hospital in Ternopil, Ukraine.

Participants

The study included hospitalized patients aged 1 month to 18
years diagnosed with COVID-19. All cases of SARS-CoV-2
infection were confirmed using polymerase chain reaction (PCR),
rapid tests, or serological methods (detection of class M antibodies).

The inclusion criteria for the study were age up to 18 years,
confirmed cases of SARS-CoV-2 infection, informed consent
from parents or patients, and the ability to determine the
concentration of 25(OH)D in serum during hospitalization.
Exclusion criteria included parental refusal for examination and
unconfirmed cases of COVID-19.

Data collection and laboratory assessments

A thorough collection of baseline and clinical data was
conducted upon patient admission. The baseline characteristics
included age and sex, while the clinical signs encompassed
comorbidities, the severity of COVID-19, and the duration of
hospitalization. The severity of COVID-19 was determined
according to the WHO definition (32).

A comprehensive laboratory examination at admission
included a complete blood count, determination of biochemical
blood
immunoglobulins (Ig) A, M, G, and E. Serum immunoglobulins
were  determined using the Monobind enzyme-linked
immunosorbent assay (ELISA) kit, AccuBind ELISA Kits, USA.
The evaluation of immunoglobulin levels was

analysis  indicators, coagulogram, and  serum

conducted
according to age-specific norms.

To assess vitamin D status, its quantitative measurement was
conducted in serum. For this purpose, the concentration of
25-hydroxyvitamin D (25(OH)D) in serum was determined using
the ELISA, FCCu Bind ELISA Microwells, USA.
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According to the recommendations of the European
Vitamin D Association (EVIDAS), a concentration of 25(OH)D
between 30 and 100 ng/ml (75-250 nmol/L) was considered
optimal; 20-30 ng/ml (50-75 nmol/L) was classified as vitamin
D insufficiency; and concentrations below 20 ng/ml (<50 nmol/L)
indicated vitamin D deficiency (33).

Long COVID definition and monitoring

After discharge from the hospital, patients were monitored
for the presence of long-term symptoms of COVID-19. For
this purpose, we conducted surveys at intervals of 1-3, 3-6,
6-9, and 9-12 months after the acute phase of infection,
using the questionnaire developed by the International
Acute  Respiratory and Infection
(ISARIC)/IP4C  Global COVID-19
Follow-Up Form. Patients or their parents, in cases where

Severe Emerging

Consortium Pediatric
the children were under 8 years old, answered the questions.
The presence of “long COVID” was determined according to

10.3389/fped.2025.1507169

WHO criteria, defined as the continuation or development
of new symptoms at least 3 months after the initial SARS-
CoV-2 infection, with a duration of at least 2 months with
no other explanations (6).

Patients who did not have symptoms during the follow-up
period after the onset of acute COVID-19 symptoms for at least
8 weeks were defined as fully recovered. The selection of patients
for the study is shown in Figure 1.

Ethical considerations

Throughout our study, we adhered to all reccommendations of
the 1975 Declaration of Helsinki (as revised in 2000). The study
was approved by the I. Horbachevsky Ternopil National Medical
University Ethics Committee (Minutes Ne 70 from August 1,
2022). Upon admission, all parents or children who reached the
age of 16 signed an informed, voluntary consent for the study, as
well as for the use of diagnostic and treatment results in
scientific works.

P
Assessment of hospitalized children with COVID-19,
including determination of vitamin D status, n =162
.
1-3 months later J
>
Participants who consented for : 52 _
follow-up, n = 134 Decline to participate, n = 28 J
\_
-
Survey of children using the adapted ISARIC questionnaire J
\e

Patients with symptoms lasting at least 2
months which initially occurred within 3
months of acute COVID-19, no an
alternative diagnosis

Long COVID,n =56

[ No symptoms of long COVID ]

[ Recovered patients, n = 78 ]

Follow-up to 6 months-1 year

FIGURE 1
Patients flow diagram.
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Statistical analysis

Statistical analysis of the results was performed using the
STATISTICA 12 software. All data were described as the
mean * standard deviation (SD) for normally distributed data or
median and interquartile range (IQR) for skewed distributions and
categorical variables expressed as frequency (percentage). Differences
in variables with a normal distribution between two independent
samples were compared using the Student’s t-test, while the results
with a non-normal distribution were analyzed using the Mann-
Whitney U-test, and categorical variables were compared using the
Chi-square test. A p-value of less than 0.05 was defined as
statistically significant and highlighted in the tables in bold font.

Odds ratio (OR) and 95% confidence intervals (CI) were
determined to explore the influence of vitamin D deficiency on
the development of long COVID. For this purpose, we used only
statistically significant features.

Results

Characteristics of children with COVID-19

In total, 162 hospitalized patients with COVID-19 were
examined. Clinical and laboratory characteristics of children with
COVID-19 are presented in Table 1. The average age of
hospitalized patients with COVID-19 was 3.62+4.55 vyears,
ranging from 1 month to 18 years. Boys predominated over girls
in the overall cohort of patients (56.8%).

Comorbidities were present in 75 (46.3%) patients, with 31
children (19.1%) having two or more conditions. Nutritional
(25.9%),
followed by allergic conditions (22.2%). Disorders of the nervous,

disorders were the most common comorbidities
cardiovascular, gastrointestinal systems, and kidneys were less
frequently observed (Table 1).

Children with mild COVID-19 predominated in the cohort
(90.1%). Moderate cases were observed in 4.3%, severe cases in 4.3%,
and critical cases in 1.2% of patients. Eight patients (4.9%) developed
COVID-19-related pneumonia. Seven patients (4.3%) required
treatment in the intensive care unit, and four children (2.5%)
required oxygen therapy during their treatment. Oxygen therapy was
administered using a nasal cannula or a face mask, with the duration
of oxygen supply depending on the effectiveness of the therapy and
the severity of respiratory disorders. The average duration of oxygen
therapy was 3 days. Mechanical ventilation was provided briefly for
two children who developed acute respiratory failure. No deaths were
reported among the children in this cohort. The average length of
hospitalization was 4.6 + 3.0 days, ranging from 1 to 20 days.

Leukocytosis was observed in 9.9% of children, lymphopenia in
53.5%, and neutrophilia in 8.3% of patients. A neutrophil-to-
lymphocyte ratio greater than 4 was noted in 12.7% of patients.
In most children with COVID-19 (85.7%), platelet counts were
within the normal range. An elevated C-reactive protein (CRP)
level was found in 54.5% of patients.

A reduced fibrinogen level was identified in 42.5% of patients,
while an elevated fibrinogen level was noted in 5.8%. D-dimer
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levels were elevated in 50.9% of patients upon admission. Ferritin
levels ranged from 4.03 to 440 ng/ml, with elevated levels
observed in only two cases (4.2%).

An increase in IgA was observed in 42.9% of children, IgM in
66.1%, IgG in 14.3%, and IgE in 29.6% of children. Additionally,
decreased levels of IgM were detected in 3.6% of children and
IgG in 12.5% of children.

Vitamin D status in patients with the acute
phase of SARS-CoV-2 infection

Vitamin D deficiency was identified in 13 (8.0%), insufficiency
in 41 (25.3%), and optimal levels in 108 (66.7%) children with
COVID-19. Vitamin D status depended on the age of the children
(Figure 2). In children under 6 years old, optimal vitamin D levels
were more frequently observed (78.4% vs. 21.6%, p < 0.0001), while
in children over 6 years, only 27% had optimal levels, and 73%
exhibited deficiency and insufficiency. An inverse correlation was
observed between the concentration of 25(OH)D and the age of
the children (r = —0.4989, p < 0.05) (Figure 3).

Comparison of clinical characteristics of
COVID-19 based on vitamin D status

In the first group, with 25(OH)D concentrations below 30.0 ng/
ml, there were 54 (33.3%) children, while the remaining 108
(66.7%) were classified in the second group with optimal vitamin
D levels (30.0-100.0 ng/ml). The
characteristics of COVID-19 patients based on vitamin D status

comparison of clinical

is presented in Table 1.

Overall, comorbid conditions were 1.4 times more prevalent in
children with vitamin D insufficiency, and this difference was
statistically significant (p = 0.0449). Specifically, nutritional disorders,
particularly obesity, were significantly more common in children
with low vitamin D levels (p =0.0023 and p = 0.0245, respectively).

We did not find a correlation between the severity of COVID-
19 and vitamin D status. However, the mean level of serum
25(0OH)D concentration in children with mild course was
significantly higher than in children with moderate and severe/
(49.19 ng/ml vs. 34.40 ng/ml, p=0.0405)
(Figure 4). Children with vitamin D deficiency and insufficiency
had longer hospital stays (4 vs. 3 days, p=0.0197).

The leukocyte level, as well as the percentage of children with
leukocytosis, did not depend on vitamin D status in COVID-19
patients. The median neutrophil level was higher in the group of

critical ~ course

patients with low vitamin D levels (p=0.0021), while the median
lymphocyte level was higher in patients with optimal vitamin
D levels (p=0.0044). When examining the ratio of neutrophils to
lymphocytes, it was found that the ratio was lower in the group with
normal vitamin D levels, p <0.0001. However, the percentage of
children with neutrophilia, lymphopenia, and an elevated neutrophil-
to-lymphocyte ratio did not differ between the two groups, which
may indicate a greater age dependence, as these indicators change
with age, and considering that most children under 6 years had
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TABLE 1 Clinical characteristics of the patients with COVID-19 and their dependence on vitamin D status.

Characteristics Total, n=162 Vitamin D deficiency/insufficiency, | Optimal vitamin D level,

n=54 n=108

Median (interquartile range, IQR) or n (%)

Age of children, years 1.3 (0.7:5.33) 591 (2.08;11.0) 0.82 (0.53;1.5) <0.0001
Gender
Female 70 (43.2) 28 (51.9) 42 (38.9) 0.1164
Male 92 (56.8) 26 (48.1) 66 (61.1) 0.1164
Comorbid conditions: 75 (46.3) 31 (57.4) 44 (40.7) 0.0449
Allergic diseases 36 (22.2) 9 (16.7) 27 (25.0) 0.2291
Nutritional disorders 42 (25.9) 22 (40.7) 20 (18.5) 0.0023
Overweight 15 (9.3) 8 (14.8) 7 (6.5) 0.0845
Obesity 13 (8.0) 8 (14.8) 5 (4.6) 0.0245
Undernutrition 14 (8.6) 6 (11.1) 8 (7.4) 0.4290
Cardiovascular pathologies 10 (6.2) 2 (3.7) 8 (7.4) 0.3558
Nervous system diseases 16 (9.9) 5(9.3) 11 (10.2) 0.8523
Digestive system diseases 7 (4.3) 4(7.4) 3(2.8) 0.1719
Urinary system diseases 5(3.1) 2(3.7) 3 (2.8) 0.7480
COVID-19 severity
Mild 146 (90.1) 47 (87.0) 99 (91,7) 0.4056
Moderate 7 (4.3) 4 (7.4) 3(2.8) 0.2232
Severe/critical 9 (5.6) 3 (5.6) 6 (5.6) 1.0000
Duration of hospitalization, days 4.0 (3.0; 5.0) 4.0 (3.0; 6.0) 3.0 (3.0; 5.0) 0.0197
Leukocytes, 10°/L 5.94 (4.44; 8.8) 5.93 (4.37; 8.44) 5.94 (4.53; 8.89) 0.7979
Leukocytosis 16/161 (9.9) 7/54 (13.0) 9/107 (8.4) 0.4074
Neutrophils, 10°/L 2.37 (1.33; 3.69) 3.1 (2.13; 4.06) 1.88 (1.06; 3.25) 0.0021
Neutrophilia 13/157 (8.3) 6/51 (11.8) 7/106 (6.6) 0.2718
Lymphocytes, 10°/L 2.12 (1.21; 3.99) 1.65 (0.97; 2.56) 2.38 (1.42; 4.41) 0.0044
Lymphopenia 84/157 (53.5) 25/51 (49.0) 59/106 (55.7) 0.4346
Neutrophil-to-lymphocyte ratio 1.16 (0.44; 2.64) 2.19 (1.09; 3.5) 0.83 (0.34; 2.08) <0.0001
More than 4 20/157 (12.7) 10/51 (19.6) 10/106 (9.4) 0.0734
Thrombocytes, 10°/L 244.0 (204.0; 310.0) 218.5 (187.0; 263.0) 264.5 (208.0;323.0) 0.0071
Thrombocytopenia, % 11/161 (6.8) 3/54 (5.6) 8/107 (7.5) 0.7522
CRP, mg/L 5.48 (1.41; 15.9) 5.86 (3.4; 20.8) 525 (1.4; 14.5) 0.1259
Elevated CRP, % 79/145 (54.5) 30/49 (61.2) 49/96 (51.0) 0.2914
Prothrombin time (PT), sec 14.7 (13.4; 15.9) 15.5 (13.8; 16.4) 14.5 (13.3; 15.6) 0.0058
Prolonged PT (more than 15 s) 3/147 (42.9) 31/49 (63.3) 32/98 (32.7) 0.0007
Activated partial thromboplastin time 38.3 (34.0; 44.0) 37.1 (32.2; 41.7) 39.6 (34.8; 45.3) 0.1074
(aPTT), sec
Prolonged aPTT (more than 35 s) 98/147 (66.7) 30/49 (61.2) 68/98 (69.4) 0.3563
Fibrinogen, g/L 2.17 (1.67; 2.98) 2.66 (1.97; 3.42) 2.0 (1.52; 2.86) 0.0037
More than 4 g/L 8/139 (5.8) 4/45 (8.9) 4/94 (4.3) 02734
D-dimer, ng/ml 270.0 (100; 750) 239.0 (90; 390) 360.5 (150; 840) 0.1269
More than 250 ng/ml 30/59 (50.9) 10/25 (40.0) 20/34 (58.8) 0.1923
Alanine aminotransferase (ALT), U/L 21.0 (15.05 30.0) 15.0 (12.05 19.0) 24.0 (18.0; 33.0) <0.0001
Elevated ALT level, % 11/155 (7.1) 3/51 (5.9) 8/104 (7.7) 1.000
Ferritin 49.1 (27.8; 88.9) 47.29 (25.2; 86.6) 49.15 (33.81; 118,96) 0.4088
Hyperferritinemia, % 2/48 (4.2) 0/20 (0) 2/28 (7.1) 0.5035
Immunoglobulin A
Optimal level 32/56 (57.1) 13/29 (44.8) 19/27 (70.4) 0.0644
Increase level 24/56 (42.9) 16/29 (55.2) 8/27 (29.6) 0.0644
Immunoglobulin M
Optimal level 17/56 (30.4) 6/29 (20.7) 11/27 (40.7) 0.1475
Decrease level 2/56 (3.6) 0 2/27 (7.4) 0.2279
Increase level 37/56 (66.1) 23/29 (79.3) 14/27 (51.9) 0.0476
Immunoglobulin G
Optimal level 41/56 (73.2) 19/29 (65.6) 22/27 (81.5) 0.2329
Decrease level 7156 (12.5) 5/29 (17.2) 2/27 (7.4) 0.4239
Increase level 8/56 (14.3) 5/29 (17.2) 3/27 (11.1) 0.7066
(Continued)
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TABLE 1 Continued

Characteristics

Total, n=162 Vitamin D deficiency/insufficiency,

10.3389/fped.2025.1507169

Optimal vitamin D level,

n=>54 n=108

Median (interquartile range, IQR) or n (%)

Immunoglobulin E

Optimal level 38/54 (70.4)

16/29 (55.2)

22/25 (88.0) 0.0154

Increase level 16/54 (29.6)

13/29 (44.8)

3/25 (12.0) 0.0154

Statistically significant values are highlighted in bold.

78.4%
80,0%
70,0%
60,0%
50,0%
40,0%
30,0%
20,0%
10,0%

0,0%
Under 6 years
m Deficiency
P1=0.1618

FIGURE 2

and over 6 years with optimal vitamin D levels).

P2 <0.0001

Dependence of vitamin D status on age in children with COVID-19 (P1—value between groups under 6 years and over 6 years with vitamin
D deficiency, P2—value between groups under 6 years and over 6 years with vitamin D insufficiency, P3—value between groups under 6 years

59.5%

Over 6 years
Insufficiency ® Optimal level

P3 <0.0001

optimal vitamin D levels, while those over 6 predominantly had
vitamin D insufficiency. However, the number of children with a
neutrophil-to-lymphocyte ratio greater than 4 was twice as high
among those with vitamin D deficiency/insufficiency, p = 0.0734. In
patients with optimal vitamin D levels, the median platelets count
was significantly higher (p=0.0071), but there was no significant
difference in the frequency of thrombocytopenia (p = 0.6587).

The CRP level, although somewhat higher in the group of patients
with low vitamin D levels, did not differ significantly (Table 1).

Only 11 out of 146 (7.5%) hospitalized children with COVID-
19 had all coagulation parameters assessed in this study within the
normal range. The medians of PT and fibrinogen were higher in
the cohort of patients with low vitamin D levels (p =0.0058 and
p=0.0037,
prolonged PT and elevated fibrinogen levels was twice as high in

respectively). The proportion of children with
patients with vitamin D deficiency/insufficiency and COVID-19,
although the difference was statistically significant only for PT.
The median values of aPTT and D-dimer were not dependent on
vitamin D status.

Frontiers in Pediatrics

The median ALT level was higher in children with optimal
vitamin D levels; however, the proportion of children with
elevated ALT and ferritin levels did not differ between the two
groups of children with COVID-19 (Table 1).

When comparing immunoglobulin levels in children with
deficient or insufficient vitamin D levels to those with optimal
vitamin D levels, it was found that children with vitamin
D deficiency/insufficiency more frequently exhibited elevated
levels of IgA (55.2% vs. 29.6%), IgM (79.3% vs. 51.9%), IgG
(17.2% vs. 11.1%), and IgE (44.8% vs. 12.0%). The differences
were statistically significant for IgM (p=0.0476) and IgE
(p =0.0154), with a trend toward increased IgA levels (p = 0.0644).

Clinical characteristics of children with long
COVID

Of the 162 patients included in the study, 134 consented to
further observation. Among them, symptoms of long COVID
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FIGURE 3
Correlation between serum 25(0OH)D concentration and children’s age.
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Dependence of serum 25(OH)D concentration on the severity of COVID-19 (1—mild, 2—moderate and severe/critical).
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were identified in 56 (41.8%) children, while 78 (58.2%) recovered
fully. The observation period ranged from 6 months to 1 year, with
an average of 10.4 months. Among the symptoms in children with
long COVID, general manifestations predominated, observed in
37 (66.1%) children. These included fatigue, general weakness,
decreased appetite, reduced physical activity, and difficulties
starting tasks. Neurological symptoms included insomnia or
excessive sleepiness, headache, increased irritability, emotional
lability, decreased memory and attention, and inability to
concentrate on tasks. This group of symptoms was present in
33 (58.9%) children. Gastroenterological symptoms, such as
hepatopathy, abdominal pain, nausea, and constipation, were
observed in 9 (16.1%) patients. Cardiological manifestations,
including tachycardia or conduction disturbances, were less
common, occurring in 2 (3.6%) children, while musculoskeletal
symptoms (myalgias and arthralgias) were noted in 4 patients
(7.1%). Additionally, 20 (35.7%) children experienced frequent
acute respiratory infections, which occurred significantly more
often than before the SARS-CoV-2 infection.

Long COVID symptoms depend on vitamin
D status

The vitamin D status in patients with long COVID and the
symptoms of long COVID based on vitamin D status are shown
in Table 2. Vitamin D deficiency was observed in 7 (12.5%)
children, insufficiency in 18 (32.1%), and optimal levels in
31 (55.4%) children who subsequently developed long COVID
symptoms, while among recovered children, optimal vitamin
D levels were found in 57 (73.1%). Long COVID was more
frequently observed in children with vitamin D deficiency/
insufficiency) (Figure 5), and this difference was statistically
significant (p =0.0331). The odds of developing long COVID
were 2.2 times higher (OR=2.1889, 95% CI. 1.0585-4.5267;
p=0.0346) in children with vitamin D deficiency/insufficiency
compared to those with optimal vitamin D levels. It should be
noted that vitamin D status in children with symptoms of both
long COVID and those who recovered depended on the age of
the children. Deficiency/insufficiency of vitamin D was observed

TABLE 2 Symptoms of long COVID in hospitalized children depends on
vitamin D status.

Vitamin
D deficiency/

Characteristics Optimal
vitamin

D level

insufficiency

Long COVID 25/46 (54.3) 31/88 (35.2) 0.0331
General 16/25 (64.0) 21/31 (67.7) | 0.7687
Neurological 20/25 (80.0) 13/31 (41.9) | 0.0040
Gastroenterological 1/25 (4.0) 8/31 (25.8) 0.0272
Cardiological 1/25 (4.0) 1/31 (3.2) 0.8767
Musculoskeletal 4/25 (16.0) 0/31 0.0208
Frequent acute 6/25 (24.0) 8/31 (25.8) 0.8767

respiratory infections

Statistically significant values are highlighted in bold.
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in 15/18 (83.3%) children over 6 years old with long COVID
symptoms in 11/14 (78.5%) children who recovered
(p=0.7321). The median concentration of 25(OH)D in patients
with long COVID symptoms was lower (34.52 ng/ml; IQR: 23.69;
67.31 ng/ml) compared to those who recovered (44.52 ng/ml;
IQR: 28.65; 70.03 ng/ml), but the difference was not statistically
significant, p = 0.1451.

General and cardiological symptoms were observed equally

and

frequently in both groups, regardless of vitamin D status.
Neurological manifestations were almost twice as common in
children with vitamin D deficiency/insufficiency compared to
those with optimal levels (p = 0.0040). Low vitamin D levels also
affected musculoskeletal manifestations (16% vs. 0%, p = 0.0208).
The odds of developing neurological symptoms of long COVID
were 5.5 times higher (OR=5.5385, 95% CI: 1.6480-18.6133;
p=0.0056) in children with vitamin D deficiency/insufficiency
compared to those with optimal vitamin D levels. For
OR=13.1860, 95% CI: 0.6746-
257.7413; p=0.0890. In contrast, gastroenterological symptoms

musculoskeletal symptoms,
were more frequently observed in patients with normal vitamin
D levels (p=0.0272). The increased incidence of respiratory
diseases was nearly the same in both groups of children.

Discussion

Our study revealed a decrease in vitamin D levels in one-third
of children with COVID-19. However, findings from other studies
regarding the prevalence of hypovitaminosis D among children
with SARS-CoV-2 contradictory.
Bayramoglu et al. (29) reported hypovitaminosis D in 35.4% of

acute infection remain
hospitalized children with mild and moderate disease. This aligns
with our findings, as most children in our cohort had mild
COVID-19. In contrast, Bayrak et al. (34) found a higher
prevalence of vitamin D deficiency or insufficiency (67.1%)
among hospitalized children with COVID-19. Furthermore, the
average 25(OH)D concentration in their study was significantly
lower compared to that of our cohort.

Vitamin D status is influenced not only by the disease itself but
also by various external factors. In our cohort, vitamin D status was
notably age-dependent, with vitamin D deficiency or insufficiency
observed in 73% of children over six years of age. Other studies
have also highlighted an age-related dependence of vitamin
D levels in hospitalized COVID-19 patients (35), with adolescents
being more susceptible to developing hypovitaminosis D. This
increased susceptibility among adolescents may stem from their
tendency toward sedentary lifestyles, particularly during extended
periods of staying at home, with greater access to computers,
televisions, and smartphones (36, 37).

The COVID-19 pandemic has contributed to prolonged home
confinement for both children and adults, significantly reducing
sun exposure time (38, 39). Epidemiological studies have
indicated that the pandemic has altered vitamin D levels,
particularly among preschool- and school-aged children (40).

Our study revealed differences mean 25(OH)D
concentrations based on COVID-19 severity and the length of

in
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Vitamin D status in children with long COVID and fully recovered (P1—value between groups of children with long COVID and fully recovered with
vitamin D deficiency, P2—value between groups of children with long COVID and fully recovered with vitamin D insufficiency, P3—value between
groups of children with long COVID and fully recovered with optimal vitamin D levels).

73.1%

21.8%

5.1%

Fully recovered

P3 = 0.0085

hospital stay among children with different vitamin D status. These
findings align with other studies that report a direct impact of
vitamin D levels on symptoms, severity, and outcomes of
COVID-19 (28-30, 41).

Notably, among our patients, pneumonia was diagnosed in
only 8 children (4.9%), and 6 (75.0%) of whom had
D. Nicolae et al. (42) that
hypovitaminosis D could contribute to the development of

hypovitaminosis confirmed
pneumonia due to its significant influence on immunological
processes. Regression analysis in another study also identified low
vitamin D levels as a risk factor for developing respiratory
distress (41). Furthermore, Kosmeri et al. (43) demonstrated an
association between vitamin D insufficiency and the severity of
COVID-19 in adults. Their highlighted 25(OH)D
concentration as an independent risk factor for COVID-19

study

infection and the likelihood of requiring hospitalization.

Other studies have demonstrated the impact of vitamin
D status on COVID-19 mortality, especially in adult patients
(30, 44, 45). A population-based study revealed a negative
correlation between 25(OH) vitamin D average levels and
COVID-19 mortality in 19 European countries (44). Seal et al.
demonstrated that 25(OH)D concentrations were associated with
COVID-19-related hospitalization and mortality in a cohort of
veterans (45). A meta-analysis also declared an association
between COVID-19 severity and mortality and low serum
vitamin D levels (46).

The association between vitamin D deficiency and disease
severity or increased mortality is likely related to impaired

Frontiers in Pediatrics

immune responses. Vitamin D plays a critical role in supporting
the immune system. It modulates innate and adaptive immune
responses, enhancing the body’s ability to fight infections and
reducing excessive inflammatory responses (24, 27, 36). Through
its effects on immune cells such as macrophages, dendritic cells,
and T cells, vitamin D promotes the production of antimicrobial
peptides like cathelicidins and defensins, which are vital for
neutralizing pathogens (25). Furthermore, vitamin D stabilizes
endothelial function and regulates vascular permeability, reducing
the risk of cytokine storm and associated complications often
observed in severe infections like COVID-19 (29).

An analysis of laboratory characteristics revealed that the
median levels of neutrophils and the neutrophil-to-lymphocyte
ratio were significantly higher in children with low vitamin
D levels (p=0.0021; p<0.0001, respectively), whereas median
levels of lymphocytes and platelets were significantly lower in
this group of patients (p=0.0044; p=0.0071, respectively).
Alpcan et al. (41) reported a positive correlation between vitamin
D levels and leukocyte, lymphocyte, and platelet counts.
Similarly, another study found that lower vitamin D levels were
associated with increased clinical severity and more pronounced
inflammatory markers (29). In our study, CRP was elevated in
55.6% of children with COVID-19 and vitamin D deficiency/
insufficiency; however, no statistically significant difference was
observed compared to patients with optimal vitamin D levels.
Ferritin levels were elevated in only two patients, and no
dependence on vitamin D status was identified. By contrast,
another study demonstrated significantly higher levels of CRP
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and ferritin in adult patients with low vitamin D levels (47).
Moreover, elevations in CRP, fibrinogen, and lymphopenia were
more frequently observed in cases of vitamin D deficiency rather
than insufficiency (29). In our cohort, the proportion of children
with vitamin D deficiency was relatively small, comprising only
8.0% of the population, while the majority exhibited vitamin
D insufficiency. This distribution may explain the lack of
statistically significant differences in certain inflammatory markers.

We also observed changes in coagulation markers, specifically
increased PT and fibrinogen levels (p=0.0058; p=0.0037,
respectively). Our previous research demonstrated age-related
characteristics of coagulation markers in children with COVID-
19 (48). Other studies have also reported a relationship between
vitamin D levels and thrombotic complications in COVID-19
patients (47, 49-51). Cooper et al. (50) noted that vitamin
D activation reduces the risk of respiratory infections and
decreases coagulation and thrombosis.

Increased IgA levels were nearly twice as common, IgM levels
were 1.5 times more frequent, IgE levels were 3.7 times more
frequent, and changes in IgG levels were 1.8 times more frequent
in children with vitamin D deficiency/insufficiency compared to
those with optimal levels. Our findings align with results
that  the
immunomodulatory effects of vitamin D are associated with the

from other researchers, who demonstrated
inhibition of B-cell proliferation, blockage of their differentiation,
and a significant decrease in immunoglobulin secretion (52).

On one hand, the more frequent elevation of immunoglobulin
levels in cases of vitamin D deficiency/insufficiency may be linked
to a more severe course of illness, as was also shown in our study.
Specifically, Peraire et al. (53) investigated the relationship between
circulating immunoglobulins (IgA, IgG, IgM) and COVID-19
They established that IgM, IgA, and IgG

concentrations were significantly higher in patients with COVID-

pneumonia.

19 pneumonia (mild, severe, and critical forms) compared to
those in the ambulatory group (P <0.001).

On the other hand, increased immunoglobulin production in
children with
contribute to the

reduced vitamin D levels may potentially
development of autoimmunity and/or
symptoms of long COVID (8, 13, 26). Notably, several studies
have demonstrated a rise in autoimmune diseases following the
COVID-19 pandemic (54).

In our study, symptoms of long COVID were observed in
41.8% of hospitalized children. The prevalence of patients with
long COVID symptoms is highly variable, ranging from 3.4% in
symptomatic patients (55) to 81.4% in hospitalized patients (56).
Numerous factors can influence the prevalence of long COVID,
including age, study cohort, follow-up duration, comorbidities,
COVID-19 vaccination status, etc. Rao et al. reported that the
frequency of at least one systemic, syndromic, or drug-induced
sign of post-acute complications of SARS-CoV-2 infection was
41.9% among children with a positive test for the virus (57),
which aligns with the results of our study. The authors
highlighted a higher prevalence of long COVID symptoms
among children under 5 years of age and those with
comorbidities. The high prevalence of comorbid conditions in
our cohort (46.3%) and the predominance of children under 6
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years of age (77.2%) could explain the high frequency of long
COVID symptoms. It should also be noted that we studied the
presence of symptoms specifically in hospitalized patients, which
may have contributed to the high frequency of long COVID in
our findings.

Our study showed that children with vitamin D deficiency or
insufficiency had more than twice the risk of developing long
COVID compared to those with optimal vitamin D levels
(OR =2.1889, p=0.0346). These findings align with results from
other 25(0OH)
D concentrations were reported six months after the acute phase

studies. For instance, lower vitamin
of the disease in adults with long COVID compared to those
who fully recovered from coronavirus infection (20.1 vs. 23.2 ng/
ml, p=0.0300) (58). Similarly, Chen et al. demonstrated that
vitamin D deficiency was associated with delayed recovery in
adult patients with long COVID (59). A study by Guerrero-
Romero et al. highlighted a threefold increase in the risk of
developing long COVID in adult patients with insufficient
(60).

investigations involving adult populations did not find a

vitamin D and magnesium levels However, several
significant association between low serum vitamin D levels and
long COVID (59, 61, 62). Pizzini et al. conducted a prospective,
multicenter study on the long-term sequelae of COVID-19 and
their association with 25(OH)D concentrations (63). While
vitamin D deficiency was commonly observed among COVID-19
patients, it was not linked to long-term disease outcomes.
Similarly, other researchers found reduced concentrations of
vitamins D, A, and E in adult patients with COVID-19 but
reported no significant impact on the development of long
COVID symptoms (64).

In children, research has primarily focused on vitamin D status
concerning multisystem syndrome  (MIS-C)
associated with COVID-19. Studies have shown that children
with MIS-C had significantly lower vitamin D levels than those

inflammatory

in the non-MIS-C group (65), and vitamin D deficiency was
found in 72% of children with MIS-C (31).

The impact of vitamin D levels on long COVID symptoms in
children has also been analyzed. We observed an almost twofold
increase in the frequency of neurological symptoms in patients
with vitamin D deficiency (p =0.0040) and a higher incidence
of musculoskeletal symptoms (p =0.0208). However, the odds
ratio indicated only an increased risk of neurological
symptoms. Another study found lower 25(OH)D levels in
patients with neurocognitive symptoms six months after
recovering from COVID-19 (60). A multivariable regression
analysis conducted by Townsend et al. showed no relationship
between persistent fatigue and reduced exercise tolerance
following COVID-19 (66).

Given vitamin D’s ability to modulate both immune and
nerve cells, its role in neuroimmune modulation, anti-
inflammatory action, neuroprotection, and endothelial function
suggests that it could play a positive role in preventing and
managing neuropsychiatric, neuroinflammatory, and other
processes in long COVID (67, 68). However, further research
is needed to determine optimal dosages and the duration

of treatment.
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Strengths and limitations of the study

This study provides valuable insight into the role of
COVID-19 patients, an
where data remains limited. Most studies have focused on

vitamin D in pediatric area
adults, making this work a significant contribution to
understanding long COVID in children. The study includes
a prospective cohort design with thorough follow-up,
allowing for detailed observations of long COVID symptoms
in relation to vitamin D status.

However, the study has several limitations. The sample size,
particularly for children with long COVID, is relatively small,
which may affect the generalizability of the results. The study
population was drawn from a tertiary-level pediatric hospital,
meaning the patients may differ from those in other pediatric
hospitals. Additionally, no control group of healthy children did
not contract COVID-19, which could have provided additional
data

populations. The study was conducted during a specific time

comparative on vitamin D status in non-infected
frame, and seasonal variations in sunlight exposure, which could
affect vitamin D levels, were not fully accounted for. Another
limitation is the method used to measure vitamin D levels—
ELISA—which is less sensitive and specific compared to
chemiluminescence and mass spectrometry, the internationally

recommended methods.

Conclusion

The 25(OH)D concentrations in children with COVID-19
depended on their age. Vitamin D deficiency/insufficiency was
observed in 73% of children over 6 years of age and 21.6% of
children under 6 years of age with COVID-19. The presence of
comorbid conditions, particularly undernutrition and obesity,
affected the vitamin D status in children with COVID-19.
Vitamin D influenced the COVID-19 severity and duration of
hospitalization. There was an increased risk of developing long
COVID in children with vitamin D deficiency/insufficiency,
and its impact on the development of neurological symptoms
associated with long COVID was established. Further research
is needed to determine
COVID development.

independent predictors of long
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Introduction: Hypertension during pregnancy is a common pregnancy
complication that has an important impact on maternal and fetal health. In
recent years, studies have shown that vitamin D, D dimers and platelet
parameters may play a key role in the occurrence and development of
gestational hypertension.

Objective: This study aimed to explore the relationship between vitamin D levels,
D dimers and platelet parameters in patients with gestational hypertension.

Material and methods: This study retrospectively analyzed the clinical data of 90
patients with gestational hypertension and 90 normal pregnant women who
were treated in our hospital from September 2022 to September 2023. We
compared the blood routine indicators between the two groups, including
platelet count (PLT), mean platelet volume (MPV), platelet distribution width
(PDW), etc., as well as D dimer and vitamin D (Vit D) levels.

Results: The results showed that the vitamin D level and PLT in the gestational
hypertension group were significantly lower than those in the normal pregnant
group, while MPV and PDW were significantly increased. In addition, vitamin D
levels were significantly correlated with D dimer, MPV and PDW. Further
statistical analysis showed that vitamin D, D dimer and platelet parameters
were important predictors of gestational hypertension.

Conclusion: This study found that patients with gestational hypertension have
vitamin D deficiency and abnormal platelet function. Vitamin D may affect the

82 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2025.1509719/full
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1509719/full
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1509719/full
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1509719/full
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2025.1509719&domain=pdf&date_stamp=2025-03-17
mailto:516081569@qq.com
https://doi.org/10.3389/fimmu.2025.1509719
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2025.1509719
https://www.frontiersin.org/journals/immunology

Wang et al.

10.3389/fimmu.2025.1509719

development of the disease by regulating platelet activity and coagulation status,
which may be closely related to its pathological mechanism. This suggests that
improving vitamin D status may have potential value in the management of
gestational hypertension.

gestational hypertension, vitamin D, D dimer, platelet parameters, correlation

1 Introduction

Hypertensive Disorders of Pregnancy (HDP) is a common
disease unique to pregnant women, with an incidence rate between
5% and 10%. HDP is the second leading cause of maternal death after
postpartum hemorrhage, accounting for 10% to 16% of total
pregnancy-related deaths (1). It is not only an important cause of
maternal death, but also a significant factor in neonatal mortality
(2, 3). The clinical manifestations of HDP mainly include proteinuria,
edema, and hypertension. In severe cases, coma, convulsions, and
even death of mother and child may occur (4). At present, the
pathogenesis of HDP is not completely clear, but it may be related to
immune regulatory function, genetic factors, and abnormal invasion
of trophoblast cells (5). Studies have shown that the main
pathological changes of HDP include systemic small vessel spasm,
reduced organ perfusion, and excessive hypercoagulability (6, 7). The
causes of the disease are complex and involve many aspects, such as
ischemia and hypoxia caused by shallow implantation of the placenta,
immune disorders, very low-density lipoprotein toxicity, genetic
imprinting, and large expression of D-dimer. These factors may
cause damage to vascular endothelial cells, leading to systemic
microvascular spasm and changes in vascular permeability,
ultimately causing leakage of body fluids and proteins,
redistributing body water and increasing interstitial fluid (8-10).
The influencing factors of HDP are diverse and complex, and there
are potential risks to both maternal and fetal health. Therefore, it is of
great significance to further study the pathogenesis of HDP and its
management measures.

