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Abstract

Introduction: Asthma is the most common chronic inflammatory disease in childhood,
with complex pathogenesis and heterogeneous clinical manifestations. Current efforts
are focused on achieving remission through phenotyping and personalized therapy. Mi-
cronutrient deficiency is commonly observed in both children and adults, and current
evidence points to their role in the pathogenesis of numerous acute and chronic conditions.
Method: In this narrative review, we analyzed current information regarding the influ-
ence of micronutrient deficiencies on asthma control. The aim was to clarify the extent to
which current knowledge provides evidence for implementing specific dietary measures in
children with asthma to achieve disease control. We conducted a review of the literature
covering the past 20 years to assess the impact of iron, vitamin D, and folic acid deficiency
on asthma control. The research was performed in PubMed, Web of Science, Cochrane
Library and Embase. Results: Vitamin D deficiency is associated with the frequency of
asthma exacerbations in children. However, data regarding the severity of exacerbations,
hospitalizations, or emergency department visits are not consistent across different studies.
Vitamin D supplementation has controversial effects on disease control. Iron deficiency
may contribute to the development of asthma, but there is no clear evidence. Observational
studies have reported associations between iron deficiency, poorer asthma control, frequent
exacerbations, and impaired lung function. An association between low folate levels and
increased asthma risk and poorer asthma control was also reported. Conclusions: Assess-
ing micronutrient status in children with asthma and the effect of correcting deficiencies
as part of a personalized treatment plan to achieve symptom control remains a topic that
requires further research.

Keywords: asthma; vitamin D deficiency; iron deficiency; micronutrients; asthma control;
atopy; children
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1. Introduction
1.1. The Burden of Childhood Asthma

Asthma is a complex and heterogeneous condition characterized by chronic inflamma-
tion of the airways, which is responsible for bronchial hyperreactivity. Extensive research
is constantly being published on the pathogenesis of the disease, diagnostic evaluation,
phenotyping, and personalized therapy. Epidemiological data showed, by the end of the
last century, an increasing prevalence of allergic diseases, including asthma [1]. Recently,
a downward trend in the global burden of the disease over the past 30 years has been
reported [2]. The global prevalence of asthma reported in 2020 was 9.1% among children
and 11% among adolescents, while adults had a lower prevalence of 6.6% [2]. The mortality
rate declined from 1990 to 2019, reaching 13.2% of deaths among children with asthma
aged five to nine in the U.S. and 16.4% in the 10-14 age group [3].

Most cases begin in childhood. Approximately half of children with asthma still have
poorly or partially controlled symptoms, even in some low- and middle-income countries.
This may be due to limited access to essential asthma medications. Any regional or global
strategy aimed at improving disease control and even achieving remission is welcome.

Asthma is a relatively common chronic condition in childhood, but concerns regard-
ing its prevention are much more limited compared to other chronic diseases, especially
oncological pathology, including leukemia [2]. In the current era, there is a continuous
need for changing health policies, promoting healthy lifestyle habits that include a healthy
diet and regular physical exercise.

1.2. The Role of Atopy in the Pathogenesis of Pediatric Asthma

There is a complex pathogenic interaction between the development of asthma and
atopy due to gene—environment interactions, changes in the microbiome, and epigenetic
variations [4].

Several prenatal and early-life factors have been associated with an increased risk
of developing asthma, although their contribution varies and does not necessarily imply
a causal relationship. These include maternal stress, obesity during pregnancy, cesarean
delivery, prematurity, low birth weight, and the use of acetaminophen and antibiotics by
the mother [5,6]. Tobacco smoke, air pollution, lifestyle, and nutritional factors are also
contributing factors. Among the protective factors for healthy development and a low risk
of wheezing, high intake of vitamin D or fish oil during pregnancy, early enrolment in
preschool, breastfeeding (in some studies), pet ownership, and living on a farm are the
most widely studied [6-8].

Environmental factors are specific risk factors that contribute to the severity and
persistence of airway inflammation. Early exposure to allergens is a key pathogenic link
associated with a higher risk of developing asthma. Indoor and outdoor airborne allergens
are factors that promote airway reactivity and trigger exacerbations by narrowing the
airways and promoting their inflammation. Non-allergic airway inflammation also plays
an important role in asthma. Asthma exacerbations can be triggered by upper respiratory
tract infections, primarily in children. Inhaled irritants (cigarette smoke, vehicle exhaust,
certain cosmetics), physical exercise, emotional stress, certain medications, or even foods or
beverages may also be associated with asthma attacks.

Genetic susceptibility is now very well characterized. Genome-wide association
studies have identified over 400 associations between single-nucleotide polymorphisms
and specific traits. Their interaction with various environmental exposures is not specific [6].
The allergic component varies between high-income countries and low- and middle-income
countries. A possible link could be the different exposure to environmental allergens, plants,
animals, bacteria, or fungi, during the first months of life in a child living on a farm under
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more precarious socioeconomic conditions. In the Western, industrialized environment,
this exposure is reduced, leading to slower and delayed immune maturation, promoting
prolonged type 2 immunity and the risk of atopic sensitization and inappropriate immune
responses [6,9].

Studies report a higher prevalence of allergies among children from high-income
social backgrounds [1]. The early onset of the disease in the first years of life may be
due both to genetic factors linked to a genetic locus on chromosome 17q21 and to infec-
tions with human rhinovirus and respiratory syncytial virus, which are more common in
preschoolers [2,9]. Exposure to the microbiota near animal barns and nutritional factors
may contribute. One possible mechanism is the reduced ability of dendritic cells during the
first 2 years of life to respond to microbial aggression by producing type 1 proinflammatory
cytokines and binding to Toll-like receptors (TLRs). In newborns, the type 1 response,
T helper (Th)17 and IL-10, is weak, with immune maturation occurring later [10,11]. In
addition to environmental factors, the infant’s gut microbiota and lung microbiota also
play an important role [6,12]. The risk factors mentioned above can affect the function of
the bronchial epithelial barrier and may amplify inflammatory responses. Environmental
biodiversity plays a role by limiting IgE sensitization to allergen extracts, while also reduc-
ing reactivity to glycoproteins and N-glycans [13,14]. Commensals in the gut microbiota
stimulate the production of antimicrobial peptides and induce regulatory T cells and innate
cytokines, such as IL-22, which play a role in protecting the intestinal epithelial barrier and
maintaining its integrity. [15].

1.3. Micronutrients and Common Childhood Disorders

Children’s healthy growth depends on their nutritional status and an adequate intake
of macro- and micronutrients. The 2023 Joint Estimates on Child Malnutrition found that
6.8% of children under five suffer from wasting, and 22.3% of the same age group suffer
from stunting [16,17]. Micronutrients include vitamins and minerals. They do not provide
calories but are crucial for many biological processes [18]. Micronutrient deficiencies are
common, particularly in developing countries, and can lead to serious, life-threatening
diseases, increasing morbidity and mortality. Micronutrient deficiencies can cause long-
term developmental disorders and predispose individuals to other chronic diseases, such
as immune-mediated conditions [19,20]. Half of preschool-aged children and two-thirds of
non-pregnant women of reproductive age worldwide have micronutrient deficiencies [21].

Insufficient intake of iron, iodine, folate, zinc, or vitamins such as vitamin A, vi-
tamin C, or vitamin B12 can have negative consequences on growth, susceptibility to
infections, congenital malformations, cognitive development, and future occupational
performance [22,23].

Iron is an important element for the human body, and iron deficiency is the most
common nutritional disorder, as one-third of the world’s population suffers from iron
deficiency in both industrialized and non-industrialized countries [19,24]. Anemia is a
widespread public health concern, particularly in low- and lower-middle-income countries,
affecting young children, adolescent girls who are menstruating, and pregnant or postpar-
tum women. It is estimated that 40% of all children aged 6 to 59 months have anemia, with
iron deficiency being the most common cause [25].

The main causes of iron deficiency are dietary iron deficiency and inflammation,
which lead to reduced iron absorption and utilization [24]. The former results in absolute
iron deficiency, in which iron stores are depleted. The latter produces a functional iron
deficiency, with an immune response that locks iron into stores and reduces absorption
through the involvement of hepcidin in the context of the so-called “nutritional immune re-
sponse” [19,26-28]. The distinction between anemia, classic iron deficiency, and functional
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iron deficiency—which results from the redistribution of iron to ferritin in the liver and
macrophages—is also highlighted in a recent position paper. The latter is essential because
its biological effects depend on iron availability rather than on total iron stores [29].

In pediatric patients, iron deficiency can affect not only growth but also lung de-
velopment [30,31], small intestine function, and cognitive development effects that are
irreversible with iron supplementation [19,32]. Iron-deficiency anemia in children is as-
sociated with impaired cognitive performance and delayed motor development that may
persist in adulthood, along with reduced physical performance and reduced quality of
life. Iron deficiency affects DNA replication and the cell cycle, leading to hair loss, nail
abnormalities, and oral lesions [33]. The immune response, myelogenesis, and neurotrans-
mission, as well as cytochrome P450 production, can be affected by iron deficiency, leading
to increased susceptibility to infections, restless legs syndrome and, possibly, altered drug
metabolism [22,34,35].

Vitamin D plays a central role in calcium and phosphate metabolism and bone tissue
synthesis, and it also has numerous non-skeletal effects. Its availability depends on sun
exposure and daily intake, but it can also be influenced by malnutrition, malabsorption
syndromes, and genetic disorders.

In children, the role of vitamin D begins during fetal life and is responsible for normal
growth. Low levels of vitamin D during pregnancy are associated with preterm birth, low
birth weight, and a predisposition to asthma, type 1 diabetes, autism, or multiple sclerosis.
The exact mechanisms underlying vitamin D’s involvement in these processes are not fully
understood [18,36—40].

Adequate vitamin D levels are essential for bone health and normal immune system
function. Low levels of vitamin D are associated with rickets in young children and os-
teomalacia in older children, causing bone deformities. Vitamin D deficiency may also
be linked to the pathogenic mechanisms of autoimmune diseases, metabolic disorders, or
cardiovascular processes, and may be connected to cell differentiation and immunoreg-
ulation. Research in this field has yielded conflicting results, and evidence of a causal
relationship between vitamin D and the prevalence of these disorders has not yet been
established [41,42].

Other micronutrients associated with normal growth and development are vitamin
A, vitamin E, zinc, vitamin C, folic acid, and selenium. Vitamin A deficiency as part of
malnutrition has severe consequences on vision causing night blindness, conjunctival
lesions, xerophthalmia, or keratomalacia. It is also responsible for cell differentiation and
modulation of apoptosis, embryogenesis, and immune function [18,43,44].

Normal development is also regulated by zinc availability, which is involved in cell
differentiation, particularly in immune and gastrointestinal tissues [18,45,46].

Folic acid is responsible for DNA synthesis, repair, and methylation, playing a central
role in cell division and rapid growth [47].

2. The Link Between the Immune System, Atopy, and Micronutrients

Micronutrients play important roles in physiological pathways including the immune
system response [48], leading to different types of immune-mediated disorders. In recent
years, researchers have demonstrated a direct association between allergic disorders and
deficiencies in micronutrients such as iron, vitamin D, and zinc. These studies have
raised concerns about the actual mechanisms underlying this association, meaning it is not
entirely clear whether micronutrient deficiencies influence the immune response or whether
immune system disorders that predispose to inflammation are responsible for functional
micronutrient deficiency [19,26]. One hypothesis is that micronutrient deficiencies may
mimic an infection, activating the innate immune response, which in turn reduces dietary
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absorption and nutrient availability by sequestering them in storage. This response will
also influence the activity of immune cells.

Macrophages play a central role in the immune response through their ability to
recognize pathogens, and in homeostasis by facilitating phagocytosis. They also have an
important role in iron homeostasis. Macrophages are responsible for iron distribution, being
able to recognize nutritional needs and supply tissues with iron [48]. There are two subtypes
of macrophages: the pro-inflammatory M1 subtype and the anti-inflammatory M2 subtype.
The difference between the two macrophage subtypes also lies in how they manage iron
intake. M1 subtypes have less intracellular iron, are not involved in iron distribution, and
their activity is less influenced by iron deficiency. In contrast, M2 subtypes have a large
intracellular reservoir of metabolically active iron, are responsible for iron distribution,
and their activity is strongly influenced by iron deficiency. Iron deficiency can shift M2
activity toward a pro-inflammatory phenotype [19,29,49-51]. The possible mechanism
involves a reduction in the turnover rate, affecting mitochondrial metabolism and directing
macrophages toward hypoxic glycolysis [52]. Iron is also involved in the activity of T-helper
cells, with Th1 cells being more sensitive to iron deficiency, a situation in which cytokine
activity shifts toward a Th2 pattern [53,54]. Mast cell degranulation is also influenced by
iron deficiency; research in this area shows that iron supplementation prevents mast cell
degradation [55]. B-cell activity and antibody production are not affected by iron deficiency,
but it may promote the activation of cytidine deaminase by modulating the class switch
toward immunoglobulin E [52]. Iron is essential for B-cell function and antibody maturation.
Iron deficiency may impair immunoglobulin class switch recombination, affecting the
production of class-switched antibodies such as IgG and IgA through modulation of AID
activity. These alterations in antibody responses may influence immune regulation and
allergy susceptibility, although effects on B-cell proliferation and differentiation appear to
be context-dependent.