Studies in recent years have shown that 25-hydroxyvitamin D3
(25-(OH)D3) is closely related to gestational hypertension (HDP). 25-
(OH)D3 has the functions of inhibiting the proliferation of vascular
smooth muscle cells, maintaining blood pressure balance and
producing anti-inflammatory effects, which makes it play an
important role in the prevention of cardiovascular diseases (11).
With the development of society and changes in lifestyle, such as
increased indoor work and excessive sun protection, the content of
vitamin D (VitD) produced by sunlight in the human body has
decreased, and the impact of seasons on vitamin D has become
smaller and smaller. In China, the proportion of VitD deficiency or

Abbreviations: HDP, Hypertensive Disorders of Pregnancy; PLT, platelet count;
MPV, mean platelet volume; PDW, platelet distribution width; Vit D, vitamin D.
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insufficiency is about 71%, and among pregnant women, the
proportion of severe VitD deficiency is as high as 80% (12),
especially pregnant women with a gestational age of more than 30
weeks (13). At present, a serum 25-hydroxyvitamin D concentration
below 25nmol/L is usually defined as severe vitamin D deficiency. It is
generally believed that the serum 25-hydroxyvitamin D concentration
maintained at 50-125nmol/L is a relatively safe range. Within this
range, the body’s various physiological functions can be better
maintained, which is beneficial to the health of pregnant women
and fetuses (14).

VitD deficiency is closely related to the incidence of HDP. VitD
has the function of maintaining the stability of vascular endothelial
cells, protecting and improving the function of vascular endothelial
cells. When VitD deficiency occurs, the content of placental growth
factor decreases, the stability and protection of vascular endothelial
cells decrease, resulting in the decrease of vascular endothelial
anterograde, the increase of hardness, and the increase of both
systolic and diastolic blood pressure (15). In addition, VitD can
inhibit the renin-angiotensin system, and when VitD is deficient,
this inhibition decreases, resulting in the increase of both systolic
and diastolic blood pressure in pregnant women (16, 17).
Insufficient VitD may also lead to decreased absorption of
calcium ions, which can directly affect angiotensin II, and its
reduced content can promote angiotensin II to contract vascular
smooth muscle function, and eventually lead to preeclampsia like
changes in pregnant women (18). In vivo, 25-(OH)D3 is the active
form of VitD, which can regulate the transcriptional activity of
immune cells and up-regulate or inhibit the expression of
macrophages, dendritic cells and other cytokines after binding
with VitD receptors. When VitD is deficient, the expression of
anti-inflammatory factors in pregnant women is reduced, which
increases the risk of preeclampsia (19).

In addition, patients with hypertension during pregnancy are
often accompanied by obvious hypercoagulable state and platelet
activation. Abnormal coagulation function may aggravate the
progression of the disease (20). As the disease progresses, vascular
endothelial damage intensifies, which not only promotes platelet
adhesion and aggregation, but is also accompanied by a decline in
microvascular system function, leading to increased platelet
destruction. Therefore, the platelet count (PLT) may decrease,
while the platelet volume distribution width (PDW) may increase
(21). These changes reflect the abnormal characteristics of
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coagulation function in patients with hypertension during
pregnancy. Therefore, understanding and monitoring the levels of
VitD, D-dimer and platelet parameters in pregnant women may
help prevent and manage HDP early, thereby improving maternal
and infant outcomes (22).

Through in-depth understanding and evaluation of the
pathogenesis of HDP, it can provide an important theoretical
basis for the early diagnosis and effective treatment of the disease.
However, despite the progress made in existing research, the
complexity and diversity of HDP still need further research
and exploration.

2 Materials and methods

The subjects of this study were pregnant women with singleton
pregnancy who were diagnosed with gestational hypertension in the
obstetrics department of a municipal tertiary-level A-class specialist
hospital in China from September 2022 to September 2023, with an age
range of 25 to 39 years. The diagnostic criteria for hypertensive disorders
complicating pregnancy refer to the ninth edition of the textbook of
obstetrics and gynecology and the guidelines for the diagnosis and
treatment of hypertensive disorders complicating pregnancy (2020).
Hypertension complicating pregnancy: hypertension after 20 weeks of
pregnancy, systolic blood pressure >140 mmHg and (or) diastolic blood
pressure 290 mmHg, returning to normal within 12 weeks after
delivery; urine protein (-); diagnosis can only be made after delivery.
A total of 180 pregnant women were included to ensure sufficient
statistical power. Exclusion criteria included: genetic metabolic diseases,
tumors, vitamin D supplementation in the previous 3 months, and
patients taking anticoagulants or platelet inhibitors in the past six
months. The control group consisted of pregnant women with
singleton pregnancy who had normal prenatal examinations in the
obstetrics outpatient clinic of the same hospital, and the exclusion
criteria were the same as those of the study group to ensure consistent
health conditions. This study was approved by the hospital ethics
committee (approval number: KY2022052003.0), and all participants
signed informed consent.

The demographic characteristics of each pregnant woman,
including BMI and the proportion of primiparas, were recorded
through the hospital LIS system. Venous blood was drawn to test
CBC, D-dimer and vitamin D levels. CBC was performed using the
6800PLUS fully automatic blood cell analysis system produced by
Shenzhen Mindray Company, and blood samples using

TABLE 1 General information comparison of research subjects.

Age (years)

Research group 30.63 £ 4.45 160.24 + 38.76
control group 29.77 £ 4.51 163.23 £ 77.75
t/X2 1.73 -0.574

P 0.086 0.567
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ethylenediaminetetraacetic acid (EDTA) were collected. The samples
were analyzed within 1 hour after collection to prevent platelet swelling
and result bias.

Plasma D-dimer was detected using latex turbidimetry, using
the Sysmex EX810 fully automatic coagulation analyzer and
supporting reagents. Vitamin D (25(OH)D) was determined using
chemiluminescence immunoassay, using the Mindray 2000i fully
automatic biochemical analyzer and supporting kits produced by
Shenzhen Mindray Bio-Medical Electronics Co., Ltd. All
measurements were strictly performed in accordance with the
manufacturer’s instructions, and corresponding quality control
was performed.

2.1 Statistical analysis

Statistical analysis was performed using SPSS 25 software. The
Kolmogorov-Smirnov normality test was used for the normal
distribution of continuous variables. Continuous variables were
expressed as mean * standard deviation (SD) or median
(percentile 25, 75) and compared using unpaired Student’s t test
or nonparametric Mann-Whitney test. Categorical variables were
expressed as counts and percentages and compared using the 2 test
or Fisher’s exact test. Binary logistic regression was used to analyze
the influencing factors of gestational hypertension, and ROC curves
were used to analyze the diagnostic efficacy of these indicators for
gestational hypertension, with P < 0.05 as statistically significant.

3 Results

3.1 Demographic characteristics and
clinical symptoms

A total of 180 pregnant women were included in this study,
divided into 90 patients with gestational hypertension (research
group) and 90 healthy pregnant women undergoing prenatal care
(control group). We compared demographic characteristics such as
age, days of gestation, and proportion of primigravida between the
two groups. The results showed that there was no significant
difference in these basic characteristics between the two groups
(see Table 1), which laid the foundation for the comparison of
subsequent experimental data, allowing the data of different groups
to be effectively compared.

BMI Primiparous women [cases (%)]
589 +52 52 (57.78)
60.2 + 4.3 49 (54.44)

-0.825 0.207

0411 0.648
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3.2 Laboratory results

We compared the biochemical indicators of the study group
and the control group and found that the 25-hydroxyvitamin D
level of the study group was significantly lower than that of the
control group [17.46 (12.35, 22.98) vs 27.77 (26.36, 29.24), P <
0.001]. This result shows that vitamin D deficiency is common in
patients with gestational hypertension, which may be related to the
pathogenesis of gestational hypertension. In addition, the D-dimer
([1.49(1.05,2.46) vs 1.2(0.91,1.7), P=0.002]), PDW ([16.3(16,16.6)
vs 15.85(15.18,16.23), P <0.001]) and MPV ([9.6(9.1,10.65) vs 8.95
(7.9,10), P<0.001]) were significantly higher than the control group.
These results suggest that patients with gestational hypertension not
only suffer from vitamin D deficiency, but are also accompanied by
platelet function abnormalities and changes in coagulation status,
reflecting that the blood system of patients with gestational
hypertension may be in a hypercoagulable state. The results are

10.3389/fimmu.2025.1509719

shown in Table 2. The comparison between the two groups is shown

in Figures 1- 4.

3.3 Correlation analysis

Correlation analysis further revealed the relationship between 25-
hydroxyvitamin D and other blood indicators. Our results show that
there is a significant negative correlation between 25-hydroxyvitamin D
and D-dimer (r=-0.365, P<0.001), and a negative correlation with MPV
(r=-0.496, P<0.001). There is also a negative correlation with PDW (r=-
0491, P<0.001). These results suggest that reduced vitamin D levels
may lead to enhanced platelet activation and coagulation capacity,
thereby promoting the development of gestational hypertension.
Through these analyses, we can speculate that vitamin D deficiency
may be one of the important driving factors for the onset of gestational
hypertension. The results are shown in Table 3 and Figures 5-10.

TABLE 2 Comparison of VitD, D-dimer, MPV, and PDW between the study group and the control group.

25 hydroxyvitamin D

Platelet distribution Mean platelet

ng/mL width % volume fL
Research
group 90 17.46 (12.35,22.98) 1.49 (1.05,2.46) 16.3 (16,16.6) 9.6 (9.1,10.65)
U]
control group 90 27.77 (26.36,29.24) 1.2 (0.91,1.7) 15.85 (15.18,16.23) 8.95 (7.9,10)
VA -8.498 -3.074 -5.733 -3.771
P <0.001 0.002 <0.001 <0.001
50.00
40.00 *
[a]
£ 8
£
S
8
'S 30.00]
S
%
o
S
o
>
<
Q20007 8
*
10.00]
.00 T T
Control group Study group
Constituencies
FIGURE 1

Comparison of 25 hydroxyvitamin D levels between the study group and the control group.
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FIGURE 2
Comparison of PDW between the study group and the control group.
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FIGURE 3
Comparison of PDW between the study group and the control group.

3.4 Logistic regression ana[ysis hypertension, we performed multivariate logistic regression
analysis. The results showed that low levels of 25-hydroxyvitamin

To explore the independent effects of 25-hydroxyvitamin D, D- D (OR=0.43, 95% CI: 0.26-0.72, P=0.002), high D-dimer (OR=2.67,
dimer, PDW and MPV on the occurrence of gestational ~95% CI: 1.56-4.56, P<0.001), and increased PDW (OR=3.21, 95%
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FIGURE 4

Comparison of MPV between the study group and the control group.

TABLE 3 Correlation analysis of 25 hydroxyvitamin D with D-dimer, MPV, and PDW.

platelet distribution width

mean platelet volume

25-hydroxyvitamin D correlation coefficient -0.365** -0.496**

P <0.01 <0.01

** indicates that the correlation is significant at the 0.01 level.

-0.491**

<0.01

16.00 20.0

14.00 o

> 2
o
s g
10.00
8.00- [
10.01
0o
o
o o
6.00-] 8.0 o o
T T T T T T T T T T T
.00 10.00 20.00 30.00 40.00 50.00 .00 10.00 30.00 40.00 50.00
25-hydroxyvitamin D 25-hydroxyvitamin D
FIGURE 5 FIGURE 6
Scatter Plot of the Correlation between 25-Hydroxyvitamin D Scatter Plot of the Correlation between 25-Hydroxyvitamin D
and MPV. and PDW.
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6.007

5.00

D-dimer

T T T T T
.00 10.00 20.00 30.00 40.00 50.00

25-hydroxyvitamin D

FIGURE 7
Scatter plot of the correlation between 25-hydroxyvitamin D and
D-dimer.

CIL: 1.86-5.55, P<0.001) and MPV (OR=2.94, 95% CI: 1.68-5.14,
P<0.001) were all independent risk factors for gestational
hypertension, see Table 4. These findings reinforce our previous
hypothesis that these biomarkers play an important role in the

pathogenesis of gestational hypertension.

3.5 ROC curve analysis

Based on our previous results, in order to evaluate the effectiveness
of these biomarkers in gestational hypertension screening, we
performed ROC curve analysis. The results showed that the AUC of
25-hydroxyvitamin D was 0.82, the AUC of PDW was 0.75, and the

6.007
o
5.007
4,00
o 8
5 o ° o
E 3.007
3
o
2,00
1.007]
007
T T
8.0 10.0 12.0 14.0 16.0 18.0 20.0
PDW
FIGURE 8

Scatter Plot of the Correlation between D-dimer and PDW.
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6.007

5.00

4.007
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D-dimer

2.007

1.007
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T T T T
6.00 8.00 10.00 12.00 14.00 16.00

FIGURE 9
Scatter Plot of the Correlation between D-dimer and MPV.

AUC of the combined index reached 0.89, indicating that it has good
diagnostic ability. In terms of sensitivity and specificity, the
performance of the combined index is particularly outstanding,
which means that the combination of these indicators in clinical
practice can more effectively identify patients with gestational
hypertension. The results are shown in Table 5, Figures 11, 12.

4 Discussion

Preeclampsia is a serious pregnancy complication with complex
etiology. Studies have shown that when the vitamin D level of
pregnant women is <50nmol/L, the concentration of placental

H
[=]
o
o o
12.07 o
o
o o
10.07
o o
o
o o
8.0 © <
T T T T T T
6.00 8.00 10.00 12.00 14.00 16.00
MPV
FIGURE 10

Scatter Plot of the Correlation between MPV and PDW.
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TABLE 4 Binary logistic regression analysis of the influencing factors of 25 hydroxyvitamin D, D-dimer, MPV, and PDW on the occurrence

of preeclampsia.

95% confidence interval of EXP (B)

Standard error Wald Significance Exp(B)
lower limit upper limit
25 hydroxyvitamin D -0.296 0.046 41.963 <0.001 0.744 0.68 0.813
D-dimer 0.796 0.221 12.985 <0.001 2217 1.438 3.419
Platelet distribution width 1.605 0368 18.99 <0.001 4977 2418 10.243
Mean platelet volume 0.468 0.125 13.944 <0.001 1.597 1.249 2.042

TABLE 5 ROC curve analysis of the diagnostic value of 25 hydroxyvitamin D,

Cutoff
value

Test
result variable

region

25 hydroxyvitamin D 0.867 24.95 0.822 0.944
D-dimer 0.633 1.98 0.367 0.889
Platelet 0.747 1595 08 0.556
distribution width
Mean platelet volume 0.663 9.15 0.744 0.556
Merge indicators 0.89 - 0.822 0.944

Sensitivity = Specificity

D-dimer, MPV, and PDW for preeclampsia.

95% asymptotic
confidence interval

Maximum
Yoden Index e upper

limit limit
0.766 <0.001 0.805 0.928
0.256 0.002 0.551 0.714
0.356 <0.001 0.677 0.817
0.3 <0.001 0.583 0.742

0.766 <0.001 - -

growth factor decreases, which is not conducive to fetal
development; vitamin D can also regulate the activity of immune
cells and inhibit the expression of cytokines such as macrophages
and monocytes. Pregnant women with gestational hypertension
have higher levels of inflammatory factors, and vitamin D can

, ROC curves
.0
0.8
> 0.67
2
=
7}
c
®
0.4
0.2
0.0 T T T T
0.0 0.2 0.4 0.6 0.8 1.0
1 - Specificity
FIGURE 11
ROC curve analysis of specificity and sensitivity of 25
hydroxyvitamin D.
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promote the production of anti-inflammatory factors and play a
certain anti-inflammatory role (23-25). Vitamin D plays an
important role in the etiology and pathophysiology of
hypertensive diseases during pregnancy. Our research results
support this view, pointing out that there is a clear association
between 25-hydroxyvitamin D deficiency and increased coagulation
activity and changes in platelet function. Vitamin D deficiency may
lead to endothelial cell dysfunction, thereby increasing platelet
activation and coagulation tendency, forming a vicious cycle of

, ROC curves
” Curve source
— D-dimer
— PDW
l_J MPV
0.8 — Joint indicators
Guides
z. 0.6
2
®
c
[
@ 0.4
0.27
0.0 T T T T
0.0 0.2 0.4 06 0.8 1.0
1 - Specificity
FIGURE 12
ROC curve analysis of specificity and sensitivity of D-dimer, MPV,
and PDW.
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the development of gestational hypertension. Many studies have
shown that vitamin D supplementation during pregnancy can
reduce the incidence of hypertensive diseases during pregnancy in
people with vitamin D deficiency and is related to the severity of the
disease (26, 27), but there is controversy as to whether vitamin D
supplementation during pregnancy can improve pregnancy
complications and adverse fetal outcomes (28-30).

As a marker of fibrinolysis, elevated levels of D-dimer are
usually associated with an increased risk of thrombosis. In our
study, the negative correlation between 25-hydroxyvitamin D and
D-dimer suggests that low vitamin D levels may lead to
overactivation of the coagulation system, thereby increasing the
incidence of thrombosis in patients with gestational hypertension.
This result is consistent with existing literature (31, 32) and further
emphasizes the importance of monitoring D-dimer levels in
pregnant women in order to identify potential risks of gestational
hypertension early. In addition, HDP patients are often in a chronic
diffuse vascular coagulation or prothrombotic state, and dynamic
observation of patients’ platelet parameters and coagulation
indicators can help reduce the incidence of thrombotic
complications (33-35).

Studies have found that vitamin D can inhibit platelet
aggregation through endothelial cells. Compared with platelets
incubated with untreated endothelial cells, platelets in direct
contact with umbilical vein endothelial cells incubated with 1o,
25-dihydroxyvitamin D3 showed lower activation (36). Lower
vitamin D levels in the blood are associated with higher platelet
reactivity. Lower vit D levels lead to lower VDR expression, thereby
reducing PLT activation (37). Our results complement this view.
The reduction in 25-hydroxyvitamin D levels is negatively
correlated with both MPV and PDW, reflecting the role of
vitamin D in regulating platelet function and inhibiting
inflammation. Vitamin D deficiency may aggravate the
pathophysiological changes of pregnancy-induced hypertension
by promoting platelet activation and inflammatory response.

In view of our findings, joint detection of 25-hydroxyvitamin D
and other blood indicators can significantly improve the diagnostic rate
of gestational hypertension, indicating broad prospects for clinical
application. It is recommended that clinicians consider these
biomarkers as early screening tools. In this study, the 25-
hydroxyvitamin D level in the pregnancy-induced hypertension
group was 17.46 (12.35, 22.98) ng/ml. According to the “Crowd VD
Deficiency Screening Method (WS/T ~ 677- 2020)” released by China
in 2020, serum (or plasma) 25 (OH) D > 20 ng/mL is considered
normal VD, 12~<20ng/mL is considered VD insufficiency, and <12ng/
mL is considered VD deficiency. It can be seen that the 25-
hydroxyvitamin D level in the pregnancy-induced hypertension
group is generally insufficient, and some have even reached the level
of deficiency, far below the lower limit of the normal level of 20ng/ml,
which is a more serious vitamin D deficiency. It is generally believed
that the serum 25-hydroxyvitamin D concentration is maintained at
20~50ng/ml as a relatively safe range. Within this range, the body’s
various physiological functions can be well maintained, which is
beneficial to the health of pregnant women and fetuses. However,
the vitamin D levels in the pregnancy-induced hypertension group in
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this study deviated significantly from this safe range, indicating that
vitamin D deficiency is not only common but also severe in patients
with pregnancy-induced hypertension. Check pregnant women’s
vitamin D levels regularly during pregnancy and supplement when
necessary. By improving vitamin D status, it may be possible to reduce
the risk of pregnancy-induced hypertension. In addition, our data
provide a theoretical basis for vitamin D as a potential target for the
prevention and treatment of gestational hypertension, and future
clinical trials will help verify the effectiveness of vitamin D
supplementation for the prevention and management of
gestational hypertension.

The limitations of this study include a relatively small sample
size and a cross-sectional design that limits causal inference. To
more comprehensively evaluate the relationship between vitamin D
and gestational hypertension, large-scale prospective studies should
be conducted in the future to validate our findings and explore their
potential mechanisms. In addition, the optimal dose of vitamin D
supplementation and its efficacy in different populations need to be
further explored.

5 Conclusion

In summary, the significant correlation between 25-
hydroxyvitamin D and gestational hypertension-related blood
indicators reveals the important role of vitamin D in
hemodynamic regulation during pregnancy. Our study provides a
theoretical basis for vitamin D as a new strategy for the prevention
and treatment of pregnancy-induced hypertension. Future research
should further explore its mechanism and clinical application value.
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Since the beginning of COVID-19 pandemic, there has been a noticeable
increase in the consumption of vitamin D. Evidence accentuates the generation
of a pro-tolerogenic T helper 2 cell state with vitamin D, suppressing T
helper 1 inflammatory response. T helper 2 cell polarization is characteristic
of atopy. However, although the literature on vitamin D and atopy has yielded
controversial results, multiple studies have described an inverse relationship
between vitamin D levels and the severity of atopy, as well as an improvement of
the pathology with vitamin D supplementation. A different approach is offered
in the analysis of the immunological mechanisms by which vitamin D acts
in the human body, supporting its use as a promoter of homeostasis. In this
sense, vitamin D promotes a balanced state through the action of regulatory T
cells, controlling cytokines, both pro- and anti-inflammatory, and by reducing B
cell prolif eration and differentiation, thus preventing the possible development
of atopy.

KEYWORDS

atopy, vitamin D, T helper 2 cell, dendritic cells, regulatory T cells

1 Introduction

Coronavirus disease (COVID-19), caused by the SARS-CoV-2 virus, is an infectious
disease that has posed significant threats to global public health and resulted in millions of
deaths worldwide (1). Research indicates that a cytokine storm in COVID-19 is linked to
higher mortality rates and clinical worsening, with severe cases being attributed to elevated
levels of interleukin (IL)-1, tumor necrosis factor (TNF)-a, interferon (IFN)-y, and IL-6
).

Vitamin D deficiency is a widespread global health issue, with an estimated 50% of
the world’s population experiencing insufficient levels (3). This has led to a rise in the use
of vitamin D supplements. While the risk of toxicity from excessive intake is rare and
often underestimated, severe complications such as hypercalcemia, delayed teething, late
walking, bone demineralization, and pain have been reported as potential effects of vitamin
D toxicity (4-6). Since the beginning of the COVID-19 pandemic, studies have suggested
a link between vitamin D deficiency and a higher incidence of infection (7, 8) as well as
increased severity of COVID-19. As a result, the sale of vitamin supplements, including
vitamin D, has surged during the pandemic due to its potential prophylactic or therapeutic
benefits (9).
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2 Vitamin D’s biological role

Prohormone and vitamin D can be acquired through
endogenous production triggered by ultraviolet B radiation, dietary
sources, or supplements. Vitamin D plays a diverse regulatory role
in the human body (Figure 1), supported by evidence of its receptor
being present in various tissues (10). It serves as a key regulator
of mineral homeostasis, influencing the parathyroid glands, bones,
and intestines. Additionally, vitamin D has a wide range of other
biological functions, including significant effects on the immune
system (11).

3 Vitamin D and immune system
modulation

For this reason, vitamin D can influence both innate and
adaptive immunity, promoting the induction of monocyte and
macrophage signaling, particularly through antimicrobial peptides
like cathelicidins and B-defensin 2. Additionally, vitamin D inhibits
the activity of B and T cells, reduces levels of pro-inflammatory
cytokines such as IL-1, IL-6, and TNF-a, and suppresses antigen-
presenting cells like dendritic cells (11, 12). Research indicates
that vitamin D shifts the immune response from an inflammatory
T-helper (Th) 1-cell response to a pro-tolerogenic Th2 response,
halting cytotoxic T lymphocyte infiltration and increasing CD4+
CD25+ regulatory T cells (Tregs) (10). Th2 cells function by
releasing mediators and influencing the activity of other cells in
the immune system. Th2 cells are a subset of T-helper cells that
play a vital role in immune responses, particularly in allergic
reactions and the defense against parasitic infections. One of their
key functions is the production of IL-5, IL-13 and IL-4, cytokines
that are essential for the differentiation and activation of various
immune cells. IL-4 not only promotes the differentiation of naive
T cells into Th2 cells but also stimulates B cells to produce
immunoglobulin E (IgE), which is crucial in allergic responses.
Additionally, IL-4 helps in the activation of other immune cells,
such as macrophages and eosinophils, further amplifying the
immune response. The production of IL-4 by Th2 cells is tightly
regulated and is a hallmark of Th2-mediated immunity, making
it a critical cytokine in both normal immune function and in the
development of allergic diseases (13). This has raised concerns
about the potential development of atopy in individuals who
consume excessive amounts of vitamin D.

Atopy refers to a predisposition toward an exaggerated
immune response to allergens and antigens, characterized by
overproduction of IgE (14), state that can be obtained by two types
of hypersensitivity, type I and type IVD, of the many described. Type
I hypersensitivity, allergens trigger an immune response through
IgE and Th2 cells. The sensitization phase involves the activation
of antigen-presenting cells, leading to the production of allergen-
specific IgE by B cells. Type IVb hypersensitivity, driven by Th2
cells and eosinophils, contributes to chronic inflammation. In this

Abbreviations: COVID-19, coronavirus disease; IL, interleukin; TNF, tumor
necrosis factor; IFN, interferon; Th, T-helper cell; Tregs, T regulatory cells;
IgE, immunoglobulin E; ILC2, group 2 innate lymphoid cells; AD, atopic
dermatitis.
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response, IL-4, IL-5, and IL-13 mediate IgE synthesis, eosinophil
recruitment, and tissue remodeling. Group 2 innate lymphoid
cells (ILC2) amplify the response and contribute to chronicity
by promoting eosinophil and basophil recruitment. The interplay
between Type I and Type IVb hypersensitivity, the named T2 high
phenotype, involves overlapping mechanisms such as eosinophil
activation, barrier dysfunction and IgE production, which drive
persistent tissue damage and chronic allergic inflammation (15).

Scrutinizing with the aforementioned, vitamin D suppresses
the maturation, differentiation, and survival of dendritic cells. It
also reduces the expression of major histocompatibility complex
type II and costimulatory receptors CD40, CD80, and CD86 (10),
which are typically elevated in atopic conditions (16), thereby
impairing T cell interaction and activation. Furthermore, vitamin D
decreases the proliferation and differentiation of B cells, including
their tendency to produce IgE. Additionally, this vitamin promotes
the development of regulatory T-lymphocytes (11), which can
enhance immune tolerance by increasing the production of IL-10
and transforming growth factor p (16).

3.1 Vitamin D and atopic diseases

Debates have emerged about the potential effects of vitamin
D and its relationship to the severity of atopic diseases. However,
some researches support the notion that insufficient vitamin
D levels are associated with heightened atopic dermatitis (AD)
severity, and correcting this deficiency through supplementation
may lessen symptom severity (17-20).

Vitamin D  supplementation
benefits for AD,
immunomodulatory effects on T2 inflammation. Borzutzky

demonstrates  clinically

meaningful particularly  through its
et al’s (18) pivotal randomized controlled trial revealed that high-
dose weekly vitamin D (50,000 IU) not only reduced AD severity
scores but also significantly lowered IL-13 levels and showed trends
toward decreased IgE. These findings provide direct evidence of
vitamin D’s ability to downregulate key T2 immunity biomarkers,
offering a mechanistic explanation for its therapeutic effects. The
immunomodulatory potential is further supported by Ng and
Yew’s (19) meta-analysis, which found the strongest treatment
effects in patients with baseline vitamin D deficiency, a population
known to exhibit exaggerated T2 immune responses. The studies
collectively suggest that vitamin D supplementation may help
restore immune balance in AD by suppressing Th2-mediated
inflammation, particularly in pediatric and deficient populations
where this pathway is most active.

The clinical benefits of vitamin D extend beyond biomarker
modulation to measurable improvements in disease severity and
patient outcomes. Both Ng and Yew’s meta-analysis (19) and
Borzutzky’s (18) trial reported statistically significant reductions
in standardized AD severity scores with supplementation, with
effect sizes comparable to some conventional therapies. Notably,
the benefits appear dose-dependent, with Ng’s study showing
superior outcomes at >4,000 IU/day and Borzutzky’s regimen
demonstrating rapid efficacy at pharmacologic weekly doses (18,
19). While Nielsen et al. (20) caution against universal application
due to heterogeneous responses, their subgroup analyses still
support vitamin D’s utility in deficient patients. From a clinical
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FIGURE 1
Vitamin D (VD) synthesis and its effects. VD is obtained through the skin production or by alimentary consumption. a) 7-dehydrocholesterol, which
can be transformed to cholesterol (24); b,c) converts to previtamin D3 (25, 26) through ultraviolet B radiation. d) Via spontaneous isomeration (24),
precholecalciferol changes to cholecalciferol. €) VD can be obtained from food, both of animal (cholecalciferol) and plant origin (ergocalciferol)
(27). f) Cholecalciferol is metabolized in the liver to 25-hydroxyvitamin D (28). g) The active form of VD, 1,25-dihydroxyvitamin D, is obtained in the
kidneys by the enzyme 25-Hydroxyvitamin D-1a-hydroxylase (which, in turn, is regulated by stimuli). c) Calcitriol has diverse effects on different
tissues (29).

perspective, these immunomodulatory and therapeutic effects
position vitamin D as a safe, low-cost adjunct therapy that may
reduce reliance on immunosuppressants in select AD populations,
while addressing the common comorbidity of vitamin D deficiency
prevalent in AD patients.

The prevention or absence of development of allergic or
atopic diseases in individuals who consume vitamin D may
be also attributed to the role of Tregs. There are various
reasons why vitamin D can explain its benefits in atopic
diseases, which are heterogeneous in nature. Nevertheless, it is
important to mention that the mechanism that can explain the
benefit of vitamin D supplementation is related to this vitamin’s
immunomodulatory effects that may indirectly suppress IL-4
production by inhibiting Th2 cell proliferation and promoting
Tregs function, by which they can possibly decrease levels of ILC2
(21). As previously mentioned, ILC2 cells are known to drive
T2 immune responses, which are central to the pathogenesis of
atopic diseases. The supplementation of vitamin D appeared to
modulate the immune system by diminishing the number and
activity of ILC2 cells, thus reducing inflammation and improving
the clinical symptoms of AD (18). The latter mentioned, Tregs,
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can inhibit the proliferation and activation of effector Th cells,
such as Th2 and Th17, while also restricting the functions and
migration of Thl, Th2, Th9, and Thl7 cells, including the
production of IFN-y (16, 18). As a result, Th2 cytokines are
suppressed (22) through the possible action of Tregs during atopic
conditions, affecting mast cells, IgE, basophils, and eosinophils (22
(Figure 2). Tregs exert their suppressive effects through inhibitory
cytokines and signaling molecules like CTLA-4. This receptor
plays an immunoregulatory role by preventing the interaction
between the CD28 costimulatory molecule on T cells and its
ligands, CD80 and CD86. However, recent studies indicate that
vitamin D supplementation during pregnancy or infancy does not
significantly impact the primary prevention of allergic diseases
(23).

4 Discussion

Vitamin D plays a critical role in supporting immune
homeostasis, acting as a modulator of both the innate and
adaptive immune systems. By enhancing the possible activity of
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FIGURE 2

Immunological behavior of atopy as a disease and with vitamin D consumption. (A) Immune system in atopy. T helper (Th)-2 cells, an atopy feature,
a) release cytokines such as interleukin (IL)-4, that inhibits Th1l cells generation (b), IL-5, IL-10, and IL-13. Likewise, there is a notable elevation of
antigens presentation, CD80/CD86 expression, major histocompatibility complex Il (MHCII) action, immunoglobulin E (IgE) production, mast cell
(MC) release, and eosinophils (EOS) activation. c) Also, group 2 innate lymphoid cells (ILC2) are triggered by cytokines released from epithelial cells,
known as alarmins, including IL-25, IL-33, and thymic stromal lymphopoietin (TSLP). Once activated, they secrete significant amounts of type 2 (T2)
cytokines, such as IL-5 and IL-13, which further enhance the T2-cell response (15). (B) Possible Vitamin D’s (VD) regulatory mechanisms in atopy. d)
VD may regulate atopy's hyperresponsiveness through T regulatory cells (Tregs) differentiation (10), e) possibly inhibiting ILC2 (21) and f) suppressing
EOS and impeding Thl and Th2 functions, which regulates cytokines of the latter. g) Additionally, VD suppresses dendritic cells (DC), h) and B cell
differentiation (30), reducing antibody production, including IgE, and antigen presentation.
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Tregs, vitamin D helps to suppress the overproduction of pro-
inflammatory cytokines and shift immune responses toward a more
balanced state. This not only aids in reducing inflammation but also
promotes the production of antimicrobial peptides, providing an
enhanced defense against infections.

However, while vitamin D offers several immune benefits,
concerns have been raised regarding its excessive intake,
particularly in relation to the development of allergic or atopic
conditions. Despite vitamin D’s role in shifting immune responses
from Thl to Th2 pathways, which theoretically could contribute
to atopy, no concrete evidence has supported this hypothesis.
On the contrary, vitamin D seems to promote immune tolerance
and reduce the likelihood of allergic reactions by regulating and
enhancing Treg activity and cytokine production.

Vitamin D remains a crucial factor in immune regulation,
benefits,
particularly in the context of infectious diseases. However, its

offering potential therapeutic and prophylactic
effects on allergic disease prevention and atopy development are
still inconclusive, caution should be taken regarding excessive
supplementation. As research continues to evolve, public health
strategies should focus on maintaining adequate vitamin D
levels, ensuring a balance between deficiency prevention and
avoiding the risks associated with hypervitaminosis D. Ultimately,
vitamin D supplementation should be tailored to individual needs,
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considering factors such as baseline levels, health status, and
environmental exposure to sunlight.

In conclusion, vitamin D supports immune homeostasis
by enhancing the activity of Tregs. As a result, the potential
development of atopic diseases, which might arise from an
assumed rise in Th2 lymphocytes, is likely prevented through the
consumption of this vitamin. It is important to mention that the
direct mechanism by which ILC2 activity may be decreased by
consuming vitamin D is unknown, therefore this panorama should
be studied in the future for a better understanding of the possible
benefit of vitamin supplementation and atopy.
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Suramin blocked hCAP18/
LL-37-induced macrophage
recruitment and M2 polarization
to enhance the therapeutic
efficacy of 1,25(0OH),D; against
hepatocellular carcinoma in vitro
and in vivo mouse model

Huidan Zhang, Wenjing Xie, Wenliang Duan, Xueli Yuan,
Yaxin Yang, Qin Chen, Yigiang Zhu and Yuqing Chen*

Jiangsu Province Key Laboratory for Molecular and Medical Biotechnology, Life Sciences College,
Nanjing Normal University, Nanjing, China

Background: 1,25(0OH),D; supplementation alone does not provide sufficient
benefit to hepatocellular carcinoma (HCC) patients in clinical trials. Tumor-
associated macrophages (TAMs)-mediated immunosuppression is regarded
as a major hurdle for the effectiveness of several treatments. Previous studies
revealed that hCAP18/LL-37 was an important factor which directly suppresses
the anticancer activity of 1,25(0OH),D; on HCC cells. However, whether TAMs
contribute to the limited clinical efficacy of 1,25(0OH),Ds through hCAP18/LL-37
remains unclear.

Methods: Co-culturesystemsofHCCcells (PLC/PRF-5,Huh7) with THP-1-derived
macrophages and co-xenograft mouse models were established. Anticancer
activity was evaluated in vitro and in vivo mouse models using standard assays.
Mechanistic investigations utilized gRT-PCR, Western blot, flow cytometry,
ELISA, and immunohistochemistry. Therapeutic efficacy of 1,25(OH),Ds/suramin
combination was assessed in co-xenograft and N-Nitrosodiethylamine (DEN)/
Carbon tetrachloride (CCl,)-induced HCC models.

Results: 1,25(0OH),D; (200-500 nM) promoted macrophage recruitment, M2
polarization, Akt/mTOR signal and STAT3 signal activation in HCC/macrophage
co-culture systems. This effect was mediated by 1,25(0OH),D;-induced hCAP18/
LL-37 overexpression, which facilitated TAM infiltration and M2 reprogramming.
Suramin, a potent LL-37 inhibitor, abrogated these immunosuppressive effects
by blocking LL-37 internalization, restoring M1 polarization and suppressing Akt/
mMTOR and STAT3 pathways. Notably, 1,25(0OH),Ds/suramin combination therapy
synergistically inhibited HCC proliferation, colony formation, and invasion in vitro.
In xenograft models and DEN/CCl,-induced HCC models, suramin enhanced
1,25(0OH),Ds's efficacy by promoting M1 polarization, increasing intratumoral
M1/M2 ratios, reducing tumor growth, and diminishing macroscopic nodules.

Conclusion: The 1,25(0OH),D;-LL-37-TAM axis drives immunosuppression in
HCC by modulating macrophage phenotypes. While suramin potently disrupts
this axis, blocking LL-37-mediated TAMs recruitment and M2 polarization, while
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promoting antitumor M1 phenotype responses. These findings highlight suramin
as a promising adjunct to 1,25(0OH),D;-based immunotherapy for HCC.

KEYWORDS

1,25(0OH),Ds, hCAP18/LL-37, suramin, hepatocellular carcinoma, macrophage

1 Introduction

Hepatocellular carcinoma (HCC) is among the five most common
cancers and the third leading cause of cancer-related deaths
worldwide. Scientists estimate that 1.4 million people could
be diagnosed with liver cancer and 1.3 million people will die from
the disease in 2040 (1). Currently, tyrosine kinase inhibitors, including
two first-line therapies (sorafenib and lenvatinib) and three second-
line therapies (regorafenib, cabozantinib and ramucirumab), immune
checkpoint inhibitors (ICIs) and combination regimens with ICIs are
approved by the FDA (Food and drug administration) for HCC
systemic treatment (2, 3). Despite great breakthroughs in systemic
treatments, the majority of HCC patients still obtain limited benefits
(4). Therefore, there is an urgent need to develop more therapeutic
strategies and overcome the mechanism of tumor microenvironment
(TME) mediated drug resistance.

Tumor-associated macrophages (TAMs) are the most abundant
innate immune population in the TME of HCC, mediated
immunosuppression and is regarded as a major hurdle for the
effectiveness of several treatments (5). In addition to liver-resident
macrophages (Kupffer cells), most TAMs originate from circulating
monocytes that are recruited by chemotactic signals (cytokines and
chemokines) to the tumour sites, and subsequently are polarized into
different types of TAMs in the TME. TAMs predominantly exhibit
immunosuppressive M2-like phenotypes characterized by CD163/
Arg-1 expression and IL-10 secretion, which promote angiogenesis,
immunosuppression, and metastasis. Conversely, M1-like TAMs
expressing iNOS/TNF-a exert antitumor effects. The plasticity of
TAMs enables their reprogramming between these phenotypes,
making them pivotal regulators of treatment efficacy (6).

Vitamin D3 (1,25-dihydroxyvitamin D3; 1,25(OH),D;) has been
widely studied for its potential role in cancer treatment." Although
epidemiological studies report vitamin D deficiency in 90% of HCC
patients (7), and experimental studies also show 1,25(OH),D; a direct
anticancer role against HCC cells by inhibiting cancer cell
proliferation, promoting apoptosis and reducing angiogenesis (8),
clinical trials demonstrate limited efficacy of monotherapy (9, 10).
Recent studies have highlighted the immunomodulatory role of
1,25(0OH),D; in anti-tumor immunity and immunotherapy response
(11). In microbial infections and some inflammatory conditions,
1,25(0OH),D; promotes macrophage polarization toward an anti-
inflammatory M2 phenotype, thereby attenuating excessive immune
activation (12-14). Intriguingly, recent evidence also suggests that
1,25(0OH),D; may similarly enhance M2 polarization, potentially
facilitating metastasis in 4 T1 mammary carcinoma models (15),
raising concerns regarding its immunosuppressive potential within
the HCC TME.

1 www.clinicaltrials.gov
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Cathelicidin hCAP18/LL-37 is one of the most relevant vitamin
D receptor (VDR) regulated target genes in human immune cells (16).
This 16 kDa secreted protein undergoes proteolytic processing from
its 19 kDa precursor (pre-hCAP18) to yield the bioactive 4.5 kDa
LL-37 peptide (17). Substantial evidence demonstrates that
macrophage-derived hCAP18/LL-37 mediates both the antimicrobial
and immunomodulatory effects of 1,25(OH),D; during infection and
inflammatory conditions (18, 19). Our recent work identified
hCAP18/LL-37 as a tumor-promoting factor that stimulates HCC
proliferation and growth, thereby attenuating the anticancer efficacy
of 1,25(0OH),D; in mouse models (20). However, whether hCAP18/
LL-37 further enhances inhibition of 1,25(0OH),D5’s anticancer activity
through TAMs remains unknown.

Here, we investigate the role of the 1,25(OH),D;-LL-37-TAM axis
in HCC using in vitro co-culture systems and in mouse co-xenograft
models. We demonstrate that LL-37 enhances macrophage recruitment
and M2 polarization, key mediators of 1,25(OH),D;-induced
immunosuppression. Additionally, an old drug (suramin) synergized
with 1,25(OH),D; to suppress tumor growth, by reprogramming
immunosuppressive M1-TAMs into antitumor effectors. These
findings provide a mechanistic rationale for improving 1,25(OH),Ds-
based therapy via TAM-targeted combination strategies in HCC.

2 Materials and methods
2.1 Regents

We purchased Dulbeccos Modified Eagle’s Medium (DMEM),
RPMI 1640 Medium, IFN-y and IL-4 for cell culture from Gibco
(Thermo Fisher Scientific, USA). Lipopolysaccharide (LPS), phorbol
12-myristate 13-acetate (PMA), phenyl methane sulfonyl fluoride
(PMSE), phosphatase inhibitor, 0.1% crystal violet and BeyoClick™
EdU-555 kit were sourced from Beyotime (Nanjing, China). The
hCAP18/LL-37 (AS014), VDR (sc-13133), p-Akt (Serd73) (sc-514032),
Arg-1 (sc-271430), CD68 (sc-17832), CD163 (sc-20066), p-4EBP1
(Ser65) (sc-293124), MMP9 (sc-393859), iNOS (sc-7271), CD163
(sc-20066) antibodies were provided from Santa (Texas, USA). The
p-mTOR (Ser2448) (CY6571) and mTOR (P42345) antibodies were
purchased from Abways (Shanghai, China). The Akt (9272) and PCNA
(13110) antibodies were purchased from Cell Signaling Technology
(Massachusetts, USA). The p-STAT3 (AP0070), STAT3 (A1192),
p-actin (AC026) antibodies, horseradish peroxidase (HRP)-conjugated
anti-rabbit secondary antibody (AS014) and anti-mouse secondary
antibody (AS003) were purchased from ABclonal (Wuhan, China). The
LaminB1 (12987-1-AP) antibody was purchased from Proteintech
(Wuhan, China). Brilliant Violet 605™ anti mouse CD45 (103155),
PE-cy7-F4/80 (123114), Alexa Fluor® 488 anti-mouse/human CD11b
(101219), APC anti-mouse CD206 (141708), and Brilliant Violet 421™
anti-mouse CD86 (105032) antibodies were sourced from Biolegend
(Cal, USA). Additionally, TRIzol reagent, HiScriptIII RT SuperMix
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(+gDNA wiper), AceQ qPCR SYBR Green Master Mix and BCA
protein assay kit were purchased from Vazyme (Nanjing, China).
Suramin was purchased from MedMol (Shanghai, China). 1,25(0OH),D;
was purchased from MCE (New Jersey, USA). DAB kit was purchased
from Solarbio (Beijing, China). LipoPlus transfection reagent was
purhcased from Synthgene (Nanjing, China). Cytokines IL-10, TNF-a
and human cathelicidin LL-37 ELISA kits were purchased from DUMA
Technology (Shanghai, China). Calcitriol and N-Nitrosodiethylamine
(DEN) were sourced from Medchemexpress (New Jersey, USA).
Carbon tetrachloride (CCl,) was purhcased from Macklin (Shanghai,
China). DNase I was purchased from Sigma (Darmstadt, Germany).

2.2 Cell lines, cell culture, and transfection

THP-1, PLC/PRF-5, Huh7 cells were purchased from Shanghai
Institute of Cell Biology, Chinese Academy of Science. THP-1 cells
were cultured in RPMI 1640 medium. Huh7, PLC/PRF-5 cells were
maintained in DMEM. LL-37 peptide was synthesized by Synpeptide
Inc. (Nanjing, China). pRNAT-U6.1-GFP and pcDNA3.0-Flag
expression vector were kept in our laboratory. All primers were
synthesized by General Biol (Anhui, China) and listed in the
Supplementary Table S1. LL-37 coding sequences (GenBank accession
no. 820) were amplified by qRT-PCR from mRNA of PLC/PRE-5 cells
using Oligo dT,; that incorporated BamHI and Xbal restriction sites,
and then inserted into pcDNA3.0 via BamHI/Xbal restriction sites to
generate the pcDNA3.0"¥. The sequence (5-GTCCAGAGAAT
CAAGGATT-3') specifically targets the encoding LL-37 of CAMP
gene (si-LL-37) and negative control siRNA (scrambled siRNA,
si-control) were synthesized by General Biol, respectively. si-LL-37 was
specifically transfected into HCC cells (PLC/PRF-5 or Huh7) using
LipoPlus transfection reagent. Briefly, HCC cells were seeded in 6-well
plates (2 x 10°cells/well) and transfected with si-LL-37 (or scrambled
siRNA control) for 48 h, then co-cultured with macrophages to
conduct the functional assays. LL-37-overexpressed HCC cells were
constructed by transfection with pcDNA3.0"* vectors using LipoPlus
transfection reagent. Conditioned medium (CM) was obtained by
collecting supernatants after filtration through 0.22 pm pore size
membranes. CM was mixed with fresh RPMI 1640 or DMEM medium
at a ratio of 1:1 (CM/fresh medium).

2.3 M1 and M2 macrophage polarization
induction

M1-type and M2-type macrophages were induced from THP-1 as
described previously (21). Briefly, THP-1 cells were differentiated into
an intermediate stage MO by stimulation with 100 ng/mL PMA for
24 h. For M1 macrophage polarization, 100 ng/mL LPS and 20 ng/mL
IFN-y were added to M0 macrophages for 48 h. For macrophage M2
polarization, 20 ng/mL IL-4 was added to MO macrophages for 48 h.

2.4 Transwell recruitment assay and
invasion assay chemotaxis

A co-culture system of macrophages and HCC cells (PLC/PREF-5,
Huh?7) was established using 24-well transwell plates with transwell
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chambers with 8-pm poresize (Biofil, Guangzhou, China). HCC cells
or macrophages were seeded in the bottom chamber, while
macrophages or HCC cells were cultured in the upper chamber. For
transwell recruitment assay, 1x10° MO macrophages were
resuspended in 200 pL of 1% FBS RPMI 1640 medium and plated in
the upper chamber of a 24-well plate. 1 x 10° HCC cells were placed
the lower chamber. For invasion assay, the transwell chambers were
coated with 100 pL of 1:8 diluted Matrigel and incubated at 37°C for
4 h. The HCC cells (0.5-1 x 10° cells) were cultured in the upper
chamber and macrophages (0.5-1 x 10° cells) were cultured in the
bottom chamber. After different treatments for 48 h, the cells in the
upper chamber were fixed with 4% paraformaldehyde (PFA) for
15 min and then stained with 0.1% crystal violet for 20 min. The
non-migrated cells in the upper chamber were removed with a cotton
swab, and migratory cells were observed with a microscopy. Four
random visual fields in each well were visualized under a microscope
for cell counting. After elution with 33% glacial acetic acid, cells were
detected at 570 nm. Each independent experiment was repeated
four times.

2.5 Western blot assay

Protein lysates from isolated tissues or cultured cells were
extracted using RIPA buffer containing PMSF and phosphatase
inhibitors. The protein concentration was determined by BCA protein
assay Kkits. Protein (20 pg) was separated by SDS-PAGE, and then
transfered to a PVDF membrane (Millipore, Darmstadt, Germany).
After blocking, the membranes were incubated with primary
antibodies specific to hCAP18/LL-37, VDR, p-Akt (Ser473), Arg-1,
CD68, CD163, p-4EBP1 (Ser65), MMP9, iNOS, p-mTOR (Ser2448),
mTOR AKkt, f-actin, p-STAT3 (Tyr705), STAT3 or LaminB1 overnight
at 4°C. Subsequently, the PVDF membranes were incubated with
horseradish peroxidase (HRP)-conjugated anti-rabbit secondary
antibody or anti-mouse secondary antibody for 1h at room
temperature. Membranes were incubated with ECL substrate and the
targeted proteins were visualized with a chemiluminescence imaging
system (Tanon, China).

2.6 Quantitative real-time PCR (qRT-PCR)

Total RNA was extracted from cells using TRIzol reagent and
c¢DNA was synthesized using HiScriptIII RT SuperMix with Oligo
(dT),s/random hexamer primers. qPCR was performed on Thermal
Cycler 96-well Real-Time PCR Detection System (Thermo scientific,
MA, USA) with AceQ qPCR SYBR Green Master Mix. Gene
expression was normalized to f-actin and calculated using the 2744
method. All primers were synthesized by General Biol (Anhui, China)

and listed in the Supplementary Table S2.

2.7 EdU incorporation assay

Cell proliferation was assessed using the BeyoClick™ EdU-555
Kit following the manufacturer’s protocol. Briefly, after different
treatments, cells were incubated with 10 pM EdU for 2 h, fixed with
4% PFA for 15 min and permeabilized with 0.2% Triton X-100 for
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15 min. Then Cells were incubated with Click Addictive Buffer for
30 min at room temperature (protected from light). After washing
with PBS, cells were stained with 4’,6-diamidino-2-phenylindole
(DAPI) at a concentration of 10 pg/mL for 15 min to visualize nuclei.
More than five random fields per well were quantified as a percentage
of EdU-positive cells.

2.8 Colony formation assay

Cells were seeded in 12-well plates and cultured in either standard
DEME (control) or conditioned medium (CM:DMEM = 1:1). After
10 days of culture, cells were fixed with 4% PFA for 15 min and then
stained with 0.1% crystal violet for 20 min. Colonies were
photographed and counted. Each independent experiment was
repeated four times.

2.9 Confocal laser scanning microscopy

PLC/PREF-5 and macrophages were incubated with FITC-labeled
LL-37 (1 pM), suramin (5pM) alone or combination (1 pM
LL-37 + 5 pM suramin) for 30 min in the dark. After washing, the
cells were incubated with DAPI (5 pM) for 15 min in the dark,
followed by washing with PBS. Cells were observed using a Nikon
Ti-E-A1R confocal microscope (Tokyo, Japan).

2.10 Subcutaneous xenograft tumor model

Male Balb/c nude mice (4-6weeks old, 18.0+2.0g;
GemPharmatech, China) were housed under SPF conditions. All
procedures were approved by Nanjing Normal University’s Ethics
Committee (IACUC-20220218). Two models were established: PLC/
PRE-5 cells (6 x 10°) were injected subcutaneously (n=10) to
establish HCC xenograft model, and PLC/PRE-5 (6 x 10°) plus M0
macrophages (1.5 x 10°) were injected subcutaneously to establish
HCC/macrophage co-xenograft model (n = 40). At tumor volumes of
50-100 mm?, co-xenograft mice were randomized into four treatment
groups (n = 8/group): (1) PBS group, (2) 1,25(0OH),D; group (a dose
of 0.5 pg/kg/per day), (3) suramin group (10 mg/kg twice a week), and
(4) combination therapy 1,25(OH),D;/suramin group. Tumor volume
was calculated using the formula V = ab*/2, where “a” and “b” are
tumor dimensions at the longest and widest points, respectively. The
mice were sacrificed by isoflurane/cervical dislocation. Tumors were
excised, weighed, and the inhibition rate calculated as: (TW_ oo —

TWTreatment) /TWcontrol x 100%.

2.11 Immunofluorescence and
immunohistochemistry microscopy
observation

For IF assay, cells platedon glass slides were fixed (4% PFA),
permeated (1% Triton X-100), and blocked (5% BSA, 37°C, 1 h). Then
the slides were incubated with indicated promary antibodies at 4°C
overnight, followed by incubating with fluorescence-conjugated
secondary antibodies at room temperature for 1 h. Slides were stained
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with DAPI for 15 min to visualize nuclear DNA. After washing, cells
were imaged with a Ti-E-A1R confocal laser microscope. For IHC
assay, paraffin-embedded tissue sections were prepared as previously
described (20). After repairing antigen with boiled Ethylene Diamine
Tetraacetic Acid (EDTA) solution and quenching endogenous
peroxidase with 3% H,O,, the sections were incubated by primary
antibodies CD163, hCAP18/LL-37, Arg-1, iNOS, PCNA at 4°C
overnight. After washing, the sections were incubated with
HRP-conjugated goat anti-rabbit IgG or HRP-conjugated goat anti-
mouse IgG secondary antibody for 1 h at room temperature. Finally,
the sections were visualized with DAB kit, counterstained with
hematoxylin, dehydrated and examined by an Olympus IX51
fluorescence microscope. Approximately 4-6 fields were randomly
selected for each sample. Data were collected from 4 to 6
independent experiments.

2.12 Enzyme-linked immunosorbent assay
(ELISA)

Cytokines (IL-10 and TNF-a) levels in the culture supernatant
was quantified using the commercial ELISA kits. Mouse blood was
collected and centrifuged at 1500 rpm for 10 min to collect serum.
Serum level of hCAP18/LL-37 was determined by human cathelicidin
ELISA kit. All assays followed manufacturers’” protocols.

2.13 DEN/CCl,- induced HCC mouse
model

Male C57BL/6 mice (3-weeks-old) were purchased from
GemPharmatech Co. Ltd. and maintained under SPF conditions.
Animal procedures and experimental methods were approved by the
Ethics Committee of Nanjing Normal University (JACUC-2024210).
To establish a HCC model, mice received intraperitoneal injections of
DEN at 50 mg/kg biweekly for 4 weeks, followed by CCl, dissolved in
olive oil (1:4) administered intraperitoneally biweekly for an additional
16 weeks. After the successful construction of the model, the mice
were randomly divided into 4 groups (1 = 8 per group): (1) PBS group,
(2) 1,25(0OH),D; group (a dose of 0.5 pg/kg per day), (3) suramin
group (10 mg/kg twice a week), and (4) combination therapy
(1,25(0OH),D;/suramin) group. All treatments were initiated post-
model confirmation and continued for 3 weeks. The mice were
sacrificed by isoflurane/cervical dislocation, livers were excised,
weighed. and macroscopic nodules (>1 mm) counted for flow
cytometry analysis.

2.14 Flow cytometry analysis

Tissues were enzymatically dissociated into single-cell suspensions
using Hank’s Balanced Salt Solution (HBSS) containing 1 mg/mL
collagenase and 50 pg/mL DNase I at 37°C for 30 min. After erythrocyte
lysis and 70-pm filtration, cells were resuspended in PBS containing 3%
FBS for Fc receptor blocking (10 min). The following primary antibodies
were incubated for 30 min: Brilliant Violet 605™ anti mouse CD45,
PE-cy7-F4/80, Alexa Fluor® 488 anti-mouse/human CD11b, APC anti-
mouse CD206, or Brilliant Violet 421™ anti-mouse CD86 antibodies.
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Additionally, cells from xenograft tumor were stained with mouse anti-
human CD163 antibody at 4°C overnight. After washing with PBS, cells
were incubated with Alexa Fluor® 488-conjugated mouse IgG secondary
antibody at 4°C for 1 h. Flow cytometry was performed using a Cytek®
NL-CLC full spectrum flow cytometry (CYTEK, CA, USA). Data were
analyzed using FlowJo 10.8.1 software (TreeStar, Inc.).

2.15 Statistical analysis

Experiments were independently repeated 4-6 times with
biological replicates. Data are expressed as means + SEM. Two-tailed
Student’s t-test for pairwise comparisons and one-way ANOVA
followed by Tukey’s test for multiple group comparisons were used to
determine the significance of differences. All statistical analyses were
performed using GraphPad Prism 6 (La Jolla, CA). p-value < 0.05 was
considered statistically significant.

3 Results

3.11,25(0OH),D; enhances macrophage
recruitment/M2 polarization associated
with LL-37 level

THP-1-derived MIl-type and M2-type macrophages were
identified by the classical M1-type markers (iNOS) and M2-type
markers (CD163, Arg-1), respectively (Figures 1 A-C). Subsequently,
we established a HCC/macrophage co-culture system to investigate the
effect of 1,25(OH),D; on macrophage recruitment and polarization.
THP-1-derived MO macrophages were cultured in upper inserts, while
HCC cells (PLC/PRF-5/Huh7) were seeded in lower chambers.
Transwell recruitment assays revealed that 1,25(OH),D; treatment
(200-500 nM) significantly enhanced macrophage recruitment to
HCC cells (p < 0.001) (Figure 1D). Notably, siRNA-mediated LL-37
knockdown (si-LL-37) completely abolished this chemotactic response
(p < 0.001), confirming LL-37 as the critical mediator. Furthermore,
1,25(0OH),D; treatment significantly upregulated canonical M2
polarization markers (Arg-1 and CD163, p < 0.001) in co-cultured
macrophages (Figure 1E), suggesting an increase of M2 polarization
induced by 1,25(0OH),D;. However, this pro-tumorigenic polarization
was entirely negated by si-LL-37 pretreatment, confirming the essential
role of LL-37 in mediating 1,25(OH),D;-dependent macrophage
reprogramming. Functional analyses demonstrated that, combined
treatment with si-LL-37 significantly enhanced 1,25(OH),D;-induced
the suppression of HCC cell proliferation, colony formation, and
invasion through Matrigel in co-culture models (p <0.001)
(Figures 1F-H). These results demonstrate that 1,25(OH),D; enhances
macrophage recruitment and M2 polarization, as well as limits the
anticancer activity of 1,25(OH),D; in HCC/macrophage co-culture
model, while LL-37 as the critical mediator during these processes.

3.2 LL-37 stimulates macrophages
recruitment and M2 polarization in vitro

To elucidate the mechanisms by which si-LL-37 inhibited
1,25(0OH),D;-mediated macrophage recruitment and M2 polarization,
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we first investigated the impact of 1,25(0OH),D; treatment on hCAP18/
LL-37 levels in HCC/macrophage co-culture systems. Here,
we confirmed that 1,25(0OH),D; (200 nM, 24 h) significantly upregulated
secreted hCAP18/LL-37 protein levels in both THP-1 and MO
macrophages (p < 0.05) (Figure 2A). In HCC/macrophage co-cultures,
1,25(OH),D; treatment resulted in ~ 4 fold induction of secreted LL-37
protein (Figure 2B) and 3 ~ 4 fold increase in CAMP mRNA (p < 0.001)
(Figure 2C). Mechanistic investigations revealed that 1,25(OH),D;
induced nuclear translocation of VDR in both PLC/PRF-5 and
macrophages (Figure SIA). ChIP-PCR assay and dual luciferase
reporter gene assay demonstrated direct VDR binding to the vitamin D
response element (VDRE) in the CAMP promoter, driving
transcriptional activation in both cell types (Supplementary
Figures S1B,C). These findings establish VDR-mediated transcriptional
regulation of hCAP18/LL-37 in HCC cells and macrophages.

Subsequently, we investigated the effect of LL-37 on macrophage
recruitment and polarization. MO macrophages were cultured in
upper inserts, while HCC cells (PLC/PRF-5/Huh7 wild-type or their
LL-37-overexpressing/knockdown derivatives) were seeded in lower
chambers. Chemotaxis assay revealed that LL-37-overexpressing HCC
cells (PLC/PRF-5"-¥7"hieh and Huh7"-"™e") significantly enhanced
macrophage recruitment compared to control (p < 0.001) (Figure 2D),
whereas LL-37-knockdowned HCC cells (PLC/PRF-5"-3% and
Huh7"-¥"%)  showed markedly reduced recruitment capacity
(p < 0.05). The effect of LL-37 on M2 polarization was also detected
by M2-type markers (Arg-1 and CD163) levels using exogenous
addition of LL-37. Similar to the IL-4 induction, LL-37 significantly
increased the levels of M2 markers in macrophages (p < 0.01)
(Figure 2E). Flow cytometry further demonstrated that CD163 (Alexa
Fluor® 488 conjugate) fluorescence was increased approximately
double higher after LL-37 treatment (p < 0.001) (Figure 2F). Together,
these results suggest that LL-37 stimulates the recruitment and M2
polarization of THP-1 derived macrophages in vitro.

3.3 Akt/mTOR and STAT3 signals mediate
LL-37-stimulated M2 macrophage
polarization

To elucidate the signal mechanisms driving LL-37-mediated M2
polarization, we investigated the regulatory role of the Akt/mTOR and
STAT3 signaling pathways. Exogenous LL-37 treatment (100 ng/mL,
48 h) induced significant upregulation of M2 markers (CD163/Arg-1)
and MMP9, accompanied by marked phosphorylation of Akt (p-Akt),
mTOR (p-mTOR), and 4E-BP1 (p-4E-BP1) in macrophages
(p <0.001) (Figure 3A). Using Akt inhibitor MK2206 or mTOR
inhibitor Rapamycin (Rapa) effectively reversed these LL-37-mediated
enhancements (Figures 3A,B). Meanwhile, p-STAT3 level was
increased after LL-37 treatment, while blockade of p-STAT3 by S31201
obviously decreased the LL-37-induced increase of p-STAT3 level
(Figure 3C). Functional validation through ELISA revealed that LL-37
stimulation significantly increased IL-10 secretion (M2-specific
cytokine; p < 0.001), while MK2206, Rapa or S31201 completely
abolished  LL-37-induced IL-10 (p <0.001)
(Figures 3D,E). Notably, LL-37 treatment does not significantly alter

upregulation
TNE-a (M1-specific cytokine) production in macrophages. Together,

these findings demonstrate that both Akt/mTOR and STAT3 pathways
are involved in LL-37-stimulated macrophage M2 polarization.
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FIGURE 1

Effects of 1,25(0OH),Ds and si-LL-37 on macrophage recruitment and polarization in HCC/macrophage co-culture systems. (A) THP-1 derived M1-type
and M2-type macrophages were identified using the M1 markers (iNOS) and M2 markers (CD163, Arg-1) by gRT-PCR, respectively. (B) Western blot
analysis of M1 markers and M2 markers in macrophages. (C) Immunofluorescence staining of iNOS and Arg-1 in MO, M1-type and M2-type
macrophages. Scale bars, 20 pm. (D) PLC/PRF-5 and Huh7 cells were transfected with si-LL-37 for 8 h to obtain LL-37-knockdowned cells (PLC/PRF-
Sts7ow or Huh7'-37/°%). These modified HCC cells were cultured in the bottom chamber. Then transwell recruitment assay was conducted to assess
the macrophage migration to HCC cells after 1,25(0OH),Ds treatment when co-cultured with HCC cells or modified HCC cells (si-LL-37 transfection).
Scale bars, 50 pm. (E) Western blot assay was conducted to detect the expression of M1-type and M2-type markers in macrophages with or without
1,25(0OH),Ds. EdU assay (F), colony formation assay (G) and invasion assay (H) were conducted to detect proliferation, clonogenesis and invasion of
PLC/PRF-5 and Huh7 cells in HCC/MO co-culture model after 1,25(0OH),D; mono-treatment or combination with si-LL-37. Scale bars, 50 pm. Data are
represented as the mean + SEM of 4-6 different experiments. *p < 0.05, **p < 0.01, ***p < 0.001.

3.4 Suramin reverses the effect of 1,25(0OH),D;-induced macrophage recruitment and M2 polarization
1, 25 (O H) 2 D 3 ON Macrop hag es in HCC/macrophage co-culture model. Results showed that suramin
treatment (5 pM) completely inhibited the membrane binding and

Suramin, an old antiparasitic agent with established LL-37-binding  internalization of LL-37 in both PLC/PRE-5 cells and macrophages
capacity (22), was evaluated for its capacity to reverse  ( ). Functional analyses revealed that suramin treatment
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FIGURE 2

1,25(0OH),Ds modulates hCAP18/LL-37 expression and macrophage recruitment/polarization. (A) Western blot analysis of the levels of intracellular
hCAP18 (cell lysates) and secreted hCAP18/LL-37 (media) h\CAP18/LL-37 in THP-1-derived macrophages treated with 1,25(OH),D; for 48 h. (B) Secreted
hCAP18/LL-37 protein levels were detected in HCC/macrophage co-cultures after 1,25(0OH),Ds treated for 48 h. (C) CAMP mRNA level in co-cultured

5 (200 nM) treated for 48 h. (D) Transwell recruitment assays were performed in transwell

chambers. PLC/PRF-5 and Huh7 cells were transfected with pcDNA'"*’ or si-LL-37 for 8 h to obtain LL-37-overexpressed cells (PLC/PRF-5t-37/ndh,
Huh74-37Mah) or |L-37-knockdowned cells (PLC/PRF-5-37w or Huh7-37/%) These modified HCC cells were cultured in the bottom chamber. After
48 h, macrophages (in the upper chamber) were stained with crystal violet and detected at 570 nm. Scale bars, 50 um. (E) Western blot analysis of

CD163, Arg-1 and iNOS in MO macrophages treated with LL-37 (2 pM) or IL-4 (20 ng/mL) for 48 h. (F) Flow cytometric quantification of CD163 level in

macrophages following LL-37 treatment. Data are mean+SEM (n = 4-6). ns, no significance, *p < 0.05, **p < 0.01, ***p < 0.001.

abolished 1,25(0OH),D;-induced macrophage recruitment (p < 0.001)
(Figure 4B). Suramin decreased 1,25(0OH),D;-upregulated M2 markers
(Arg-1, CD163) while increased M1 marker iNOS level when
co-cultured with HCC cells (PLC/PRF-5 or Huh7) (p <0.001)
(Figures 4C,D). During the process, suramin potently suppressed
1,25(0OH),Ds-activated Akt/mTOR signaling, as judged by the
phosphorylation inhibition of Akt, mTOR, and 4EBP1 (p < 0.001)
(Figure 4C). Flow cytometric validation confirmed suramin’s capacity
to reverse 1,25(0OH),D;-mediated M2 polarization, showing 150%
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reduction in CD163" macrophage populations compared to
1,25(0OH),Ds-treated control (p < 0.001) (Figure 4E).
cytokines analysis further demonstrated that suramin significantly
decreased the 1,25(0OH),D;-upregulated IL-10 (M2 type) release, while
increased 1,25(OH),D;-downregulated TNF-a (M1 type) release from
macrophages (p < 0.001) (Figure 4F). Together, these data demonstrate
that suramin effectively reverses 1,25(OH),D;-induced macrophage

Secreted

recruitment and M2 polarization in HCC/macrophage co-culture
model in vitro.
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Akt/mTOR and STAT3 signals during LL-37-stimulated macrophage M2 polarization. After treatment of MO macrophages with LL-37 (2 pM) for 48 h,
western blot analysis of M2 markers (Arg-1, CD163, CD68) and phosphorylation levels (p-mTOR, p-Akt, p-4EBP1) in LL-37-treated MO macrophages
with pathway-specific inhibitors: (A) p-Akt inhibitor MK2206, (B) p-mTOR inhibitor Rapa, and (C) p-STAT3 inhibitor S31201. ELISA quantification of anti-
inflammatory (IL-10) and pro-inflammatory (TNF-a) cytokines secreted by LL-37-stimulated macrophages. Data are mean + SEM of 4-6 different

3.5 Suramin enhances the anticancer
activity of 1,25(OH),D; in HCC/macrophage
co-culture model

To evaluate suramin’s synergistic effects on 1,25(0OH),D;-mediated
anticancer activity, we performed proliferation, clonogenic, and
invasion assays in HCC/macrophage co-culture systems. Co-culture
with MO macrophages (upper layer) significantly enhanced the
proliferation of HCC cells (PLC/PRF-5 and Huh?7, bottom layer) by
40 ~ 50% compared to HCC monoculture (p < 0.001) (Figure 5A), as
evidenced by an increase in EdU-positive cells. Notably, 1,25(0H),D;
mono-treatment inhibited the proliferation by 40 ~ 50%, while
suramin co-treatment synergistically reduced proliferation to < 5%
(p <0.001). In M2-type macrophage-derived conditioned medium
(M2°M) assays, suramin further enhanced 1,25(OH),D;’s inhibitory
effects on colony formation (p < 0.001) (Figure 5B), demonstrating
enhanced suppression of malignant potential. While M0 macrophages
(bottom chamber) promoted HCC cell (upper chamber) invasion by
~40% (p < 0.001), 1,25(0OH),D; reduced this invasion by 20% to Huh7
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and 45% to PLC/PRF-5,
combination treatment achieved 70% invasion inhibition compared
to 1,25(0OH),D; alone (p < 0.001) (Figure 5C). These findings confirm
that suramin potently enhances 1,25(OH),D5’s anticancer efficacy

respectively. Importantly, suramin

through synergistic suppression of proliferation, clonogenicity, and
invasion in HCC/macrophage microenvironments.

3.6 Suramin enhances the antitumor effect
of 1,25(0OH),Ds in HCC/macrophage
co-xenografts

We established subcutaneous PLC/PRE-5 xenografts and HCC/
macrophage co-xenografts (Balb/c nude mice injected with PLC/PRF-5
or PLC/PRF-5 + MO cells). As shown in Supplementary Figure S1D,
body weight remained stable across groups. Co-injection with M0
macrophages accelerated tumor growth, yielding double larger volumes
(1,208 £ 90 mm® vs. 606 + 65 mm®) compared to monoculture controls

(p<0.001) (Figure 6A). While 1,25(0OH),D; and suramin
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control (p <0.001). Although 1,25(0OH),D; further increased these
levels by 40%, suramin monotherapy or combination treatment
reduced them by 70% (p<0.001) ( ). THC analysis
demonstrated that 1,25(OH),D; induced hCAP18/LL-37 level
upregulation and M2 polarization, evidenced by CD163"/Arg-1*/
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iNOS™ staining (Figure 6D). While suramin abrogated this effect,
restoring M1 phenotype (iNOS*/CD163) in co-treated tumors
(p <0.001). Flow cytometry revealed that 1,25(OH),D; treatment
significantly increased CD163 level in co-xenograft tumor (p < 0.001).
However, co-treatment with suramin obviously reduced the CD163
level (p<0.01) (Figure 6E). Western blot analysis showed that
1,25(0OH),D; upregulated p-Akt, p-mTOR, p-4EBP1 and p-STAT3.
Suramin treatment completely reversed these phosphorylation
activations in both mono- and combination therapies (Figure 6F).
These findings demonstrate that suramin enhances the antitumor
activity of 1,25(0OH),D; through reprogramming M1 macrophage
polarization, and suppressing oncogenic Akt/mTOR and STAT?3 signals.

3.7 Suramin enhances the antitumor effect
of 1,25(OH),D5 in DEN/CCl,-induced HCC
mouse model

HCC mouse model was established after DEN/CCI, administration
for 20 weeks (Figure 7A). After sacrifice (week 23), all DEN/CCl,-
treated mice developed HCC with typical histopathological features
(data not shown), while no distant metastasis was observed.
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1,25(0OH),D; (5 pg/kg, s.c.) or suramin (10 mg/kg, i.p.) treatment
significantly reduced whitish macroscopic nodules compared to PBS
control (p <0.001) (Figures 7B-D), while combination treatment
further reduced nodules and hepatic tumor load, with surface nodule
count: 21.8 £1.69 (PBS) vs. 12.7 £ 0.97 (suramin) vs. 12.3 +0.65
(1,25(0OH),D;) vs. 7.9 £ 0.54 (combination). Flow cytometry analysis
revealed that tumor-infiltrating macrophages (CD11b*F4/80%) in
1,25(0OH),D; group significantly increased from 8.13% (PBS) to 33.4%
(p < 0.01), while significantly decreased in suramin group (21.7%,
p <0.05) and combination group (17.95%, p < 0.001) (Figure 7E).
Additionally, tumor-infiltrating macrophages (CD11b*F4/80%) showed
distinct immunophenotypic changes: M2-like (CD11b*F4/80%/
CD206'/CD86") macrophages decreased from 27.07 +2.72%
(1,25(0OH),D;) to 15.88 + 0.78% (combination; p < 0.01); and M1-like
(CD11b*F4/807/CD86"/CD206~) macrophages increased from 10.51
+ 2.50% (1,25(0OH),D;) to 25.96 + 3.72% (combination; p < 0.001).
Further analysis revealed that CD86'/CD206" ratio increased 1.7-fold
(p < 0.001) with combination therapy versus 1,25(OH),D; alone. These
findings demonstrate that suramin enhances 1,25(OH),D; anticancer
activity partly via inhibiting monocyte/macrophages infiltration and
reprogramming TAMs from protumorigenic M2 to antitumoral M1
phenotype in HCC mouse model.
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FIGURE 6

Suramin enhances the antitumor efficacy of 1,25(0OH),Ds in PLC/PRF-5/macrophage co-xenografts. Four to 6 weeks-old nude mice were
subcutaneously injected with PLC/PRF-5 cells (6 x 10°) or a mixture of PLC/PRF-5 cells (6 x 10°) plus MO macrophages (1.5 x 10°). About 4 weeks later,
the mice were euthanized and tumor tissue dissected for analysis. Tumor volume (A) was determined every 4 days and tumor growth curves were
illustrated. Tumor images of each group at the end of treatment were shown. (B) The tumor growth inhibition rate was calculated from tumor weights.
(C) Serum hCAP18/LL-37 levels quantified by ELISA assay. (D) Paraffin sections were prepared for IHC staining using anti-CD163, anti-Arg-1, anti-
hCAP18/LL-37, and anti-PCNA antibodies, respectively. Representative images from each group are shown. Scale bar, 50 pm. (E) After incubation with
anti-CD163 and secondary antibody (Alexa Fluor® 488-conjugated mouse IgG), flow cytometry was performed to detect the CD163 level. (F) Tumor
tissues were disassociated to collect cells. Cells were lysed with RIPA lysis buffer, and the supernatants were collected for western blot analysis using
indicated antibodies. Data are mean+SEM. **p < 0.01, ***p < 0.001.

4 Discussion

The recruitment of macrophages to the TME precedes their
transformation into TAMs, while the density of TAMs is closely
associated with a poor prognosis for solid tumor patients (23).

Cathelicidin  hCAP18/LL-37 has demonstrated multifaceted
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tumorigenic properties across malignancies. Beyond its direct
oncogenic effects on cancer cells, emerging evidence underscores its
immunomodulatory role within the TME. In prostate cancer,
overexpressed LL-37 chemo-attracts immature myeloid progenitors
to the TME (24). Similarly, murine CRAMP (the functional homolog
of LL-37) drives colon cancer progression by recruiting inflammatory
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Suramin enhances the antitumor effect of 1,25(0OH),Ds in DEN/CCl,-induced HCC model. (A) the schedule of DEN/CCl,-induced HCC modeling and
administration of primary liver cancer mice. About 20 weeks later, the mice were randomly divided into 4 groups (n = 8 per group): (1) PBS group, (2)
1,25(0H),Ds group (a dose of 0.5 pg/kg per day), (3) suramin group (10 mg/kg twice a week), and (4) 1,25(0OH),Ds plus suramin group. All treatments
were initiated post-model confirmation and continued for 3 weeks. Mice were euthanized and tumor tissue dissected for analysis. (B) The images of
the mice liver were recorded, the red arrows indicate the location of partial tumors. (C) Mice tumor number and (D) liver weight were analyzed.