Infections will alter iron homeostasis, leading to a functional iron deficiency and
the sequestration of iron in macrophages or the reticuloendothelial system. Although
this response reduces viral replication, it will affect immune cell function. The lungs
will also be deprived of available iron, supporting the hypothesis that this situation may
trigger asthma exacerbations [56]. Vitamin D deficiency may predispose individuals to iron
deficiency and is involved in chemotaxis and the activity of monocytes and macrophages,
contributing to the stabilization of mast cells and the reduction of mediator release from
effector cells [57,58].

Furthermore, in addition to the impact of recurrent infections, the exclusion of certain
foods from the diets of children with atopic diseases, particularly those with food allergies,
may further contribute to nutritional deficiencies. Children with soy and wheat allergies
have been reported to be especially susceptible to deficiencies in vitamins, iron, and
zinc [59].

Epidemiological studies have shown that children with atopic disorders are eight
times more likely to develop iron-deficiency anemia [24,60]. The risk of anemia correlates
with the number of comorbid allergic diseases [59].

Over the past decade, there has been considerable interest in the primary prevention
of asthma, and the role of vitamin D has been extensively studied. Vitamin D deficiency
is widespread worldwide [61]. It has been shown to correlate with atopic diseases and
elevated levels of eosinophils and immunoglobulin E, though the underlying mechanisms
are complex [62-67].

Single-nucleotide polymorphisms (SNPs) in vitamin D receptors (VDRs) may influence
the development of atopy by regulating VDR expression and vitamin D levels [68]. The
VDR gene, located on chromosome 12q13.11, is a pleiotropic gene containing nine exons
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and eight introns. Several SNPs have been described in the VDR gene. Over 900 genes
can be transcribed by VDR, which are involved in numerous autoimmune, allergic, and
inflammatory diseases. A 2017 pilot study that analyzed various asthma biomarkers and
the Taql and Apal genotypes confirmed a higher susceptibility to developing the disease
among carriers of these alleles, but no association was found between the genotypes and
serum 250HD levels [69].

Some authors have shown that VDR gene polymorphisms, such as rs7975232,
51544410, and rs731236, can influence signaling pathways involved in modulating the
immune system [68] and, consequently, may increase susceptibility to allergic reactions,
including asthma [70,71]. Analysis of the impact of VDR SNPs on the regulation of various
immune cell activities, including eosinophils, and on the modulation of IgE production
by B cells has not demonstrated a direct role for vitamin D. It is associated with total IgE
concentrations and markers of eosinophilic inflammation [72,73], but the mechanisms and
VDR signaling pathway remain unclear.

A recent case-control study showed that the distribution of VDR SNPs among atopic
patients and the control group was uniform, with no statistically significant differences in
genotype distribution [74]. The VDR 152228570 GG genotype was significantly associated
with normal vitamin D levels in both atopic patients and healthy subjects, while the
152228570 A allele was associated with low vitamin D levels. The rs3847987 AA and AC
genotypes and the A allele were significantly associated with normal vitamin D levels in the
control group; however, this association was not observed in patients with asthma and/or
atopic dermatitis [74]. In individuals with the VDR 7511168293 GG genotype, a significant
association was found between low vitamin D levels and eosinophilia and elevated total
IgE [74]. The T allele of the VDR 1511168293 gene correlates with normal IgE levels. Similar
results were also obtained in previous studies [75,76].

Vitamin D also plays a role in the Th1/Th2 balance and the balance between Th17 cells
and regulatory T cells [77,78], with certain VDR polymorphisms potentially influencing
vitamin D levels and the risk of developing atopic diseases [79]. S. Rojo-Tolosa et al. demon-
strated an association between the Cdx2 polymorphism (rs11568820) and susceptibility to
asthma. Other VDR gene polymorphisms included in the analysis, such as Apal (rs7975232),
Bsml (rs1544410), Fokl (rs2228570), and Tagl (rs731236), were not associated with the risk of
asthma [80].

Vitamin D increases the levels of the anti-inflammatory cytokines IL-10, IL-4, and
IL-5 and helps reduce pro-inflammatory cytokines such as IL-12, IL-6, IL-8, interferon-y
(IFN-y), tumor necrosis factor alpha (TNFo), and IL-17 [81,82]. Vitamin D decreases the
production of IL-9, IL-5, and IL-8 when memory T helper cells are polarized toward Th9
cells, which play a role in the development of asthma and other allergic diseases [83]. Most
research in this field shows that vitamin D deficiency shifts the immune response toward
Th2 [81,82,84,85]. However, some studies show that high levels of vitamin D also increase
the risk of asthma [86] and correlate with higher levels of total IgE. Pecanha and colleagues
demonstrated an association between vitamin D levels and the onset of asthma in early
life [87]. Therefore, the relationship with vitamin D levels is not linear [82,88].

Systematic reviews and meta-analyses provide evidence supporting the protective
role of higher vitamin D levels in mothers and the risk of developing the disease [89-92].
In addition to air pollution, maternal and infant malnutrition, and smoking, dietary risk
factors play an important role [93]. A diet low in vegetables and fruits, whole grains, milk,
omega-3 and omega-6 fatty acids, along with zinc and deficiencies in vitamins A and D,
are implicated in morbidity. Among the micronutrients in the mother’s diet implicated
in the development of asthma, vitamin D is the most studied; current data demonstrate
that genetic polymorphisms in VDR and VDBP genes are associated with an increased
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susceptibility to asthma [94,95]. Low vitamin D intake in pregnant women is associated
with an increased risk of wheezing [96]. Possible mechanisms through which pre- and
perinatal vitamin D deficiency exerts its effect include airway contractility, as well as
lymphocyte proliferation and cytokine secretion [97,98]. These children exhibit increased
airway resistance and a higher prevalence of allergen sensitization [94].

3. Methods

We conducted a narrative review of the current literature to evaluate the role of certain
micronutrients in the onset and, more importantly, in the control of pediatric asthma. The
objective was to identify evidence for the implementation of specific dietary measures
in children with asthma to achieve better control of the disease, at a time when there is
growing discussion about remission attainment for this chronic condition.

We reviewed the medical literature from the past 20 years regarding the impact of
iron, vitamin D, and folic acid deficiencies on asthma control in children. The search was
conducted in PubMed /MEDLINE, Web of Science, the Cochrane Library, and Embase. We
included original studies, cohort studies, cross-sectional studies, large observational studies,
and relevant reviews addressing asthma control and the potential role of micronutrients. We
used the following keywords: “vitamin D,” “25-hydroxyvitamin D,” “folic acid,” “anemia,”

”ou

“iron deficiency,” “ferritin,” “asthma control,” “supplementation,” “child,” “pediatric,” and
“adolescent.” We focused on studies involving the pediatric population, excluding those
that included only adults, except for those that provided strong arguments in favor of
the intended objective and for which no corresponding studies in children were available.
Since the studies were highly heterogeneous in terms of both study design and results, the

findings were summarized descriptively rather than quantitatively.

4. Micronutrients Deficiencies and Their Impact on Asthma in
Pediatric Patients

4.1. Micronutrients Within the Framework of Precision Medicine in Pediatric Asthma

The findings on VDR polymorphisms support a precision medicine approach to
pediatric asthma, suggesting that the clinical effects of vitamin D are influenced not only by
circulating 25(OH)D concentrations but also by individual genetic variability. Differences
in VDR polymorphisms and genes involved in vitamin D metabolism may explain the
heterogeneous associations observed between vitamin D status and asthma susceptibility
across ethnic groups and populations. Consequently, vitamin D supplementation is unlikely
to provide uniform benefits for all children. Instead, integrating genetic profiling with
micronutrient assessment could help identify children who are most likely to benefit from
preventive or therapeutic interventions.

Similar principles may apply to other micronutrients. Iron deficiency influences
macrophage polarization, Thl/Th2 balance, mast cell activation, and IgE class switch-
ing, while zinc participates in epithelial integrity and immune regulation. Because these
pathways are modified by both nutritional status and host genetics, the response to mi-
cronutrient supplementation is expected to vary between individuals. This variability
represents one of the key concepts of precision medicine, in which nutritional interventions
are tailored according to biological, genetic, and immunological characteristics rather than
applied uniformly.

Overall, current evidence suggests that micronutrients should no longer be viewed
solely as environmental modifiers of asthma risk but also as components of an individual-
ized disease phenotype. The interaction between micronutrient status, immune dysregu-
lation, genetic polymorphisms, and environmental exposures contributes to the marked
heterogeneity of pediatric asthma. Within the framework of precision medicine, combining
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nutritional assessment with genetic, immunological, and clinical biomarkers may improve
risk stratification, identify children at increased risk of allergic disease, and guide person-
alized preventive and therapeutic strategies. Although routine genetic testing is not yet
recommended in clinical practice, advances in nutrigenomics and pharmacogenomics sug-
gest that individualized micronutrient interventions may become an important component
of future pediatric asthma management.

4.2. Vitamin D Deficiency
4.2.1. Correlation with the Onset of Asthma

Studies over the past decade have sought to provide evidence of the protective role of
vitamin D in pediatric asthma. The medical literature is replete with research on prenatal
exposure to vitamin D and its relationship to the onset of the disease and on the role of
vitamin D as an immunomodulator and anti-inflammatory agent, as well as its contribution
to better disease control and optimal lung function. Environmental exposures during
pregnancy and early childhood influence the risk of allergic diseases through epigenetic
modifications, highlighting the first 1000 days of life as a critical window for both disease
susceptibility and preventive interventions [99,100]. The intake of vitamins by a pregnant
woman plays an important role and can influence the risk of allergies. For example, B
vitamins and vitamin C can affect DNA methylation. Vitamin D has mixed effects on epige-
netic programming in the fetus and infant. Vitamin D influences DNA methylation, histone
modifications, and gene expression, particularly during the prenatal and perinatal periods,
when its deficiency has been associated with an increased risk of atopic dermatitis and
asthma [100-102]. Vitamin D also enhances anti-inflammatory pathways by modulating
glucocorticoid receptor activity and histone acetylation, while reducing airway inflamma-
tion through increased HDAC?2 expression [100,103]. Collectively, these findings provide
a biological basis for the protective role of vitamins A and D against allergic diseases by
shaping the epigenetic regulation of immune responses.

A meta-analysis of 15 randomized controlled clinical trials showed that administering
high doses of vitamin D to both pregnant women and infants appears to reduce the risk of
wheezing and asthma [104]. However, the relationship between vitamin D supplementation
in both children and adults remains controversial.

Current data provides new evidence regarding genetic factors. Of the 15,174 SNPs in
the VDR gene that have been identified, the most studied polymorphism is rs2228570.

Paramonova N. analyzed the effect of these polymorphisms in populations from the
Baltic region of Eastern Europe (Latvia and Lithuania) and compared them with data
published in studies from the Asian region [105]. The Fokl and Apal polymorphisms
act as risk factors for asthma in the Baltic population, although this has not yet been
confirmed for the Asian region. In the subtropical region of Taiwan, both VDR gene
variants and 25(OH)vitD concentrations act as risk factors for the development of asthma.
In the temperate region of Mongolia, only serum vitamin D levels appear to be a relevant
predictor of disease onset. No correlation was found between serum 25(OH)D levels
and the 752286570 (Fokl), rs7975232 (Apal), and rs731236 (Taql) in patients with asthma,
although 25(OH)vitD levels are significantly lower in asthmatics compared to the control
group [105]. The TC genotype (rs731236) was associated with the highest serum levels
of 25(OH)vitD and with a protective effect against asthma. A systematic review that
included 3495 participants from multiple ethnic groups (1392 with asthma) evaluated the
relationship between polymorphisms in the vitamin D receptor (VDR) gene and the risk of
developing asthma [103]. It has been shown that the FokI (rs2228570) and Tagl (rs731236)
polymorphisms increase susceptibility to asthma, whereas this association does not hold
true for the Apal (rs7975232) and Bsml (rs1544410) polymorphisms.
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Another systematic review, which included 2491 children with asthma and 3682
control subjects, showed that the Apal and Taq1 polymorphisms have a protective effect,
while Bsm1 and Fok1 increase susceptibility to asthma, with ethnic variations observed in
the subgroup analysis [106]. An association was observed between the homozygous major
allele of Apal and asthma, in contrast to Caucasians and African Americans [76,106]. The
results also demonstrated a significant association between polymorphisms in the vitamin
D metabolic genes CYP27A1, CYP2R1, CYP24A1, and GC, and the onset of asthma [106].
As long as there is evidence that low vitamin D levels promote allergic hypersensitization
and increase the risk of developing asthma, the practical implication is clear and easy
to implement.

4.2.2. Correlation with Asthma Control

Vitamin D deficiency appears to be associated with higher symptom scores and
reduced lung function, but research findings are inconsistent.

A 2020 review examined the role of vitamin D deficiency in recurrent wheezing among
preschoolers [107]. The results were controversial, particularly when considering the
association of respiratory infection as a risk factor for exacerbation [107].