(E) Flow cytometry was performed on mouse liver tumors to detect the levels of CD45, F4/80, CD11b, M1 marker CD86 and M2 marker CD206.
Macrophages infiltration were analysized by both CD11b* and F4/80* in the tumor tissue. The CD86/CD206 ratio was calculated to assess the

cells, particularly macrophages, into the TME (25). Our current
investigations reveal that LL-37 overexpression significantly enhances
macrophage migration toward HCC cells in vitro. This finding aligns
with reports demonstrating that supraphysiological concentrations of
LL-37 act as potent chemoattractants for phagocytes (monocytes,
macrophages, and neutrophils), recruiting them to infection sites
either directly or via chemokine induction (26, 27). Notably, such
chemotactic gradients may originate not only from infection sites but
also from the TME itself, where they persist and create permissive
niches for sustained macrophage infiltration into tumors.
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Our in vivo studies revealed that HCC/macrophage co-xenografts
exhibited accelerated growth with enhanced M2 polarization,
evidenced by an increased number of CD163*/Arg-1* macrophages in
tumor. This finding aligns with established mechanisms where HCC
cells recruit and trigger M2 polarization through exosomal delivery
or by secreting cytokines (IL-4, IL-13, CSF-1) (3, 28). Here
we demonstrate that both exogenous LL-37 addition and endogenous
overexpression significantly promotiate M2 polarization in THP-1-
derived macrophages, whether they were cultured alone or co-cultured
with HCC cells. Notably, hCAP18/LL-37 expression showed
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significant upregulation in M2-type macrophage, HCC/macrophage
co-culture, and HCC/macrophages co-xenograft. Establishing a
paracrine loop where TAMs themselves become major sources of
LL-37. LL-37 upregulationhas similarly been reported to drive M2
polarization in breast, colorectal, and prostate cancer in vitro models
were reported previously (24, 25, 29). While STAT3 activation has
been implicated in LL-37-mediated M2 polarization in prostate cancer
(24, 30). Beyond STAT3 activation, our mechanistic investigations
uncover a distinct Akt/mTOR-dependent pathway in HCC
microenvironment. Phosphorylation analysis revealed that LL-37
stimulation induced 2-fold Akt activation and mTOR phosphorylation,
which were completely abrogated by Akt inhibitor MK-2206 and
mTOR inhibitor Rapa, respectively. This novel signal provides a
mechanistic basis for the enhanced M2-like TAM polarization
observed in co-xenograft models, suggesting that LL-37-mediated
immunosuppression occurs through parallel STAT3 and Akt/
mTOR pathways.

Previous studies have demonstrated that hCAP18/LL-37
attenuates the anticancer efficacy of 1,25(OH),D; in HCC xenograft
model (20). Human cathelicidin (hCAP18/LL-37) is directly regulated
by vitamin D via the VDR pathway, whereas murine CRAMP lacks a
functional VDRE in its promoter region (31, 32). To address this
research gap, we established humanized co-culture and co-xenograft
models using human HCC cells and macrophages. Our findings reveal
that 1,25(OH),D; treatment obviously upregulates hCAP18/LL-37
expression in HCC/macrophages co-cultures in vitro and in tumor
tissues and serum of co-xenografted mice. This observation suggests
that clinical vitamin D supplementation might inadvertently elevate
LL-37 levels within HCC microenvironments. Given the established
protumorigenic effects of LL-37 (24, 25, 29), our results emphasize the
necessity for monitoring serum hCAP18/LL-37 dynamics during
clinical trials evaluating vitamin D-based therapies for HCC patients.

Vitamin D exhibits dual effects on the immune microenvironment
in HCC. While 1,25(0OH),D; demonstrates direct anticancer activity
through inhibition of proliferation and colony formation, emerging
evidence highlights its immunosuppressive potential. Our findings
reveal that 1,25(OH),D; promotes M2 polarization (CD163*/Arg-1")
while suppressing M1 phenotype (iNOS*) in in vitro co-cultures, in vivo
co-xenograft and DEN/CCl,-induced HCC mouse models, resulting in
increased M2: M1 ratio. This immunosuppressive polarization parallels
previous observations in inflammatory bowel disease and diabetic
nephropathy, where 1,25(OH),D; enhances macrophage M2 skewing
(12, 13, 33). Additionally, 1,25(0OH),D; treatment (500 nM) also
significantly increased macrophage recruitment to HCC cells in vitro.
Notably, quantitative analysis revealed a significant increase in mouse-
derived CD11b*macrophage infiltration within 1,25(OH),D;-treated
tumors compared to PBS control in mouse co-xenograft models (data
not shown). Previous study in mammary carcinoma models showed
that 1,25(OH),D; may similarly enhance M2 polarization, potentially
facilitating metastasis (15). Another study reported that high expression
of VDR in pancreatic cancer promotes M2 macrophage polarization
and recruitment through the secretion of CCL20, which activates
tumor progression (34). Overall, current research on the effect of
1,25(OH),D; on TAMSs remains limited, and the claim that 1,25(OH),D,
drives macrophage polarization toward an M2-like phenotype remains
controversial. Due to the microenvironmental heterogeneity across
cancer types, systematic investigations are urgently needed in the
future. The immunosuppressive TME induced by 1,25(OH),D; may
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counteract its therapeutic benefits, as evidenced by increased tumor
inhibition rates upon combination with suramin. This observation
aligns with Anisiewicz et al’s proposition that vitamin D
supplementation could adversely affect TME dynamics in oncology
patients (35), particularly in HCC where LL-37-mediated macrophage
activation exacerbates immunosuppression.

Our findings reveal that si-LL-37 significantly enhances
1,25(0OH),D5’s anticancer efficacy in HCC/macrophage co-cultures.
Co-treatment with si-LL-37 potentiated 1,25(0OH),D;-mediated
inhibition of proliferation and colony formation, indicating that LL-37
neutralization reverses 1,25(OH),D;’s immunosuppressive effects.
Suramin, a clinically approved anti-parasitic agent (36), exhibited dual
anticancer mechanisms: (1) direct inhibition of LL-37 function by
blocking its membrane binding and cellular uptake in macrophages,
and (2) promoting M1 polarization while suppressing M2 polarization
and the Akt/mTOR signaling pathway. Notably, suramin completely
abolished 1,25(0OH),D;-driven macrophage recruitment and M2
polarization in co-xenografts, enhancing the tumor inhibition rates
from 44% (1,25(OH),D; alone) to 75% (combination therapy), and
significantly reducing whitish macroscopic nodules. Although clinical
trials showed limited efficacy of vitamin D monotherapy in HCC (10,
37), our discovery of the 1,25(0OH),D;-LL-37-TAM axis provides a
mechanistic explanation for these discrepancies. The paradoxical
protumorigenic mechanism of 1,25(OH),D; via LL-37-mediated
immunosuppression suggests that combining 1,25(OH),D; with
suramin may optimize therapeutic outcomes. These findings warrant
clinical evaluation of serum hCAP18/LL-37 as predictive biomarkers
and suramin as an adjuvant agent for HCC patients receiving vitamin
D-based therapies.

Suramin, a clinically approved agent with a century-long history in
trypanosomiasis, has recently gained much more attention for its
numerous potential applications (36). Emerging evidence highlights its
promising applications in antiviral, antidepressant, and anticancer
therapies (38, 39). Our study provides the first demonstration of
suramin’s critical role in modulating TAMs and proposes a novel
combinatorial strategy with 1,25(OH),D; to enhance therapeutic
efficacy in HCC treatment. However, the clinical translation of suramin
is hindered by several limitations, including neurotoxicity, poor tissue
bioavailability, and poor tissue penetration and retention (40, 41).
Though a literature stated that suramin was generally safe and well
tolerated in healthy Chinese volunteers at the dose of 10 mg/kg or
15 mg/kg (42). Further pharmacokinetic studies are required to optimize
dosing regimens. Furthermore, advanced drug delivery systems should
be explored to improve its tumor targeting and minimize off-target
effects, thereby accelerating suraminss clinical application in oncology.

5 Conclusion

This study identifies the 1,25(OH),D;-LL-37-TAM axis as a key
mechanism underlying the limited efficacy of vitamin D
monotherapy in HCC (Figure 8). Specifically, hCAP18/LL-37 acts
as a pivotal immunosuppressive mediator, driving monocytes/
macrophages recruitment and M2 polarization via 1,25(OH),D;-
LL-37
upregulation by 1,25(0OH),D; promotes HCC progression by

induced transcriptional activation. Mechanistically,

enhancing proliferation, migration, and invasion through TAM

immunosuppressive reprogramming. Importantly, suramin
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FIGURE 8
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Schematic illustration showing the 1,25(0OH),Ds-LL-37-TAM axis affecting 1,25(0OH),Ds's anti-cancer efficacy in HCC. 1,25(0OH),D; induces robust LL-37
secretion in HCC/macrophages co-cultures. Secreted LL-37 (a) enhances monocyte/macrophage migration toward HCC cells (b) activates AKt/mTOR
and STAT3 pathways, and (c) drives M2 polarization, while suppressing M1 phenotype. This LL-37-mediated M2-TAM fosters an immunosuppressive
environment that diminishes 1,25(0OH),Ds's anticancer effects. Suramin inhibits the membrane binding and internalization of LL-37 in macrophages,
blocking LL-37-mediated TAMs recruitment and M2 polarization, while promoting antitumor M1 phenotype responses. Suramin-mediated blockade of
the 1,25(0OH),D;-LL-37-TAM axis potentiates 1,25(0OH),Ds's anticancer efficacy by potentiating the inhibition of HCC cell proliferation, colony formation,

potently antagonizes this axis, blocking LL-37-mediated TAM
recruitment and M2 polarization, while promoting antitumor M1
phenotypes. Our results emphasize the necessity for monitoring
serum hCAP18/LL-37 dynamics during clinical trials evaluating
vitamin D-based therapies for HCC patients. These findings
highlight suramin as a promising adjunct to 1,25(OH),D;-based
immunotherapy for HCC.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary material, further inquiries can be directed
to the corresponding author.

Ethics statement

Ethical approval was not required for the studies on humans in
accordance with the local legislation and institutional requirements
because only commercially available established cell lines were used.
The animal study was approved by Ethics Committee of Nanjing
Normal University. The study was conducted in accordance with the
local legislation and institutional requirements.

Author contributions

HZ: Writing - review & editing, Investigation, Methodology,
Writing - original draft. WX: Methodology, Writing — review &
editing. WD: Writing - review & editing, Data curation. XY: Writing -
review & editing, Methodology. YY: Methodology, Writing — review
& editing. QC: Writing - review & editing, Data curation. YZ: Data

Frontiers in Nutrition

curation, Writing - review & editing. YC: Writing - review & editing,
Funding acquisition, Supervision.

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. This work was financially
supported by a grant of the National Natural Science Foundation of
China (grant no. 81573337), the Priority Academic Program
Development of Jiangsu Higher Education Institutions (PAPD), and
Postgraduate Research & Practice Innovation Program of Jiangsu
Province (KYCX22_1605).

Acknowledgments

The authors would like to thank Dr. Liming Chen for his kind
support in the progress of the research. We wish to disclose that a
previous version of this manuscript was posted as a preprint on
Research Square under the https://doi.org/10.21203/rs.3.rs-4303444/
v1 on 09 May, 2024. The current submission incorporates additional
experimental validation and revised manuscripts, which significantly
extend the findings presented in the preprint.

Conflict of interest

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

frontiersin.org


https://doi.org/10.3389/fnut.2025.1556533
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://doi.org/10.21203/rs.3.rs-4303444/v1
https://doi.org/10.21203/rs.3.rs-4303444/v1

Zhang et al.

Generative Al statement

The authors declare that no Gen Al was used in the creation of
this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the

References

1. Rumgay H, Arnold M, Ferlay J, Lesi O, Cabasag CJ, Vignat J, et al. Global burden
of primary liver cancer in 2020 and predictions to 2040. ] Hepatol. (2022) 77:1598-606.
doi: 10.1016/j.jhep.2022.08.021

2. Mamdouh S, Aboushousha T, Abdelraouf A, Hamdy H, Seleem M, Hassan H.
Molecular noninvasive diagnosis of hepatocellular carcinoma using microsatellite
instability.  Asian  Pac ]  Cancer  Prev.  (2021)  22:3337-46.  doi:
10.31557/APJCP.2021.22.10.3337

3. Cerreto M, Cardone F, Cerrito L, Stella L, Santopaolo E, Pallozzi M, et al. The new
era of systemic treatment for hepatocellular carcinoma: from the first line to the optimal
sequence. Curr Oncol. (2023) 30:8774-92. doi: 10.3390/curroncol30100633

4. Yang C, Zhang H, Zhang L, Zhu AX, Bernards R, Qin W, et al. Evolving therapeutic
landscape of advanced hepatocellular carcinoma. Nat Rev Gastroenterol Hepatol. (2023)
20:203-22. doi: 10.1038/s41575-022-00704-9

5. Yuan Y, Wu D, Li ], Huang D, Zhao Y, Gao T, et al. Mechanisms of tumor-associated
macrophages affecting the progression of hepatocellular carcinoma. Front Pharmacol.
(2023) 14:1217400. doi: 10.3389/fphar.2023.1217400

6. Wu K, Lin K, Li X, Yuan X, Xu P, Ni P, et al. Redefining tumor-associated
macrophage subpopulations and functions in the tumor microenvironment. Front
Immunol. (2020) 11:1731. doi: 10.3389/fimmu.2020.01731

7. YiZ, Wang L, Tu X. Effect of vitamin D deficiency on liver cancer risk: a systematic
review and meta-analysis. Asian Pac ] Cancer Prev. (2021) 22:991-7. doi:
10.31557/APJCP.2021.22.4.991

8. Adelani IB, Rotimi OA, Maduagwu EN, Rotimi SO. Vitamin D: possible therapeutic
roles in hepatocellular carcinoma. Front Oncol. (2021) 11:642653. doi:
10.3389/fonc.2021.642653

9. Gaksch M, Jorde R, Grimnes G, Joakimsen R, Schirmer H, Wilsgaard T, et al.
Vitamin D and mortality: individual participant data meta-analysis of standardized
25-hydroxyvitamin D in 26916 individuals from a European consortium. PLoS One.
(2017) 12:¢0170791. doi: 10.1371/journal.pone.0170791

10. Bilgen A, Kani HT, Akdeniz E, Alahdab YO, Ozdogan O, Gunduz E. Effects of
vitamin D level on survival in patients with hepatocellular carcinoma. Hepatol Forum.
(2020) 1:97-100. doi: 10.14744/hf.2020.2020.0017

11.Li B, Zhu X, Cao G, Wu R, Li K, Yuan W, et al. 1a,25 (OH)2D3 reverses exhaustion
and enhances antitumor immunity of human cytotoxic T cells. ] Immunother Cancer.
(2022) 10:003477. doi: 10.1136/jitc-2021-003477

12. Zhang X, Zhou M, Guo Y, Song Z, Liu B. 1, 25-Dihydroxyvitamin D; promotes
high glucose-induced M1 macrophage switching to M2 via the VDR-PPARy signaling
pathway. Bio Med Res Int. (2015) 2015:157834:1-14. doi: 10.1155/2015/157834

13.Zhu X, Zhu Y, Li C, Yu ], Ren D, Qiu §, et al. 1, 25-Dihydroxyvitamin D regulates
macrophage polarization and ameliorates experimental inflammatory bowel disease by
suppressing mi R-125b. Int Immunopharmacol. (2019) 67:106-18. doi:
10.1016/j.intimp.2018.12.015

14. Cervantes JL, Oak E, Garcia ], Liu H, Lorenzini PA, Batra D, et al. Vitamin D
modulates human macrophage response to Mycobacterium tuberculosis DNA.
Tuberculosis (Edinb). (2019) 116:S131-7. doi: 10.1016/j.tube.2019.04.021

15. Stachowicz-Suhs M, Labedz N, Anisiewicz A, Banach J, Ktopotowska D, Milczarek
M, et al. Calcitriol promotes M2 polarization of tumor-associated macrophages in 4T1
mouse mammary gland cancer via the induction of proinflammatory cytokines. Sci Rep.
(2024) 14:3778. doi: 10.1038/s41598-024-54433-x

16. Koivisto O, Hanel A, Carlberg C. Key vitamin D target genes with functions in the
immune system. Nutrients. (2020) 12:1140. doi: 10.3390/nu12041140

17. Fahy RJ, Wewers MD. Pulmonary defense and the human cathelicidin hCAP-18/
LL-37. Immunol Res. (2005) 31:75-89. doi: 10.1385/IR:31:2:075

18. Chung C, Silwal P, Kim I, Modlin RL, Jo EK. Vitamin D-cathelicidin axis: at the
crossroads between protective immunity and pathological inflammation during
infection. Immune Netw. (2020) 20:e12. doi: 10.4110/in.2020.20.e12

Frontiers in Nutrition

10.3389/fnut.2025.1556533

reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fnut.2025.1556533/
full#supplementary-material

19. Meca AD, Stefinescu S, Bogdan M, Turcu-Stiolicd A, Nitu FM, Matei M, et al.
Crosstalk between vitamin D axis, inflammation and host immunity mechanisms: a
prospective study. Exp Ther Med. (2021) 21:608. doi: 10.3892/etm.2021.10040

20. Zhang H, Zhen J, Zhang R, Wanyan Y, Liu K, Yuan X, et al. Cathelicidin hCAP18/
LL-37 promotes cell proliferation and suppresses antitumor activity of 1, 25 (OH),D; in
hepatocellular ~ carcinoma.  Cell  Death  Discov.  (2022)  8:27. doi:
10.1038/s41420-022-00816-w

21. Genin M, Clement F, Fattaccioli A, Raes M, Michiels C. M1 and M2 macrophages
derived from THP-1 cells differentially modulate the response of cancer cells to
etoposide. BMC Cancer. (2015) 15:577. doi: 10.1186/s12885-015-1546-9

22. Quemé-Penia M, Ricci M, Juhész T, Horvati K, Bdsze S, Biri-Kovacs B, et al. Old
polyanionic drug suramin suppresses detrimental cytotoxicity of the host defense
peptide LL-37. ACS Pharmacol Transl Sci. (2020) 4:155-67. doi: 10.1021/acsptsci.0c00155

23. Dehne N, Mora J, Namgaladze D, Weigert A, Briine B. Cancer cell and macrophage
cross-talk in the tumor microenvironment. Curr Opin Pharmacol. (2017) 35:12-9. doi:
10.1016/j.coph.2017.04.007

24. Cha HR, Lee JH, Hensel JA, Sawant AB, Davis BH, Lee CM, et al. Prostate cancer-
derived cathelicidin-related antimicrobial peptide facilitates macrophage differentiation
and polarization of immature myeloid progenitors to protumorigenic macrophages.
Prostate. (2016) 76:624-36. doi: 10.1002/pros.23155

25. Quan WW, Pan XH, Wu JL, Yao YW, Li D. Effect and mechanism of antimicrobial
peptide cathelicidin secreted by tumor associated macrophage on the growth of
colorectal cancer in mice. Zhonghua Zhong Liu Za Zhi. (2018) 40:172-7. doi:
10.3760/cma.j.issn.0253-3766.2018.03.003

26. Hilchie AL, Wuerth K, Hancock RE. Immune modulation by multifaceted cationic
host defense (antimicrobial) peptides. Nat Chem Biol. (2013) 9:761-8. doi:
10.1038/nchembio.1393

27. Hemshekhar M, Choi KG, Mookherjee N. Host defense peptide LL-37-mediated
chemoattractant properties, but not anti-inflammatory cytokine IL-1RA production, is
selectively controlled by Cdc 42 rho GTPase via G protein-coupled receptors and JNK
mitogen-activated protein kinase. Front Immunol. (2018) 9:1871. doi:
10.3389/fimmu.2018.01871

28.HuZ,YouL, HuS, YuL, Gao Y, Li L, et al. Hepatocellular carcinoma cell-derived
exosomal mi R-21-5p promotes the polarization of tumor-related macrophages (TAMs)
through SP1/XBP1 and affects the progression of hepatocellular carcinoma. Int
Immunopharmacol. (2024) 126:111149. doi: 10.1016/j.intimp.2023.111149

29. Chen J, Shin VY, Ho JC, Siu MT, Cheuk IW, Kwong A. Functional implications of
cathelicidin antimicrobial protein in breast cancer and tumor-associated macrophage
microenvironment. Biomol Ther. (2020) 10:688. doi: 10.3390/biom10050688

30. Hashimoto S, Hashimoto A, Muromoto R, Kitai Y, Oritani K, Matsuda T. Central
roles of STAT3-mediated signals in onset and development of cancers: tumorigenesis
and immunosurveillance. Cells. (2022) 11:2618. doi: 10.3390/cells11162618

31. Gombart AF, Borregaard N, Koeffler HP. Human cathelicidin antimicrobial
peptide (CAMP) gene is a direct target of the vitamin D receptor and is strongly up-
regulated in myeloid cells by 1, 25-dihydroxyvitamin D3. FASEB J. (2005) 19:1067-77.
doi: 10.1096/1].04-3284com

32. Lowry MB, Guo C, Zhang Y, Fantacone ML, Logan IE, Campbell Y, et al. A mouse
model for vitamin D-induced human cathelicidin antimicrobial peptide gene expression.
] Steroid Biochem Mol Biol. (2020) 198:105552. doi: 10.1016/j.jsbmb.2019.105552

33. Zhang XL, Guo YE, Song ZX, Zhou M. Vitamin D prevents podocyte injury via
regulation of macrophage M1/M2 phenotype in diabetic nephropathy rats.
Endocrinology. (2014) 155:4939-50. doi: 10.1210/en.2014-1020

34.Li H, Ruan Y, Liu C, Fan X, Yao Y, Dai Y, et al. VDR promotes pancreatic cancer
progression in vivo by activating CCL20-mediated M2 polarization of tumor associated
macrophage. Cell Commun Signal. (2024) 22:224. doi: 10.1186/512964-024-01578-x

frontiersin.org


https://doi.org/10.3389/fnut.2025.1556533
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fnut.2025.1556533/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnut.2025.1556533/full#supplementary-material
https://doi.org/10.1016/j.jhep.2022.08.021
https://doi.org/10.31557/APJCP.2021.22.10.3337
https://doi.org/10.3390/curroncol30100633
https://doi.org/10.1038/s41575-022-00704-9
https://doi.org/10.3389/fphar.2023.1217400
https://doi.org/10.3389/fimmu.2020.01731
https://doi.org/10.31557/APJCP.2021.22.4.991
https://doi.org/10.3389/fonc.2021.642653
https://doi.org/10.1371/journal.pone.0170791
https://doi.org/10.14744/hf.2020.2020.0017
https://doi.org/10.1136/jitc-2021-003477
https://doi.org/10.1155/2015/157834
https://doi.org/10.1016/j.intimp.2018.12.015
https://doi.org/10.1016/j.tube.2019.04.021
https://doi.org/10.1038/s41598-024-54433-x
https://doi.org/10.3390/nu12041140
https://doi.org/10.1385/IR:31:2:075
https://doi.org/10.4110/in.2020.20.e12
https://doi.org/10.3892/etm.2021.10040
https://doi.org/10.1038/s41420-022-00816-w
https://doi.org/10.1186/s12885-015-1546-9
https://doi.org/10.1021/acsptsci.0c00155
https://doi.org/10.1016/j.coph.2017.04.007
https://doi.org/10.1002/pros.23155
https://doi.org/10.3760/cma.j.issn.0253-3766.2018.03.003
https://doi.org/10.1038/nchembio.1393
https://doi.org/10.3389/fimmu.2018.01871
https://doi.org/10.1016/j.intimp.2023.111149
https://doi.org/10.3390/biom10050688
https://doi.org/10.3390/cells11162618
https://doi.org/10.1096/fj.04-3284com
https://doi.org/10.1016/j.jsbmb.2019.105552
https://doi.org/10.1210/en.2014-1020
https://doi.org/10.1186/s12964-024-01578-x

Zhang et al.

35. Anisiewicz A, LabedZ N, Krauze I, Wietrzyk J. Calcitriol in the presence of
conditioned media from metastatic breast cancer cells enhances ex vivo polarization of
M2 alternative murine bone marrow-derived macrophages. Cancers (Basel). (2020)
12:3485. doi: 10.3390/cancers12113485

36. Wiedemar N, Hauser DA, Miser P. 100 years of suramin. Antimicrob Agents
Chemother. (2020) 64:¢01168-19. doi: 10.1128/AAC.01168-19

37.Negri M, Gentile A, de Angelis C, Monto T, Patalano R, Colao A, et al. Vitamin

D-induced molecular mechanisms to potentiate cancer therapy and to reverse drug-
resistance in cancer cells. Nutrients. (2020) 12:1798. doi: 10.3390/nu12061798

38. Bazan NG, Reid MM, Flores VAC, Gallo JE, Lewis W, Belayev L. Multiprong
control of glioblastoma multiforme invasiveness: blockade of pro-inflammatory
signaling, anti-angiogenesis, and homeostasis restoration. Cancer Metastasis Rev. (2021)
40:643-7. doi: 10.1007/s10555-021-09987-x

Frontiers in Nutrition

113

10.3389/fnut.2025.1556533

39. Boniardi I, Corona A, Basquin ], Basquin C, Milia ], Nagy I, et al. Suramin inhibits
SARS-CoV-2 nucleocapsid phosphoprotein genome packaging function. Virus Res.
(2023) 336:199221. doi: 10.1016/j.virusres.2023.199221

40.von der Ahe D, Huehnchen P, Balkaya M, Peruzzaro S, Endres M, Boehmerle W.
Suramin-induced neurotoxicity: preclinical models and neuroprotective strategies.
Molecules. (2018) 23:346. doi: 10.3390/molecules23020346

41.Su L, Bryan N, Battista S, Freitas J, Garabedian A, D'Alessio F, et al. Identification
of HMGAZ2 inhibitors by alpha screen-based ultra-high-throughput screening assays.
Sci Rep. (2020) 10:18850. doi: 10.1038/541598-020-75890-0

42.Wu G, Zhou H, Lv D, Zheng R, Wu L, Yu S, et al. Phase I, single-dose study to
assess the pharmacokinetics and safety of suramin in healthy chinese volunteers. Drug
Des Devel Ther. (2023) 17:2051-61. doi: 10.2147/DDDT.S416325

frontiersin.org


https://doi.org/10.3389/fnut.2025.1556533
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://doi.org/10.3390/cancers12113485
https://doi.org/10.1128/AAC.01168-19
https://doi.org/10.3390/nu12061798
https://doi.org/10.1007/s10555-021-09987-x
https://doi.org/10.1016/j.virusres.2023.199221
https://doi.org/10.3390/molecules23020346
https://doi.org/10.1038/s41598-020-75890-0
https://doi.org/10.2147/DDDT.S416325

? frontiers ‘ Frontiers in Immunology

@ Check for updates

OPEN ACCESS

EDITED BY
Chafia Touil-Boukoffa,

University of Science and Technology Houari
Boumediene, Algeria

REVIEWED BY
Renying Xu,

Shanghai Jiao Tong University, China
Paul Rufo,

Boston Children’s Hospital and Harvard
Medical School, United States

*CORRESPONDENCE
Ying Pei
peiying2901@163.com

RECEIVED 17 February 2025
ACCEPTED 30 April 2025
PUBLISHED 04 June 2025
CORRECTED 15 July 2025

CITATION

Zheng J, Gao H, Zhang Y, Sun M, Sun H and
Pei Y (2025) Evaluating the predictive effect of
vitamin D on clinical outcomes of infliximab-
treated Crohn's disease patients.

Front. Immunol. 16:1578191.

doi: 10.3389/fimmu.2025.1578191

COPYRIGHT
© 2025 Zheng, Gao, Zhang, Sun, Sun and Pei.
This is an open-access article distributed under
the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that the
original publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or reproduction
is permitted which does not comply with
these terms.

Frontiers in Immunology

TvPE Original Research
PUBLISHED 04 June 2025
po110.3389/fimmu.2025.1578191

Evaluating the predictive effect
of vitamin D on clinical
outcomes of infliximab-treated
Crohn’s disease patients

Jiao Zheng®, Hongping Gao’, Yu Zhang', Mingxuan Sun®,
Hang Sun® and Ying Pei*

‘Department of Anorectal, Affiliated Municipal Hospital of Xuzhou Medical University, Xuzhou,
Jiangsu, China, 2Department of Endocrinology, Xuzhou Municipal Hospital Affiliated to Xuzhou
Medical University, Xuzhou, Jiangsu, China

Backgrounds: The aim of this study was to examine the clinical predictors of
Infliximab (IFX) in Crohn'’s disease (CD) patients in eastern China and to support
further research on the vitamin D remission rate compared to CD patients.

Methods: Patients with CD who were hospitalized at Xuzhou First People's
Hospital between January 2020 and December 2023 were included in our
retrospective analysis. Clinical information was gathered from CD patients at
baseline and the endpoint (7th IFX therapy, 38 weeks). To determine the baseline
variable [Crohn’'s Disease Activity Index (CDAI) < 150] for endpoint clinical
remission in patients receiving IFX, and to examine the relationship between
blood vitamin D (VIT-D) levels before starting IFX medication and CDAI at Week
38. The potential risk variables were then investigated using univariate,
multivariate, and LASSO regression models.

Results: Included were 158 individuals with CD treated with IFX. At baseline,
18.35% of patients had a VIT-D deficit; 64.19% of patients experienced a decrease
in VIT-D, and 63.29% of patients achieved clinical remission. The high Vitamin D
levels at baseline were independent predictors of clinical remission after IFX
therapy, according to univariate, multivariate, and LASSO regression analysis (P <
0.05). Receiver operating characteristic curve analysis revealed that AUC (95%Cl)
0.56(0.25-0.95) was the endpoint CDAI (= 150) diagnostic value when the Vit-D
level was 19.35 ng/ml. The corresponding sensitivity and specificity were 75.02%
and 79.6%. Endpoint CDAI was independently predicted by male sex, age, BMI,
and VIT-D levels <30 ng/ml (P < 0.05).

Conclusion: After receiving IFX therapy, CD patients in eastern China with higher

VIT-D levels were more likely to achieve clinical remission, particularly those who
were male, older, had a higher BMI, and had VIT-D levels below 30 ng/ml.
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Introduction

Crohn’s disease, an inflammatory condition of the gut driven by
a dysregulated immune response, is one of many chronic
inflammatory disorders affecting the gastrointestinal tract (1). In
Asia, China reports the highest rate of CD diagnoses (3.44 per
100,000) (2). Current therapeutic goals primarily focus on
promoting mucosal healing to slow disease progression (3). The
complete development of the illness is likely influenced by a
complex interplay of infectious and environmental factors (4).
Notably, CD is associated with low levels of sunshine exposure,
and both forms of CD are more common in North America and
Europe as latitude increases (5). In CD, biologics targeting tumor
necrosis factor-o. (TNF-ar) significantly increase response rates and
rates of clinical response. However, clinical relapse and disease
progression may result from a loss of response to anti-TNF-ou
therapy over time (6). It is estimated that 30% of inflammatory
bowel disease (IBD) patients experience a loss of response to
infliximab (IFX) during the course of therapy (7). Therefore,
enhancing the efficacy and responsiveness to anti-TNFo. agents
is crucial.

Vitamin D3 is a nutrient essential for healthy bone production
and growth (3). V Vitamin D can modulate both innate and
adaptive immune responses (8). Vitamin D deficiency is
associated with increased autoimmunity and heightened
susceptibility to infection (9). Since immune cells in autoimmune
diseases respond to the ameliorating effects of vitamin D, the
benefits of supplementation in individuals with vitamin D
deficiency may outweigh those on bone and calcium homeostasis
(10). Vitamin D has emerged as a key regulator of the innate
immune response to pathogen threat (11, 12). The hormone form of
vitamin D signals through nuclear receptor transcription factors
and regulates gene transcription (3). The link between vitamin D
deficiency and CD is also gaining traction (1). The incidence of
inflammatory bowel disease (IBD) is linked to vitamin D
insufficiency, regardless of whether it results from inadequate
dietary intake or a lack of sun exposure and skin synthesis (13).
Vitamin D deficiency has been shown to worsen colitis progression
in animal models, and vitamin D supplementation has been shown to
restore epithelial integrity and inhibit inflammatory cytokine levels,
thereby improving intestinal inflammation (3). Recent research has
also shown that vitamin D levels in CD patients treated with IFX tend
to correlate with IFX plasma concentrations. Growing evidence
suggests that vitamin D plays a crucial role in regulating both
innate and adaptive immunity, and could serve as a predictive
factor for CD patients (1, 14). It remains unclear, however, how
vitamin D functions in CD and what specific indicators may predict
clinical outcomes.

While the relationship between vitamin D and IFX-treated CD
disease has been reported in western China, its role in eastern China
remains less understood (15). In order to determine the relationship
between blood vitamin D levels and clinical remission in patients
treated with CD by IFX, we first examined the clinical baseline data
of CD patients treated with IFX.
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Materials and methods

According to the inclusion and exclusion criteria listed below,
clinical data from patients in the Crohn’s disease patient database in
the Department of Gastroenterology at Xuzhou First People’s
Hospital was gathered for this study using a retrospective survey
method between January 2020 and December 2023. The Xuzhou
City First People’s Medical Ethics Committee gave its approval to
this research.

Inclusion criteria

The study’s inclusion criteria were as follows: 1) CD patients
diagnosed using Chinese diagnostic criteria for inflammatory bowel
disease (16); 2) aged between 18 and 60 years; 3) receiving
Infliximab (IFX) for their first course of therapy; 4) having
baseline 25-hydroxyvitamin D (25(OH)D) levels recorded before
initiating IFX medication; and 5) having a recorded Crohn’s Disease
Activity Index (CDAI) score at the endpoint (Week 38), following
the seventh IFX treatment. Exclusion criteria included: 1)
individuals lacking routine follow-up; 2) individuals treated with
IFX less than three months before the study start date; 3) patients
with a history of glucocorticoid use within three months before
initiating IFX medication; and 4) patients with severe or chronic
cardiovascular, pulmonary, urinary, endocrine, reproductive,
skeletal, muscular, neurological, or other systemic disorders, or
those with other active infectious diseases.

Outcome

Prior to stratifying by vitamin D status, we initially examined
baseline data from CD patients receiving IFX (17). According to the
Endocrine Society Clinical Practice Guidelines 2011, patients with
25(0OH)D levels < 15 ng/mL were classified as deficient, those with
levels > 30 ng/mL as sufficient, and those with levels between 15 and
30 ng/mL as insufficient (18).

Clinical, and biological assessment

IFX therapeutic doses were administered ranging from 5 to 10
mg/kg as specified by IFX guidelines (100 mg/infusion). Treatment
intervals followed standard protocols: weeks 0, 2, and 6 for the
induction phase and every 8 weeks thereafter for the maintenance
phase. At Week 38, clinical outcomes were evaluated, including
clinical remission, biochemical remission, endoscopic remission,
clinical response, and endoscopic response. Patients were classified
into remission and non-remission groups based on clinical
remission criteria. Subsequently, the association between baseline
characteristics, Time-Drug Exposure (TDM), Area Under the
Curve for Drug Concentration (ATI), and clinical remission
status was analyzed.

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1578191
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Zheng et al.

Baseline clinical data collected for CD patients included disease
course, symptoms, history of bowel and perianal surgery, use of
combined immunosuppressants (IMM), Montreal classification,
CDAI score, Simple Endoscopic Score for Crohn’s Disease (SES-
CD), inflammatory markers, nutritional indicators, liver and kidney
function, electrolytes, fasting blood glucose (FBG), blood lipids, and
antinuclear antibodies (ANA). Clinical remission was defined as a
CDALI score < 150, clinical response as a CDAI reduction > 70
(baseline to Week 7), biochemical remission as a C-reactive protein
(CRP) < 5 mg/L, endoscopic remission as SES-CD < 4, and
endoscopic response as a = 50% reduction in SES-CD from
baseline to Week 38 (19, 20). Patients meeting these remission
criteria could be considered for discharge. The IFX dosage (ranging
from 5 to 10 mg/kg) adhered to the specified infusion dose (100 mg)
and standard protocols for induction (weeks 0, 2, 6) and
maintenance (every 8 weeks).

Prognostic nomogram analysis

The LASSO (Least Absolute Shrinkage and Selection Operator)
method was used to identify and select risk factors from the
multivariate data. Variables with non-zero LASSO regression
coefficients were selected for further analysis. Multiple logistic
regression analysis was performed on these selected variables
within the LASSO regression model to construct a predictive
model. A calibration curve was created to assess the nomogram’s
calibration, and the Harrell c-index was computed to measure its
discriminative power. Decision curve analysis was performed to
evaluate the nomogram’s clinical utility across different threshold
probabilities and to assess net benefit. The diagnostic efficacy of the
clinical factor model was assessed using the Receiver Operating
Characteristic (ROC) curve (AUC) from the ROC toolbox (21).

Statistical analysis

The statistical program SPSS version 26.0 was used to analyze
the data. Normality of continuous variables was tested using the
Shapiro-Wilk test. Data normally distributed are presented as mean
+ standard deviation (SD); comparisons between groups for
normally distributed data were conducted using independent-
sample t-tests. Data not normally distributed are presented as
median (QI, Q3); comparisons between groups for non-normally
distributed data were conducted using nonparametric tests.
Categorical data are presented as counts (n) and percentages (%).
Each variable underwent univariate analysis. Variables with a P-
value < 0.1 from univariate analysis were included as candidates for
multivariate logistic regression analysis. The threshold for statistical
significance was set at P < 0.05. Subgroup analyses were conducted
to investigate the variability of treatment effects and influencing
variables among different patient groups. ROC curve analyses were
performed comparing the endpoint CDAI results with the
aforementioned subgroup factors. A P-value < 0.05 in the final
multivariate model was considered significant.
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Results
Baseline characteristic

Ten of the 185 patients we recruited were disqualified because
there was insufficient information on vitamin D insufficiency, as
Table 1 illustrates. Furthermore, the absence of follow-up data led to
the exclusion of 17 individuals. Thus, there were 158 CD patients
hospitalized in all (Supplementary Figure 1). The patients were
36.95 + 3.65 years old on average. There are seventy-five ladies.
There were 87 patients with prior surgery and 45 smokers, with a
BMI score of 22.15 + 2.48.

Second, we divided the groups based on vitamin D levels, and
we discovered that 29 and 103 individuals, respectively, were in the
vitamin D deficient group. Diarrhea and stomach discomfort were
the primary clinical signs. Age, sex, ethnicity, disease course, history
of prior surgery, perianal disease, intestinal length resection,
vitamin B12 or zinc levels, history of anti-TNF use, and the site
and behavior of the disease (inflammation, stricture, or penetration)
did not differ among the three groups.

The highest tritile of vitamin D had the greatest percentage of
patients using supplements (p = 0.02). We were unable to statistically
examine dosage associations since most patients were using over-the-
counter vitamin D pills. The usage of biologics and postoperative
immunomodulators did not significantly vary across groups.

Change from baseline data for clinical
remission

The CD patients were separated into two groups, one for clinical
remission (100 instances) and the other for clinical non-remission
(58 cases), based on their response status after IFX therapy (CDO
score <150), as shown in Table 2. We discovered that the non-
remission group’s levels of vitamin D, BUN, and Cr were
significantly lower than those of the remission group. Second, we
discovered that compared to the remission group, the non-
remission group had noticeably greater levels of serum
ferroglobin, ATI, HS-CRP, ESR, and CRP. Hemoglobin, white
blood cell, and liver function indices did not change significantly.

Univariate and multivariate analyses
influenced the assessment of risk factors

As indicated in Table 3, univariate analysis revealed a strong
correlation between poor clinical remission following IFX treatment
and age, vitamin D3 levels significantly below 30 ng, and vitamin D
supplementation. Subsequent multivariate analysis revealed a
strong correlation between poor clinical remission following IFX
treatment and age and vitamin D deficiency.

A ROC curve analysis was conducted between the endpoint
CDAI results and the aforementioned subgroup factors. AUC (95%
CI) 0.56(0.25-0.95) was the endpoint CDAI (= 150) diagnostic value
in the male subgroup when the Vit-D level was 19.35 ng/ml. The
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TABLE 1 Baseline patient characteristics.

Serum vitamin D

<15 ng/mL, 15-30 ng/mL, >30 ng/mL,
Characteristic All, N=158 N =29 (18.35%) N =103(65.19%) N =26 (16.46%) p value
Age, years (mean + SD) 36.95 + 3.65 32.48 +4.95 37.15 £ 6.25 35.66 + 3.91 0.28
Gender, female, n (%) 75 15 55 5 0.44
Disease duration, year(mean + SD) 8.29 + 1.62 5.61 + 0.95 9.86 + 2.61 9.34 + 1.05 0.39
Disease location, n (%)
Ileum 45 10 28 7
Colon 30 2 25 3
Tleum-colon 61 10 38 13
Upper GI 22 7 12 3 0.05
Disease behavior, n (%)
Inflammatory 36 12 20 4
Stricturing 48 9 30 9
Penetrating 74 8 53 13 0.58
Perianal disease, n (%) 45 9 31 5 0.55
Current smoker, n (%) 28 11 14 3 0.15
Previous use of anti-TNF-o agents, n (%) 24 7 10 7 0.25
Naive to biologics, n (%) 31 9 12 10 0.68
History of surgery, n (%) 87 12 62 13 0.24
Previous surgery, median (IQR), n 3 1 1 1 0.09
‘ Type of surgery, n (%)
Small bowel resection 45 12 29 4
Colon resection 63 12 41 10
Tleocecectomy or ileocolectomy 50 5 33 12 0.24
‘ Postoperative medication, n (%)
No medication 42 6 30 6 0.25
Metronidazole 27 3 20 4 0.11
Steroid 28 5 21 2 0.24
Immunomodulators 75 24 38 13 0.62
Biologic use, n (%)
No biologic 71 14 50 7
Anti-TNF-o agents 52 8 30 14
Vedolizumab 35 7 23 5 0.11
Vitamin D supplement, n (%) 62 7 49 6 0.01
Vitamin B12, pg/mL (IQR) 561.25 + 12.62 385.48 + 15.94 482.61 £ 21.58 594.55 + 21.05 0.2
Zinc, ug/mL (IQR) 0.78 £ 0.08 0.61 + 0.08 0.67 £ 0.11 0.72 £ 0.03 0.16

GI, gastrointestinal tract; IQR, interquartile»range‘
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TABLE 2 Analysis of differences in clinical factors between the two groups.

Remission group (n = 100) Non-remission group (n = 58) 95% Cl
Vit-D 20.98 + 6.93 18.23 + 6.99 0.89 0.32-0.89 0.012
CRP 1234 + 321 78.20 + 9.32 1.23 0.55-1.83 0.011
ESR 1822 + 2.34 46.22 + 521 12 0.99-1.92 0.032
Hs-CRP 28.93 + 593 7292 + 6.11 2.34 1.42-323 0.016
WBC 6.03 £ 1.02 8.93 + 1.42 111 0.63-1.63 0.52
Hb 12952 + 21.84 89.25 + 2531 2.93 1.23-4.22 0.113
ALB 4261 + 3.68 34.69 + 4.69 1.05 0.68-1.58 0512
AST 14.78 + 5.62 1234 + 211 0.98 0.42-1.56 0582
ALT 1162 + 1.36 826 + 1.26 0.68 0.31-1.11 0.625
ALP 75.64 + 6.35 74.95 + 6.89 6.84 2.15-9.65 0.381
TBil 9.35 +0.95 642 + 0.69 1.05 0.34-1.66 0.582
BUN 439 £ 0.95 3.05 + 0.65 0.86 0.44-1.25 0.025
Cr 68.27 + 12.65 60.11 + 11.02 0.68 0.42-0.99 0.045
Uric Acid 35261 + 85.64 301.08 + 78.95 1.36 0.89-1.99 0.485
VBI12 443.95 + 25.61 482.61 + 23.68 1.68 0.89-1.99 0.586
IFX-TC 425+ 086 203+ 098 0.56 0.14-0.99 0.066
ATL n (%) 8 14 1.02 0.85-1.68 0.002
Blood glucose 4.36 £ 0.95 4.29 +0.68 1.25 0.69-1.99 0.625
Serum Ferritin 78.69 + 10.25 199.25 + 19.64 0.89 0.48-1.52 0.032

vit-d, Vitamin D; CRP,C-reactive protein; ESR, Erythrocyte sedimentation rate; Hs-CRP, Highly sensitive C-reactive protein; WBC, White blood cell; Hb: hemoprotein; ALB, albumin; AST,
Aspartate aminotransferase; ALT, glutamic-pyruvic transaminase; ALP, alkaline phosphatase; TBil, Total Bilirubin; BUN, Urea nitrogen; Cr, creatinine; VB12, Vitamin B12; IFX-TC, infliximab

trough concentration, ATI, anti-TNFo, antibody; OR, odds ratio.

sensitivity and specificity were 0.75 and 0.79 (P = 0.015),
respectively, suggesting a greater impact on normal-weight
persons. The endpoint CDAI (= 150) diagnostic value was AUC
(95%CI) 0.78 (0.68-0.89) in the normal BMI subgroup when the
Vit-D level was 16.25 ng/ml. The sensitivity and specificity were
0.68 and 0.86 (P = 0.032), respectively, suggesting a greater impact

TABLE 3 Factors assessed with univariate and multivariate analysis.

on normal-weight people. When the Vit-D levels were 19.45 ng/ml,
the diagnostic value of the endpoint CDAI (= 150) in the smoke-
free subgroup was AUC (95% CI) 0.77 (0.61-0.85), the sensitivity
was 0.85, and the specificity was 0.88 (P = 0.024). Consequently,
vitamin D supplementation may be especially beneficial for this
subgroup in the treatment of Crohn’s disease (Table 4).

Univariate Multivariate

Factors 95% Cl p value 95% Cl

Age (>35) 2.68 0.85-6.25 0.01 1.18 = 0.32-2.61 0.03
Disease vitamin D triplet (>6 years) = 1.22 0.25-3.69 0.28 2.68  0.96-3.62 0.09
Female 295 0.24-6.35 0.28 1.65 0.88-2.68 0.06
Perianal disease 0.35 0.02-4.62 0.95 2.69  1.25-3.66 0.11
Anti-TNF naive 0.58 0.24-5.62 0.21 1.69  0.36-2.68 0.36
Vitamin D <30 ng/mL 0.36 0.08-1.25 0.02 0.89  0.42-2.26 0.03
Vitamin D supplement 0.22 0.18-0.95 0.09 2.69 | 0.98-4.85 0.12
Vitamin B12 >240 pg/mL 1.25 0.65-3.69 0.55 0.89  0.21-1.25 0.09
Zinc >0.68 pg/mL 1.69 0.98-2.26 0.11 261  1.25-4.58 0.16

OR, odds ratio.
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TABLE 4 Diagnostic efficiency of different subgroups for endpoint CDAI outcomes by ROC curve.

Diagnostic value

(Vit-D baseline

Subgroup level ng/ml) AUC(95%Cl) Sensitivity Specificity

Male 19.35  0.56(0.25-0.95) 0.75 0.79 0.015
BMI: normal weight 16.25 = 0.78(0.68-0.89) 0.68 0.86 0.032
No smoking 19.45 = 0.77(0.61-0.85) 0.85 0.88 0.024
Disease duration

(>6 years) 18.22  0.78(0.65-0.85) 0.78 0.77 0.158
without Perianal disease 16.35 = 0.77(0.58-0.85) 0.85 0.81 0.248
Without intestinal surgery 15.64 = 0.84(0.55-0.95) 0.79 0.62 0.258

CDALI Crohn's Disease Activity Index; ROC, receiver operating characteristic; BMI, Body Mass Index; AUC, Area under the curve.

LASSO regression and nomogram
validation

Multiple linear regression models demonstrated a connection
between Crohn’s disease and vitamin D, as seen in Figure 1. In
multivariate logistic regression models, Crohn’s disease was
also independently predicted by male, age, BMI, and vitamin D
levels <30 ng/ml (Table 3). Fifteen variables were narrowed down to
five potential predictors with nonzero coefficients in the LASSO
regression model based on the 158 patients in the cohort (4:1 ratio).
These included being male, being older, having a BMI, and having
vitamin D levels below 30 ng/ml. The model that included the
previously described independent predictors was used to produce
the nomogram. The nonadherence risk nomogram’s calibration
curve for risk prediction in Crohn’s disease, meantime, showed high
consistency in this population. The model demonstrated high
discrimination, as shown by the C-index for the cohort’s
prediction nomogram, which was 0.982 (95 percent CI, 0.25-
1.03) and was confirmed to be 0.925 after bootstrapping
validation. The decision curve analysis for the vit-D-linked
indicators nomogram is shown in Figure 1B, and the area under
the curve (AUC) was 0.968, according to Figure 1C. In summary, a
vitamin D deficit might be a useful predictor of Crohn’s
disease outcome.

Discussion

Human health is significantly impacted by the high frequency
and poor prognostic outcomes of CD patients (22, 23). Anti-TNF
treatment for CD patients, however, has limited remission impact,
making improving the treatment’s remission rate a crucial area of
study (24, 25). Furthermore, prevalent vitamin D deficiency is
observed in CD patients, with over 50% affected. Comparisons of
baseline data revealed that the non-remission group had a
significantly higher rate of vitamin D deficiency. Subsequent
studies utilizing univariate, multivariate, and LASSO regression
models further identified vitamin D insufficiency as a significant
risk factor for CD patients receiving IFX intervention.

Frontiers in Immunology

In 2006, Robert Modlin’s group demonstrated that stimulating
macrophages through the pattern recognition receptor toll-like
receptor 2 (TLR2) results in the expression of CYP27BI, leading
to endogenous production of 25-hydroxyvitamin D (25(OH)D) (26,
27). T This finding is considered a key mechanism supporting the
role of 1,25-dihydroxyvitamin D (1,25D) signaling in the innate
immune response. For many years, it has been recognized that
vitamin D deficiency is associated with CD.

Schiffler et al. found that CD patients benefited from therapy
with tumor necrosis factor-o. inhibitor and exhibited significantly
higher vitamin D levels than those without (28). Shema Ayadi et al.
also found that Vitamin D deficiency is common in Tunisian CD
patients as well as in controls and is associated with disease activity.
This association is often attributed to either intestinal
malabsorption of dietary vitamin D or insufficient sun exposure
during active illness, particularly in high-latitude populations (1).
Nonetheless, evidence from the aforementioned laboratory research
strongly suggests that vitamin D insufficiency may play a role in the
pathophysiology of CD, and that sufficient vitamin D
supplementation may improve innate immunity, reduce
inflammation, and alleviate CD symptoms. Numerous clinical
trials conducted since 2010 have shown the potential therapeutic
effects of potent vitamin D supplementation for CD patients. For
example, a 2011 clinical study reported that women with
anticipated 25(OH)D levels of >30 ng/mL (75 nM) had a
multivariate-adjusted hazard ratio of 0.38 (95% CI, 0.15-0.97)
compared to women with expected levels of <20 ng/mL (50 nM),
suggesting that higher circulating 25(OH)D levels significantly
lower the incidence of CD in this female population (29).

Vitamin D insufficiency is prevalent in the CD patient
population and is independently linked to worse health-related
quality of life (HRQOL) and increased disease activity, according to
a retrospective cohort analysis of 403 CD patients (30).
Furthermore, a retrospective analysis of pediatric populations
revealed similar findings; 47% of children had vitamin D
deficiency or insufficiency, and in this group, vitamin D
deficiency was linked to higher exposure to corticosteroids (31,
32). Serum vitamin D levels were found to be substantially lower in
children with CD compared to healthy controls, and the group of
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coefficients in iron homeostasis in SSNHL patients.

children recently diagnosed with IBD also exhibited high rates of
vitamin D insufficiency or deficiency (31, 32). A 25(OH)D level of
<20 ng/mL (50 nM) was linked to a statistically significant increase
in the risk of surgery and hospitalizations due to IBD compared to
individuals with levels >30 ng/mL, according to a multivariate study
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of over 1500 CD patients (33). In clinical research, many studies
have reported the relationship between 25(OH)D levels and clinical
outcomes in CD patients, as well as the effect of biologic agents (34).
The lack or insufficiency of 25(OH)D is more common in CD
patients. Furthermore, patients with low 25(OH)D levels are less
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likely to achieve clinical remission and a poorer response to biologic
agents (35, 36). In a small, double-blind, randomized, placebo-
controlled trial involving 27 CD patients in remission, those
assigned to vitamin D (2000 IU/d) achieved a significantly higher
25(OH)D level (at least 75 nmol/L) compared to the placebo group,
although the Crohn’s Disease Activity Index (CDAI) scores did not
significantly decrease (37).

Only one study in western China examined the therapeutic effects
of vitamin D combined with IFX. This study found that vitamin D
levels in the subgroup of patients with a normal BMI, non-smoking
status, and receiving immunosuppressant therapy had independent
predictive value for the endpoint CDAI score (P < 0.05). This
represents one of the relatively few studies on this specific topic.
Following IFX medication, baseline vitamin D levels in CD patients—
particularly those with a normal BMI, who do not smoke, and who
receive IFX in addition to immunosuppressants—predict clinical
remission (15). However, this research focused on the examination
of vitamin D levels and IFX-induced remission in CD patients within
an eastern region, likely due to significant differences in latitude and
altitude between the eastern and western parts of China.

Potential underlying mechanisms linking the effectiveness of
IFX and vitamin D therapy may include inhibiting VDR expression
and function, increasing downstream inflammatory signaling, and
enhancing the production of inflammatory cytokines (38). Some
research suggests that intestinal epithelial integrity depends on
Vitamin D and that these cells are closely linked to VDR
expression. In experimental colitis models using VDR knockout
(VDR-/-) mice, animals exhibit increased vulnerability to epithelial
damage, typically characterized by disruption of epithelial integrity
and loss of tight junctions, which consequently increases
susceptibility to bacterial translocation (39-41).

Clinical investigations frequently demonstrate strong correlations
among Vitamin D levels, clinical outcomes in CD patients, and the
effects of biologics (34). Vitamin D deficiency or insufficiency is more
prevalent in CD patients. Furthermore, patients with low Vitamin D
levels often experience poor responses to biologics and have lower
rates of clinical remission. In individuals with CD, Vitamin D status
may even serve as a predictor of the long-term effectiveness of
biologics, and supplementing these patients with Vitamin D can
enhance biologic therapy (35, 36). Some research also indicates that
individuals with Vitamin D insufficiency are more likely to
discontinue IFX treatment due to poor response or the early
emergence of anti-drug antibodies. Moreover, Vitamin D levels
show a positive correlation with the duration of response to anti-
TNE-o therapy (42).

Limitations
A single-center retrospective research with a limited sample size

is one of the study’s shortcomings. Another is that prospective
intervention studies are required to further establish the causal
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association between vitamin D and clinical remission. We tried to
use statistical methods to screen out the effect of each variable on the
dependent variable after univariate analysis, taking into account
several potentially significant variables. This was done to analyze
the influencing factors more thoroughly and more in line with the
actual clinical situation, given the bias of single-center, retrospective,
and small-sample studies. To minimize bias from baseline values, we
also used subgroup analyses at the same time. Second, information on
vitamin D, calcium, and food consumption from sun exposure is
lacking. Third, HPLC-MS produced more accurate findings than
radioimmunoassay when it came to detecting VIT-D levels. However,
only immunoassays may be carried out in our hospital laboratory.

Conclusion

This research examined the association between vitamin D levels
and CD patients in eastern China after IFX intervention. The findings
showed a strong correlation between low vitamin D levels and the
poor remission rate of CD patients following IFX intervention.
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Ukraine, *Department of Therapy and Family Medicine, |. Horbachevsky Ternopil National Medical
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Background: Vitamin D is suggested as a supportive therapy to reduce the
severity of COVID-19 due to its immunomodulatory and anti-inflammatory
effects. However, its effect on critical outcomes, such as ICU admissions and
mortality, shows significant variation across randomized clinical trials and meta-
analyses.

Objectives: To summarize the influence of vitamin D supplementation on ICU
admissions and mortality among COVID-19 patients.

Methods: Overall, 21 eligible studies were retrieved using a comprehensive search
from Scopus, PubMed, and Web of Science. A citation matrix was developed,
revealing a Corrected Covered Area (CCA) of 0.54, indicating moderate
overlap. Fixed-effects models were applied to data with low heterogeneity (ICU
admissions: Q =10.87, p = 0.33), while random-effects models were used for
mortality outcomes (Q = 27.23, p = 0.006). Pooled odds ratios (OR) with 95%
confidence intervals (Cl) quantified the overall effects.

Results: Vitamin D supplementation was associated with a significant 38%
reduction in ICU admissions (OR = 0.62; 95% Cl: 0.54-0.71) and a 33% reduction
in mortality risk (OR = 0.67; 95% CI: 0.56-0.79). The benefit was pronounced in
vitamin D-deficient populations, although heterogeneity in mortality outcomes
highlighted variability across studies.

Conclusion: While these findings suggest that vitamin D supplementation
may help reduce ICU admissions and mortality among COVID-19 patients—
particularly in those with vitamin D deficiency—the results should be interpreted
with caution. The observed variability and potential confounding factors
underscore the need for further large-scale, randomized controlled trials with
standardized dosing protocols before definitive clinical recommendations can
be made.

KEYWORDS

COVID-19, vitamin D supplementation, mechanical ventilation, hospital stay, clinical
outcomes, immune modulation, randomized controlled trials
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1 Introduction

The COVID-19 pandemic began in December 2019 in Wuhan,
China, with the emergence of a novel coronavirus known as SARS-
CoV-2. As declared by the World Health Organization (WHO), by
March 2020, the virus had spread worldwide, reaching a critical global
scale (1). This situation undoubtedly escalated into a public health
emergency of international concern due to the viruss high
contagiousness (2). Initially, scientists and healthcare professionals
thought that COVID-19 mainly impacted the respiratory system,
resulting in interstitial pneumonia and acute respiratory distress
syndrome (3-5). However, subsequent research has shown that, in
addition to respiratory complications, COVID-19 can lead to a broad
spectrum of disorders affecting various organs, either directly or
indirectly associated with the infection (6-8).

The symptoms of COVID-19 vary from asymptomatic and mild
cases, which do not require special medical care, to moderate and
severe cases that necessitate hospitalization, respiratory support, and
even intensive care unit (ICU) treatment (9-11). Several risk factors
are associated with the progression of the disease (12, 13). For
example, elderly individuals are at the greatest risk of adverse
the likelihood of
complications increases in patients with comorbidities such as

outcomes and complications. Moreover,
cardiovascular diseases, diabetes, cancer, or obesity (14-18). Other
studies have shown that factors like age, sex, race, obesity, diabetes,
and hypertension play significant roles in triggering an uncontrolled
release of cytokines, leading to disease exacerbation and an
unbalanced immune response (19-24).

Since viral infections primarily spread through close social contact
and large gatherings, nearly every country implemented social
distancing measures to reduce the transmission of SARS-CoV-2 (25,
26). These measures aimed to limit the frequency of social interactions
and increase physical distance between individuals, thereby decreasing
It has been
demonstrated that staying at home for extended periods made people

the risk of human-to-human transmission (27).

more prone to physical inactivity, unhealthy eating habits, and limited
sunlight exposure, which could contribute to the development of
vitamin D deficiency or insufficiency (28-30).

The active form of vitamin D [1,25(0OH)2D3 — calcitriol] is a
fat-soluble hormone that possesses numerous biological properties
(endocrine, paracrine, and intracrine) in the human body. Its
paracrine and intracrine functions have garnered significant interest,
particularly due to the almost ubiquitous expression of the vitamin D
receptor (VDR) by immune cells, highlighting its role in regulating
acute and chronic inflammatory responses (31).

Several studies have demonstrated a correlation between vitamin
D levels, age, oxygen therapy needs, and mortality (32-34).
Daneshkhah et al. showed that COVID-19 mortality was highest in
Italy, Spain, and France, European countries with the highest rates of
severe vitamin D deficiency (35). Langlois et al. found that low vitamin
D levels were associated with an increased frequency of infections,
sepsis, and mortality (36). Other studies have established connections
between inflammatory markers and disease progression. For instance,
Ai-Ping Yang et al. demonstrated that white blood cell count,
lymphocyte count, neutrophil count, C-reactive protein (CRP) levels,
and ratios such as neutrophil-to-lymphocyte, lymphocyte-to-
monocyte, and platelet-to-lymphocyte were statistically higher in
patients with severe cases than in those with mild cases (37). Guohui
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et al. investigated novel serological markers in COVID-19 and,
through multivariate logistic regression analysis, found that the
CRP-to-albumin and CRP-to-prealbumin high-sensitivity ratios
correlated with the risk of severe COVID-19 (38).

This systematic review and meta-analysis aimed to assess the
effects of vitamin D supplementation on critical COVID-19 outcomes,
including ICU admissions and mortality.

2 Materials and methods
2.1 Study design and data extraction

This meta-analysis was performed in order to determine the
impact of vitamin D supplementation on severe cases of critical
COVID-19 (i.e,, ICU admission and mortality). Eligible studies
included systematic reviews and meta-analyses investigating the
association  between  vitamin D
COVID-19 severity.

A comprehensive literature search was performed on PubMed,
Scopus, and Web of Science (WoS) on 20 December 2024. The
following search strategies were used:

For PubMed, the search query used was: (Vitamin D OR Vit D)
AND (COVID-19 OR SARS-CoV-2 OR COVID-2019 OR 2019-

nCoV OR “2019 novel coronavirus infection” OR “coronavirus

supplementation  and

disease-19” OR “coronavirus disease 2019” OR “novel coronavirus”)
AND (systematic review[pt] OR meta-analysis[pt] OR “systematic
review”[tiab] OR analysis”[tiab] OR
overview”[tiab]) AND (supplementation OR supplement[tiab]).

For Scopus, the search query was: TITLE-ABS-KEY (“Vitamin D”
OR “Vit D”) AND TITLE-ABS-KEY(COVID-19 OR SARS-CoV-2 OR
COVID-2019 OR 2019-nCoV OR “2019 novel coronavirus infection”
OR “coronavirus disease-19” OR “coronavirus disease 2019” OR
“novel coronavirus”) AND TITLE-ABS-KEY (“systematic review” OR
“meta analysis” OR “systematic overview”) AND TITLE-ABS-
KEY (supplementation OR supplement).

“meta “systematic

For Web of Science (WoS), the search query was: TS = (“Vitamin
D” OR “Vit D) AND TS =(COVID-19 OR SARS-CoV-2 OR
COVID-2019 OR 2019-nCoV OR “2019 novel coronavirus infection”
OR “coronavirus disease-19” OR “coronavirus disease 2019” OR
“novel coronavirus”) AND TS = (“systematic review” OR “meta
analysis” OR “systematic overview”) AND TS = (supplementation OR
supplement). Data extraction was performed independently by two
reviewers using a standardized data collection form. Extracted data
included the number of studies within each systematic review, the
total sample size, primary outcomes (ICU admissions and mortality),
and effect size measures such as odds ratios (OR) with corresponding
95% confidence intervals (CI). Any disagreements were resolved
through discussion or by consulting a third reviewer.

2.2 Inclusion and exclusion criteria

For this umbrella review, only systematic reviews and meta-
analyses that quantitatively synthesized the effect of vitamin D
supplementation on COVID-19 outcomes were included. Eligible
reviews evaluated individuals diagnosed with COVID-19, regardless
of disease severity, and incorporated data from randomized controlled
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trials (RCTs) as well as reviews that combined RCTs with observational
studies. Studies had to report primary outcome data for ICU
admissions and/or mortality; when available, baseline vitamin D
status was also considered.

Reviews were excluded if they did not focus on vitamin D
supplementation or if they lacked a quantitative synthesis (e.g.,
narrative reviews or single observational studies). Additionally, any
reviews that did not report data on ICU admissions or mortality, or
were published in languages other than English, were excluded. In
cases where overlapping primary studies were present across multiple
reviews, all eligible reviews were initially considered, with overlapping
data noted and carefully managed during analysis.

The review by Rawat et al (82) was excluded from the sensitivity
analysis because it had a limited sample size—incorporating only five
studies—and exhibited methodological inconsistencies that produced
effect sizes significantly different from those in other reviews.
Including this review risked disproportionately skewing the overall
pooled estimates. Sensitivity analyses confirmed that excluding (82).
improved the consistency of the results without altering the overall
direction of the effect.

2.3 Quality assessment of included reviews

To assess the quality of the included reviews, the AMSTAR 2 (A
Measurement Tool to Assess Systematic Reviews) was used (39, 40).
This tool assesses methodological rigor based on several criteria,
including the comprehensiveness of the search strategy, clear inclusion
criteria, robust data extraction methods, and an adequate assessment
of risk of bias. Reviews were classified as “high,” “moderate;” or “low”
quality based on these assessments.

2.4 Statistical analysis

Pooled odds ratios (OR) and 95% confidence intervals (CI) were
computed for ICU admissions and mortality to determine the overall
effect of vitamin D supplementation. For ICU admissions,
heterogeneity was low (Q = 10.87, p = 0.33), so a fixed-effects model
was applied using the inverse-variance method. In contrast, for
mortality, significant heterogeneity (Q = 27.23, p = 0.006) warranted
a random-effects model (DerSimonian and Laird) to account for
between-study variability.

2.4.1 Heterogeneity assessment

Heterogeneity among the studies was evaluated using Cochran’s
Q-statistic and quantified by the I* statistic, which represents the
percentage of total variation across studies attributable to
heterogeneity rather than chance. An I? value of 25, 50, and 75% was
interpreted as low, moderate, and high heterogeneity, respectively.

2.4.2 Meta-regression analysis

A meta-regression analysis was performed using the logarithm
of the odds ratio (log_OR) as the dependent variable and the
publication year as the independent variable. The weighted least
squares (WLS) method was employed, where inverse variance
weighting was used to account for differences in study precision.
Bubble plots were generated to visually examine the relationship
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between study year and effect size. The size of each bubble represents
the weight assigned to each study, reflecting the study’s precision
(inverse of variance).

2.4.3 Calculation of pooled estimates

For each outcome of interest, we calculated pooled odds ratios
(ORs) using a weighted average of individual study estimates, with
weights assigned based on the inverse of each study’s variance. The
tau-squared (t?) statistic was used to quantify between-study variance,
while statistical significance of the pooled ORs was assessed via Z-tests
(p < 0.05 was considered significant).

To evaluate the stability of our results, we conducted a sensitivity
analysis using a leave-one-out approach. In this procedure, each
systematic review was removed one at a time, and the overall effect
was recalculated. We compared these new pooled estimates, along
with heterogeneity metrics (Q and I?), to the original values to
determine whether any single review had a disproportionate impact
on the findings.

One review, conducted by Rawat et al. (82) and Meng et al. (21),
was flagged as an outlier due to its small sample size and
methodological inconsistencies. Its effect estimates deviated
substantially from those of the other reviews. When Rawat et al. (82)
was excluded, the recalculated ORs for ICU admission and mortality
remained consistent, suggesting that our main results are robust and
not unduly affected by individual studies.

2.4.4 Software and visualization

All statistical analyses were conducted using Python (v3.9) and
relevant libraries (numpy, scipy, and matplotlib). Forest plots were
generated to visually represent the pooled effect sizes and confidence
intervals. The shaded area on the forest plot reflects the 95%
confidence interval for the pooled OR, while vertical lines indicate the
null effect (OR =1).

3 Results
3.1 Study selection

The systematic search yielded a total of 402 records from Scopus
(n=213), PubMed (n = 82), and Web of Science (n = 107). After the
removal of 213 duplicate records, 189 unique records proceeded to
title and abstract screening. Following this stage, 65 records were
excluded based on irrelevance to the research question or failure to
meet the inclusion criteria. Full-text retrieval was attempted for the
remaining 124 studies, with 10 records unavailable despite
comprehensive efforts to obtain them.

A detailed eligibility assessment was conducted for 114 full-text
articles, resulting in the exclusion of 93 studies for the following
reasons: Ultimately, 21 studies met the predefined eligibility criteria
and were included in the final systematic review and meta-analysis
(Figure 1; Table 1).

3.2 Risk of bias

The risk of bias (RoB) across the included studies was evaluated
using the AMSTAR 2 (A Measurement Tool to Assess Systematic
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FIGURE 1
RISMA flow diagram for study selection. This flow diagram outlines the process of study identification, screening, eligibility assessment, and inclusion in
the systematic review and meta-analysis. A total of 402 records were initially identified through database searches. After the removal of duplicates and
irrelevant records, 21 studies met the inclusion criteria and were analyzed. Reasons for exclusion at each stage are detailed, including non-retrievable
reports and studies that did not meet eligibility criteria.

Reviews) framework. The overall quality of the included studies
ranged from moderate to high, with the majority demonstrating
rigorous methodological approaches and adherence to best practices
in systematic review conduct.

Among the 21 studies included in the umbrella analysis, 15
demonstrated a low risk of bias in at least 80% of the assessed areas,
indicating the high quality of the systematic reviews included in the
studies (Figure 2).

3.3 ICU admissions

This meta-analysis included data from 10 studies examining the
effect of vitamin D on ICU admissions among COVID-19 patients.
Due to low heterogeneity among the studies (Q = 10.87, p =0.33), a
fixed-effects model was applied. The pooled odds ratio (OR) for ICU
admissions was calculated at 0.62 (95% CI: 0.54-0.71), suggesting that
vitamin D supplementation is associated with a 38% reduction in the
likelihood of ICU admission.
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Odds ratios in the systematic reviews ranged from 0.33 to 0.80,
with all but one study showing an OR below 1, indicating that
vitamin D supplementation may reduce the rate of ICU admission

(Figure 3).

3.4 Mortality

Fifteen studies were included in the analysis assessing the effect
of vitamin D supplementation on mortality rates in COVID-19
patients. Unlike ICU admissions, the mortality data showed
significant heterogeneity (Q = 27.23, p = 0.006). Therefore, a random-
effects model was used. The pooled OR for mortality was 0.67 (95%
CI: 0.56-0.79), indicating a 33% reduction in the risk of death
associated with vitamin D supplementation.

The individual study ORs for mortality ranged from 0.19 to 1.13,
with several studies demonstrating CIs crossing the null line,
indicating non-significant results. For instance, Adil et al. (42) and
Sirbu et al. (73) reported ORs of 0.91 (95% CI: 0.67-1.23) and 0.96
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TABLE 1 Characteristics of included studies.

References

Search strategy

No. of
studies
included

Total no. of
participants

Dose regimen and period

Outcomes

Results

Embase, Web of Science, and

Google Scholar

Sartini et al. (43) PubMed/MEDLINE, Scopus, 29 Not specified Vitamin D dosages varied Mortality, ICU admissions, Significant reduction in ICU admissions (OR = 0.55, 95% CI:
Cochrane, and Google Scholar considerably, including daily, weekly, | intubation rates, and 0.37-0.79), intubation rates (OR = 0.50, 95% CI: 0.27-0.92).
and monthly doses. Example hospital length of stay Mortality reduction in analytical studies (OR = 0.45, 95% CI:
regimens: 80,000 TU/day, 21,280 IU/ (LOS). 0.24-0.86). LOS showed non-significant reduction (—0.62 days).
day initial dose followed by Subgroup effects in older and severe COVID-19 cases.
10,640 IU/day maintenance dose, or
200,000 IU/day.
Zhang et al. (47) PubMed, Embase, Web of Science, 21 4,553 Single-dose vs. continuous-dose; total | Mortality, ICU admissions, Continuous dosing and lower doses (<100,000 IU) were more
and Cochrane intake within 14 days (>100,000 IU intubation rates, LOS. effective. Mortality and ICU admission rates were significantly
vs. <100,000 IU). Baseline serum reduced in the deficient group. No significant effect on LOS.
Vitamin D levels compared (deficient
vs. non-restricted).
Adil etal. (42) PubMed, Cochrane, CINAHL, 14 2,165 Dosages ranged from 5,000 IU to ICU admissions, mechanical = ICU admissions and need for mechanical ventilation reduced. No
EMBASE, and Google Scholar 500,000 IU, administered daily for ventilation, mortality, significant impact on mortality, hospital stay length, or oxygen
1 day to 2 weeks. hospital stay, oxygen requirement.
requirement.
Ghoreshi et al. PubMed, Scopus, Web of Science, 16 The sample size in Dosage varied from 2000 to Hospital LOS, CRP, ferritin, | Reduced LOS (MD = —1.16; p = 0.033), especially with
(53) Embase, and Cochrane the evaluated 500,000 IU. D-dimer, Hb, lymphocyte <10,000 IU doses. Significant CRP reduction in older adults. No
studies ranged from counts. significant changes in other inflammatory markers.
40 to 237 patients.
Yang et al. (50) Cochrane Library, PubMed, Web of 19 2,345 participants Single-dose vs. multiple-dose ICU admission, mechanical | Multiple-dose regimens showed greater reductions in ICU
Science, and Embase administration. ventilation (MV), LOS, admissions (OR 0.39), MV (OR 0.18), and LOS. No significant
mortality, inflammatory mortality or inflammatory marker changes.
markers.
Sobczak and PubMed, Web of Science, Embase, 13 Not specified Not specified. ICU admissions, mortality. ICU admissions reduced (RR 0.73; p = 0.02). Mortality
Pawliczak (48) and Cochrane Central Register of significantly lowered (RR 0.56; p = 0.02).
Controlled Trials
Jamilian et al. (72) | Web of Science, PubMed, Scopus, 13 Not specified Not specified. Mortality, infection risk, Reduced mortality in intervention studies (ES = 0.42) and
and Embase disease severity. observational studies (ES = 1.99). Vitamin D deficiency increased
infection risk and severity.
Meng et al. (49) PubMed, Cochrane Library, 29 8,128 Ranging from 800 IU to 5,000 IU ICU admissions, mechanical | ICU admissions and MV rates reduced. No conclusive preventive

ventilation, mortality, SARS-

CoV-2 infection prevention.

effect against SARS-CoV-2 infection.
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TABLE 1 (Continued)

References

Search strategy

No. of
studies
included

Total no. of
participants

Dose regimen and period

Outcomes

Results

(79)

Sirbu et al. (73) PubMed, Embase 13 Not specified Not specified. Length of hospital stay High-dose vitamin D showed potential benefits in reducing LOS
(LOS), ICU admissions, and ICU admissions. No significant effect on mortality.
mortality
Caoetal. (74) PubMed, Embase, Web of Science, Not specified. Not specified. Not specified. Mortality All-cause mortality decreased (RR = 0.54, 95% CI: 0.33-0.88).
Cochrane Library, Google Scholar
Zhang et al. (75) PubMed, Embase, Cochrane 16 3,359 Not specified. Mortality, ICU admissions, No significant reduction in mortality in RCTs (RR = 0.94, 95% CI:
Library, CBM, CNKI, VIP, and LOS. 0.69-1.29). Positive impact on mortality in cohort studies
‘WanFang (RR =0.33, 95% CI: 0.23-0.47). No significant differences in ICU
admission or MV rates.
Zaazouee et al. PubMed, Embase, Scopus, Web of 9 1,586 Not specified. ICU admissions, Reduced ICU admissions.
(76) Science, and Cochrane Library inflammatory markers
Kimmel etal. (51) | PubMed, Embase, Scopus, Web of 8 657 Not specified. Mortality, ICU admissions. No significant effects, but a trend for reduced mortality
Science, The Cochrane Library, (OR =0.74, 95% CI: 0.32-1.71) and reduced ICU admissions
medRxiv, Cochrane COVID-19 (OR =0.41,95% CI: 0.15-1.12).
Study Register, and ClinicalTrial.
gov
D’Ecclesii et al. PubMed, Ovid Medline, EMBASE, 38 Not specified Not specified ICU admissions, mechanical | Vitamin D supplementation associated with lower risk of severe
77 and ISI Web of Science ventilation, LOS. COVID-19 (SRR = 0.38, 95% CI: 0.20-0.72) and mortality
(SRR = 0.35, 95% CI: 0.17-0.70). Older individuals and higher
latitudes showed greater reduction in mortality.
Hosseini et al. (44) | PubMed, Cochrane, CINAHL, and 5 1548 (RCT) and Not specified. COVID-19 infection risk, Reduced ICU admission (RR = 0.35, 95% CI: 0.20-0.62) and
EMBASE 586,841 (NRIS) hospital admission, ICU mortality (RR = 0.46, 95% CI: 0.30-0.70). No significant effect on
admission, mortality infection risk
Beran et al. (52) PubMed/MEDLINE, Embase, and Not specified. Not specified. Not specified. ICU admissions, LOS. Vitamin D did not reduce mortality (RR 0.75, 95% CI 0.49-1.17)
Cochrane but reduced intubation rate (RR = 0.55, 95% CI 0.32-0.97) and
LOS (MD = —1.26; 95% CI — 2.27 to —0.25).
Tentolouris et al. Med, Google Scholar, Embase, Web 9 2078 Not specified. Mortality, ICU admissions, No significant effect on mortality (OR = 0.60, 95% CI: 0.32-1.12).
(78) of Science, and medRxiv mechanical ventilation ICU admissions significantly reduced (OR = 0.33, 95% CI: 0.15-
0.71).
Stroehlein et al. Cochrane Library and PubMed 3 645 Not specified. Mortality, LOS. No significant effect on mortality. Limited data on LOS.
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Risk of bias assessment for included studies. The figure displays the risk of bias (RoB) assessment for each included study based on the AMSTAR 2
criteria. Each row represents a study, while columns correspond to specific domains of bias. Green circles indicate low risk of bias, yellow circles
represent partial fulfillment (moderate risk), and red circles denote high risk of bias.

observed in the resul(s of the review?

precursors of 1,25-dihydroxyvitamin D3, the active form of vitamin
D. In addition to its classical biological functions, such as regulating
bone metabolism and maintaining calcium and phosphorus balance,
vitamin D also plays a role in immune modulation, lung and muscle
function, cardiovascular health, and the prevention of infectious diseases.