While some authors have shown that in children with lower vitamin D levels there was
a negative correlation with the frequency and severity of episodes, as assessed by the need
for systemic glucocorticoids [108], other studies found no association with hospitalization,
the number of emergency department visits, the need for oral glucocorticoids [87,109], or
with oxygen therapy [110] (Table 1). A study by Alyasin et al. showed similar results;
vitamin D deficiency, although associated with asthma and low FEV1, was not associated
with the risk of asthma exacerbations [111]. A larger population study showed that vitamin
D insufficiency was associated with poor asthma control despite inhaled corticosteroid
treatment [67].

A study examining the relationship between vitamin D and lung function parameters
in 71 children aged 7 to 17 years, compared with 77 control subjects, found no association
between serum 25(OH)D levels and FEV1 or FVC [112].

Table 1. Association of vitamin D status and asthma control.

Author Year/ . Population Nun.lber/ Intervention Outcome
Location Design
Low vitamin D levels
-associated with the
Alyasin et 2011 Children 100 case/ Vitamin D levels risk of asthma
al. [111] Iran with asthma control No association with
hospitalization for
asthma exacerbations
Insufficient vitamin D
Children with mild Vitamin D levels status was associated
Brehm et 2010 I o1
al. [39] USA to moderate 1024 vitamin D with higher odds of
' persistent asthma insufficient < 30 ng/mL  any hospitalization or
ED visit
Vitamin D
insufficiency was
Children associated with
Brehm et 2012 . Asthma/non- 287/273 Vitamin D levels -higher odds of asthma
al. [113] Puerto Rico ..
asthma exacerbation in the
prior year

-lower lung function
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Table 1. Cont.

Author Year/ . Population Nun.1ber/ Intervention Outcome
Location Design
FEV1
Ozdogan Children 71/ cross-sectional FVC.: . Vitamin D quartl.les
2017 . Eosinophil count not associated with
etal. [112] with asthma case/control .
Total IgE lung function
Vitamin D
No significant
. . o relationship between
Children with Vitamin D levels o
Eroglu et 2019 I vitamin D levels and
recurrent 52/case/control vitamin D o
al. [110] Turkey . - hospitalization,
wheezing sufficient > 20 ng/mL .
oxygen, or steroid
therapy
Abbreviations: ED, emergency department; FEV1, forced expiratory volume in first second; FVC, forced
vital capacity.
4.2.3. The Effect of Vitamin D Supplementation

In the “Vitamin D Add-on Therapy Enhances Corticosteroid Responsiveness in
Asthma” (VIDA) study conducted in adults with asthma, administration of a single dose of
100,000 IU of vitamin D3 was associated with a reduction in the need for inhaled corticos-
teroids [114]. Given the encouraging findings reported in adults, it is important to examine
whether similar benefits have been observed in children with asthma.

In Table 2 we summarized the data on the effect of vitamin D supplementation on
asthma control in children. These findings have not yet been translated into clear recom-
mendation for the treatment of asthma or recurrent wheezing in preschoolers, where the
trigger is often a respiratory infection and the phenotype is primarily non-eosinophilic
asthma [115]. The benefits of vitamin D in modulating the immune response help reduce
the frequency of respiratory viral infections and, in this way, contribute to an overall reduc-
tion in the frequency of exacerbations and better disease control. In contrast, other studies
found that vitamin D supplementation in children with asthma has not been shown to
reduce the incidence of exacerbations or improve disease control [116].

Table 2. The effect of vitamin D supplementation on asthma control in children.
Author Eear/. Population Nufnber of Intervention Outcome
ocation Patients
Vitamin D . .
Urashima 2010 School 1200 1U/d Few.er. asthma a.ttacks in chlldren.
children 334 receiving vitamin D compared with
etal. [117] Japan . 3 months . ..
with asthma children receiving placebo
versus placebo
-Low serum vitamin D was
associated with eight times higher
. risk of asthma exacerbation
Vitamin D -Linear correlation between baseline
Majak et al. [118] 2011 Chlldren 48 500I0/d vitamin D serum level and baseline
Poland with asthma 6 months
versus placebo ATAQ score
Asthma exacerbations were
significantly reduced in the
steroid + Vitamin D group
-Reduced the number of
Vitamin D exacerbations
Madhu Yadav 2013 Children 100 60,000 IU/month -PEFR significantly increased in the
etal. [119] India with asthma 6 months treatment group

versus placebo

-Reduced the requirement of
steroids and emergency visits
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Table 2. Cont.

Author Year/ . Population Nufnber of Intervention Outcome
Location Patients
Vitamin D
Tachimoto et al. 2016 Children 800 IU/day 'ASttha conFrol test scores were
. 89 significantly improved in the
[120] Japan with asthma 2—-6 months o
vitamin D group
versus placebo
Vitamin D -No significant difference between
Kerley et al. 2016 Children 2000 IU/day groups regarding subjective asthma
. 44 control.
[121] Ireland with asthma 15 weeks A sionifi d . hool
rsus placebo -A significant decrease in schoo
ve days missed due to asthma
Vitamin D
Ducharme et al 2019 Children with %O%rglog?[sf s of Patients experienced 2-3
[122] : Canada viral-induced 47 35 ,m onths apart viral-induced asthma exacerbations,
asthma ( fall and winItJer) with no significant group difference
versus placebo
Vitamin D3 supplementation did
. not significantly prolong the time to
Vitamin D .
. a severe asthma exacerbation, the
Forno et al. 2020 Chlldren 192 4000 IU roportion of participants whose
[123] USA with asthma 48 weeks prop p
; lacebo dose of inhaled corticosteroid was
versus place reduced, or the cumulative
fluticasone dose during the trial
Children Vitamin D Vitamin D supplementation was not
Han et al. 2021 with asthma and 4000 TU significantly associated with change
[124] USA vitamin D levels 176 48 weeks in any outcome (lung function
bel 30ne/ ver laceb measures, asthma control, or
clow Ung/m ersus placebo asthma-related quality of life)
Children Vitamin D No differences in proportion of
Jat et al. 2021 with asthma and 1000 IU/d asthmatic children with ACT .
. . . 250 score > 20, of asthma exacerbation
[116] India vitamin D levels 9 months R P ¢ . .
below 20 ng/m versus placebo or side effects after Vitamin D
& supplementation vs placebo
Vitamin D
Lewis et al. 2021 Children 30 1000 IU/d Vitamin D supplementation did not
[125] USA with asthma 12 months affect the ACT score or FEV1
versus placebo
No significant difference between
Child ith Vitamin D the two groups in terms of the ACT
Thakur 2021 mol deft‘ew 60 2000 1U/d score, FEV;, FeNO, number of
[126] India 12 weeks exacerbations, emergency visits,

persistent asthma

versus placebo

hospital admissions, and adverse
outcomes.

Abbreviations: ACT, asthma control test; ATAQ, Asthma Therapy Assessment Questionnaire; FeNO, fractional
exhaled nitric oxide; FEV1, forced expiratory volume in first second; PEFR, peak expiratory flow rate.

In 2020, Forno et al. published the results of the randomized, double-blind, placebo-
controlled Vitamin D Kids Asthma (VDKA) study on the impact of vitamin D supplemen-
tation on the time to severe asthma exacerbation [123]. The study included 192 participants
with low serum 25-hydroxyvitamin D levels ranging from 14 to 30 ng/mL, who were
randomized to either the treatment group, which received 4000 IU of vitamin D3 daily,
or the control group, which received a placebo. Disease control was assessed using the
Asthma Control Test (ACT). The Asthma Control Test (ACT) is a validated patient-reported
questionnaire that evaluates asthma control based on symptom frequency, activity limita-
tions, nocturnal symptoms, and rescue medication use; however, as a subjective assessment
tool, it may be influenced by individual perception of disease severity. There was a non-
significant difference in the number of days to a severe exacerbation (240 days in the study
group versus 253 days in the placebo group, p = 0.63) [123]. In the group that received
4000 IU of vitamin D for 16 weeks, 37.5% of participants experienced at least one severe
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asthma exacerbation during that period, compared with 34.4% of those in the placebo
group. The included patients had partially controlled asthma with an initial mean ACT
score of over 19. The cumulative dose of inhaled steroids during the study was similar in
the two groups [123].

Previously published reviews show conflicting data. While some authors report a
reduction in the rate of asthma exacerbations without an improvement in lung function
in patients receiving vitamin D, others demonstrate that FEV1 increases [127-129] or even
decreases in children [130]. A Cochrane meta-analysis published in 2016 showed that
while vitamin D3 supplementation in both adults and children with asthma reduces the
incidence of severe asthma exacerbations, it does not lead to better disease control [131].
A meta-analysis of 12 studies involving children with asthma (898 who received vitamin
D and 973 who received a placebo) concluded that vitamin D supplementation was not
associated with better disease control or improved lung function [132]. However, asthma
recurrence was lower among those who received vitamin D supplements.

In addition to vitamin D’s role in the onset of asthma, disease control, and lung
function, there is recent evidence of its role in limiting the progression toward airway
remodeling in patients with severe asthma. The remodeling process involves TGF-f31 and
inflammatory cytokines, which stimulate fibroblast invasion of the airway wall and the
deposition of the extracellular matrix in the subepithelial layer. An experimental study
demonstrated the antifibrogenic effect of 1,25(0OH);D3; in human bronchial fibroblasts
stimulated with TGF-$1 or TNF-«-IL-1f from subjects with severe asthma [133].

The authors analyze the potential role of vitamin D3 supplementation in patients
with severe asthma, compared to the control group, in inducing apoptosis/necrosis in
hematopoietic fibroblasts. The cells were cultured in specific media, and the presence of
necrotic, late apoptotic, and early apoptotic cells was tracked on a scatter plot and compared
to intact, live cells. The study demonstrates that treatment of bronchial fibroblasts with
vitamin D3 leads to an increase in the number of early apoptotic cells [133]. Evidence
showing that 1,25(OH)D3 counteracts the effect of TGF-31 on the mRNA expression of
LUM, BGN, and COL5A1 supports its protective role. Treatment of bronchial fibroblasts
with 1,25(OH), D3 resulted in a significant increase in VDR mRNA expression and CYP24A1
mRINA expression in asthmatics. Differences in the expression of genetic targets were
observed only after the addition of 1,25(0OH),;D3, leading to a significant increase in the
mRNA expression of BGN, CCL2, CCL5, and CCL11 in patients compared to controls [133].
Another effect of adding 1,25(OH),;D5 to patients with asthma whose human bronchial
fibroblasts were stimulated with TGF-31 or TNF-«-IL-13 was a reduction in the overall
protein secretion of stimulated fibrogenic markers and CC chemokines.

4.3. Iron Deficiency
4.3.1. Correlation with the Onset of Asthma

The relationship between asthma and iron availability is sustained by the inverse
relationship of incidence and prevalence of asthma and iron status [20,134]. Iron deficiency
affects both T cells and B cells. It can affect antibody production, reduce the IgG/IgM
response, and amplify the IgE response. The biology of allergens itself is regulated by the
availability of iron [29]. The prevalence is higher in young boys and tends to be higher
in girls after puberty. In addition, menstruation, with a decrease in iron availability, is
associated with a worse outcome of asthma exacerbations [135-139]. Serum ferritin levels
were associated with asthma and decreased FEV1 in women aged 20 to 49 years [140].
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4.3.2. Correlation with Asthma Control

There are numerous studies on the correlation between asthma control and iron
deficiency, but the results remain controversial, as some studies have failed to demonstrate
this link.

Chang et al. found that children with anemia are more likely to have uncontrolled or
severe asthma compared with children with controlled asthma [141].

Heba et al., in a study based on pediatric patients with asthma, demonstrated that
low iron levels are associated with uncontrolled asthma and a more obstructive pattern on
function tests among asthmatic patients [142].

Pulmonary function tests in children showed lower parameter levels in asthmatic
children with iron deficiency anemia compared with those without anemia [143,144].

4.4. Folic Acid

Folic acid plays a key role in DNA synthesis, functioning as a coenzyme in the for-
mation of nucleic acids. Processes such as cell generation, maturation, and tissue repair
depend on the availability of folic acid, as does fetal development, with significant im-
plications for the neural tube. Because it is involved in DNA methylation, folic acid can
influence the regulation of key genes involved in modulating the immune response; these
epigenetic modifications underpin the hypothesis that folic acid may be involved in the
pathogenesis of allergies. Maternal folate levels correlate with changes in methylation in
offspring in genes involved in development and in immune-related pathways, suggesting
that early exposure to folate may help “program” how the immune system responds later
in life and its susceptibility to atopic diseases [145,146]. Based on this hypothesis, studies
have been conducted on the relationship between folic acid status and the risk of, and the
severity of, bronchial asthma; however, the specific mechanism by which folic acid, through
its immunomodulatory effect and epigenetic mechanisms, influences the progression of
bronchial asthma has not yet been elucidated [147,148].