Much research, particularly during the first wave of the
pandemic, has suggested an association between vitamin D deficiency
and the risk of SARS-CoV-2 infection, the incidence and severity of
COVID-19, and mortality (45). Speculative observations about the
higher prevalence of hypovitaminosis D in European countries, along
with the high rates of SARS-CoV-2 and COVID-19 infections,
especially in northern regions, have linked the two events. However,
these observations have not verified the causal relationship or ruled
out causality.

Importantly, it should be noted that most studies on this topic
have been retrospective in nature. This raises the possibility that
decreased vitamin D levels may be a consequence of acute illness
rather than a predisposing factor, leading to concerns about reverse
causality. This issue has been widely discussed and remains a subject
of debate. However, subsequent studies adopting a prospective
methodology have provided further evidence supporting the role of
vitamin D deficiency in predicting negative outcomes in COVID-19
patients (45). Some studies have found that total serum calcium levels
measured at admission are inversely related to proinflammatory
biomarkers associated with severe COVID-19. Additionally, serum
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calcium may serve as a useful marker for risk stratification, helping to
better predict adverse in-hospital outcomes (46).

In this umbrella analysis, we summarized recent findings from
systematic reviews and meta-analyses on two critical outcomes: ICU
admissions and mortality. Our results indicated that vitamin D
supplementation significantly reduces both ICU admissions
and mortality.

The pooled analysis for ICU admissions showed a significant
reduction (OR = 0.62, 95% CI: 0.54-0.71). This effect was consistent
across multiple studies (43, 47, 48). The low heterogeneity (Q = 10.87,
p = 0.33) suggests that despite differences in dosage and study design,
the overall effect size remained stable across diverse populations.
Sartini et al. (43) reported a similar reduction in ICU admissions
(OR =0.55, 95% CI: 0.37-0.79), consistent with the findings of
Hosseini et al. (44) and Meng et al. (49).

Subgroup analyses provided further insights. For instance, Zhang
et al. (47) found that continuous high-dose regimens were more
0.79).
Additionally, Yang et al. (50) observed a more significant reduction in

effective than single-dose interventions (RR=0.44 vs.

ICU admission rates among patients with moderate to severe
COVID-19 (OR = 0.43, 95% CI: 0.23-0.80).

Populations with vitamin D deficiency consistently showed more
pronounced reductions in ICU admissions (RR = 0.63, 95% CI: 0.42-
0.93), supporting the hypothesis that correcting vitamin D deficiency
offers greater immunological and anti-inflammatory benefits.
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FIGURE 3

Forest plot for ICU admission. The plot displays the odds ratios (OR) and 95% confidence intervals (Cl) for individual studies assessing the effect of
vitamin D on ICU admission rates in COVID-19 patients. The red vertical line represents the pooled OR of 0.62 (95% ClI: 0.54-0.71), calculated using a
fixed-effects model. The shaded red area indicates the 95% Cl of the pooled OR. The dashed gray line at OR = 1 represents the null effect. Blue circles
represent the OR of each study, with horizontal lines depicting the 95% CI.

1
Rawat et al., 2021 :
Szarpak et al., 2021f ———m— E
Tentolouris et al., 2021 - i
Beran et al., 2021 :
Hosseini et al., 2022 —_——— i
D’Ecclesii et al., 2022 ———— i
Kiimmel et al., 2022 | i
Zaazouee et al., 2022 i
Cao et al., 2023} i
Sirbu et al., 2023 i

Meng et al., 2023 | ——o—i—

Sobczak et al., 2024 - 5
Adil et al., 2024 i
Zhang et al., 2024 | —_—— i
Sartini et al., 2024 i

000 025 050 075  L00 125 150 175  2.00

Odds Ratio (OR)

Pooled OR: 0.67
95% CI: 0.56 - 0.79 Study OR (ICU Admission)

FIGURE 4

Forest plot for mortality. This plot illustrates the OR and 95% CI for studies analyzing the impact of vitamin D on mortality in COVID-19 patients. The
pooled OR is 0.67 (95% Cl: 0.56-0.79), calculated using a random-effects model to account for significant heterogeneity (Q = 27.23, p = 0.006). The
red vertical line represents the pooled OR, and the shaded red area indicates its 95% Cl. The dashed gray line at OR = 1 denotes the null effect. Blue
circles and horizontal lines represent the OR and 95% Cl for each study, respectively.

Frontiers in Nutrition 132 frontiersin.org


https://doi.org/10.3389/fnut.2025.1559471
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org

Petakh et al. 10.3389/fnut.2025.1559471
A B
-0.2
. . 0.00
—04 . -0.25
' -0.50
2 -06 2
g g
Py 8 -0.75
2 8
>
&-08 2 100 )
o
-125
-1.01 .
-1.50
L
-12 [
2021 2022 2023 2024 2021 2022 2023 2024
Year Year
FIGURE 5
Bubble plot analysis. (A) ICU admissions. (B) Mortality. The x-axis represents the publication year. The y-axis represents the log-transformed odds ratio.
The size of each bubble corresponds to the weight assigned to the study. A fitted regression line illustrates the overall trend. Despite minor fluctuations
in effect sizes over time, no clear pattern or significant trend was observed, supporting the statistical findings.

Regarding the effect of vitamin D supplementation on mortality,
the analysis showed a significant reduction in mortality (OR = 0.67,
95% CI: 0.56-0.79); however, substantial heterogeneity was observed
across studies (Q = 27.23, p = 0.006). This variability could be due to
differences in dosing protocols, patient populations, baseline vitamin
D levels, and comorbidities, all of which may influence the differences
in mortality reduction rates.

Adil et al. (42) and Hosseini et al. (44) reported significant
reductions in mortality, with Adil’s analysis highlighting the effect of
high-dose vitamin D in reducing death rates. Zhang et al. (47) found
that the mortality benefit was confined to vitamin D-deficient patients
(RR =0.73, 95% CI: 0.59-0.89), with no significant reductions in
This that
supplementation may be most effective as a corrective intervention

non-deficient populations. suggests vitamin D
rather than a prophylactic measure for individuals with adequate
vitamin D levels.

In contrast, studies by Kiimmel et al. (51) and Beran et al. (52)
reported non-significant trends toward mortality reduction, with
ORs around 0.74. This may be due to limited sample sizes, short
follow-up periods, or underlying comorbidities that affect the
therapeutic effect of vitamin D. However, the authors suggest that
these trends still support the idea that vitamin D supplementation
may offer a protective role, even if the effect is not universally
statistically significant.

The analysis also revealed a modest, non-significant reduction in
length of hospital stay (LOH) (MD = —1, 95% CI: —2.16 to 0.16,
p =0.13). Ghoreshi et al. (53) and Sartini et al. (43) reported similar
findings, with reductions in LOH mainly observed in elderly
populations or those receiving lower daily doses (<10,000 IU). This
suggests that while vitamin D supplementation may not drastically
shorten hospitalization, it could contribute to a gradual improvement
in recovery.

Mechanical ventilation outcomes showed mixed results. Yang
et al. (50) and Meng et al. (49) reported significant reductions in
mechanical ventilation requirements (OR = 0.44, 95% CI: 0.27-0.72),
while other studies, such as Zhang et al. (47) and Adil et al. (42), found
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non-significant differences. These discrepancies may also stem from
the complex interaction between patient condition, baseline vitamin
D levels, and the timing of supplementation.

Patients with COVID-19 may benefit from vitamin D
supplementation as both a preventive and therapeutic agent. Vitamin
D binds to its receptor and influences two primary pathways: first, it
inhibits pro-inflammatory cytokines by interfering with the
TNF-induced NFxB1 pathway, and second, it activates the Jak-Stat
pathway by inducing the expression of interferon-stimulating genes
(54, 55).

1,25-dihydroxyvitamin D has explicitly antimicrobial properties,
inducing the expression of cathelicidin and f-defensin 2, which
exhibit direct and indirect antimicrobial effects. These effects include
stimulating immune cell chemotaxis and pro-inflammatory cytokine
expression, leading to removing infected cells in the respiratory tract.
Vitamin D also stimulates the expression of p-defensin via nucleotide-
binding oligomerization domain-containing protein 2 (NOD2) (56).
Additionally, 1,25(OH)2D inhibits hepcidin expression, allowing for
increased iron export from infected cells and reducing iron availability
for microbial growth (57). Vitamin D’s antimicrobial effects also
extend to promoting intestinal and alveolar epithelial barrier function,
enhancing the production of reactive oxygen species (ROS), and
supporting neutrophil function and macrophage activities, including
phagocytosis and autophagy (58-61).

In adaptive immunity, calcitriol limits T lymphocyte activation,
induces the expression of regulatory T cells (Tregs), and helps shift
immune responses from pro-inflammatory Th1/Th17 to regulatory
Th2, thus supporting immune tolerance (62). The effectiveness of
vitamin D depends on its receptor (VDR), and variations in the VDR
gene, particularly SNPs, have been linked to immune dysfunctions.
For example, the TT genotype of the FokI polymorphism has been
associated with an increased risk of respiratory syncytial virus
infections (63).

Vitamin D may also influence the viral replication process in
human cells. SARS-CoV-2 enters host cells through the angiotensin-
converting enzyme-2 (ACE2) receptor, leading to severe pathology
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and cell death. The virus modulates the renin-angiotensin system
(RAS), causing excess angiotensin II (Ang-II) production, which
activates the cytokine storm and downregulates the immune system.
Vitamin D has been proposed to help prevent acute respiratory
distress syndrome (ARDS) by downregulating Ang-II production and
enhancing the ACE2/Ang-(1-7)/Mas receptor axis, providing
protective effects against tissue damage and inflammation (64-68).

In severe COVID-19 cases, the inflammatory response can cause
significant damage, particularly to the lungs and heart, with cytokine
levels such as IL-6 elevated significantly in more severe cases (69, 70).
Vitamin D may reduce this cytokine storm by promoting the
expression of anti-inflammatory mediators like IL-10, IL-4, and TGF}
and shifting the immune response toward T-regs. This modulation of
the immune response may help reduce the inflammatory damage seen
in severe COVID-19 cases (71).

Overall, the findings of this umbrella review point to a
potentially beneficial role of vitamin D supplementation in
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reducing the severity of COVID-19 outcomes, particularly in
relation to ICU admission and mortality. These effects appear more
pronounced in individuals with low baseline vitamin D levels,
which aligns with earlier observational and mechanistic evidence.
Although current data do not warrant routine high-dose
supplementation in all COVID-19 patients, maintaining sufficient
vitamin D status—through moderate supplementation or lifestyle
measures—may be a low-cost and low-risk approach worth
considering, especially in populations where deficiency is common.
In hospital settings, evaluating vitamin D levels could be clinically
justified in selected patients, such as the elderly or those with
comorbidities, though universal screening may not be practical or
necessary. Given the observed variability in dosing strategies and
study populations, further well-designed trials are essential to
clarify when, for whom, and how vitamin D supplementation can
be most effectively applied in the context of respiratory infections
like COVID-19.
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5 Limitations and future directions

This umbrella review has several limitations that should
be acknowledged.

First, baseline vitamin D status was not consistently reported
across the included reviews. This inconsistency hinders our ability to
determine whether the observed benefits are predominantly confined
to individuals with vitamin D deficiency or extend to those with
sufficient levels. In addition, differences in how deficiency was defined
or measured across studies may have introduced variability into the
pooled estimates.

Second, significant heterogeneity was observed in mortality
outcomes (Q =27.23, p =0.006). Although we explored potential
sources of this heterogeneity—such as variations in dosing regimens,
study design, and patient demographics—the available data did not
always permit detailed subgroup or meta-regression analyses. As a
result, unmeasured factors (e.g., differences in SARS-CoV-2 variants,
concomitant treatments like corticosteroids or antivirals, and
variations in population health status) may have influenced the
reported effects.

Third, many of the studies included in the reviews were
retrospective, which raises the possibility of reverse causality. It
is plausible that severe COVID-19 itself might lead to lower
vitamin D levels, rather than low vitamin D predisposing patients
to severe disease. Although more recent prospective studies
suggest an independent role of vitamin D deficiency in predicting
adverse outcomes, the potential for reverse causality remains
a concern.

Fourth, confounding factors—such as overall health status,
preexisting comorbidities, and socioeconomic conditions—were not
uniformly controlled across the included reviews. This limitation may
bias the association between vitamin D supplementation and
improved outcomes, as these factors are known to influence
COVID-19 severity.

Fifth, some meta-analyses incorporated overlapping primary
studies, raising concerns about the double counting of data. While
we noted these overlaps and attempted to address them during our
analysis, this issue could lead to an overestimation of the pooled
effect sizes.

Sixth, optimal dosing strategies for vitamin D supplementation
remain uncertain. Although several reviews suggested that
continuous high-dose regimens might yield stronger benefits
compared to single-dose protocols, the available data were insufficient
to establish standardized dosing recommendations. The recent
findings from Minasi et al., which underscore the role of hypocalcemia
in adverse COVID-19 outcomes, further highlight the complex
interplay between vitamin D, calcium homeostasis, and
clinical outcomes.
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1 Autoimmune disease pathophysiology and
immune dysregulation

Hileman et al. reported that ADs arise from a complex interplay of genetic
susceptibility and environmental triggers, with viral infections playing a central role (1).
Viruses activate innate immunity by inducing type I interferon (IFN-o/f) production and
stimulating neutrophil extracellular trap (NET) release, thereby enhancing dendritic cell
maturation and antigen presentation. In genetically predisposed individuals, these events
promote adaptive immune activation, leading to B- and T-cell expansion, autoantibody
generation, and T-cell dysregulation.

Robinson et al. further proposed that Epstein-Barr virus (EBV) contributes to
autoimmunity through multiple mechanisms: molecular mimicry of human
autoantigens, reprogramming of B-cell function, and binding of EBV nuclear antigen 2
(EBNAZ2) to host super-enhancer regions associated with autoimmune-susceptibility genes
(2). Together, these actions disrupt normal gene regulation and perpetuate chronic
immune activation.

Taken together, these studies underscore the pivotal role of viral infections in both
initiating and exacerbating ADs and highlight potential antiviral or immunomodulatory
targets for therapeutic intervention.
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2 Vitamin D deficiency in autoimmune
diseases and its immunomodulatory
potential

According to the recent estimation, nearly 15 million
Americans live with at least one ADs. Increasing evidence
suggests that vitamin D insufficiency is highly prevalent in these
patients and correlates with immune dysregulation, higher disease
activity, and more frequent flares (3). Vitamin D supplementation
was important to prevent and treat deficiency-related conditions
like rickets. However, in vitamin D-replete adults, large-scale
randomized trials and Mendelian randomization studies
consistently showed no significant benefit for preventing cancer,
cardiovascular disease, diabetes, or fractures. High-dose
supplementation may even pose risks. Thus, routine use in the
general population is not supported, except to correct deficiency or
in specific at-risk groups (4).

Epidemiological studies have linked low serum 25-
hydroxyvitamin D [25(OH)D] levels (<20 ng/mL) to elevated risk
for ADs such as psoriasis, T1D, and multiple sclerosis (MS) (5).
Vitamin D contributes to immune homeostasis by promoting
innate defenses, enhancing macrophage and dendritic cell
function, while modulating adaptive responses through
suppression of Thl- and Thl7-mediated inflammation and
upregulation of regulatory T cells (6).

In MS specifically, vitamin D influences lymphocyte activation,
T-helper cell polarization, and cytokine production. It decreases
pro-inflammatory cytokines (e.g., IFN-v, IL-17) and increases anti-
inflammatory mediators (e.g., IL-10), thereby shifting the immune
milieu toward tolerance (7). Randomized trials of supplementation
(e.g., 4,000 IU/day cholecalciferol) have demonstrated significant
reductions in relapse rates and Magnetic Resonance Imaging (MRI)
lesion burden in relapsing-remitting MS, particularly in patients
with baseline 25(OH)D <30 ng/mL (8).

Taken together, these findings support a therapeutic role for
vitamin D in ADs, especially MS, by rebalancing innate and
adaptive immunity and modulating key cytokines such as IL-10
and IL-17. Future large-scale trials are warranted to define optimal
dosing, target serum levels, and long-term safety profiles.

3 Relevance to vitamin D receptor
signaling and immune regulation (T-
cell modulation and cytokine
suppression)

The hormonally active metabolite of vitamin D, 1,25-
dihydroxyvitamin D3 [1,25(OH)2D3], exerts its immunomodulatory
functions primarily by binding the vitamin D receptor (VDR), a
nuclear transcription factor expressed across diverse immune cell
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types (5). Upon ligand engagement, VDR heterodimerizes with
retinoid X receptor and associates with vitamin D response
elements in target gene promoters, thereby regulating transcription.
This VDR-mediated gene regulation underlies vitamin D’s capacity to
shape both innate and adaptive immune responses.

In the innate arm, 1,25(OH)2D3-VDR signaling promotes
monocyte-to-macrophage differentiation, enhances expression of
antimicrobial peptides such as cathelicidin, and upregulates HLA-
DR and co-stimulatory molecules on dendritic cells, facilitating
more effective antigen presentation (5). Concomitantly, VDR
activation modulates cytokine and chemokine profiles within the
innate compartment, fostering an environment that supports
pathogen clearance while limiting excessive inflammation.

Within adaptive immunity, VDR signaling exerts a potent
suppressive effect on Thl- and Thl7-mediated inflammation by
directly downregulating transcription of IFN-y and IL-17,
respectively. At the same time, it promotes the expansion and
functional stability of regulatory T cells (Tregs), enhancing IL-10
production and strengthening peripheral tolerance. (5, 9) B-cell
activity is similarly restrained: VDR activation inhibits plasma cell
differentiation and autoantibody secretion, thereby reducing
humoral autoimmunity (10). Figure 1 revealed the relationship
between vitamin D and immune modulation.

Beyond direct effects on immune cells, Sirbe et al. (5) have
reported that VDR signaling contributes to the maintenance of gut
barrier integrity and the modulation of microbiota composition,
mechanisms increasingly implicated in the pathogenesis of ADs.
Clinical investigations echo these molecular insights. Zhao et al.
(11) and Manousaki et al. (12) observed that vitamin D
supplementation was associated with lower incidence rates and
reduced disease severity in SLE and T1D cohorts. Taken together,
these findings highlight VDR-dependent pathways as promising
targets for therapeutic strategies aiming to recalibrate immune

homeostasis in autoimmune disorders.

4 The efficacy and safety of high-dose
vitamin D supplementation in
modulating immune profiles in
autoimmune disease

High-dose cholecalciferol is increasingly investigated to
overcome VDR sensitivity loss in genetically predisposed
individuals, where pathogen-mediated VDR downregulation,
chronic glucocorticoid exposure, environmental toxins, low UVB
exposure, and aging all contribute to impaired vitamin D signaling
and elevated autoimmune risk (13). However, the efficacy of high-
dose vitamin D remains debated (14-19). Table 1 summarizes
clinical trials of high-dose vitamin D in autoimmune diseases.

Several studies have revealed high-dose vitamin Dj;
supplementation in autoimmune diseases but reported no
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significant clinical benefits. However, many of these studies have
important methodological limitations that may affect the
interpretation of their findings. For instance, the study by Cassard
SD et al. (14) involved a relatively small sample size, lacked a
placebo control, and was conducted only in the United States,
limiting its generalizability. Similarly, the trial by Aranow C et al.
(15) showed patients with SLE, was also restricted by a small
participant pool, a short follow-up period of only 12 weeks, and a
predominantly female population with varied baseline disease
activity, introducing potential heterogeneity in treatment
response. The study by Grove-Laugesen D et al. (16) was also
limited to a single country (Denmark), and included mostly female
participants, raising concerns about gender representation and
external validity. In the trial by Nwosu BU. et al. (17), the
limitations included a small sample size, a narrow age range, a
single-country of Denmark. Lastly, the study conducted by
Fernandes AL et al. (19) assessed the effects of a single high-dose
intervention (200,000 IU) and faced challenges such as a limited
sample size for 1 year analysis and reliance on self-reported
symptoms, which may compromise the reliability of the
outcome assessment.

Brustad et al. (20) conducted a systematic review and meta-
analysis of 32 randomized trials (n = 8,400 children, doses 1,200
10,000 IU/day; bolus up to 600,000 IU) and found no increase in
serious adverse events, including hypercalcemia or nephrolithiasis.
In France, Thouvenot et al. (21) treated 316 early MS patients with
100,000 TU cholecalciferol biweekly for 24 months, observing
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reduced relapse rates and MRI lesion accumulation in clinically
isolated syndrome and relapsing-remitting MS. Bendix et al. (22)
administered 20,000 TU/day for seven weeks to 40 Crohn’s disease
patients, reporting a 25% decrease in the need for infliximab
dose escalation.

These data suggest that high-dose vitamin D can safely
modulate immune profiles, decrease disease activity, and
potentiate existing therapies in autoimmune disorders.
Nonetheless, optimal dosing regimens, especially for individuals
with profound deficiency or specific disease phenotypes, require
further large randomized trials to balance maximal
immunomodulation against potential toxicity.

5 Future research and study design

Future research should focus on well designed, randomized
controlled trials that enroll patients based on their baseline 25(OH)
D levels, VDR related genetic variants, and specific autoimmune
phenotypes. Such trials ought to include dose finding phases to
identify effective yet safe vitamin D regimens, serial immunological
assessments (e.g., Th1/Th1l7 cytokines, Treg frequencies,
autoantibody titers), and disease specific clinical endpoints
(relapse rates, imaging markers, or activity indices). Close
monitoring for hypercalcemia and renal effects will ensure safety,
while stratified analyses will reveal which patient subgroups derive
the greatest benefit from high dose supplementation.
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(LDVD), Low dose vitamin D3; (HDVD), high dose vitamin D3; RCT, Randomized Controlled Trial; US, United States; IFN, interferon; Q2W, every other week.
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Participants = Vitamin D dose Disease Study Level of
location evidence
Cassard S.D. et al. (14) 172 600 IU/day (LDVD) or Relapsing- remitting 18-50 years Not specified = 16 neurology HDVD did not reduce RCT Level I
5000 IU/ multiple sclerosis clinics in the US disease activity
day (HDVD)
Aranow C. et al. (15) 57 2,000 or 4,000 TU/day Systemic 36-39 years Female 94.4% 8 centers in US Failed to RCT Level I
lupus erythematosus diminish the IFN signature in
vitamin D-deficient Systemic
lupus erythematosus
Grove-Laugesen D. 278 2800 TU/day Graves’ Disease 44 + 14 years | Female 79% 7 endocrine High-dose vitamin D does not RCT Level I
et al. (16) clinics, recommend for Graves’ Disease
Denmark
Nwosu B.U. et al. (17) 36 50000 TU/ Type 1 diabetes 10-21 years Not specified = Not specified Partial clinical remission RCT Level I
week (2 months), then
Q2W (10 months)
Finamor D.C. et al. (18) 9 psoriasis and vitamin D3 35,000 IU/day = Psoriasis and vitiligo 47.8 years old = Female 28% 2 clinics, Brazil Effective Retrospective = Level II
16 vitiligo for 6 months and safe for vitiligo and
psoriasis patients
Fernandes A.L. et al. (19) 144 vitamin D3 200,000 IU moderate to severe 54.3 years old | Female 46.5% = Sao Paulo,and not support RCT Level I
COVID-19 Ibirapuera Field symptoms control
Hospital, Brazil
Thouvenot E. et al. (21) 316 oral cholecalciferol 100 Isolated syndrome and 18-55 years Female 69.6% = 36 Multiple Reduced disease activity in Isolated RCT Level I
000 IU/2 weeks for early relapsing remitting sclerosis syndrome and early relapsing
24 months. multiple sclerosis centers, France remitting multiple sclerosis
Bendix M. et al. (22) 40 20,000 IU/day for seven Crohn’s Disease Not specified | Not specified = Aarhus Reduced infliximab dose escalation RCT Level I
weeks and infliximab University
infusion with 5 mg/kg Hospital
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6 Conclusion

Vitamin D is essential for immune balance, and its deficiency
contributes to autoimmunity. High-dose vitamin D can rebalance
Th1/Th17 versus Treg activity, lessen disease flares, and boost
standard therapies without raising serious safety concerns.
Tailoring supplementation to patients’ baseline levels and genetics
offers a promising adjunct in managing autoimmune diseases.
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Background: This study investigated the role of UVB radiation and the influence
of a simulated passive barrier on the enzymatic conversion of 25-hydroxyvitamin
D3 (25(0OH)Ds) by 1-alpha hydroxylase and its effects on the functional activity of
tissue-resident macrophages.

Methods: Murine peritoneal tissue-resident macrophages (PRMgs) were
exposed to three conditions: (1) Baseline (Control group), with no light
exposure; (2) UVB+/RF- group, exposed to UVB rays without passive barrier
simulation; (3) UVB+/RF+ group, UVB exposure with a thin layer of rat fur to
mimic the passive barrier on the skin.

Results: UVB exposure did not significantly alter 250HD+ levels across groups
but led to a marked downregulation of 1-alpha hydroxylase, particularly with the
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simulated barrier. UVB slightly enhanced phagocytosis and significantly increased
nitric oxide (NO) and hydrogen peroxide (H,O,) production. Moreover,
hypochlorous acid (HOCI) levels were significantly upregulated in the UVB-
exposed PRMo group, whereas they returned to baseline levels in the UVB+/RF
+ group. Furthermore, both MPO expression and activity were markedly
upregulated after UVB exposure and downregulated in UVB+/RF+ group,
suggesting that the overall effect of UVB on METosis-related MPO activity was
substantially attenuated by the simulated barrier (for both comparisons, p < 0.001
by ANOVA test). Additionally, UVB exposure shifted PRMes toward M1-
phenotype, as evidenced by decreased ARGI1 activity and increased iNOS
activity and M1nos)-to-M2argy) ratio. Additionally, UVB downregulated
catalase (CAT) activity and intracellular glucose (GLU) levels, with a stronger
effect in the barrier group. While UVB increased total cellular cholesterol content
(tccCHOL), this effect was mitigated by the barrier. Finally, intracellular free
calcium ion (;Ca*) levels remained unaffected by UVB but showed a slight
increase with the barrier.

Conclusions: UVB exposure enhances tissue-resident macrophage function in a
preclinical rat model, increasing respiratory burst, phagocytosis, and M1-like
polarization. The simulated barrier modulates these effects, notably by reducing
MPO expression and METosis-related activity, which suggests a potential
attenuation of excessive inflammation. These findings provide valuable insights
relevant to human immune modulation and support further translational
research. Future studies should investigate the role of circadian rhythms and
other cell types in UVB- and vitamin D-mediated immune modulation.

KEYWORDS

25-hydroxyvitamin D3-lalpha-hydroxylase, physical barrier simulation, peritoneal
tissue-resident macrophages, METosis-related MPO expression and activity, UVB
exposure, M1 macrophage-associated iNOS activity

1 Introduction

Vitamin D (VD), recognized both as a vitamin and pre-
hormone, assumes a crucial role in diverse physiological
processes. Its active form, 1,25-dihydroxyvitamin D; (1,25(OH)
»D3), is integral for bone health and calcium balance (1, 2).
Although conventionally linked to calcium metabolism and
skeletal well-being, recent studies have uncovered its role as an
immunomodulator (3).Various immune cells, including
macrophages (4), express the vitamin D receptor (VDR), a
nuclear receptor and ligand-activated transcription factor
belonging to the superfamily of nuclear receptors (5). Notably,
macrophages not only respond to vitamin D but also possess the
ability to produce bioactive vitamin D (6).

The circulating form of vitamin D, 25-hydroxyvitamin D (25
[OH]D), is predominantly bound to the vitamin D-binding protein
(DBP) in the bloodstream, while 10-15% is bound to albumin, and
less than 1% of circulating vitamin D exists in an unbound form (7).
This binding stabilizes 25(OH)D, prolongs its half-life, and
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facilitates its delivery to target cells. The DBP25(OH)D complex
interacts with specific receptors on the cell surface, such as megalin
and cubilin, enabling endocytosis and internalization of the
complex (8, 9). Inside the cell, 1,25(0OH),D; binds to the VDR,
located in either the cytosol or the nucleus. The activated VDR then
forms a heterodimer with the retinoid-X receptor (RXR), which
binds to DNA, thereby stimulating the production of antibiotic
peptides like cathelicidin and B-defensin (10). Moreover, it is
important to note that, unlike other steroid hormones in the
body, which are synthesized directly from cholesterol, vitamin D
synthesis requires both the 7-dehydrocholesterol precursor and
UVB rays (290-320 nm) (11). In the absence of this reaction,
humans must rely on dietary vitamin D intake, available in two
forms: vitamin D, (ergocalciferol) and vitamin Dj; (cholecalciferol)
(12, 13).

UVB at the Earth’s surface is influenced by various physical and
temporal factors, including latitude, altitude (14), season (12), and
weather conditions. Biological factors, such as skin melanin (13),
and personal, cultural, and behavioral factors including clothing
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(15), holiday habits (16), and sunscreen use (17) as well as the extent
of exposed body surface area (18), also affect the efficiency of UVB
penetration, its interaction with skin cells for vitamin D synthesis,
and the subsequent bioconversion process.

Moreover, it is of great importance to note that based on
association studies, it has been reported that vitamin D intake, as
well as circulating levels of 25(OH)D, are not systematically altered
in certain pathological conditions, including autoimmune diseases,
allergies, and other immune-related disorders. Conversely,
insufficient vitamin D intake or reduced circulating levels have
been detected in individuals who appear to be in good health. These
observations emphasize that circulating 25(OH)D levels, although
commonly used as standard indicators, may not be sufficient to fully
assess the status of vitamin D and its role in both pathological and
healthy contexts. These variations suggest that additional factors,
such as differences in sun exposure, diet, or genetic capacity to
metabolize vitamin D, as well as the possible presence of
compensatory mechanisms, may influence the utilization and
metabolism of vitamin D, including its conversion into the
bioactive form, i.e., 1,25(0H),D;. It is likely that these
compensatory mechanisms function normally in healthy
conditions but may be altered in pathological contexts.

All these observations highlight the need to study the ‘active
reservoir’ form of vitamin D, which is ready to be utilized (when
necessary) in response to external stimuli, such as activation by
inflammatory factors, rather than focusing exclusively on its
circulating levels. This vitamin D form could correspond to ‘non-
circulating vitamin D (tissue 25(OH)Dj levels)’, produced locally in
keratinocytes under the influence of UVB rays and directly used by
local immune cells, such as tissue-resident macrophages. In this way,
it would play an essential and direct role in modulating the immune
response, compensating for the effect of circulating vitamin D
deficiency. This form is not found in the bloodstream, but could be
crucial for the local functions of immune cells. Here, we hypothesize
that tissue-resident macrophages could be influenced by UVB
exposure. This hypothesis is based on two aspects: first, their
capacity to reprogram their cholesterol metabolism upon activation
and exposure to inflammatory signals (19); and second, their
involvement in the synthesis of bioactive molecules, including
vitamin D metabolites, serving as a source of extrarenal production
of 1,25(0OH),D; (20). Based on the aforementioned, this pioneering
study aims to evaluate the impact of UVB radiation and passive
physical barrier on both the intracellular conversion of 25(OH)D;
and the overall functional activities of tissue-resident macrophages.

2 Materials and methods

This study aims to assess the impact of UVB radiation and the
potential influence of passive physical barriers on the enzymatic
conversion activity of 25(OH)D; and the overall functional
activities of tissue-resident macrophages, as illustrated in the
flowchart (Figure 1). Assays were conducted on whole cells,
supernatants, or whole cell lysates.
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2.1 Cell-based experimental model

In our study, we used murine peritoneal tissue-resident
macrophages (PRM@s) as an experimental model, given their
ability to metabolize 25(0OH)Dj5 to 1,25(0OH),D; (21), their higher
stability (22), their high responsiveness to inflammatory signals,
their capacity to migrate to the skin (23) along avascular routes
under inflammatory conditions (24), their role in regulating
inflammation (25), their ease of accessibility, their remarkable
functional plasticity, and their well-established involvement in
immune responses comparable to tissue-resident macrophages in
other organs. Additionally, their structural and developmental
similarities with other tissues, such as the skin—including
comparable surface area, mesodermal origin (26), and a shared
embryonic coelomic cavity—further support their relevance in
studying local immune modulation. Moreover, it is not merely
because normal skin lacks a sufficient number of macrophages for
planned assays, but more specifically because PRM¢s are commonly
used for in vitro assays, as they are distinguished by their maturity
compared to other macrophage populations, characterized by
enhanced stability in their phenotype and functionality (27).

Although the tissue was sourced from Wistar rats, a nocturnal
species (28) that naturally displays circadian variations in metabolic
and hormonal activity, the in vitro nature of our model allows us to
minimize systemic circadian influences and focus on direct cellular
responses to UVB exposure. Nonetheless, we acknowledge that
macrophages possess intrinsic circadian clockworks that can
remain functional even ex vivo (29, 30), suggesting that some
degree of circadian imprinting might persist at the cellular level.
While this influence is expected to be limited under controlled
culture conditions, it remains an important factor to consider and
explore in future in vivo studies.

2.2 PRMgs collection and preparation

The experiments were performed on primary PRMes isolated
from healthy 8-week-old female Wistar rats weighing 60-70 grams,
with four independent repetitions (n = 12 per group), each conducted
in duplicate or triplicate. To obtain PRM@s, peritoneal exudate cells
(PECs) were collected from animals (31) in a sterile manner from the
peritoneal cavity at different time intervals through lavage using a
minimum of 10 mL sterile ice-cold phosphate-buffered saline (PBS)
twice. This was achieved by intraperitoneal injection, followed by
gentle abdominal massage, in accordance with established procedures
as outlined elsewhere (32-35). PEC were seeded at 2 x 10° cells/mL in
cell culture media and incubated for 2 h at 37°C in a humidified
atmosphere containing 5% CO,. The culture medium was changed
regularly to maintain cell health. Non-adherent cells were removed by
washing vigorously three times with warm RPMI-1640 medium. To
activate PRM¢s, adherent cells were incubated with 10 ng/mL LPS
(Escherichia coli O26:B6, Sigma-Aldrich, St. Louis, MO, USA) in
RPMI-1640 culture medium, supplemented with 10% fetal bovine
serum (FBS), 100 U/mL penicillin, and 100 pg/mL streptomycin. Cell
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FIGURE 1

Flowchart of the current study. This study investigated the role of UVB radiation and the potential influence of passive physical barriers, such as
simulated clothing, in preventing UVB exposure, on the enzymatic conversion of 25-hydroxyvitamin D3 (25(OH)D3) by 1-alpha hydroxylase, and
assessed their effects on the phenotypic functional activities of tissue-resident macrophages. Experiments were conducted using murine peritoneal
tissue-resident macrophages under three conditions: (i) Baseline (Control group), (ii) Controlled exposure to UVB rays (UVB+ group), and (iii) UVB

exposure with a simulated physical barrier (RF+ group).

population density and viability were evaluated using the trypan blue
exclusion test (TBET) with a hemocytometer under photonic
microscopy (Zeiss, Jena, Germany) (36). Cell viability percentage
was calculated using the standard formula: Viability (%) =
(Bumber of viable cells) ' 100, After the adhesion step, the purity of
PRMe@s was analyzed using a Floid Cell Imaging Station (Thermo
Fisher Scientificc, MA, USA), routinely achieving a purity greater
than 90%.

2.3 Experimental groups and light and
barrier conditions

The experiments were conducted under three conditions:

1. Control group: This group was used to assess baseline
levels of 25(OH)D;, its conversion by 25-hydroxyvitamin
D3-1o-hydroxylase, and overall PRM¢ functional activities
in the absence of light exposure.

2. Controlled exposure to UVB rays (UVB+ group): This
group underwent a 5-min exposure to UVB radiation to
mimic sunlight exposure (37), using a UV lamp calibrated
to emit biologically relevant wavelengths at 290 nm.

3. UVB exposure with a simulated physical barrier (RF+
group): In this group, a thin layer of rat fur was placed
above the cell culture system to partially mimic the passive
barrier on the skin, assessing the impact of clothing-like
coverage on UVB-mediated vitamin D metabolism and its
effects on macrophage activity.
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2.4 Rationale for the selected passive
physical barrier

The use of Wistar rat fur was selected due to its unique physical
characteristics, making it a more suitable model for our
experimentation. Unlike humans, rats, as animals, do not wear
clothing in their natural environment, rendering their fur a
functional equivalent for protection against external elements,
including UV rays. Furthermore, the choice of Wistar rat fur was
specifically aligned with the source of the studied macrophages,
which were derived from Wistar rats, ensuring biological
consistency in the experimental setup.

Moreover, Wistar rat fur, due to its density and texture, could
provide a relatively homogeneous and passive physical barrier that
might realistically simulate skin protection against UVB rays.
Unlike textiles, which vary widely in composition (e.g., synthetic
vs. natural fibers), weave density, and industrial treatments (38-42),
rat fur offers a reproducible, endogenous, and uniform material. Its
fibrous structure could provide a consistent and quantifiable light-
attenuating interface that partially mimics some clothing while
avoiding confounding factors introduced by textile variability.
This natural barrier might possess light-filtering properties akin
to clothing, with the added advantage of being more easily
quantifiable and manipulable in a controlled environment. Its
fibrous composition also allows partial diffusion of UVB rays,
which could be essential for studying the impact of reduced sun
exposure on vitamin D metabolism and macrophage activity.
Furthermore, the structure of the fur might replicate an effective
physical barrier comparable to that of some clothing while being
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less susceptible to variations inherent in different fabric types, as
would be the case with conventional garments. Notably, since rats
(including albino Wistar strains) are nocturnal (43, 44) and not
naturally exposed to prolonged sunlight, their fur may incidentally
limit UV radiation penetration. However, this is likely a byproduct
of its primary functions (e.g., insulation) rather than a specific
photoprotective adaptation—similar to how human hair (which
provides both physical shading and an additional effect due to
pigmentation that enhances UV absorption) can passively protect
against both UVB and UVA radiation (45). Taken together, these
considerations underscore the relevance of using Wistar rat fur as a
passive physical barrier in our experimental model. Its consistent
structure, endogenous origin, and natural light-attenuating
properties provide a biologically and mechanically appropriate
means to simulate reduced exposure to environmental stressors—
including UV radiation—while ensuring reproducibility and
relevance to the source of the studied macrophages.

2.5 Immune cell lysis assay

Cells were lysed for protein, CHOL, H,O,, and arginase
activity assays. Briefly, cells were detached from culture plates,
and the cell pellets were lysed using 500 UL of 0.1% Triton X-100
and incubated for 30 min. A mixture of Tris-HCI and MnCl, was
added to stop the reaction, and the lysate was collected (46).

2.6 Total protein assay

Protein concentration in the cell lysates was spectrophotometrically
measured at 540 nm using a commercial kit (Thermo Fisher Scientific,
Inc., Middletown, CT).

2.7 25(0OH)D5 assay

Cellular vitamin D 25(OH)Dj; levels were measured using a
chemiluminescent microparticle immunoassay (CMIA) on the
ARCHITECT 8200 autoanalyzer (ABBOTT®) at the Biochemistry
Department of Tlemcen University Hospital Center. Due to the low
volume of the PRM¢ culture supernatant, a volume-adjusted serum
with a known concentration of vitamin D was used to ensure
detectability, and the vitamin D concentration in the supernatant
alone was then determined by subtracting the serum concentration
from the total measured concentration.

2.8 la-hydroxylase activity based-25(0OH)D+
bioconversion assay

To measure PRM¢ lo-hydroxylase activity, we incubated cell
lysates with serum containing a known concentration of 25(OH)D;
for two distinct time periods—30 min and 2 h, using the two-point
technique (47, 48). After each incubation period, we measured the
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concentration of 25(OH)D; in the mixture. The activity of lo-
hydroxylase was calculated by determining the change in 25(OH)D;
concentration over time and normalizing this change by the amount of

protein in the sample and the time interval, using the following

OH) D; Jinisa —[25(OH) D5 ] inal
txP

t represents the incubation time and P the amount of protein in

, where

formula: 1o — hydroxylase activity = 25

the sample (in milligrams). This approach assumes that the decrease in
25(OH)D; correlates with the production of 1,25(0OH),Ds, providing
an estimate of the enzyme activity based on its effect on the
substrate concentration.

2.9 PRMgs functional phenotypic activities

The functional phenotypic activity of PRM@s was assessed by
phagocytosis, respiratory burst activity, and METosis-related MPO
expression and activity.

2.9.1 ROS-dependent NBT-based functional
phagocytosis assay

The phagocytosis activity was evaluated using the nitro-blue
tetrazolium (NBT, Sigma-Aldrich, Germany) assay, as previously
described (49, 50). This semi-quantitative test measures the ability
of phagocytic cells to reduce NBT to formazan, a black-blue crystal
precipitate, reflecting the production of superoxide (O,7) during
phagocytosis (51). To perform the assay, 100 pL of cell suspension
was mixed with 100 pL of NBT solution, followed by incubation for
15 min at 37°C and an additional 15 min at room temperature,
allowing the formation of formazan crystals within phagocytes. The
extent of phagocytosis was quantified by measuring the reduction of
soluble yellow NBT dye to insoluble black-blue formazan crystals
within each PRM@s, using the Optika Microscope Camera and the
Java-based image analysis software Fiji/Image]J2 (NIH, USA). The
level of phagocytosis was expressed as the percentage of NBT-
positive cells.

2.9.2 Respiratory burst assay

Oxidative/respiratory burst was performed by measuring NO
production, H,O, levels (52), and HOCI levels (53).

a) NO assay

NO production levels were spectrophotometrically determined
on supernatants based on the sensitive colorimetric Griess reaction
measuring the accumulation of oxidative metabolites (NOx, nitrite
[NO,-] and nitrate [NOj3-]). The assay involved the use of
vanadium chloride (III) (VCII), and Griess reagent (Sigma-
Aldrich, St. Louis, MO, USA). First, 50 uL of supernatants from
the PRM@s culture was seeded into 96-well microtiter plates with 50
UL VCII (8 mg/mL) and 25 UL of Griess reagent. The absorbance
was read at 540 nm using the ELISA plate reader (Biochrom Anthos
2020, Cambridge, UK). After 30 min incubation at 37°C,
concentrations of NOx were determined from a linear standard
curve established by 0-150 umol/L sodium nitrite (NaNO,).

b) H,O, assay

H,O0, levels were measured by the adapted method of Pick and
Keisari. This method consists of the use of a buffered Phenol Red
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Solution (PRS), which contains a peroxide assay buffer (PAB) (5.0
mM K,HPO,, 1.0 mM KH,PO,, 140 mM NaCl, 0.5 mM glucose
adjusted to pH 7.4), 0.28 mM (0.1 g/L) of phenol red
(phenolsulfonphthalein) and 8.5 U/L (50 ug/mL) of horseradish
peroxidase (HRPO, EC 1.11.1.7). The PRS solution was prepared
immediately prior to the assay, by adding phenol red and HRPO to
2.1 mL of PAB at a final concentration of 0.46 mM and 0.046 U/mL,
respectively. The supernatant was added to the assay mixture at a
ratio of 1 to 4 and then incubated for 30 min at 37°C. To stop the
reaction, 10 UL of 1 N NaOH was added. The H,O, levels were
measured spectrophotometrically at 610 nm against a blank
containing buffered PRS and NaOH at the appropriate
concentrations. A standard curve was prepared by the use of
sequential dilutions of 30% H,0,. Concentration of H,O, was
expressed as nmol per 2 x 10 cells per mL (54).

c) HOCI assay

The levels of HOCI were determined in cell supernatants by
measuring the decomposition of H,O, based on the in vitro
oxidation of bromide (Br) by HOCI produced by the activated
cells in the presence of chloride anion (Cl7) released into the
extracellular medium. Therefore, 10 pL of cell supernatant in PBS
was added to 10 pL of 22 mM sodium bromide (NaBr). The
concentration of HOBr was determined by measuring its
absorbance at 330 nm immediately after 30 min and 1 h of
incubation (pH 12, £330 = 332 M*cm™) (55). The level of HOCI
was estimated using a standard prepared under the same conditions
by adding 10 pL of 22 mM NaBr to 10 uL of 20 mM HOCI in PBS
(pH 7.4) (56-58).The values were obtained using a standard curve
created by serial dilutions of 5.25% (w/v) HOCI in PBS at pH 7.4.

2.9.3 METosis-related MPO expression and
activity assays

Myeloperoxidase (MPO, E.C.1.11.1.7) activity was assessed as a
critical marker for the creation of macrophage extracellular traps
(METs) (58). It was quantified using both a direct catalytic activity
and immunofluorescence assays. For the catalytic activity assay,
HOCI values were normalized to total protein content (59), with
one unit of MPO activity defined as the amount catalyzing 1 umol
of HOCI per milligram of protein per 60 min and expressed
percentage active chlorine per milligram of protein per one hour.
The MPO expression was assessed by immunofluorescence assay
based on the use of an anti-MPO antibody labeled with FITC (clone
5B8, Ms IgG1, BD Biosciences) for direct detection, performed on
the Floid Cell Imaging Station (Thermo Fisher, MA, USA).
CellProfiler 4.2.6 (Broad Institute, USA) was used to visualize the
input image, delineate the contours of the MPO-marked fluorescent
cell, segment the entire fluorescent cell, measure pixel intensity, and
then calculate the area and perimeter of the MPO-marked cell. To
ensure accurate comparisons and account for differences in cell size,
normalized fluorescence intensity (NFI) was calculated as the
weighted mean intensity (WMI) divided by the cell area (um?),
providing a measure of fluorescence intensity per unit area, and
expressed as a.u./um?.
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2.10 M1/M2 dichotomy

The Ml(nos)/M2(arg1) dichotomy was determined
mathematically by measuring the M1-to-M2 ratio (60, 61).

a) Mlnos) activity assay

iNOS (EC 1.14.13.39) activity was determined by normalizing
the concentration of NO to the amount of protein per well, and the
results were expressed as pmol per mg of protein per 30 min (62).

b) M2(ara1) activity assay

Arginase 1 activity (ARGI1, EC 3.5.3.1) was assessed by a
spectrophotometric assay based on evaluating the concentration
of urea in PRM@s lysates after the addition of L-arginine (63).
Firstly, 25 UL of cell lysates were inactivated by heating for 10 min at
56°C, then mixed with 200 pL aliquot of arginine buffer (10 mM L-
arg, pH 6.4), and incubated at 37°C for 1 h. The reaction was
stopped by adding acetic acid. The concentration of urea generated
after arginine catabolism by arginase was measured at 600 nm (64).
ARGI activity was expressed as nanomoles of urea released per mg
of proteins per 1 h (46).

2.11 CAT-based cell protection assay

CAT (EC 1.11.1.6) activity was determined by spectrophotometric
analysis of H,O, decomposition. Fifty microliters of cell lysates were
combined with 50 pL of H,O, and 50 pL of physiological saline. After
vortexing and a 5-min incubation, 500 pL of titanium sulfate (TiSO4)
was added and vortexed. Absorbance at 420 nm was then measured,
using a blank of physiological saline and TiSO,.

2.12 Trained immunity activation-based
tccCHOL signature assay

««cCHOL levels were measured spectrophotometrically in cell
lysates by cholesterol oxidation. Free cholesterol was obtained from
cholesterol esters using cholesterol ester hydrolase (EC 3.1.1.1.13),
and the resulting H,O, was detected at 505 nm with a chromogenic
reagent (4-AP) in the presence of peroxidase (Trinder’s reaction).
Results were expressed as pg «CHOL per mg protein.

2.13 ;GLU-based immune cell metabolism
assay

Intracellular glucose (;GLU) levels were determined
spectrophotometrically in cell lysates, following supernatant
removal, based on the oxidation of glucose by glucose oxidase
(Gox, EC 1.1.3.4), which produces gluconic acid (CsH;,0;) and
H,0,, detected at 505 nm using Trinder’s method (65). The ;GLU
concentration was calculated by comparing the absorbance to a
glucose standard curve and expressed as nanomoles per mg
of protein.
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2.14 «Ca** secondary messenger-based
cell signaling assay

Intracellular free calcium ions (;:Ca>*") levels were measured in
cell culture lysates after the removal of supernatants using the
ortho-cresolphthalein complexone (o-CPC) method as described in
detail (63, 66, 67), and expressed as pg/mg of protein.

2.15 Statistical analyses

Data are presented as mean + standard error of the mean
(SEM). Statistical analyses were conducted using SPSS software
version 26.0 for Windows (SPSS Inc., Chicago, IL, USA). The
Kruskal-Wallis test, a non-parametric method appropriate for
non-normally distributed data, was used for comparisons
involving more than two groups. For normally distributed data,
one-way ANOVA was applied (68). Additionally, pairwise
comparisons were conducted using the Student’s t-test. A p-value
of less than 0.05 was considered statistically significant.

3 Results

This study investigates the impact of UVB radiation and passive
physical barriers on PRMgs, focusing on their effects on the
enzymatic conversion of 25(OH)Dj into its active form, 1,25(OH)
D3, mediated by 1-alpha hydroxylase, as well as their broader
influence on the global functional activities of these macrophages.

3.1 UVB exposure has no effect on
25(0OH)D3 levels, but downregulates
1-alpha hydroxylase activity with the
greatest impact in the simulated barrier

The results presented in Figure 2 reveal that there were no
significant differences in the levels of 25(OH)D3 across the three
experimental groups, irrespective of whether the PRM@s were exposed
to UVB radiation alone or UVB radiation with a simulated barrier (RF
+ group). In contrast, Figure 3 highlights a significant downregulation
in the activity of 1l-alpha hydroxylase following UVB exposure.
Notably, this downregulation was most pronounced in the
simulated barrier group (UVB+/RF+) (for all comparisons, p < 0.001).

3.2 UVB increases NO production, H,O,,
METosis-related MPO expression, and
HOCI levels, with a moderate effect on
phagocytosis, while the simulated barrier
downregulates HOCI levels

As shown in Figure 4, UVB exposure led to a minimal increase
in phagocytic activity in PRMgs, and did not reach statistical
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significance. In contrast, UVB exposure—whether with or without
the simulated barrier—resulted in a significant upregulation of both
NO and H,O0, levels relative to the control group (p < 0.05 and p <
0.01, respectively). Moreover, the levels of HOCI were significantly
upregulated in the UVB-exposed PRM¢ group (p < 0.001); whereas,
in the RF+ group, where UVB exposure was combined with a
simulated barrier, HOCI levels returned to baseline levels, showing
no significant difference when compared to the control group (for
the comparison among the three groups using ANOVA, p < 0.001).
Figure 5 further extends our analyses by specifically exploring
MPO activity and expression. The analysis of MPO fluorescence
intensity highlighted significant differences across the three
experimental groups, underscoring the impact of UVB exposure
on PRMg¢ activation. In contrast to the control group, where the
fluorescence intensity corresponded to minimal MPO expression
levels, the PRM@s group exposed to UVB displayed the highest
fluorescence intensity, corresponding to the significant
upregulation of MPO expression, likely triggered by UVB-
induced stimulation. Lastly, in the RF+ group, where a simulated
barrier limited UVB exposure, the fluorescence intensity remained
similar to baseline levels. This suggests that while fluorescence
intensity increased per unit area, the overall effect of UVB on
METosis-related MPO activity was substantially attenuated by the
simulated barrier. These findings were consistent across normalized
fluorescence intensity (p < 0.001 by ANOVA test), area (p < 0.001
by Kruskal-Wallis test), perimeter (p < 0.01 by Kruskal-Wallis test),
and normalized weighted mean intensity of MPO-marked cells (p <
0.001 by ANOVA test), further corroborated by the direct
enzymatic activity analysis of MPO (p < 0.001 by ANOVA test).

3.3 UVB upregulates iNOS activity and
shifts M1;nos)/M2(arG1) towards M1
functional phenotype

Figure 6 illustrates the effects of UVB exposure on the
enzymatic activity of iNOS and ARGl in PRMgs, revealing
distinct modulatory patterns. Unlike iNOS activity, ARGI activity
was significantly downregulated in PRM@s exposed to UVB
radiation (p < 0.01). The passive physical barrier similarly
reduced ARG activity, though this effect was less pronounced
compared to UVB exposure (p < 0.05). In contrast, neither UVB
radiation nor the physical barrier significantly altered iNOS activity.
Finally, both the UVB-exposed group and the RF+ group exhibited
a significant increase in the M1 ;nos)-to-M2(ara1) ratio, indicating a
shift toward a more M1-like phenotype (p < 0.01 by ANOVA test).

3.4 UVB downregulates CAT activity,
specifically in simulated barrier condition

As shown in Figure 7, UVB exposure induced a significant

downregulation of CAT activity in PRMes. This activity decreased
even further in the PRM¢@ group with the simulated barrier (RF+
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Effects of UVB radiation and passive physical barrier on 25(0OH)Ds
content of PRMegs. Experiments were conducted on murine
peritoneal tissue-resident macrophages (PRMes) under three
conditions: (i) Control group, (i) Controlled exposure to UVB rays
(UVB+ group), and (iii) UVB exposure with a simulated physical
barrier (RF+ group). Levels of 25(0OH)Ds were measured using a
chemiluminescent microparticle immunoassay. Data are presented
as mean + standard error of the mean (SEM) from four independent
repetitions (n = 12 per group). No significant differences were
observed between groups using one-way ANOVA

group) compared to the control group. For multiple comparisons
using ANOVA test, p-value was less than 0.001.

3.5 Simulated barrier attenuates the UVB-
induced increase in {CHOL

As shown in Figure 8, ((«CHOL levels were upregulated in the
UVB-exposed PRM@ group compared to the control PRM¢ group,
although the difference was not statistically significant. However, in
the RF+ group, where UVB exposure was combined with a
simulated barrier (rat fur), (CHOL levels returned to near
baseline values. For all comparisons between the three groups
using the Kruskal-Wallis test, the p-value was less than 0.05.

3.6 UVB decreases ;GLU levels with a more
pronounced effect under the simulated
barrier condition

Figure 9 illustrates that UVB radiation, regardless of whether
combined with the simulated barrier (UVB+/RF+ group) or not
(UVB+/RF- group), led to a significant downregulation in ;GLU
levels compared to the control PRM@ group. Notably, the decrease
in ;GLU levels was more pronounced in the UVB+/RF+ group (p-
value was less than 0.001 using ANOVA test), suggesting that the
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FIGURE 3

Effects of UVB radiation and passive physical barrier on 25-
hydroxyvitamin Dz-lalpha-hydroxylase of PRMes. Experiments were
conducted on murine peritoneal tissue-resident macrophages
(PRMegs) under three conditions: (i) Control group, (ii) Controlled
exposure to UVB rays (UVB+ group), and (iii) UVB exposure with a
simulated physical barrier (RF+ group). The activity of 1o~
hydroxylase assay was based on the two-point technique,
determining the change in 25(0OH)Dz concentration over time and
normalizing this change by the amount of protein in the sample and
the time interval. Data are presented as mean + standard error of
the mean (SEM) from four independent repetitions (n = 12 per
group). Significant differences are indicated by an asterisk. Statistical
analyses were performed using one-way ANOVA. ***p < 0.001.

presence of the simulated barrier may enhance or reinforce
this effect.

3.7 UVB exposure alone does not alter
«Ca%" levels, but a mild increase is
observed with the simulated barrier

As shown in Figure 10, there were no significant differences in
£Ca”" levels among the three experimental groups. However, the
UVB-exposed PRM¢ group with the simulated barrier (UVB+/RF+)
showed an upregulation in ;Ca>" levels, although this increase was
not statistically significant, suggesting a subtle enhancement of
calcium signaling by the simulated barrier.

4 Discussion

Tissue macrophages act as immune sentinels due to their
strategic positioning and ability to initiate and modulate immune
responses during infection or injury, while maintaining tissue
homeostasis (69-71). Among these, peritoneal macrophages are
well-characterized in terms of development, biology, and
inflammation-related responses (72-76).
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FIGURE 4

Effects of UVB radiation and passive physical barrier on phagocytosis and respiratory burst activity of PRMes. Experiments were conducted on
murine peritoneal tissue-resident macrophages (PRMgs) under three conditions: (i) Control group, (ii) Controlled exposure to UVB rays (UVB+
group), and (iii) UVB exposure with a simulated physical barrier (RF+ group). Phagocytosis activity was evaluated using the NBT method, based on its
reduction to formazan by superoxide anions produced during the respiratory burst in phagocytic cells. Oxidative/respiratory burst was performed by
measuring the levels of NO production, H,O, levels, and HOCL. H,O, levels were spectrophotometrically determined using a phenol red-based
assay. NO production levels were spectrophotometrically determined using the sensitive colorimetric Griess method. HOCI levels were determined
by measuring the decomposition of H,O, through in vitro bromide oxidation by HOCI generated by activated cells in the presence of chloride
released into the extracellular medium. Data are presented as mean + standard error of the mean (SEM) from four independent repetitions (n = 12
per group). H>O,: hydrogen peroxide, HOCL: hypochlorous acid, NBT: nitro-blue tetrazolium, NO: nitric oxide. Significant differences are indicated
by an asterisk. Statistical analyses were performed using one-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001.

While UVB exposure from natural or artificial sources is known
to modulate immunity locally and systemically, typically reducing
cellular responses (77-79), our study is, to our knowledge, the first to
examine how UVB radiation and passive physical barriers affect both
intracellular 250HD; conversion and functional characteristics of
tissue-resident macrophages under the studied conditions.

Although it might initially seem intuitive that introducing a
passive physical barrier would simply attenuate UVB-induced
inflammation by reducing exposure intensity, our results suggest
a more nuanced and biologically significant phenomenon. The

Frontiers in Immunology

presence of a fur-based barrier did not merely lower UVB energy
input, but qualitatively modulated key aspects of the macrophage
response. Specifically, we observed changes in macrophage
polarization (M1/M2), enzymatic activity (iNOS, MPO, Argl),
phagocytic function, and the expression of local 1ai-hydroxylase
involved in vitamin D activation. These findings indicate that the
passive barrier influenced not only the total UVB dose but also its
spectral and spatial properties—through wavelength-dependent
filtering consistent with Beer-Lambert principles and modulation
by light scattering. While the Beer-Lambert framework provides a
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FIGURE 5

Effects of UVB radiation and passive physical barrier on MPO expression and activity of PRMes. Experiments were conducted on murine peritoneal
tissue-resident macrophages (PRMes) under three conditions: (i) Control group, (ii) Controlled exposure to UVB rays (UVB+ group), and (iii)) UVB
exposure with a simulated physical barrier (RF+ group). MPO activity was quantified by directly measuring HOCI levels, normalized to total protein
content, and expressed as percentage active chlorine per milligram of protein per one hour. MPO expression was assessed via immunofluorescence
imaging, analyzed using CellProfiler software (v4.2.6, Broad Institute, USA). For imaging analysis, object dimensions were converted from pixels to
micrometers (um) to ensure accurate quantification. This conversion is based on an estimated image resolution of 0.58 um per pixel, derived from

an approximate field of view of 750 um for an image width of 1296 pixels. The resolution was calculated as: Resolution = W# =
750 ym

296 pixels 0.5787um/pixel. This estimation aligns with the theoretical resolution limit of the device (~0.5 um). To convert area values, the square
of the resolution (0.58 um/pixel)* was applied to pixel measurements, resulting in approximate areas in um?. For perimeter values, a linear
conversion of 0.58 um/pixel was applied. Therefore, the reported values should be considered approximate. The intensity measurements were
normalized using a min-max scaling approach to ensure comparability across images with differing intensity ranges. This normalization method
adjusts the raw pixel intensities (I) to a scale between 0 and 1, calculated as: = ,”/;7
maximum intensity values in the dataset, respectively. This process preserves the relative differences between pixel intensities while standardizing
their range aligning with the quantitative expectations of the theoretical resolution limits and ensuring that the observed patterns are not influenced
by varying dynamic ranges of the original images. The normalization was performed independently for each group, allowing for direct comparisons
of intensity distributions across experimental conditions. Finally, the weighted mean intensity (WMI) values were calculated to account for the
normalized intensity distributions across the analyzed regions of interest (ROls). These values were derived as:

WM/ = Z\\Miw where |; represents the intensity value of a given pixel, and W denotes the pixel area. This method ensures that the calculated
intensity reflects the contribution of each pixel proportionally to its area within the ROI. Overlaid histograms representing the fluorescence intensity
distribution for the three experimental groups. Intensities were normalized to ensure comparability, and the x-axis represents fluorescence
intensities (a.u.), while the y-axis indicates the pixel count. For histogram data, values are presented as mean + standard error of the mean (SEM)
from four independent repetitions (n = 12 per group). HOCL: hypochlorous acid, MPO: myeloperoxidase, RF: rat fur, UVB: ultraviolet B. Significant
differences are indicated by an asterisk. Statistical analyses were performed using the Kruskal-Wallis test for non-normally distributed data (area and
perimeter) or one-way ANOVA for normally distributed data (normalized fluorescence intensity, normalized weighted mean intensity, and MPO
activity). **p < 0.01, ***p < 0.001

Inormatized , where |, and Iax represent the minimum and

basis for understanding absorption-driven attenuation, additional
tissue-relevant factors such as anisotropy, optical heterogeneity, and
multiple scattering—known to deviate from ideal Beer-Lambert
conditions in biological systems—likely contribute to the altered
UVB distribution and biological effects (80, 81). Such selective
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attenuation may result in change in signaling cascades within
skin-resident immune cells.

In line with previous observations in tissue-specific
immunomodulation, our results reinforce the notion that the
local photophysical environment—including the presence of
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FIGURE 6
Effects of UVB radiation and passive physical barrier on the M1/M2 dichotomy.
macrophages (PRMgs) under three conditions: (i) Control group, (ii) Controlled

Experiments were conducted on murine peritoneal tissue-resident
exposure to UVB rays (UVB+ group), and (i) UVB exposure with a

simulated physical barrier (RF+ group). The M1inos)/M2aray) dichotomy was determined mathematically by measuring the M1-to-M2 ratio. M1
activity was determined by measuring iNOS (EC 1.14.13.39) activity through the quantification of NO production normalized to protein content,

whereas M2 activity was assessed by measuring the amount of urea generated

by ARGL (EC 3.5.3.1). Data are presented as mean + standard error of

the mean (SEM) from four independent repetitions (n = 12 per group). INOS: inducible nitric oxide synthase, ARG1: arginase 1. Significant differences
are indicated by an asterisk. Statistical analyses were performed using one-way ANOVA. **p < 0.01.
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FIGURE 7

Effects of UVB radiation and passive physical barrier on catalase-
based cell protection activity of PRMegs. Experiments were
conducted on murine peritoneal tissue-resident macrophages
(PRMes) under three conditions: (i) Control group, (ii) Controlled
exposure to UVB rays (UVB+ group), and (iii) UVB exposure with a
simulated physical barrier (RF+ group). CAT (EC 1.11.1.6)-based cell
protection activity was spectrophotometrically assessed by
measuring H,O, decomposition through titanium sulfate-based
detection. Data are presented as mean + standard error of the mean
(SEM) from four independent repetitions (n = 12 per group). CAT
catalase activity, H,O,: hydrogen peroxide. Significant differences
are indicated by an asterisk. Statistical analyses were performed
using one-way ANOVA. ***p < 0.001.
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FIGURE 8
Effects of UVB radiation and passive physical barrier on trained
immunity activation-based «.CHOL signature of PRMgs
Experiments were conducted on murine peritoneal tissue-resident
macrophages (PRMgs) under three conditions: (i) Control group, (ii)
Controlled exposure to UVB rays (UVB+ group), and (iii) UVB
exposure with a simulated physical barrier (RF+ group). Trained
immunity activation-based «.CHOL signature was measured
spectrophotometrically through Trinder’s reaction. Data are
presented as mean + standard error of the mean (SEM) from four
independent repetitions (n = 12 per group). «CHOL: total cellular
cholesterol content. Significant differences are indicated by an

asterisk. Statistical analyses were performed using one-way ANOVA.
*p < 0.05.
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Effects of UVB radiation and passive physical barrier on ;GLU-based
immune cell metabolism of PRMes. Experiments were conducted
on murine peritoneal tissue-resident macrophages (PRMgs) under
three conditions: (i) Control group, (ii) Controlled exposure to UVB
rays (UVB+ group), and (iii) UVB exposure with a simulated physical
barrier (RF+ group). {GLU-based immune cell metabolism was
assessed spectrophotometrically by measuring H,O, produced
during glucose oxidation by glucose oxidase. Data are presented as
mean + standard error of the mean (SEM) from four independent
repetitions (n = 12 per group). ;GLU: intracellular glucose. Significant
differences are indicated by an asterisk. Statistical analyses were
performed using one-way ANOVA.

***p < 0.001

partial UVB barriers such as clothing or natural photoprotective
substances (82-84)—can shape immunological outcomes in a non-
linear, context-dependent manner. This distinction is clinically
relevant: in autoimmune or chronic inflammatory diseases, a
controlled modulation of UVB-induced macrophage activation
could help limit deleterious inflammation, while in oncology or
infectious contexts, preserving specific UVB wavelengths might
enhance beneficial immune responses. Notably, this could extend
to inflammatory bowel diseases (IBD), where systemic and local
macrophage dysregulation is a known factor (85), and where skin-
mediated photomodulation might exert systemic effects. Moreover,
our findings may also be relevant in the context of skin
inflammatory disorders such as psoriasis and atopic dermatitis,
where dysregulated macrophage activation contributes to disease
pathogenesis (86-90). By demonstrating that UVB exposure
modulates tissue-resident macrophage function—both enhancing
and restraining oxidative activity depending on barrier conditions
—our study suggests that careful manipulation of UVB exposure
could offer therapeutic avenues for these conditions. Further
investigations in preclinical and clinical models are warranted to
fully elucidate these translational possibilities.
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FIGURE 10
Effects of UVB radiation and passive physical barrier on free Ca%*
levels in PRMgs. Experiments were conducted on murine peritoneal
tissue-resident macrophages (PRMes) under three conditions: (i)
Control group, (ii) Controlled exposure to UVB rays (UVB+ group),
and (i) UVB exposure with a simulated physical barrier (RF+ group).
i{Ca®" levels were assessed using the ortho-cresolphthalein
complexone (0CPC) method. Data are presented as mean +
standard error of the mean (SEM) from four independent repetitions
(n = 12 per group). No significant differences were observed
between groups using one-way ANOVA. «Ca’*, intracellular free
calcium ions

4.1 Effects of UVB radiation and passive
physical barrier on 25-hydroxyvitamin Dz-
lalpha-hydroxylase of PRMeos

Our findings show that UVB significantly downregulates 1ot-
hydroxylase activity. This may stem from the non-enzymatic UV-
driven conversion of 7-dehydrocholesterol (7-DHC) to previtamin
D3, bypassing enzymatic steps (91, 92). This aligns with the concept
that metabolic pathways, including vitamin D conversion, adapt
dynamically to physiological needs rather than being solely driven
by circadian rhythms (93).

Supporting evidence also links vitamin D to sleep regulation: its
receptor and metabolizing enzymes are expressed in sleep-
regulatory brain regions (94), and vitamin D promotes melatonin
synthesis—a hormone critical for circadian alignment and
nocturnal physiological processes (95, 96). A systematic review in
youth populations reported a link between vitamin D deficiency and
disorders like insomnia, obstructive sleep apnea (OSA), and restless
legs syndrome (RLS), highlighting its involvement in serotonergic/
dopaminergic pathways vital to sleep (97).

Our data also show that the simulated rat barrier dampens UVB
penetration, markedly reducing 1a-hydroxylase activity in the UVB
+/Rat fur+ condition (18). This reinforces the concept that physical
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obstructions can limit local UVB-induced vitamin D metabolism by
restricting UVB access.

4.2 Effects of UVB radiation and passive
physical barrier on phagocytosis and
respiratory burst activity of PRMes

Our study revealed a modest increase in phagocytic activity of
PRM@s upon direct UVB exposure. In contrast, previous in vivo
studies reported impaired macrophage function following systemic
UV irradiation, including reduced phagocytosis, bacterial clearance,
and NO production (98, 99). These discrepancies likely stem from
differences in experimental models—namely, our direct in vitro
exposure versus whole-body UVB irradiation, which introduces
systemic and indirect immune effects. By isolating macrophages ex
vivo, our approach reveals a cell-intrinsic enhancement of
phagocytic function, avoiding confounding influences from other
immune or stromal cells.

Similarly, another study (99) showed diminished phagocytosis
and active oxygen production in macrophages after UVB exposure,
though neutrophils were unaffected. Our approach isolated the
direct impact of UVB on PRMgs, excluding systemic factors or
indirect effects mediated by other cell types. This may explain why
we observed a cell-autonomous increase in phagocytic activity,
whereas in vivo studies reported broader functional impairments
due to whole-body irradiation. Furthermore, while our study did
not assess other immune cells, including neutrophils, the differential
effects of UVB across innate immune cell types suggest that tissue-
resident macrophages may be particularly sensitive to UVB-
induced modulation.

Differences in UVB doses and functional assays may also contribute
to conflicting results in the literature. While other studies emphasized
microbial killing, we focused on NBT-based assay to assess phagocytosis,
highlighting UVB-induced ROS production during this process. Notably,
phagocytosis in the UVB+/RF+ group remained higher than in the
control but slightly lower than in the UVB+/RF- group, suggesting that
the barrier dampens—but does not abolish—UVB effects.

The respiratory burst is central to macrophage antimicrobial
defense, involving ROS and RNS generation. UVB exposure
increased NO and H,0, levels in PRM@s, even with partial UVB
attenuation by fur, supporting its capacity to stimulate innate
immune responses. Our NO data are consistent with reports of
UVB-induced NO production in murine PRM@s (100) and human
vitiligo skin (101), but differ from studies where therapeutic UVB
inhibited NOS2 expression in keratinocytes and macrophages
(102). Similarly, H,O, production in response to UVB mirrors
findings in neutrophils (103), mouse serum (104), and even algae
(105), underscoring the evolutionary conservation of this oxidative

stress response.
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4.3 Effects of UVB radiation and passive
physical barrier on MPO expression and
activity of PRMes

Our findings show that UVB exposure significantly enhances
HOCI production in PRM@s, supporting our previous results on the
respiratory burst. This increase is accompanied by higher MPO
expression, suggesting activation of myeloperoxidase-driven
oxidative mechanisms, potentially indicating METosis-like
activity. The presence of rat fur, mimicking some clothing,
partially attenuated this effect, highlighting its role as a passive
UVB barrier—consistent with evidence that garments reduce UVB
impact on skin and immune responses (106).

Elevated MPO activity, though crucial for microbial killing, is
also implicated in chronic inflammatory diseases. For example, in
atherosclerosis—a persistent immunoinflammatory condition—
MPO-derived oxidants contribute to tissue damage, oxidized LDL
accumulation, and lesion progression (107-111). Similarly, in
Crohn’s disease, characterized by intestinal inflammation and
immune dysregulation (112, 113), UVB-induced MPO activity
may intensify oxidative stress, underlining the need to limit UVB
exposure in such contexts.

Conversely, increased MPO activity in malignant conditions
may support macrophage-mediated antitumor responses (114),
with some studies linking higher MPO levels to reduced tumor
growth and improved survival (115). This dual role suggests the
context-dependent outcomes of UVB-induced MPO activation.

While rat fur differs from human fabric, it provides a consistent
UVB-shielding surface. Its light-filtering properties parallel those of
clothing, which varies in UV modulation based on material thickness,
porosity, fiber composition, and moisture (116-120). The partial
barrier function of fur may thus modulate UVB-induced
inflammation without fully suppressing macrophage activity.

To assess the translational potential of our findings, future in vivo
studies are needed to examine the systemic consequences of UVB-
induced MPO activation and its modulation by passive physical
barriers in disease settings. We acknowledge that our ex vivo model,
while providing tight experimental control, does not fully recapitulate
the complexity of organismal physiology. Extension to relevant in
vivo models of chronic inflammation, cardiovascular disease, or
cancer may reveal novel therapeutic applications for UVB and
vitamin D-mediated modulation of macrophage function.