In the pediatric population, low levels of folic acid have been associated with the
presence and severity of bronchial asthma and reduced lung function [149,150]. Nicolson
et al. obtained similar data, demonstrating an inversely proportional association between
folic acid levels and bronchial asthma, without demonstrating a correlation with changes
in lung function [151]. Furthermore, Kotb et al., and Ali et al., demonstrated that serum
folate levels were lower in children with asthma compared to healthy controls, and that
these levels were negatively correlated with asthma severity and exacerbations, but not
with pulmonary function parameters [152,153]. Blatter et al. showed that the combination
of folate deficiency and vitamin D insufficiency leads to a significant increase in the risk
of severe exacerbations; children with both deficiencies had a nearly eightfold higher risk
of developing at least one severe exacerbation compared with those with normal levels
of both nutrients [154]. In addition, 1 ng/mL increase in serum folate concentration was
associated with a significant reduction in the risk of asthma [155].

The National Health and Nutrition Examination Survey revealed an inverse associa-
tion between serum folate levels and total IgE levels, atopy, and wheezing. Participants with
the highest folate concentrations had a significantly reduced risk of allergic sensitization
and respiratory symptoms [156].

An observational study examined the relationship between serum folate metabolites
and asthma in a representative sample of the U.S. population. By assessing serum levels
and the ratio of 5-methyltetrahydrofolate, the biologically active form of folate, to unmetab-
olized folic acid, the authors observed that a higher ratio is associated with a lower risk of
asthma and better lung function [147].
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The data on folic acid supplementation during pregnancy are contradictory. A meta-
analysis of studies published between 2015 and 2024, conducted to evaluate the global
prevalence of childhood asthma and its major risk factors, found that maternal folate
supplementation was associated with a lower risk of asthma in children [157]. However,
these findings are not entirely consistent with more recent evidence. A large cohort study
of pre-adolescents reported that folic acid supplementation during the third trimester of
pregnancy was associated with 34% higher odds of asthma in pre-adolescence (adjusted
OR 1.34) [158].

The results of the available studies are inconsistent and do not allow for a definitive
conclusion regarding a causal relationship between folate status and the risk of asthma.
Although some studies suggest a possible protective effect of elevated folate levels, the
current evidence remains insufficient to support specific recommendations for the preven-
tion or management of asthma [159]. Furthermore, the results of observational studies may
be influenced by environmental, nutritional, or behavioral factors and do not necessarily
reflect a direct causal effect of folate on the development of bronchial asthma [160].

5. Discussion and Conclusions

The knowledge gained in recent decades regarding the pathogenesis of asthma has
enabled better phenotyping of the disease, the identification of underlying molecular
endotypes and, consequently, the implementation of personalized treatment plans. The
complex role of vitamin D, iron, and folic acid in asthma control is summarized in Figure 1.

Role of vitamin D, iron and folic acid in asthma control

\ / \J
‘@’VITAMIN D - deficiency IRON - low levels

Exacerbation risk and severity
Hospitalization/ED risk
ICS requirement

Higher risk of uncontrolled or
severe asthma

Associated  with  uncentrolled
asthma and a more obstructive
pattern on pulmonary function
tests

Associated with lower pulmonary
function parameters

‘ Lung function

hospitalization or ED visits, oxygen
therapy or oral steroids, and FEV1 or FVC

No consistent association with

i

Overall sial

5o 0 @

VY
*@’ VITAMIN D - supplementation

' Lung function and ACT

; FOLIC ACID

Low levels are associated with
presence and severity of asthma
and reduced Ilung function in
children

Folic acid levels are inversely related
to asthma

Severe exacerbations
Respiratory viral infections
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No clear reduction in exacerbations or
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Figure 1. The Role of Vitamin D, Iron, and Folic Acid in Asthma Control. “Created in BioRender.
Moldovan, O. (2026) https:/ /BioRender.com/enalgfa.” (Accessed on 29 July 2026) [39,87,108-113,
116,118-120,122-128,131,142-144,149,151]. Abbreviations: ED, emergency department; ICS, inhaled
corticosteroids; FEV1, forced expiratory volume in first second; FVC, forced vital capacity; ACT,
asthma control test; FeNO, fractional exhaled nitric oxide.

The risk of developing asthma is associated not only with serum levels of 250H
vitamin D but especially with polymorphisms in the vitamin D receptor gene. The Apal
allele (rs7975232) is associated with an increased susceptibility to asthma, while the results
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for the Tagl allele (rs731236) remain controversial. The FokI (rs2228570), Bsml (rs1544410),
and GC rs7041 polymorphisms are not associated with the risk of the disease.

We do not yet have sufficient data to include a recommendation for vitamin D sup-
plementation in the guidelines, nor have we determined the dose needed to improve the
course of the disease and achieve remission in pediatric asthma. Dietary recommendations,
particularly those regarding iron status and the prevention of micronutrient deficiencies,
are not yet part of general asthma management plans.

Iron plays an important role in immune regulation. Iron deficiency may contribute
to the development of asthma, but the evidence is not consistent. Several observational
studies have reported associations between iron deficiency, poorer asthma control, more
frequent exacerbations, and impaired lung function, The link between iron deficiency and
asthma could be real, but prospective and interventional studies are needed to confirm it.

Through epigenetic mechanisms, folic acid can influence the expression of genes
involved in the immune response and atopy. This mechanism suggests a possible role in
the pathogenesis of asthma. Observational studies showed an association between low
folate levels and increased asthma risk, poorer asthma control, and more severe disease.
Because these results may be influenced by dietary, socioeconomic, and lifestyle factors, it
is difficult to confirm a causal effect of folate on the development of asthma.

6. Future Perspectives

Highlighting regional and ethnic differences regarding the role of genetic polymor-
phisms suggests the need for multinational, multicenter studies with a standardized design
to elucidate these aspects.

Prospective controlled studies are needed to analyze both the mechanisms and the
benefits of vitamin D administration in controlling asthma and improving the quality of life
for patients with asthma. Currently, serum vitamin D levels are not routinely measured in
children diagnosed with asthma. Such studies could provide additional recommendations
regarding the management of children with asthma.
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Abbreviations

The following abbreviations are used in this manuscript:

ACT Asthma Control Test

ATAQ  Asthma Therapy Assessment Questionnaire
ED emergency department

FEV1 forced expiratory volume in one second
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FeNO fractional exhaled nitric oxide
FvC forced vital capacity

GPx glutathione peroxidase

1CS inhaled corticosteroids

IFN-y interferon-gamma

IL Interleukin

mRNA  messenger ribonucleic acid

PEFR peak expiratory flow rate

SNPs single-nucleotide polymorphisms
TGF-B1  transforming growth factor betal
TNFo tumor necrosis factor alpha

TLRs Toll-like receptors

VDR vitamin D receptors

References

1.

10.

11.

12.

13.

14.

15.
16.

International Union Against Tuberculosis and Lung Disease. The Global Asthma Report 2022. Int. |. Tuberc. Lung Dis. 2022, 26,
1-104. [CrossRef] [PubMed]

Yuan, L.; Tao, J.; Wang, J.; She, W.; Zou, Y,; Li, R;; Ma, Y.; Sun, C.; Bi, S.; Wei, S.; et al. Global, regional, national burden of
asthma from 1990 to 2021, with projections of incidence to 2050: A systematic analysis of the global burden of disease study 2021.
EClinicalMedicine 2025, 80, 103051. [CrossRef] [PubMed]

Zhang, D.; Zheng, ]. The Burden of Childhood Asthma by Age Group, 1990-2019: A Systematic Analysis of Global Burden of
Disease 2019 Data. Front. Pediatr. 2022, 10, 823399. [CrossRef] [PubMed]

Di Cicco, M.; D’Elios, S.; Peroni, D.G.; Comberiati, P. The role of atopy in asthma development and persistence. Curr. Opin.
Allergy Clin. Immunol. 2020, 20, 131-137. [CrossRef] [PubMed]

Castro-Rodriguez, J.A.; Forno, E.; Rodriguez-Martinez, C.E.; Celedén, J.C. Risk and Protective Factors for Childhood Asthma:
What Is the Evidence? |. Allergy Clin. Immunol. Pract. 2016, 4, 1111-1122. [CrossRef] [PubMed]

von Mutius, E.; Smits, H.H. Primary prevention of asthma: From risk and protective factors to targeted strategies for prevention.
Lancet 2020, 396, 854-866. [CrossRef] [PubMed]

1lli, S.; Depner, M.; Genuneit, J.; Horak, E.; Loss, G.; Strunz-Lehner, C.; Biichele, G.; Boznanski, A.; Danielewicz, H.; Cullinan, P,;
et al. Protection from childhood asthma and allergy in Alpine farm environments—The GABRIEL Advanced Studies. J. Allergy
Clin. Immunol. 2012, 129, 1470-1477 .€6. [CrossRef] [PubMed]

Beckhaus, A.A.; Garcia-Marcos, L.; Forno, E.; Pacheco-Gonzalez, R.M.; Celedén, ].C.; Castro-Rodriguez, ].A. Maternal nutrition
during pregnancy and risk of asthma, wheeze, and atopic diseases during childhood: A systematic review and meta-analysis.
Allergy 2015, 70, 1588-1604. [CrossRef] [PubMed]

Loss, G.J.; Depner, M.; Hose, A.].; Genuneit, J.; Karvonen, A.M.; Hyvirinen, A.; Roduit, C.; Kabesch, M.; Lauener, R.; Pfefferle, P.I;
et al. The Early Development of Wheeze. Environmental Determinants and Genetic Susceptibility at 17q21. Am. |. Respir. Crit.
Care Med. 2016, 193, 889-897. [CrossRef] [PubMed]

Bachus, H.; Kaur, K.; Papillion, A.M.; Marquez-Lago, T.T.; Yu, Z.; Ballesteros-Tato, A.; Matalon, S.; Le6n, B. Impaired Tumor-
Necrosis-Factor-a-driven Dendritic Cell Activation Limits Lipopolysaccharide-Induced Protection from Allergic Inflammation in
Infants. Immunity 2019, 50, 225-240.e4. [CrossRef] [PubMed]

Papaioannou, N.E.; Pasztoi, M.; Schraml, B.U. Understanding the Functional Properties of Neonatal Dendritic Cells: A Doorway
to Enhance Vaccine Effectiveness? Front. Immunol. 2019, 9, 3123. [CrossRef] [PubMed]

Thysen, A.H.; Waage, J.; Larsen, ].M.; Rasmussen, M.A.; Stokholm, J.; Chawes, B.; Fink, N.R.; Pedersen, T.M.; Wolsk, H.;
Thorsteinsdottir, S.; et al. Distinct immune phenotypes in infants developing asthma during childhood. Sci. Transl. Med. 2020,
12, eaaw0258. [CrossRef] [PubMed]

Rook, G.a.W.; Raison, C.L.; Lowry, C.A. Microbial “old friends”, immunoregulation and socioeconomic status. Clin. Exp. Immunol.
2014, 177, 1-12. [CrossRef] [PubMed]

Nkurunungi, G.; Mpairwe, H.; Versteeg, S.A.; van Diepen, A.; Nassuuna, J.; Kabagenyi, ].; Nambuya, I.; Sanya, R.E.; Nampijja, M.;
Serna, S.; et al. Cross-reactive carbohydrate determinant-specific IgE obscures true atopy and exhibits «-1,3-fucose epitope-specific
inverse associations with asthma. Allergy 2021, 76, 233-246. [CrossRef] [PubMed]

Belkaid, Y.; Harrison, O.]. Homeostatic Immunity and the Microbiota. Immunity 2017, 46, 562-576. [CrossRef] [PubMed]

Levels and Trends in Child Malnutrition: UNICEF/WHO/World Bank Group Joint Child Malnutrition Estimates: Key Findings
of the 2023 Edition. Available online: https://www.who.int/publications/i/item /9789240073791 (accessed on 2 July 2026).

https://doi.org/10.3390/nu18152567


https://doi.org/10.5588/ijtld.22.1010
https://www.ncbi.nlm.nih.gov/pubmed/36303302
https://doi.org/10.1016/j.eclinm.2024.103051
https://www.ncbi.nlm.nih.gov/pubmed/39867965
https://doi.org/10.3389/fped.2022.823399
https://www.ncbi.nlm.nih.gov/pubmed/35252064
https://doi.org/10.1097/ACI.0000000000000627
https://www.ncbi.nlm.nih.gov/pubmed/31985546
https://doi.org/10.1016/j.jaip.2016.05.003
https://www.ncbi.nlm.nih.gov/pubmed/27286779
https://doi.org/10.1016/S0140-6736(20)31861-4
https://www.ncbi.nlm.nih.gov/pubmed/32910907
https://doi.org/10.1016/j.jaci.2012.03.013
https://www.ncbi.nlm.nih.gov/pubmed/22534534
https://doi.org/10.1111/all.12729
https://www.ncbi.nlm.nih.gov/pubmed/26296633
https://doi.org/10.1164/rccm.201507-1493OC
https://www.ncbi.nlm.nih.gov/pubmed/26575599
https://doi.org/10.1016/j.immuni.2018.11.012
https://www.ncbi.nlm.nih.gov/pubmed/30635238
https://doi.org/10.3389/fimmu.2018.03123
https://www.ncbi.nlm.nih.gov/pubmed/30687326
https://doi.org/10.1126/scitranslmed.aaw0258
https://www.ncbi.nlm.nih.gov/pubmed/32024797
https://doi.org/10.1111/cei.12269
https://www.ncbi.nlm.nih.gov/pubmed/24401109
https://doi.org/10.1111/all.14469
https://www.ncbi.nlm.nih.gov/pubmed/32568414
https://doi.org/10.1016/j.immuni.2017.04.008
https://www.ncbi.nlm.nih.gov/pubmed/28423337
https://www.who.int/publications/i/item/9789240073791
https://doi.org/10.3390/nu18152567