4.4 Effects of UVB radiation and passive
physical barrier on the M1/M2 dichotomy
iNOS and ARGI compete for L-arginine, their shared substrate,

in activated macrophages. iNOS uses L-arginine to produce NO,
whereas ARG1 converts it into L-ornithine and urea. Elevated
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ARGT1 activity can therefore limit L-arginine availability for iNOS,
reducing NO production (121).

Classically activated M1 macrophages are typically associated
with high iNOS expression and NO production, representing a
proinflammatory phenotype (122), whereas M2 macrophages
display higher ARGI activity, contributing to immunoregulation
and wound healing (123). Thus, the iNOS/ARGI balance shapes
macrophage polarization and function (124, 125).

Our results confirm that UVB exposure enhances iNOS activity
in PRM@s, consistent with previous studies in immune and skin
cells (100, 126-128). Simultaneously, we observed decreased ARG1
activity, aligning with reports showing reduced M2-like
macrophages after moderate UVB irradiation (129, 130). This
shift in the iNOS/ARGI ratio indicates a tendency toward an M1-
like polarization. This is further supported by Karisola et al. (131),
who demonstrated that UVB radiation promotes proinflammatory
M1 macrophages. A potential mechanism for this polarization is
UVB-induced cellular stress, which may activate proinflammatory
signaling pathways, such as NF-xB (132). Additionally, UVB
exposure has been shown to upregulate toll-like receptor (TLR)
signaling, further driving M1 polarization (133-135).

Interestingly, the presence of a simulated barrier (RF+) further
enhances iNOS activity, suggesting that the barrier may influence
PRMe@s beyond simple UV filtration, possibly through additional
mechanical or environmental cues. Further studies are needed to
determine whether this shift is transient or sustained and to
elucidate the underlying molecular pathways.

4.5 Effects of UVB radiation and passive
physical barrier on CAT activity in PRMes

CAT is a key antioxidant enzyme that decomposes H,O, into
water and oxygen, shielding macrophages from oxidative damage
(136). In our study, CAT activity peaked when PRMs were fully
shielded from UVB, emphasizing its frontline role in defending
against oxidative stress. Conversely, direct UVB exposure markedly
reduced CAT activity, even when partially filtered by the passive
physical barrier, revealing the enzyme’s sensitivity to UVB-induced
oxidative stress.

Beyond its role in neutralizing ROS, CAT is essential for
maintaining redox homeostasis, which supports macrophage
viability and function (137, 138). The observed suppression of
CAT activity after UVB exposure indicates a weakened
antioxidant defense, potentially impairing macrophage
responsiveness and survival. Interestingly, the intermediate CAT
activity observed in partially shielded cells suggests a threshold
effect, where suboptimal UVB levels may not fully activate
protective mechanisms yet still cause cellular damage.

These findings point to the need for further investigation into
the molecular mechanisms underlying UVB-induced CAT
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alteration, including the potential involvement of redox-sensitive
signaling pathways or epigenetic regulation. A deeper
understanding of how environmental stress modulates
macrophage antioxidant capacity could inform strategies for
preserving immune cell function under oxidative conditions.

4.6 Effects of UVB radiation and passive
physical barrier on trained immunity
activation-based {.CHOL signature of
PRMeos

Our findings show a slight increase in CHOL levels in UVB-
exposed PRM@s, suggesting that UVB influences cholesterol
metabolism, likely via oxidative stress and metabolic
reprogramming. UVB-generated ROS (139-141) are known to
affect enzymes like HMG-CoA reductase (142) and cholesterol
efflux transporters such as ABCG1 (143), potentially disrupting
cholesterol homeostasis. Interestingly, CHOL levels returned to
near baseline in the RF+ group, indicating that the passive physical
barrier mitigated UVB effects.

Changes in CHOL levels are also relevant to trained
immunity—a long-lasting innate immune adaptation driven by
metabolic and epigenetic reprogramming (144, 145). While
moderate ROS can enhance trained immunity (146), excessive
cholesterol accumulation may provoke dysfunction (147).
Cholesterol and its metabolites shape key metabolic pathways and
epigenetic remodeling, notably via LXR-alpha activation (148, 149),
mTOR signaling (150, 151), and regulation of DNA methylation
and histone acetylation. Additionally, cholesterol is an integral
component of lipid rafts, which cluster PRRs like TLRs and
potentiate immune signaling (152-154). Consequently, alterations
in (CHOL levels could impact raft integrity and PRM¢o
responsiveness to secondary challenges—though this remains
hypothetical and warrants experimental validation.

Finally, cholesterol’s role in modulating mitochondrial function
and ROS production adds another layer of immune regulation
(155). The normalization of CHOL in the RF+ group suggests
that passive physical barriers may help maintain a balance between
the beneficial aspects of trained immunity and the potentially
harmful effects of oxidative stress.

4.7 Effects of UVB radiation and passive
physical barrier on ;GLU-based immune
cell metabolism of PRMes

Glucose is the primary energy substrate supporting key
macrophage functions (156). While its role in immune activation
has long been recognized, its impact on cellular metabolism—
particularly in linking energy production to immune responses—
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has only recently been fully appreciated. In macrophages, glucose
not only fuels ATP production via glycolysis and oxidative
phosphorylation (OXPHOS) but, also supports essential
biosynthetic processes by providing NADPH for ROS generation,
glycerol 3-phosphate for lipid synthesis, and ribose for RNA
synthesis required for cytokine production (157-159).

In our study, UVB exposure led to a marked decrease in ;GLU
levels in PRMgs, likely reflecting an upregulation of oxidative
metabolism and increased metabolic demand. This aligns with the
observed rise in oxidative stress markers—including NO, H,0,, and
HOCI—highlighting the interplay between energy metabolism and
immune activation under photonic stress.

Interestingly, the simulated physical barrier further intensified
the decrease in ;GLU levels. Rather than mitigating the UVB effect,
the passive barrier appeared to modulate glucose metabolism—
possibly by altering glucose uptake, transporter expression, or by
promoting alternative metabolic pathways activated under dual stress
conditions. This unexpected outcome suggests that the barrier may
function not only as a physical shield that limits UVB radiation
exposure, but also as a biological modulator influencing cellular
metabolism in tissue-resident macrophages in PRM@s, revealing a
complex interaction between environmental stressors and immune
cell bioenergetics. Further investigation is needed to elucidate the
underlying mechanisms and to determine whether this effect is
beneficial or detrimental to macrophage function and survival.

4.8 Effects of UVB radiation and passive
physical barrier on zCa®* levels in PRMgs

#Ca’" serves as a pivotal second messenger controlling various
macrophage functions, including phagocytosis and oxidative burst
in macrophages (160-162). In our study, UVB exposure alone did
not significantly alter ifCa2+ levels in PRM@s. However, a mild, non-
significant increase was observed in the UVB+/RF+ group,
suggesting that partial attenuation and spectral modulation by the
simulated barrier may subtly enhance calcium signaling.

This subtle enhancement may reflect wavelength-dependent
changes in receptor- or ion channel-mediated calcium influx, as
well as possible involvement of intracellular stores through
endoplasmic reticulum channels like inositol 1,4,5-trisphosphate
receptor (IP;R) and ryanodine receptor (RyR) (163), which are
sensitive to ROS and calcium dynamics (164).

Additionally, mitochondrial calcium uptake via the mitochondrial
calcium uniporter-associated channel (MiCa) channel may stimulate
ATP production and ROS generation (165, 166). Since longer
wavelengths can enhance mitochondrial ROS output (167-170), the
spectral shift induced by the passive physical barrier—likely absorbing
short UVB (292 nm) and transmitting longer wavelengths—may
influence these interconnected pathways. These interlinked
mechanisms are coherent with our findings of elevated NO and
H,0, levels, suggesting that barrier-modulated UVB exposure may
fine-tune calcium signaling and oxidative stress responses in PRM@s.
Future studies will be needed to clarify whether these calcium
dynamics translate into functional changes under photonic stress.
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4.9 Synthesis: integrated effects of UVB
radiation and biological barrier on PRMeos
function — spectral, energetic, and
functional modulation

Our findings highlight the multifaceted impact of UVB
radiation on PRM¢@ function, revealing that the presence of a
biological barrier—simulated by rat fur—modulates both the
intensity and quality of UVB reaching the cells. The barrier’s
partial absorption of photons not only reduces UVB intensity but
also shifts the average wavelength toward longer values, thereby

decreasing photon energy, as predicted by Planck’s relation E =

hxc
l >
wavelength (171, 172). Lower-energy photons are less effective at

where £ is PlancK’s constant, ¢ the speed of light, and A the

exciting biomolecular electrons, such as those in proteins and lipids,
which dampens cellular responses to photonic stress. According to
the Grotthuss-Draper law, only absorbed photons can initiate
photochemical changes (173-175), implying that reduced photon
energy directly modulates PRM¢ activity.

Beyond simple shielding, UVB photons interact with sensitive
molecular targets like transient receptor potential (TRP) channels,
rhodopsins (a member of the G protein-coupled receptor [GPCR]
family), and flavins (176-179), thereby influencing intracellular
signaling cascades. These effects involve complex phenomena at
the crossroads of optics, quantum physics (e.g., photon scattering
and interference), and molecular biology. The passive barrier’s
selective absorption and scattering alter photon-cell interactions,
potentially explaining how the barrier increases ;Ca** levels while
dampening the excitation of other pathways.

Overall, this integrated analysis underscores the dual
importance of UVB intensity and spectral composition in shaping
PRM¢ functions. A deeper understanding of how passive physical
barriers modulate photonic stress could inform strategies to

preserve immune cell resilience under environmental stressors.

5 Conclusions and future prospects

Our study highlights the significant effects of UVB exposure on
PRM¢, enhancing their functionality and shifting them toward a pro-
inflammatory phenotype by increasing the MInos)-to-M2arG1)
ratio. UVB also induced metabolic adjustments, including
downregulation of lo-hydroxylase, catalase activity, and ( CHOL—
a well-established signature of trained immunity. Notably, UVB
exposure led to a marked increase in MPO activity—indicative of
METosis-like oxidative responses in PRMgs, but this effect was
significantly reversed by the simulated physical barrier (rat fur),
with MPO levels returning close to baseline. This underscores
MPO’s dual role in inflammation: while it aids host defense by
producing reactive oxidants—most notably HOCI, a potent
antimicrobial—it can also cause collateral tissue damage when
excessively or chronically activated. Attenuating MPO activity may
therefore help reduce oxidative stress and limit inflammation; by
contrast, broad or unregulated inhibition without protective
mechanisms could compromise immune competence. These
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findings highlight the need for a targeted, context-aware approach to
MPO modulation—one that maximizes therapeutic benefit while
minimizing unintended harm.

These findings emphasize PRM@’s role in extrarenal vitamin D
metabolism and support the concept of tissue-resident macrophages
serving as local “active reservoirs” of vitamin D. This non-circulating
form of vitamin D, likely produced under UVB influence, could be
directly utilized by immune cells to modulate localized immune
responses. Our results highlight the need to go beyond circulating
25-hydroxyvitamin D levels as the sole indicator of vitamin D status
and to consider tissue-specific dynamics, particularly in contexts
where compensatory mechanisms are likely to influence vitamin D
metabolism and utilization.

Future studies should focus on the role of tissue-resident
macrophages as local vitamin D reservoirs, the long-term impact
of UVB exposure on macrophage function, and the influence of
passive physical barriers such as fabric or other UV-blocking
materials. Additionally, extending these findings to disease
models may uncover therapeutic opportunities for modulating
macrophage function and vitamin D metabolism in immune-
related conditions. Moreover, circadian rhythms should not be
overlooked, as they can influence both macrophage reactivity and
UVB-induced signaling. Incorporating temporal aspects into future
experimental designs may offer deeper insights into the dynamics of
immune modulation under photobiological conditions.

Beyond the insights gained from macrophage-specific effects, it
is also necessary to consider the broader cellular context within
which these interactions take place. Therefore, although our study
centered on macrophage responses, it is important to recognize that
UVB radiation and vitamin D signaling likely exert effects on
multiple cell populations within the tissue microenvironment. In
particular, epithelial and stromal cells are known to contribute to
local immune regulation and may respond differentially to
photobiological stimuli. Future studies should also investigate
how these findings in a preclinical rat model could be translated
to human health, with a particular focus on additional cell types
involved in UVB- and vitamin D-mediated immune modulation.
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Background and objectives: The Coronavirus disease 2019 (COVID-19)
pandemic underscored the importance of identifying host factors that
influence susceptibility to infection. Vitamin D signaling, mediated via its
receptor (VDR), along with innate immune mediators such as antimicrobial
peptides (e.g.,, DEFA1-3) and inflammatory chemokines (e.g.,, CCL20), plays a
critical role in antiviral defense. This study aimed to determine how serum vitamin
D status and gene expression of VDR, DEFA1-3, and CCL20 associate with
COVID-19 risk in a Lebanese cohort.

Methods: This prospective observational study assessed serum vitamin D
concentrations and nasopharyngeal gene expression in Lebanese participants
tested for SARS-CoV-2 between January and March 2024. We enrolled 264
patients undergoing RT-gPCR (targeting ORF1, N, and E genes) and quantified
serum 25-hydroxyvitamin D [25(OH)D]. In a subset of 70 individuals stratified by
COVID-19 status, we measured VDR, DEFA1-3, CCL20, and GAPDH expression
by RT-gPCR. Multiple logistic regression and Pearson correlation analyses
were performed.

Results: Serum vitamin D levels and CCL20 expression were not significantly
associated with COVID-19 status. Elevated VDR expression in nasopharyngeal
tissue correlated with lower COVID-19 risk (OR = 0.40, p = 0.05) and inversely
with 25(OH)D levels (r = —=0.61, p = 0.04). Higher DEFA1-3 expression reduced
COVID-19 risk by 81.6% (OR = 0.184, p = 0.012). Among COVID-19 negatives,
VDR correlated with CCL20 (r = 0.59, p < 0.01); among positives, VDR correlated
with DEFA1-3 (r = 0.45, p < 0.05).

Conclusion: Our findings reveal a complex interplay between systemic vitamin D
status, local VDR expression, and innate inflammatory mediators in COVID-19.
They support a model in which both micronutrient levels and tissue-specific
vitamin D signaling modulate host susceptibility and disease severity.
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Introduction

The Coronavirus disease 2019 (COVID-19) pandemic has
prompted extensive investigation into host factors that influence
susceptibility and disease severity (1). Among these factors, vitamin
D has garnered considerable attention due to its immunomodulatory
properties (2-6). Early observational studies highlighted a potential
protective role for vitamin D, as deficiency was frequently associated
with increased disease severity, hospitalization rates, and mortality in
COVID-19 patients (7, 8). Vitamin D can impact numerous pathways
in the host immune response, promoting an appropriate
inflammatory reaction while suppressing an excessive one (5).
Vitamin D’s immunomodulatory role is significant in COVID-19,
where severe cases involve excessive innate immune activation and
lung immunothrombosis (9). Its effects are mediated through the
vitamin D receptor (VDR), expressed on macrophages, dendritic cells,
T-cells, and respiratory epithelial cells (4, 10, 11). Activation of VDR
by active vitamin D modulates gene transcription, enhancing both
innate and adaptive immune responses to strengthen antimicrobial
defense (4, 9, 10).

While systemic vitamin D status is commonly assessed via
circulating serum 25-hydroxyvitamin D [25(OH)D] concentrations,
recent research has suggested that local tissue responsiveness—
reflected by VDR expression—may be equally, if not more, relevant
for immune protection (12). Indeed, local receptor expression levels
potentially indicate the ability of tissues to mount effective vitamin D-
dependent immune responses better than serum vitamin D
concentrations alone. However, the relationship between local VDR
expression and systemic vitamin D status remains inadequately
explored in the context of viral infections such as COVID-19.

In Lebanon, vitamin D deficiency remains widespread despite
plentiful sunshine (13, 14). This is exacerbated by cultural clothing
that limits sun exposure and by low dietary intake of vitamin D-rich
foods (13, 14). Lebanon’s COVID-19 clinical management protocol,
aligned with the World Health Organization’s 2023 guidelines, did not
recommend routine vitamin D supplementation as part of standard
treatment during the study period.

Innate inflammatory mediators such as the alpha-defensins
(DEFAI-3), produced by neutrophils and mucosal cells, exhibit
antiviral activity by disrupting viral membranes and blocking entry
(15, 16), and are linked to reduced respiratory infections (17, 18).
They also maintain immune homeostasis and epithelial integrity
during infections (16, 19). Chemokines like CCL20 recruit immune
cells to infected tissues (20, 21). Elevated CCL20 levels are associated
with severe COVID-19 outcomes, including acute respiratory
distress syndrome (ARDS) and multisystem inflammatory

Abbreviations: 25(OH)D, 25-Hydroxyvitamin D; ARDS, Acute Respiratory
Distress Syndrome; BMI, Body Mass Index; CCL20, C-C Motif Chemokine
Ligand 20; CI, Confidence Interval; COVID-19, Coronavirus Disease 2019; Ct,
Cycle Threshold; DEFA1-3, Defensin Alpha 1-3; GAPDH, Glyceraldehyde 3-
Phosphate Dehydrogenase; IRB, Institutional Review Board; OR, Odds Ratio; RT-
qPCR, Reverse Transcription Quantitative Polymerase Chain Reaction; SARS-
CoV-2, Severe Acute Respiratory Syndrome Coronavirus 2; SD, Standard
Deviation; VDR, Vitamin D Receptor 1.
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syndrome in children (MIS-C), indicating a pathogenic role
(22-24).

This prospective observational study aimed to assess how serum
25(OH)D concentrations and nasopharyngeal expression of VDR,
DEFA1-3, and CCL20 are associated with COVID-19 status in
Lebanese participants tested between January and March 2024.

Materials and methods
Study design and participants

The study was a prospective observational analysis conducted
between January and March 2024, involving 264 adult participants
who presented for measurement of serum 25(OH)D levels and/or
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
testing. Eligible participants were consecutively enrolled after
meeting the inclusion and exclusion criteria at Lebanese Hospital
Geitaoui, a tertiary center in Lebanon, during the Omicron BA.5
wave. Serum 25(OH)D levels were measured for all participants
during the winter season (year 2024) to minimize the effect of
seasonal variation on vitamin D concentrations. Participants were
enrolled using a consecutive sampling strategy during the study
period. A history of vitamin D supplementation within the past
three months was recorded. In a subset of 70 patients,
nasopharyngeal tissue was collected for gene expression analysis.
Exclusion criteria included chronic autoimmune diseases, active
malignancy, uncontrolled diabetes mellitus, chronic renal disease,
and acute infections other than COVID-19.

Ethical considerations

This study was conducted in full accordance with ethical
guidelines and was approved by the Institutional Review Board
(IRB) of Lebanese Hospital Geitaoui-UMC under protocol code
2024-IRB-010. Written informed consent was obtained from the
study participants. No personally identifiable information was
included in the analyses or subsequent reporting, ensuring that all
data were anonymized and handled with the utmost confidentiality.

Data collection and laboratory analyses

Serum vitamin D measurement

Venous blood samples were collected, and total serum 25(OH)
D concentrations were quantified using the Roche ElecsysTM
Vitamin D Total Assay. Participants were subsequently classified
as vitamin D deficient (<20 ng/mL), insufficient (20-30 ng/mL), or
sufficient (=30 ng/mL) based on the Endocrine Society Clinical
Practice Guidelines (25). The coefficient of variation for 25(OH)D
measurement assays was between 3% to 8%.

RNA extraction and cDNA synthesis
Nasopharyngeal swab samples from a subset of 70 patients were
processed for RNA extraction using the ANDIS Viral RNA Auto
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Extraction & Purification Kit in conjunction with the ANDiS 350
Automated Nucleic Acids Extraction System. In this automated
protocol, viral particles were first lysed to release RNA, which was
then captured on magnetic beads. Following washes to remove
impurities, the RNA was eluted into a clean solution for further
analysis. RNA concentration and purity were assessed using a
NanoDrop spectrophotometer (Thermo Fisher Scientific),
ensuring A260/A280 ratios between 1.8 and 2.0. The extracted
RNA was quantified, stored at -80°C, and subsequently reverse-
transcribed into complementary DNA (cDNA) using a commercial
reverse transcription kit, following the manufacturer’s instructions.

SARS-CoV-2 detection

SARS-CoV-2 detection was performed using the ANDiS FAST
SARS-CoV-2 Detection Kit (3D Biomedicine Science & Technology
Co., Limited), targeting the ORFI, N, and E genes. Samples were
collected 1-3 days post-symptom onset, between January and
March 2024, during which the Omicron BA.5 variant
predominated in Lebanon. Although the detection assay targeted
conserved SARS-CoV-2 genes (ORF1, N, E), variant-specific
genotyping was not performed. Each reaction contained 15 ng of
extracted RNA, Positive and negative controls were included to
validate the assay. Amplification was conducted on the Bio-Rad
CFX96 Real-Time PCR System using the following thermal cycling
conditions: reverse transcription at 50°C for 10 minutes, initial
denaturation at 95°C for 3 minutes, followed by 40 cycles of
denaturation at 95°C for 15 seconds and annealing/extension at
60°C for 30 seconds. Cycle threshold (Ct) values were determined
for each gene target, with a Ct <40 in at least two of the three targets
(ORFI, N, or E) considered positive. All individuals with positive
RT-PCR tests also presented with clinical symptoms (fever, cough,
myalgia, anosmia), and were considered as having symptomatic
COVID-19. As for the control group (non-COVID-19), they were
also tested due to the presence of similar respiratory symptoms, but
their test results were negative for SARS-CoV-2.

Quantitative real-time PCR for gene expression

RT-qPCR was performed to quantify the expression of VDR
and the inflammatory genes DEFAI-3 and CCL20 in
nasopharyngeal tissue samples. Gene-specific primers were
designed and validated for efficiency and specificity. Each 20 pL
reaction mixture contained SYBR Green Supermix, optimized
concentrations of forward and reverse primers, and 70 ng of
cDNA template, with GAPDH serving as the housekeeping gene
for normalization. The thermal cycling protocol commenced with
an initial enzyme activation and denaturation step at 95°C for 3
minutes, followed by 40 cycles of denaturation at 95°C for 15
seconds and a combined annealing/extension step at 60°C for 30
seconds. All reactions were executed in duplicate to ensure
reproducibility and accuracy.
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Statistical analysis

Analyses were performed using IBM SPSS Statistics. Continuous
variables are expressed as the mean + standard deviation, and
categorical variables are presented as frequencies and percentages.
Normality of continuous variables was assessed using the
Kolmogorov-Smirnov test prior to applying parametric tests.
Independent samples t-tests and Chi-square tests were used to
compare continuous and categorical variables, respectively, between
patients with and without COVID-19. The Ct values were used solely
to define SARS-CoV-2 positivity as a binary variable. Quantitative Ct
data were not included in the downstream correlation or regression
analyses. The sample size was calculated using G*Power software
based on a moderate effect size (Cohen’s d = 0.6), with o. = 0.05 and
power = 80%, resulting in a minimum of 45 participants per group.

For the entire cohort, a multiple logistic regression analysis was
conducted, adjusting for age, sex, and BMI, to identify independent
predictors of COVID-19 disease. The results are reported as odds
ratios and 95% confidence intervals.

For the subset of 70 patients with gene expression data, separate
logistic regression models, adjusted for age, sex, and BMI, were used
to evaluate the association between the normalized expression of
VDR, DEFA1-3, and CCL20 and COVID-19 status. For each gene, a
median value was calculated and further used as a cut-off to classify
the gene expression as high or low. Pearson correlation analysis was
used to assess the relationship between serum 25(OH)D
concentrations and VDR expression, as well as the association
between inflammatory biomarker levels and SARS-CoV-2 viral
gene expression in COVID-19-positive patients. A two-tailed p-
value < 0.05 was considered statistically significant.

Results

The study cohort consisted of 264 patients, comprising 148
individuals with COVID-19 and 116 individuals without COVID-
19 (Table 1). Although the data presentation compares COVID-19-
positive and -negative groups, the study was conducted
prospectively with no prior matching or retrospective case
+

selection. The mean age was similar between groups (58.11
22.29 years in COVID-positive vs. 57.84 + 17.47 years in
COVID-negative; p = 0.57). Likewise, the sex distribution did not
differ significantly between the two groups, with males representing
38.5% of COVID-positive patients and 38.8% of COVID-negative
patients (p = 1.00).

Analysis based on BMI categories revealed a significantly lower
proportion of COVID-positive patients with a normal BMI (37.2%)
compared to those with a negative test result (47.4%; p = 0.05).
However, the proportions of overweight and obese participants
were comparable between groups. Serum 25(OH)D concentrations
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TABLE 1 Clinical and demographic characteristics of the study participants.

All Samples COVID-19 Status

Characteristic

COVID-19 positive (n = 148)

COVID-19 negative (n = 116)

Characteristic Mean + SD Mean + SD

Age (years) 579 +£19.7 58.11 + 22.29 57.84 + 17.47 0.57
Sex N(%)

Males 102 (39%) 57 (39%) 45 (39%) 1
Females 162 (61%) 91 (61%) 71 (61%)

BMI Category N (%)

Normal (18.5 - 24.9 kg/mz) 110 (42%) 55 (37%) 55 (47%) 0.05*
Overweight (25 - 29.9 kg/mz) 101 (38%) 58 (39%) 43 (37%)

Obese (>30 kg/mz) 53 (20) 35 (24%) 18 (16%)

Vitamin D (ng/mL) 259 +13.8 25.32 +13.27 26.51 + 14.70 0.77
Vitamin D Status N(%)

Deficiency (<20 ng/mL) 71 (35%) 42 (34%) 28 (34%) 0.95
Insufficiency (20-30 ng/mL) 72 (35%) 40 (33%) 29 (34%)

Sufficient (>30 ng/mL) 62 (30%) 40 (33%) 26 (32%)

Vitamin D Supplements N(%)

No 120 (45%) 69 (47%) 51 (44%) 0.71
Yes 144 (55%) 79 (53%) 65 (56%)

Data are presented as mean + standard deviation for continuous variables and as number (percentage) for categorical variables. P-values were calculated using independent samples t-tests or Chi-

square tests, with p < 0.05 considered statistically significant.

did not significantly differ between COVID-positive (25.32 + 13.27
ng/mL) and COVID-negative patients (26.51 + 14.70 ng/mL; p =
0.77). Similarly, vitamin D status categories (deficiency,
insufficiency, sufficiency) and vitamin D supplement use showed
no significant differences (p> 0.05).

Multivariate logistic regression analysis identified age >60 years
as a significant predictor of increased COVID-19 disease risk (OR =
1.90, 95% CI: 1.02-3.55, p = 0.04). Conversely, sex, BMI categories,
and vitamin D status did not independently predict COVID-19
disease (p > 0.05) (Table 2).

In the subset of 70 patients evaluated for gene expression
(Table 3), higher VDR expression in nasopharyngeal samples was
significantly associated with a reduced likelihood of COVID-19
disease (OR = 0.40, 95% CI: 0.15-1.06, p = 0.05). Likewise, elevated
DEFAI-3 mRNA expression exhibited strong protective effects,
significantly reducing COVID-19 disease risk by 81.6% (OR =
0.184, 95% CI: 0.035-0.97, p = 0.012). Conversely, CCL20
expression did not differ significantly between COVID-positive
and COVID-negative patients (p = 0.294).

The gene expression comparison according to the COVID-19
disease status showed that the normalized VDR, DEFAI1-3 and
CCL20 expression is significantly higher in the negative group than
in the positive group (Figure 1, P<0.05).

Pearson correlation analysis demonstrated a significant inverse
relationship between serum 25(OH)D concentrations and VDR
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expression (r = -0.61, p = 0.04). Interestingly, In the COVID-19
negative group, VDR expression was positively correlated with
CCL20 expression (r = 0.59, p < 0.01), while no significant
correlation was observed between VDR and DEFAI-3 (r = -0.15)
or between CCL20 and DEFAI-3 (r = -0.04). In the COVID-19
positive group, VDR expression showed a significant positive
correlation with DEFAI-3 (r = 0.45, p < 0.05). The correlation
between CCL20 and DEFAI-3 was weak and nonsignificant (r =
0.16) in the positive group (Table 4). When pooling samples, VDR
expression remained significantly correlated with CCL20 (r = 0.45, p
<0.01).

Correlation analysis among COVID-19-positive patients
showed no significant associations between DEFAI-3 and CCL20
expression or with SARS-CoV-2 replication genes (ORFI, N, E) (all
p >0.05). However, strong correlations were observed among the
viral replication genes themselves (ORFI, N, and E; all r >0.99, p
<0.001), validating their use as reliable markers of viral replication
(Supplementary Table 1).

Discussion

Our integrated analysis, combining clinical data from a cohort
with detailed gene expression profiling in a representative subset,
provides critical insights into the roles of vitamin D and innate
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TABLE 2 Multivariate logistic regression analysis of predictors of
COVID-19 disease: clinical parameters.

COVID-19 disease

Characteristic

10.3389/fendo.2025.1600623

TABLE 3 Multivariate logistic regression analysis with COVID-19 disease
predictors: gene expression data.

COVID-19 Disease
Characteristics

(O] 95% C.I. 95% C.I.
Age Age
<60 1 <60 1
0.04*
>60 1.90 (1.02 - 3.55) >60 5.250 1.547-17.821 0.008*
‘Sex Sex
Male 1 Male 1
0.25
Female 1.48 (0.77 - 2.76) Female 3.359 0.891-12.658 0.073
‘ BMI BMI
Normal (18.5 - 24.9 kg/m?) 1 Normal 1
Overweight (25 - 29.9 kg/m?) 0.48 (0.21 - 1.09) 0.08 Overweight 1.151 0.314-4.219 0.832
Obese (>30 kg/m?) 0.57 (0.25 - 1.29) 0.18 Obese 1.891 0.490-6.881 0.491
‘ Vitamin D status Normalized DEFA1-3 Expression
Deficiency (<20 ng/mL) 1 Low 1
Insufficiency (20-30 ng/mL) 0.75 (0.36 - 1.56) 0.44 High 0.184 0.035-0.960 0.012*
Sufficient (>30 ng/mL) 0.76 (0.37 - 1.58) 0.45 Normalized CCL20 Expression
Odds ratios (OR), 95% confidence intervals (CI), and p-values are provided for age, sex body Low 1
mass index (BMI), and vitamin D status, along with reference categories.
High 0.532 0.163-1.732 0.294
immune responses in COVID-19 susceptibility. Despite similar Normalized VDR Expression
serum 25(OH)D concentrations between COVID-19-positive and
. . . . . . o L 1
negative patients, this finding suggests that circulating vitamin D o
concentrations alone may inadequately reflect the full High 04 (0.15 - 1.06) 0.05*

immunomodulatory potential of vitamin D. Rather, local tissue
responsiveness—as represented by VDR expression in
nasopharyngeal tissues—emerges as a crucial determinant of
protective immunity. Higher VDR expression correlated with a
significant 60% reduction in COVID-19 disease risk, highlighting
the importance of receptor-mediated signaling within local
mucosal environments.

Gene expression levels were classified as low or high based on their median value.

Odds ratios (OR), 95% confidence intervals (CI), and p-values for age, sex, BMI, and gene
expression levels of defensin alpha 1-3 (DEFAI-3), chemokine (C-C motif) ligand 20 (CCL20),
and vitamin D receptor-1 (VDR-1I). *indicates statistical significance (p < 0.05).

Additionally, analysis of inflammatory biomarkers indicated
that elevated DEFA1-3 expression significantly reduces COVID-19
susceptibility by 81.6% (OR: 0.184, p = 0.012). DEFAI-3 peptides
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FIGURE 1

Nasopharyngeal expression of innate immune mediators according to COVID-19 disease status. (A) Normalized expression levels of VDR mRNA in
COVID-19 negative versus COVID-19 positive participants. (B) Normalized expression levels of DEFAI-3 mRNA in COVID-19 negative versus
COVID-19 positive participants. (C) Normalized expression levels of CCL20 mRNA in COVID-19 negative versus COVID-19 positive participants. All
expression values are normalized to GAPDH. Data are presented as mean + standard deviation. Statistical significance is indicated (*p < 0.05).
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TABLE 4 Pearson correlation analysis of normalized VDR, CCL20, and
DEFA1-3 expression stratified by COVID-19 disease status.

VDR

COVID-19 NEGATIVE (n=40)

VDR -
CCL20 r=20.59,p <001
DEFAI-3 r=-0.15, p = N.S.

COVID-19 POSITIVE (n=30)

CCL20

r =059 p <001

r=-004,p=NS.

DEFA1-3

r=-0.15p=N.S.

r=-004,p=NS.

VDR - r=028p=NS. r =045, p < 0.05
CCL20 r=028p=NS. - r=0.16,p=NS.
DEFAI-3 r =045, p < 0.05 r=0.16,p=NS. -

All Samples (n=70)

VDR - r =045, p <001 r=0.15p=NS.
CCL20 =045, p <001 - r=0.15p=NS.
DEFAI-3 r=0.15p=NS. r=0.15p=NS. -

*N.S., Not Significant.

10.3389/fendo.2025.1600623

are known for their potent antiviral activities, including disruption
of viral membranes, inhibition of viral entry, and modulation of
local immune responses (17, 26). Their protective role was further
supported by our finding of higher DEFA -3 expression in COVID-
19-negative individuals, consistent with reduced viral susceptibility.
This aligns with observations by Idris et al. (27), who reported
significant downregulation of DEFAI-3 during active SARS-CoV-2
infection, suggesting a possible viral evasion mechanism through
suppression of host antimicrobial peptides. This suppression may
partly explain the increased susceptibility to secondary infections
observed in severe COVID-19 cases (27).

However, the role of DEFAI-3 extends beyond direct antiviral
activity. Alpha-defensins, including DEFA 1-3, have complex functions
that involve immune modulation and inflammatory responses.
Elevated alpha-defensin levels have been associated with thrombotic
complications in COVID-19 through interactions with fibrinogen and
interleukin-6, highlighting their dual roles in both protective
immunity and pathology (28). DEFAI-3 peptides facilitate
neutrophil recruitment and cytokine production, potentially driving
beneficial inflammation for pathogen clearance; however, excessive or
dysregulated activity could lead to tissue damage and exacerbated

FIGURE 2

SARS-CoV-2

Proposed mechanism of vitamin D in reducing SARS-CoV-2 susceptibility. Vitamin D signaling via VDR in respiratory epithelium enhances
antimicrobial defenses through DEFA1-3 upregulation and facilitates immune cell recruitment by modulating CCL20 expression, collectively
lowering the risk of SARS-CoV-2 infection.
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pathology (15, 28). This delicate balance underscores the importance
of cautious interpretation and further investigation into the role of
defensins during SARS-CoV-2 infection.

In our study, DEFAI-3 expression showed no significant
correlations with SARS-CoV-2 viral replication genes (ORFI, N,
and E), suggesting that defensin activity operates independently of
viral replication dynamics and is likely influenced predominantly by
host factors (29). Consequently, DEFA1-3 expression may serve as
a valuable biomarker for assessing susceptibility to COVID-19.
While elevated baseline defensin levels may reflect robust innate
immunity, they could also signal immune dysregulation or
exhaustion (28). Measuring defensin levels clinically enhances risk
assessment and patient management strategies.

In contrast to DEFAI-3, CCL20 expression did not differ
significantly between infected and non-infected individuals,
suggesting variability in the contribution of inflammatory
mediators to COVID-19 susceptibility (22-24). However, our
results suggest that the role of CCL20 in disease susceptibility
may be context-dependent, warranting further investigation.

The correlation patterns suggest that vitamin D signaling
through VDR is functionally linked to immune cell recruitment
(via CCL20) under non-infectious conditions. However, this
relationship appears to be disrupted during COVID-19 disease,
where vitamin D signaling may shift toward enhancing
antimicrobial peptide production (DEFAI-3) as part of the host
defense mechanism. The loss of VDR-CCL20 correlation during
infection could reflect immune system dysregulation or a shift in
immune response priorities under infectious stress.

Our study has several limitations. Although our findings
highlight reduced 25(OH)D levels in COVID-19 cases compared
to controls, clinical severity data were not collected, precluding
stratified analysis. Previous reports have shown that vitamin D
status may prospectively predict COVID-19 severity and
outcomes (30, 31). The study design limits our ability to
establish causality and to assess longitudinal changes in vitamin
D status, VDR expression, and inflammatory biomarkers.
Additionally, although the overall cohort was sizable (n = 264),
the subset for gene expression analysis was relatively limited,
which may have limited its representativeness and
generalizability. Potential confounders, including seasonal
variations in vitamin D levels, nutritional status, and other
environmental factors, were not fully controlled. Another
limitation is the lack of data on participants’ COVID-19
vaccination status, as it was not available at the time of
data collection.

Given the high prevalence of vitamin D deficiency in Lebanon
and its apparent link to COVID-19 susceptibility, future
interventional trials should evaluate the efficacy and optimal
dosing of vitamin D supplementation in reducing infection risk
and disease severity. We recommend systematic screening for 25
(OH)D levels in at-risk populations (e.g., individuals with limited
sun exposure) followed by randomized controlled studies to
determine whether correcting deficiency can improve clinical
outcomes in SARS-CoV-2 infection.

Frontiers in Endocrinology

169

10.3389/fendo.2025.1600623

Conclusion

In summary, our findings demonstrate that the protective effects
of vitamin D in COVID-19 are more closely associated with local VDR
expression and innate antimicrobial pathways, particularly DEFA1-3,
than with systemic 25(OH)D concentrations alone (Figure 2). These
results support a model in which both micronutrient status and tissue-
specific vitamin D signaling modulate host susceptibility and disease
severity (Figure 2). Future longitudinal and interventional studies are
warranted to validate these associations and explore the therapeutic
potential of enhancing local vitamin D responsiveness in respiratory
viral infections.
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