Nutrients 2026, 18, 2567 17 of 23

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Hong, S. Essential micronutrients in children and adolescents with a focus on growth and development: A narrative review. J.
Yeungnam Med. Sci. 2025, 42, 25. [CrossRef] [PubMed]

Savarino, G.; Corsello, A.; Corsello, G. Macronutrient balance and micronutrient amounts through growth and development. Ital.
J. Pediatr. 2021, 47, 109. [CrossRef] [PubMed]

Peroni, D.G.; Hufnagl, K.; Comberiati, P; Roth-Walter, F. Lack of iron, zinc, and vitamins as a contributor to the etiology of atopic
diseases. Front. Nutr. 2023, 9, 1032481. [CrossRef] [PubMed]

Li, M,; Chen, Z,; Yang, X.; Li, W. Causal relationship between iron deficiency anemia and asthma: A Mendelian randomization
study. Front. Pediatr. 2024, 12, 1362156. [CrossRef] [PubMed]

Stevens, G.A ; Beal, T.; Mbuya, M.N.N.; Luo, H.; Neufeld, L.M.; Addo, O.Y.; Adu-Afarwuah, S.; Alayén, S.; Bhutta, Z.; Brown,
K.H.; et al. Micronutrient deficiencies among preschool-aged children and women of reproductive age worldwide: A pooled
analysis of individual-level data from population-representative surveys. Lancet Glob. Health 2022, 10, €1590-€1599. [CrossRef]
[PubMed]

Black, R.E.; Victora, C.G.; Walker, S.P.; Bhutta, Z.A.; Christian, P.; de Onis, M.; Ezzati, M.; Grantham-McGregor, S.; Katz, J.;
Martorell, R; et al. Maternal and child undernutrition and overweight in low-income and middle-income countries. Lancet Lond.
Engl. 2013, 382, 427-451. [CrossRef] [PubMed]

Falkingham, M.; Abdelhamid, A.; Curtis, P.; Fairweather-Tait, S.; Dye, L.; Hooper, L. The effects of oral iron supplementation on
cognition in older children and adults: A systematic review and meta-analysis. Nutr. J. 2010, 9, 4. [CrossRef] [PubMed]

Rhew, K.; Oh, ].M. Association between atopic disease and anemia in pediatrics: A cross-sectional study. BMC Pediatr. 2019,
19, 455. [CrossRef] [PubMed]

Manish, A. Iron deficiency anemia: A global public health concern. Int. J. Clin. Biochem. Res. 2025, 11, 229-236. [CrossRef]
Valente de Souza, L.; Hoffmann, A.; Weiss, G. Impact of bacterial infections on erythropoiesis. Expert Rev. Anti Infect. Ther. 2021,
19, 619-633. [CrossRef] [PubMed]

Lopez, A.; Cacoub, P.; Macdougall, I.C.; Peyrin-Biroulet, L. Iron deficiency anaemia. Lancet 2016, 387, 907-916. [CrossRef]
[PubMed]

Nicolas, G.; Bennoun, M.; Devaux, L.; Beaumont, C.; Grandchamp, B.; Kahn, A.; Vaulont, S. Lack of hepcidin gene expression
and severe tissue iron overload in upstream stimulatory factor 2 ( USF2 ) knockout mice. Proc. Natl. Acad. Sci. USA 2001, 98,
8780-8785. [CrossRef] [PubMed]

Roth-Walter, F.; Agache, I.; Cabanillas, B.; Canani, R.B.; Comberiati, P.; Garn, H.; Gomez-Casado, C.; Hufnagl, K.; Khaleva, E.;
Milani, G.P; et al. Iron Physiology and Its Impact on Atopic Diseases: An EAACI Taskforce Report. Allergy 2026, 1-38. [CrossRef]
[PubMed]

Ha, EK; Kim, ].H.; Lee, E.; Sung, M.; Jee, HM.; Baek, H.S.; Shin, Y.H.; Lee, N.H.; Han, M.Y. Abnormal iron status is independently
associated with reduced oscillometric lung function in schoolchildren. Clin. Respir. J. 2021, 15, 870-877. [CrossRef] [PubMed]
Oluwole, O.; Arinola, O.G.; Adu, M.D.; Adepoju, A.; Adedokun, B.O.; Olopade, O.1.; Olopade, C.O. Relationships between
Plasma Micronutrients, Serum IgE, and Skin Test Reactivity and Asthma among School Children in Rural Southwest Nigeria. J.
Biomark. 2014, 2014, 106150. [CrossRef] [PubMed]

Nwaru, B.I; Hayes, H.; Gambling, L.; Craig, L.C.A.; Allan, K.; Prabhu, N.; Turner, SSW.; McNeill, G.; Erkkola, M.; Seaton, A.; et al.
An exploratory study of the associations between maternal iron status in pregnancy and childhood wheeze and atopy. Br. J. Nutr.
2014, 112, 2018-2027. [CrossRef] [PubMed]

Cappellini, M.D.; Musallam, K.M.; Taher, A.T. Iron deficiency anaemia revisited. J. Intern. Med. 2020, 287, 153-170. [CrossRef]
[PubMed]

Musallam, K.M.; Taher, A.T. Iron deficiency beyond erythropoiesis: Should we be concerned? Curr. Med. Res. Opin. 2018, 34,
81-93. [CrossRef] [PubMed]

Iglesias Vazquez, L.; Valera, E.; Villalobos, M.; Tous, M.; Arija, V. Prevalence of Anemia in Children from Latin America and
the Caribbean and Effectiveness of Nutritional Interventions: Systematic Review and Meta— Analysis. Nutrients 2019, 11, 183.
[CrossRef] [PubMed]

Mansur, J.L.; Oliveri, B.; Giacoia, E.; Fusaro, D.; Costanzo, PR. Vitamin D: Before, during and after Pregnancy: Effect on Neonates
and Children. Nutrients 2022, 14, 1900. [CrossRef] [PubMed]

Wagner, C.L.; Hollis, B.W. The Implications of Vitamin D Status During Pregnancy on Mother and her Developing Child. Front.
Endocrinol. 2018, 9, 500. [CrossRef] [PubMed]

Wolsk, H.M.; Chawes, B.L.; Litonjua, A.A.; Hollis, B.W.; Waage, J.; Stokholm, ].; Bennelykke, K.; Bisgaard, H.; Weiss, S.T. Prenatal
vitamin D supplementation reduces risk of asthma/recurrent wheeze in early childhood: A combined analysis of two randomized
controlled trials. PLoS ONE 2017, 12, e0186657. [CrossRef] [PubMed]

Brehm, J.M.; Schuemann, B.; Fuhlbrigge, A.L.; Hollis, B.W,; Strunk, R.C.; Zeiger, R.S.; Weiss, S.T.; Litonjua, A.A.; Childhood
Asthma Management Program Research Group. Serum vitamin D levels and severe asthma exacerbations in the Childhood
Asthma Management Program study. . Allergy Clin. Immunol. 2010, 126, 52-58.€5. [CrossRef] [PubMed]

https://doi.org/10.3390/nu18152567


https://doi.org/10.12701/jyms.2025.42.25
https://www.ncbi.nlm.nih.gov/pubmed/39895255
https://doi.org/10.1186/s13052-021-01061-0
https://www.ncbi.nlm.nih.gov/pubmed/33964956
https://doi.org/10.3389/fnut.2022.1032481
https://www.ncbi.nlm.nih.gov/pubmed/36698466
https://doi.org/10.3389/fped.2024.1362156
https://www.ncbi.nlm.nih.gov/pubmed/38853780
https://doi.org/10.1016/S2214-109X(22)00367-9
https://www.ncbi.nlm.nih.gov/pubmed/36240826
https://doi.org/10.1016/S0140-6736(13)60937-X
https://www.ncbi.nlm.nih.gov/pubmed/23746772
https://doi.org/10.1186/1475-2891-9-4
https://www.ncbi.nlm.nih.gov/pubmed/20100340
https://doi.org/10.1186/s12887-019-1836-5
https://www.ncbi.nlm.nih.gov/pubmed/31760939
https://doi.org/10.18231/j.ijcbr.2024.034
https://doi.org/10.1080/14787210.2021.1841636
https://www.ncbi.nlm.nih.gov/pubmed/33092423
https://doi.org/10.1016/S0140-6736(15)60865-0
https://www.ncbi.nlm.nih.gov/pubmed/26314490
https://doi.org/10.1073/pnas.151179498
https://www.ncbi.nlm.nih.gov/pubmed/11447267
https://doi.org/10.1111/all.70325
https://www.ncbi.nlm.nih.gov/pubmed/41943501
https://doi.org/10.1111/crj.13375
https://www.ncbi.nlm.nih.gov/pubmed/33848060
https://doi.org/10.1155/2014/106150
https://www.ncbi.nlm.nih.gov/pubmed/26317027
https://doi.org/10.1017/S0007114514003122
https://www.ncbi.nlm.nih.gov/pubmed/25342229
https://doi.org/10.1111/joim.13004
https://www.ncbi.nlm.nih.gov/pubmed/31665543
https://doi.org/10.1080/03007995.2017.1394833
https://www.ncbi.nlm.nih.gov/pubmed/29050512
https://doi.org/10.3390/nu11010183
https://www.ncbi.nlm.nih.gov/pubmed/30654514
https://doi.org/10.3390/nu14091900
https://www.ncbi.nlm.nih.gov/pubmed/35565867
https://doi.org/10.3389/fendo.2018.00500
https://www.ncbi.nlm.nih.gov/pubmed/30233496
https://doi.org/10.1371/journal.pone.0186657
https://www.ncbi.nlm.nih.gov/pubmed/29077711
https://doi.org/10.1016/j.jaci.2010.03.043
https://www.ncbi.nlm.nih.gov/pubmed/20538327
https://doi.org/10.3390/nu18152567

Nutrients 2026, 18, 2567 18 of 23

40.

41.

42.

43.

44.

45.

46.
47.

48.

49.

50.

51.

52.

53.

54.

55.

56.
57.
58.

59.

60.

61.
62.

63.

Infante, M.; Ricordi, C.; Sanchez, J.; Clare-Salzler, M.].; Padilla, N.; Fuenmayor, V.; Chavez, C.; Alvarez, A.; Baidal, D.; Alejandro,
R.; et al. Influence of Vitamin D on Islet Autoimmunity and Beta-Cell Function in Type 1 Diabetes. Nutrients 2019, 11, 2185.
[CrossRef] [PubMed]

Bouillon, R.; Marcocci, C.; Carmeliet, G.; Bikle, D.; White, ]. H.; Dawson-Hughes, B.; Lips, P.; Munns, C.E,; Lazaretti-Castro, M.;
Giustina, A; et al. Skeletal and Extraskeletal Actions of Vitamin D: Current Evidence and Outstanding Questions. Endocr. Rev.
2019, 40, 1109-1151. [CrossRef] [PubMed]

Bikle, D.D. Vitamin D: Newer Concepts of Its Metabolism and Function at the Basic and Clinical Level. J. Endocr. Soc. 2020,
4,bvz038. [CrossRef] [PubMed]

Wolf, G. Retinoic acid as cause of cell proliferation or cell growth inhibition depending on activation of one of two different
nuclear receptors. Nutr. Rev. 2008, 66, 55-59. [CrossRef] [PubMed]

Misra, M.; Pacaud, D.; Petryk, A.; Collett-Solberg, P.F.; Kappy, M.; on behalf of the Drug and Therapeutics Committee of
the Lawson Wilkins Pediatric Endocrine Society. Vitamin D Deficiency in Children and Its Management: Review of Current
Knowledge and Recommendations. Pediatrics 2008, 122, 398-417. [CrossRef] [PubMed]

Levenson, C.W.; Morris, D. Zinc and Neurogenesis: Making New Neurons from Development to Adulthood. Adv. Nutr. 2011, 2,
96-100. [CrossRef] [PubMed]

Cuevas, L.E.; Koyanagi, A. Zinc and infection: A review. Ann. Trop. Paediatr. 2005, 25, 149-160. [CrossRef] [PubMed]

Han, Y.-Y,; Forno, E.; Celedén, J.C. Vitamin D Insufficiency and Asthma in a US Nationwide Study. J. Allergy Clin. Immunol. Pract.
2017, 5, 790-796.el. [CrossRef] [PubMed]

Murdoch, C.C.; Skaar, E.P. Nutritional immunity: The battle for nutrient metals at the host-pathogen interface. Nat. Rev. Microbiol.
2022, 20, 657-670. [CrossRef] [PubMed]

Winn, N.C.; Volk, K.M.; Hasty, A.H. Regulation of tissue iron homeostasis: The macrophage “ferrostat”. JCI Insight 2020,
5,€132964. [CrossRef] [PubMed]

Corna, G.; Campana, L.; Pignatti, E.; Castiglioni, A.; Tagliafico, E.; Bosurgi, L.; Campanella, A.; Brunelli, S.; Manfredi, A.A;
Apostoli, P; et al. Polarization dictates iron handling by inflammatory and alternatively activated macrophages. Haematologica
2010, 95, 1814-1822. [CrossRef] [PubMed]

Roth-Walter, F. Iron-Deficiency in Atopic Diseases: Innate Immune Priming by Allergens and Siderophores. Front. Allergy 2022,
3, 859922. [CrossRef] [PubMed]

Li, G,; Pone, E.J.; Tran, D.C.; Patel, PJ.; Dao, L.; Xu, Z.; Casali, P. Iron inhibits activation-induced cytidine deaminase enzymatic
activity and modulates immunoglobulin class switch DNA recombination. . Biol. Chem. 2012, 287, 21520-21529. [CrossRef]
[PubMed]

Jason, J.; Archibald, L.K.; Nwanyanwu, O.C.; Bell, M.; Jensen, R.].; Gunter, E.; Buchanan, I.; Larned, J.; Kazembe, PN.; Dobbie, H.;
et al. The effects of iron deficiency on lymphocyte cytokine production and activation: Preservation of hepatic iron but not at all
cost. Clin. Exp. Immunol. 2001, 126, 466—473. [CrossRef] [PubMed]

Thorson, J.A.; Smith, K.M.; Gomez, F.; Naumann, PW.; Kemp, ].D. Role of iron in T cell activation: TH1 clones differ from TH2
clones in their sensitivity to inhibition of DNA synthesis caused by IgG Mabs against the transferrin receptor and the iron chelator
deferoxamine. Cell. Immunol. 1991, 134, 126-137. [CrossRef] [PubMed]

Mécheri, S.; Peltre, G.; Lapeyre, J.; David, B. Biological effect of transferrin on mast cell mediator release during the passive
cutaneous anaphylaxis reaction: A possible inhibition mechanism involving iron. Ann. Inst. Pasteur Immunol. 1987, 138, 213-221.
[CrossRef] [PubMed]

Drakesmith, H.; Prentice, A. Viral infection and iron metabolism. Nat. Rev. Microbiol. 2008, 6, 541-552. [CrossRef] [PubMed]
Hufnagl, K.; Jensen-Jarolim, E. Vitamin A and D in allergy: From experimental animal models and cellular studies to human
disease. Allergo J. Int. 2018, 27, 72-78. [CrossRef] [PubMed]

Shi, Z.; Ohno, H.; Satoh-Takayama, N. Dietary Derived Micronutrients Modulate Immune Responses Through Innate Lymphoid
Cells. Front. Immunol. 2021, 12, 670632. [CrossRef] [PubMed]

Yang, L.; Sato, M.; Saito-Abe, M.; Miyaji, Y.; Shimada, M.; Sato, C.; Nishizato, M.; Kumasaka, N.; Mezawa, H.; Yamamoto-Hanada,
K.; et al. Allergic Disorders and Risk of Anemia in Japanese Children: Findings from the Japan Environment and Children’s
Study. Nutrients 2022, 14, 4335. [CrossRef] [PubMed]

Drury, K.E.; Schaeffer, M.; Silverberg, ].I. Association Between Atopic Disease and Anemia in US Children. JAMA Pediatr. 2016,
170, 29-34. [CrossRef] [PubMed]

Lips, P. Worldwide status of vitamin D nutrition. . Steroid Biochem. Mol. Biol. 2010, 121, 297-300. [CrossRef] [PubMed]

Imoto, R.R.; Uber, M.; Abagge, K.T.; Lima, M.N.; Rosério, N.A.; Carvalho, V.O. de Vitamin D supplementation and severity of
atopic dermatitis: Pre-post assessment. Allergol. Immunopathol. 2021, 49, 66-71. [CrossRef] [PubMed]

Lara-Corrales, I.; Huang, C.M.; Parkin, P.C.; Rubio-Gomez, G.A.; Posso-De Los Rios, C.J.; Maguire, |.; Pope, E. Vitamin D Level
and Supplementation in Pediatric Atopic Dermatitis: A Randomized Controlled Trial. J. Cutan. Med. Surg. 2019, 23, 44—49.
[CrossRef] [PubMed]

https://doi.org/10.3390/nu18152567


https://doi.org/10.3390/nu11092185
https://www.ncbi.nlm.nih.gov/pubmed/31514368
https://doi.org/10.1210/er.2018-00126
https://www.ncbi.nlm.nih.gov/pubmed/30321335
https://doi.org/10.1210/jendso/bvz038
https://www.ncbi.nlm.nih.gov/pubmed/32051922
https://doi.org/10.1111/j.1753-4887.2007.00006.x
https://www.ncbi.nlm.nih.gov/pubmed/18254885
https://doi.org/10.1542/peds.2007-1894
https://www.ncbi.nlm.nih.gov/pubmed/18676559
https://doi.org/10.3945/an.110.000174
https://www.ncbi.nlm.nih.gov/pubmed/22332038
https://doi.org/10.1179/146532805X58076
https://www.ncbi.nlm.nih.gov/pubmed/16156979
https://doi.org/10.1016/j.jaip.2016.10.013
https://www.ncbi.nlm.nih.gov/pubmed/27913247
https://doi.org/10.1038/s41579-022-00745-6
https://www.ncbi.nlm.nih.gov/pubmed/35641670
https://doi.org/10.1172/jci.insight.132964
https://www.ncbi.nlm.nih.gov/pubmed/31996481
https://doi.org/10.3324/haematol.2010.023879
https://www.ncbi.nlm.nih.gov/pubmed/20511666
https://doi.org/10.3389/falgy.2022.859922
https://www.ncbi.nlm.nih.gov/pubmed/35769558
https://doi.org/10.1074/jbc.M112.366732
https://www.ncbi.nlm.nih.gov/pubmed/22556412
https://doi.org/10.1046/j.1365-2249.2001.01707.x
https://www.ncbi.nlm.nih.gov/pubmed/11737064
https://doi.org/10.1016/0008-8749(91)90336-a
https://www.ncbi.nlm.nih.gov/pubmed/1826464
https://doi.org/10.1016/s0769-2625(87)80072-7
https://www.ncbi.nlm.nih.gov/pubmed/2440461
https://doi.org/10.1038/nrmicro1930
https://www.ncbi.nlm.nih.gov/pubmed/18552864
https://doi.org/10.1007/s40629-018-0054-2
https://www.ncbi.nlm.nih.gov/pubmed/29707474
https://doi.org/10.3389/fimmu.2021.670632
https://www.ncbi.nlm.nih.gov/pubmed/33995407
https://doi.org/10.3390/nu14204335
https://www.ncbi.nlm.nih.gov/pubmed/36297019
https://doi.org/10.1001/jamapediatrics.2015.3065
https://www.ncbi.nlm.nih.gov/pubmed/26619045
https://doi.org/10.1016/j.jsbmb.2010.02.021
https://www.ncbi.nlm.nih.gov/pubmed/20197091
https://doi.org/10.15586/aei.v49i2.67
https://www.ncbi.nlm.nih.gov/pubmed/33641296
https://doi.org/10.1177/1203475418805744
https://www.ncbi.nlm.nih.gov/pubmed/30336685
https://doi.org/10.3390/nu18152567

Nutrients 2026, 18, 2567 19 of 23

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Kostara, M.; Giapros, V.; Serbis, A.; Siomou, E.; Cholevas, V.; Rallis, D.; Tsabouri, S. Food allergy in children is associated with
Vitamin D deficiency: A case-control study. Acta Paediatr. 2022, 111, 644-645. [CrossRef] [PubMed]

Nowak, S.; Wang, H.; Schmidt, B.; Jarvinen, K.M. Vitamin D and iron status in children with food allergy. Ann. Allergy Asthma
Immunol. 2021, 127, 57-63. [CrossRef] [PubMed]

Bai, Y.-J; Dai, R.-J. Serum levels of vitamin A and 25-hydroxyvitamin D3 (250HD3) as reflectors of pulmonary function and
quality of life (QOL) in children with stable asthma: A case-control study. Medicine 2018, 97, €9830. [CrossRef] [PubMed]
Brehm, ].M.; Celedoén, ].C.; Soto-Quiros, M.E.; Avila, L.; Hunninghake, G.M.; Forno, E.; Laskey, D.; Sylvia, J.S.; Hollis, B.W.; Weiss,
S.T; et al. Serum vitamin D levels and markers of severity of childhood asthma in Costa Rica. Am. . Respir. Crit. Care Med. 2009,
179, 765-771. [CrossRef] [PubMed]

Tamasauskiene, L.; Golubickaite, I.; Ugenskiene, R.; Sjakste, N.; Paramonova, N.; Wu, L.S.; Wang, L.S.; Sitkauskiene, B. Vitamin D
receptor gene polymorphisms in atopy. Immun. Inflamm. Dis. 2021, 9, 1153-1159. [CrossRef] [PubMed]

Hutchinson, K.; Kerley, C.P.; Faul, J.; Greally, P.; Coghlan, D.; Louw, M.; Elnazir, B.; Rochev, Y. Vitamin D receptor variants and
uncontrolled asthma. Eur. Ann. Allergy Clin. Immunol. 2018, 50, 108-116. [CrossRef] [PubMed]

Zhang, L.; Zhang, S.; He, C.; Wang, X. VDR Gene Polymorphisms and Allergic Diseases: Evidence from a Meta-analysis. Immunol.
Investig. 2020, 49, 166-177. [CrossRef] [PubMed]

Kilic, M.; Ecin, S.; Taskin, E.; Sen, A.; Kara, M. The Vitamin D Receptor Gene Polymorphisms in Asthmatic Children: A
Case-Control Study. Pediatr. Allergy Immunol. Pulmonol. 2019, 32, 63-69. [CrossRef] [PubMed]

Searing, D.A.; Leung, D.Y.M. Vitamin D in atopic dermatitis, asthma and allergic diseases. Immunol. Allergy Clin. N. Am. 2010, 30,
397-409. [CrossRef] [PubMed]

Filho, J.T.S.; de Andrade, A.S.; Ribeiro, EM.; Alves, P.A.; Simonini, V.R. Impact of vitamin D deficiency on increased blood
eosinophil counts. Hematol. Oncol. Stem Cell Ther. 2018, 11, 25-29. [CrossRef] [PubMed]

Bastyte, D.; Tamasauskiene, L.; Stakaitiene, I.; Ugenskiene, R.; Gradauskiene Sitkauskiene, B. The Association of Vitamin D
Receptor Gene Polymorphisms with Vitamin D, Total IgE, and Blood Eosinophils in Patients with Atopy. Biomolecules 2024,
14, 212. [CrossRef] [PubMed]

Einisman, H.; Reyes, M.L.; Angulo, J.; Cerda, J.; L6pez-Lastra, M.; Castro-Rodriguez, J.A. Vitamin D levels and vitamin D receptor
gene polymorphisms in asthmatic children: A case-control study. Pediatr. Allergy Immunol. 2015, 26, 545-550. [CrossRef] [PubMed]
Zhao, D.-D.; Yu, D.-D.; Ren, Q.-Q.; Dong, B.; Zhao, F.; Sun, Y.-H. Association of vitamin D receptor gene polymorphisms with
susceptibility to childhood asthma: A meta-analysis. Pediatr. Pulmonol. 2017, 52, 423-429. [CrossRef] [PubMed]

Mailhot, G.; White, ].H. Vitamin D and Immunity in Infants and Children. Nutrients 2020, 12, 1233. [CrossRef] [PubMed]

Kang, SW.; Kim, S.H.; Lee, N.; Lee, W.-W.; Hwang, K.-A.; Shin, M.S; Lee, S.-H.; Kim, W.-U.; Kang, I. 1,25-Dihyroxyvitamin D3
promotes FOXP3 expression via binding to vitamin D response elements in its conserved noncoding sequence region. J. Immmunol.
2012, 188, 5276-5282. [CrossRef] [PubMed]

Poon, A.H.; Laprise, C.; Lemire, M.; Montpetit, A.; Sinnett, D.; Schurr, E.; Hudson, T.J. Association of vitamin D receptor genetic
variants with susceptibility to asthma and atopy. Am. J. Respir. Crit. Care Med. 2004, 170, 967-973. [CrossRef] [PubMed]
Rojo-Tolosa, S.; Pineda-Lancheros, L.E.; Gdlvez-Navas, ].M.; Sdnchez-Martinez, ] A.; Gonzalez-Gutiérrez, M.V.; Ferndndez-Alonso,
A.; Morales-Garcia, C.; Jiménez-Morales, A.; Pérez-Ramirez, C. Association between Single Nucleotide Polymorphisms Related to
Vitamin D Metabolism and the Risk of Developing Asthma. Nutrients 2023, 15, 823. [CrossRef] [PubMed]

Zhang, Y.; Leung, D.Y.M.; Richers, B.N.; Liu, Y.; Remigio, L.K.; Riches, D.W.; Goleva, E. Vitamin D inhibits monocyte/macrophage
proinflammatory cytokine production by targeting MAPK phosphatase-1. J. Immunol. 2012, 188, 2127-2135. [CrossRef] [PubMed]
Greiller, C.L.; Martineau, A.R. Modulation of the immune response to respiratory viruses by vitamin D. Nutrients 2015, 7,
4240-4270. [CrossRef] [PubMed]

Keating, P;; Munim, A.; Hartmann, ].X. Effect of vitamin D on T-helper type 9 polarized human memory cells in chronic persistent
asthma. Ann. Allergy Asthma Immunol. 2014, 112, 154-162. [CrossRef] [PubMed]

Camargo, C. Vitamin D, Acute Respiratory Infection, and Asthma/Chronic Obstructive Pulmonary Disease. In Vitamin D, 4th ed.;
Elsevier Academic Press: Cambridge, MA, USA, 2018; pp. 1095-1120, ISBN 978-0-12-809963-6.

Boonstra, A.; Barrat, FJ.; Crain, C.; Heath, V.L.; Savelkoul, H.E; O’Garra, A. lalpha,25-Dihydroxyvitamin d3 has a direct effect on
naive CD4(+) T cells to enhance the development of Th2 cells. J. Immunol. 2001, 167, 4974-4980. [CrossRef] [PubMed]

Hou, Y.; Zhang, Q.; Xu, X.; Zhao, G. Effects of vitamin D levels and vitamin D supplementation on allergic diseases: An umbrella
review. Front. Allergy 2026, 7, 1841244. [CrossRef] [PubMed]

Pecanha, M.B.; Freitas, R.B.; Moreira, T.R.; Silva, L.S.; Oliveira, L.L.; Cardoso, S.A. Prevalence of vitamin D deficiency and
its relationship with factors associated with recurrent wheezing. J. Bras. Pneumol. Publicacao 2019, 45, €20170431. [CrossRef]
[PubMed]

Hypponen, E.; Berry, D.J.; Wjst, M.; Power, C. Serum 25-hydroxyvitamin D and IgE—A significant but nonlinear relationship.
Allergy 2009, 64, 613-620. [CrossRef] [PubMed]

https://doi.org/10.3390 /nu18152567


https://doi.org/10.1111/apa.16206
https://www.ncbi.nlm.nih.gov/pubmed/34862826
https://doi.org/10.1016/j.anai.2021.02.027
https://www.ncbi.nlm.nih.gov/pubmed/33705915
https://doi.org/10.1097/MD.0000000000009830
https://www.ncbi.nlm.nih.gov/pubmed/29443744
https://doi.org/10.1164/rccm.200808-1361OC
https://www.ncbi.nlm.nih.gov/pubmed/19179486
https://doi.org/10.1002/iid3.487
https://www.ncbi.nlm.nih.gov/pubmed/34343413
https://doi.org/10.23822/EurAnnACI.1764-1489.46
https://www.ncbi.nlm.nih.gov/pubmed/29384117
https://doi.org/10.1080/08820139.2019.1674325
https://www.ncbi.nlm.nih.gov/pubmed/31752548
https://doi.org/10.1089/ped.2018.0948
https://www.ncbi.nlm.nih.gov/pubmed/31508258
https://doi.org/10.1016/j.iac.2010.05.005
https://www.ncbi.nlm.nih.gov/pubmed/20670821
https://doi.org/10.1016/j.hemonc.2017.06.003
https://www.ncbi.nlm.nih.gov/pubmed/28830802
https://doi.org/10.3390/biom14020212
https://www.ncbi.nlm.nih.gov/pubmed/38397449
https://doi.org/10.1111/pai.12409
https://www.ncbi.nlm.nih.gov/pubmed/26011658
https://doi.org/10.1002/ppul.23548
https://www.ncbi.nlm.nih.gov/pubmed/27551963
https://doi.org/10.3390/nu12051233
https://www.ncbi.nlm.nih.gov/pubmed/32349265
https://doi.org/10.4049/jimmunol.1101211
https://www.ncbi.nlm.nih.gov/pubmed/22529297
https://doi.org/10.1164/rccm.200403-412OC
https://www.ncbi.nlm.nih.gov/pubmed/15282199
https://doi.org/10.3390/nu15040823
https://www.ncbi.nlm.nih.gov/pubmed/36839181
https://doi.org/10.4049/jimmunol.1102412
https://www.ncbi.nlm.nih.gov/pubmed/22301548
https://doi.org/10.3390/nu7064240
https://www.ncbi.nlm.nih.gov/pubmed/26035247
https://doi.org/10.1016/j.anai.2013.11.015
https://www.ncbi.nlm.nih.gov/pubmed/24468256
https://doi.org/10.4049/jimmunol.167.9.4974
https://www.ncbi.nlm.nih.gov/pubmed/11673504
https://doi.org/10.3389/falgy.2026.1841244
https://www.ncbi.nlm.nih.gov/pubmed/42445461
https://doi.org/10.1590/1806-3713/e20170431
https://www.ncbi.nlm.nih.gov/pubmed/30758429
https://doi.org/10.1111/j.1398-9995.2008.01865.x
https://www.ncbi.nlm.nih.gov/pubmed/19154546
https://doi.org/10.3390/nu18152567

Nutrients 2026, 18, 2567 20 of 23

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

Wei, Z.; Zhang, J.; Yu, X. Maternal vitamin D status and childhood asthma, wheeze, and eczema: A systematic review and
meta-analysis. Pediatr. Allergy Immunol. 2016, 27, 612-619. [CrossRef] [PubMed]

Christensen, N.; Sendergaard, ].; Fisker, N.; Christesen, H.T. Infant Respiratory Tract Infections or Wheeze and Maternal Vitamin
D in Pregnancy: A Systematic Review. Pediatr. Infect. Dis. J. 2017, 36, 384-391. [CrossRef] [PubMed]

Pacheco-Gonzalez, R.M.; Garcia-Marcos, L.; Morales, E. Prenatal vitamin D status and respiratory and allergic outcomes in
childhood: A meta-analysis of observational studies. Pediatr. Allergy Immunol. 2018, 29, 243-253. [CrossRef] [PubMed]

Feng, H.; Xun, P; Pike, K.; Wills, A K.; Chawes, B.L.; Bisgaard, H.; Cai, W.; Wan, Y.; He, K. In utero exposure to 25-hydroxyvitamin
D and risk of childhood asthma, wheeze, and respiratory tract infections: A meta-analysis of birth cohort studies. J. Allergy Clin.
Immunol. 2017, 139, 1508-1517. [CrossRef] [PubMed]

GBD 2021 Risk Factors Collaborators. Global burden and strength of evidence for 88 risk factors in 204 countries and 811
subnational locations, 1990-2021: A systematic analysis for the Global Burden of Disease Study 2021. Lancet 2024, 403, 2162-2203.
[CrossRef] [PubMed]

Hall, S.C.; Agrawal, D.K. Vitamin D and Bronchial Asthma: An Overview of Data From the Past 5 Years. Clin. Ther. 2017, 39,
917-929. [CrossRef] [PubMed]

Tizaoui, K.; Berraies, A.; Hamdi, B.; Kaabachi, W.; Hamzaoui, K.; Hamzaoui, A. Association of vitamin D receptor gene
polymorphisms with asthma risk: Systematic review and updated meta-analysis of case-control studies. Lung 2014, 192, 955-965.
[CrossRef] [PubMed]

Gupta, A.; Bush, A.; Hawrylowicz, C.; Saglani, S. Vitamin D and asthma in children. Paediatr. Respir. Rev. 2012, 13, 236-243.
[CrossRef] [PubMed]

Yurt, M.; Liu, J.; Sakurai, R.; Gong, M.; Husain, S.M.; Siddiqui, M.A.; Husain, M.; Villarreal, P.; Akcay, F; Torday, J.S.; et al. Vitamin
D supplementation blocks pulmonary structural and functional changes in a rat model of perinatal vitamin D deficiency. Am. J.
Physiol. Lung Cell. Mol. Physiol. 2014, 307, L859-L867. [CrossRef] [PubMed]

Gorman, S.; Tan, D.H.W.; Lambert, M.].M.; Scott, N.M.; Judge, M. A.; Hart, PH. Vitamin D(3) deficiency enhances allergen-induced
lymphocyte responses in a mouse model of allergic airway disease. Pediatr. Allergy Immunol. 2012, 23, 83-87. [CrossRef] [PubMed]
Li, S.;; Chen, M.; Li, Y.; Tollefsbol, T.O. Prenatal epigenetics diets play protective roles against environmental pollution. Clin.
Epigenet. 2019, 11, 82. [CrossRef] [PubMed]

Acevedo, N.; Alashkar Alhamwe, B.; Caraballo, L.; Ding, M.; Ferrante, A.; Garn, H.; Garssen, J.; Hii, C.S.; Irvine, J.; Llinas-
Caballero, K.; et al. Perinatal and Early-Life Nutrition, Epigenetics, and Allergy. Nutrients 2021, 13, 724. [CrossRef] [PubMed]
Boutaoui, N.; Puranik, S.; Zhang, R.; Wang, T.; Hui, D.H.; Brehm, J.; Forno, E.; Chen, W.; Celedén, ].C. Epigenome-wide effects of
vitamin D on asthma bronchial epithelial cells. Epigenetics 2019, 14, 844-849. [CrossRef] [PubMed]

Cho, H.-J.; Sheen, YH.; Kang, M.-].; Lee, S.-H.; Lee, S.-Y.; Yoon, J.; Jung, S.; Lee, S.H.; Kim, Y.-H.; Yang, S.-I; et al. Prenatal
25-hydroxyvitamin D deficiency affects development of atopic dermatitis via DNA methylation. J. Allergy Clin. Immunol. 2019,
143, 1215-1218. [CrossRef] [PubMed]

Zhou, Y,; Li, S. Meta-Analysis of Vitamin D Receptor Gene Polymorphisms in Childhood Asthma. Front. Pediatr. 2022, 10, 843691.
[CrossRef] [PubMed]

Sobczak, M.; Pawliczak, R. Relationship between vitamin D and asthma from gestational to adulthood period: A meta-analysis of
randomized clinical trials. BMC Pulm. Med. 2023, 23, 212. [CrossRef] [PubMed]

Paramonova, N.; Trapina, I.; Gradauskiene (Sitkauskiene), B.; Plavina, S.; Tamasauskiene, L.; Bastyte, D.; Rumba-Rozenfelde,
I; Tapina, S.; Stakaitiene, I.; Ugenskiene, R.; et al. Genetic Diversity in Bronchial Asthma Susceptibility: Exploring the Role of
Vitamin D Receptor Gene Polymorphisms in Varied Geographic Contexts. Int. J. Mol. Sci. 2024, 25, 1943. [CrossRef] [PubMed]
Ashok, N.; Kirubakaran, R.; Saraswathy, R. Association of vitamin D gene polymorphisms in children with asthma—A systematic
review. Heliyon 2020, 6, e04795. [CrossRef] [PubMed]

Feketea, G.; Bocsan, C.L; Stanciu, L.A.; Buzoianu, A.D.; Zdrenghea, M.T. The Role of Vitamin D Deficiency in Children With
Recurrent Wheezing-Clinical Significance. Front. Pediatr. 2020, 8, 344. [CrossRef] [PubMed]

Dogru, M.; Seren, L.P. Serum 25-hydroxyvitamin D levels in children with recurrent wheezing and relation to the phenotypes and
frequency of wheezing. Eur. Ann. Allergy Clin. Immunol. 2017, 49, 257-262. [CrossRef] [PubMed]

Stefanidis, C.; Martineau, A.R.; Nwokoro, C.; Griffiths, C.J.; Bush, A. Vitamin D for secondary prevention of acute wheeze attacks
in preschool and school-age children. Thorax 2019, 74, 977-985. [CrossRef] [PubMed]

Eroglu, C.; Demir, E; Erge, D.; Uysal, P.; Kirdar, S.; Yilmaz, M.; Kurt Omurluy, I. The relation between serum vitamin D levels,
viral infections and severity of attacks in children with recurrent wheezing. Allergol. Immunopathol. 2019, 47, 591-597. [CrossRef]
[PubMed]

Alyasin, S.; Momen, T.; Kashef, S.; Alipour, A.; Amin, R. The relationship between serum 25 hydroxy vitamin d levels and asthma
in children. Allergy Asthma Immunol. Res. 2011, 3, 251-255. [CrossRef] [PubMed]

Ozdogan, S.; Sari, G.; Aktan, LH.; Aydin, B.; Irmak, C.; Cavdar, S. Vitamin D Status, Lung Function and Atopy in Children with
Asthma. J. Coll. Physicians Surg.—Pak. [CPSP 2017, 27, 292-295. [PubMed]

https://doi.org/10.3390/nu18152567


https://doi.org/10.1111/pai.12593
https://www.ncbi.nlm.nih.gov/pubmed/27145360
https://doi.org/10.1097/INF.0000000000001452
https://www.ncbi.nlm.nih.gov/pubmed/27977549
https://doi.org/10.1111/pai.12876
https://www.ncbi.nlm.nih.gov/pubmed/29444346
https://doi.org/10.1016/j.jaci.2016.06.065
https://www.ncbi.nlm.nih.gov/pubmed/27639938
https://doi.org/10.1016/S0140-6736(24)00933-4
https://www.ncbi.nlm.nih.gov/pubmed/38762324
https://doi.org/10.1016/j.clinthera.2017.04.002
https://www.ncbi.nlm.nih.gov/pubmed/28449868
https://doi.org/10.1007/s00408-014-9648-8
https://www.ncbi.nlm.nih.gov/pubmed/25267113
https://doi.org/10.1016/j.prrv.2011.07.003
https://www.ncbi.nlm.nih.gov/pubmed/23069123
https://doi.org/10.1152/ajplung.00032.2014
https://www.ncbi.nlm.nih.gov/pubmed/25305247
https://doi.org/10.1111/j.1399-3038.2011.01146.x
https://www.ncbi.nlm.nih.gov/pubmed/22283404
https://doi.org/10.1186/s13148-019-0659-4
https://www.ncbi.nlm.nih.gov/pubmed/31097039
https://doi.org/10.3390/nu13030724
https://www.ncbi.nlm.nih.gov/pubmed/33668787
https://doi.org/10.1080/15592294.2019.1622993
https://www.ncbi.nlm.nih.gov/pubmed/31122150
https://doi.org/10.1016/j.jaci.2018.10.010
https://www.ncbi.nlm.nih.gov/pubmed/30352202
https://doi.org/10.3389/fped.2022.843691
https://www.ncbi.nlm.nih.gov/pubmed/35433530
https://doi.org/10.1186/s12890-023-02514-4
https://www.ncbi.nlm.nih.gov/pubmed/37330474
https://doi.org/10.3390/ijms25031943
https://www.ncbi.nlm.nih.gov/pubmed/38339221
https://doi.org/10.1016/j.heliyon.2020.e04795
https://www.ncbi.nlm.nih.gov/pubmed/32939414
https://doi.org/10.3389/fped.2020.00344
https://www.ncbi.nlm.nih.gov/pubmed/32695735
https://doi.org/10.23822/EurAnnACI.1764-1489.14
https://www.ncbi.nlm.nih.gov/pubmed/29249133
https://doi.org/10.1136/thoraxjnl-2019-213278
https://www.ncbi.nlm.nih.gov/pubmed/31278171
https://doi.org/10.1016/j.aller.2019.05.002
https://www.ncbi.nlm.nih.gov/pubmed/31477398
https://doi.org/10.4168/aair.2011.3.4.251
https://www.ncbi.nlm.nih.gov/pubmed/21966605
https://www.ncbi.nlm.nih.gov/pubmed/28599691
https://doi.org/10.3390/nu18152567

Nutrients 2026, 18, 2567 21 of 23

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

Brehm, ].M.; Acosta-Pérez, E.; Klei, L.; Roeder, K.; Barmada, M.; Boutaoui, N.; Forno, E.; Kelly, R; Paul, K,; Sylvia, J.; et al. Vitamin
D insufficiency and severe asthma exacerbations in Puerto Rican children. Am. |. Respir. Crit. Care Med. 2012, 186, 140-146.
[CrossRef] [PubMed]

Castro, M,; King, T.S.; Kunselman, S.J.; Cabana, M.D.; Denlinger, L.; Holguin, F.; Kazani, S.D.; Moore, W.C.; Moy, J.; Sorkness,
C.A; et al. Effect of vitamin D3 on asthma treatment failures in adults with symptomatic asthma and lower vitamin D levels: The
VIDA randomized clinical trial. JAMA 2014, 311, 2083-2091. [CrossRef] [PubMed]

Bokobza, I.; Hadi, N.E.; Bush, A.; Makrinioti, H. Can vitamin D3 supplementation reduce the time to severe asthma exacerbations
in children with asthma? Breathe 2021, 17, 210071. [CrossRef] [PubMed]

Jat, KR.; Goel, N.; Gupta, N.; Gupta, C.P; Datta, S.; Lodha, R.; Kabra, S.K. Efficacy of vitamin D supplementation in asthmatic
children with vitamin D deficiency: A randomized controlled trial (ESDAC trial). Pediatr. Allergy Immunol. 2021, 32, 479-488.
[CrossRef] [PubMed]

Urashima, M.; Segawa, T.; Okazaki, M.; Kurihara, M.; Wada, Y.; Ida, H. Randomized trial of vitamin D supplementation to
prevent seasonal influenza A in schoolchildren. Am. J. Clin. Nutr. 2010, 91, 1255-1260. [CrossRef] [PubMed]

Majak, P.; Olszowiec-Chlebna, M.; Smejda, K.; Stelmach, I. Vitamin D supplementation in children may prevent asthma
exacerbation triggered by acute respiratory infection. J. Allergy Clin. Immunol. 2011, 127, 1294-1296. [CrossRef] [PubMed]
Yadav, M.; Mittal, K. Effect of vitamin D supplementation on moderate to severe bronchial asthma. Indian J. Pediatr. 2014, 81,
650-654. [CrossRef] [PubMed]

Tachimoto, H.; Mezawa, H.; Segawa, T.; Akiyama, N.; Ida, H.; Urashima, M. Improved control of childhood asthma with low-
dose, short-term vitamin D supplementation: A randomized, double-blind, placebo-controlled trial. Allergy 2016, 71, 1001-1009.
[CrossRef] [PubMed]

Kerley, C.P,; Hutchinson, K.; Cormican, L.; Faul, J.; Greally, P.; Coghlan, D.; Elnazir, B. Vitamin D3 for uncontrolled childhood
asthma: A pilot study. Pediatr. Allergy Immunol. 2016, 27, 404—412. [CrossRef] [PubMed]

Ducharme, EM.; Jensen, M.; Mailhot, G.; Alos, N.; White, ].; Rousseau, E.; Tse, S.M.; Khamessan, A.; Vinet, B. Impact of two oral
doses of 100,000 IU of vitamin D3 in preschoolers with viral-induced asthma: A pilot randomised controlled trial. Trials 2019,
20, 138. [CrossRef] [PubMed]

Forno, E.; Bacharier, L.B.; Phipatanakul, W.; Guilbert, T.W.; Cabana, M.D.; Ross, K.; Covar, R.; Gern, J.E.; Rosser, EJ.; Blatter, J.;
et al. Effect of Vitamin D3 Supplementation on Severe Asthma Exacerbations in Children With Asthma and Low Vitamin D
Levels: The VDKA Randomized Clinical Trial. JAMA 2020, 324, 752-760. [CrossRef] [PubMed]

Han, Y.-Y,; Forno, E.; Bacharier, L.B.; Phipatanakul, W.; Guilbert, TW.; Cabana, M.D.; Ross, K ; Blatter, J.; Rosser, EJ.; Durrani,
S.; et al. Vitamin D supplementation, lung function and asthma control in children with asthma and low vitamin D levels. Eur.
Respir. ]. 2021, 58, 2100989. [CrossRef] [PubMed]

Lewis, E.; Fernandez, C.; Nella, A.; Hopp, R.; Gallagher, ].C.; Casale, T.B. Relationship of 25-hydroxyvitamin D and asthma
control in children. Ann. Allergy Asthma Immunol. 2012, 108, 281-282. [CrossRef] [PubMed]

Thakur, C.; Kumar, J.; Kumar, P; Goyal, J.P; Singh, K.; Gupta, A. Vitamin-D supplementation as an adjunct to standard treatment
of asthma in children: A randomized controlled trial (ViDASTA Trial). Pediatr. Pulmonol. 2021, 56, 1427-1433. [CrossRef]
[PubMed]

Chen, Z.; Peng, C.; Mei, ]J.; Zhu, L.; Kong, H. Vitamin D can safely reduce asthma exacerbations among corticosteroid-using
children and adults with asthma: A systematic review and meta-analysis of randomized controlled trials. Nutr. Res. 2021, 92,
49-61. [CrossRef] [PubMed]

Fedora, K.; Setyoningrum, R.A.; Aina, Q.; Rosyidah, L.N.; Ni‘'mah, N.L.; Titiharja, EF. Vitamin D supplementation decrease
asthma exacerbations in children: A systematic review and meta-analysis of randomized controlled trials. Ann. Med. 2024,
56, 2400313. [CrossRef] [PubMed]

Chereches-Panta, P.; Pop, D.; Pop, C.-F; Ionescu, M.D.; Bouari-Coblisan, A.P.; Sas, V. Nutrition as a Modifiable Factor in
Optimizing Respiratory Health: Evidence from Pulmonary Function Tests. Children 2026, 13, 543. [CrossRef] [PubMed]

Hao, M.; Xu, R.; Luo, N.; Liu, M,; Xie, J.; Zhang, W. The Effect of Vitamin D Supplementation in Children With Asthma: A
Meta-Analysis. Front. Pediatr. 2022, 10, 840617. [CrossRef] [PubMed]

Martineau, A.R.; Cates, C.J.; Urashima, M.; Jensen, M.; Griffiths, A.P.; Nurmatov, U.; Sheikh, A.; Griffiths, C.]. Vitamin D for the
management of asthma. Cochrane Database Syst. Rev. 2016, 9, CD011511. [CrossRef] [PubMed]

Wang, Q.; Ying, Q.; Zhu, W.; Chen, J. Vitamin D and asthma occurrence in children: A systematic review and meta-analysis. J.
Pediatr. Nurs. 2022, 62, e60—e68. [CrossRef] [PubMed]

Plesa, M.; Gaudet, M.; Mogas, A.; Olivenstein, R.; Al Heialy, S.; Hamid, Q. Action of 1,25(0OH)2D3 on Human Asthmatic Bronchial
Fibroblasts: Implications for Airway Remodeling in Asthma. J. Asthma Allergy 2020, 13, 249-264. [CrossRef] [PubMed]

Rhew, K.; Choi, J.; Kim, K.; Choi, K.H,; Lee, S.-H.; Park, H.-W. Increased Risk of Anemia in Patients with Asthma. Clin. Epidemiol.
2023, 15, 31-38. [CrossRef] [PubMed]

https://doi.org/10.3390 /nu18152567


https://doi.org/10.1164/rccm.201203-0431OC
https://www.ncbi.nlm.nih.gov/pubmed/22652028
https://doi.org/10.1001/jama.2014.5052
https://www.ncbi.nlm.nih.gov/pubmed/24838406
https://doi.org/10.1183/20734735.0071-2021
https://www.ncbi.nlm.nih.gov/pubmed/35035547
https://doi.org/10.1111/pai.13415
https://www.ncbi.nlm.nih.gov/pubmed/33207014
https://doi.org/10.3945/ajcn.2009.29094
https://www.ncbi.nlm.nih.gov/pubmed/20219962
https://doi.org/10.1016/j.jaci.2010.12.016
https://www.ncbi.nlm.nih.gov/pubmed/21315433
https://doi.org/10.1007/s12098-013-1268-4
https://www.ncbi.nlm.nih.gov/pubmed/24193954
https://doi.org/10.1111/all.12856
https://www.ncbi.nlm.nih.gov/pubmed/26841365
https://doi.org/10.1111/pai.12547
https://www.ncbi.nlm.nih.gov/pubmed/26845753
https://doi.org/10.1186/s13063-019-3184-z
https://www.ncbi.nlm.nih.gov/pubmed/30777118
https://doi.org/10.1001/jama.2020.12384
https://www.ncbi.nlm.nih.gov/pubmed/32840597
https://doi.org/10.1183/13993003.00989-2021
https://www.ncbi.nlm.nih.gov/pubmed/34326185
https://doi.org/10.1016/j.anai.2012.01.003
https://www.ncbi.nlm.nih.gov/pubmed/22469451
https://doi.org/10.1002/ppul.25287
https://www.ncbi.nlm.nih.gov/pubmed/33522698
https://doi.org/10.1016/j.nutres.2021.05.010
https://www.ncbi.nlm.nih.gov/pubmed/34274554
https://doi.org/10.1080/07853890.2024.2400313
https://www.ncbi.nlm.nih.gov/pubmed/39421966
https://doi.org/10.3390/children13040543
https://www.ncbi.nlm.nih.gov/pubmed/42073121
https://doi.org/10.3389/fped.2022.840617
https://www.ncbi.nlm.nih.gov/pubmed/35844729
https://doi.org/10.1002/14651858.CD011511.pub2
https://www.ncbi.nlm.nih.gov/pubmed/27595415
https://doi.org/10.1016/j.pedn.2021.07.005
https://www.ncbi.nlm.nih.gov/pubmed/34366195
https://doi.org/10.2147/JAA.S261271
https://www.ncbi.nlm.nih.gov/pubmed/32982316
https://doi.org/10.2147/CLEP.S394717
https://www.ncbi.nlm.nih.gov/pubmed/36636733
https://doi.org/10.3390/nu18152567

Nutrients 2026, 18, 2567 22 of 23

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

Almgqvist, C.; Worm, M.; Leynaert, B.; Working Group of GA2LEN WP 2.5 Gender. Impact of gender on asthma in childhood and
adolescence: A GA2LEN review. Allergy 2008, 63, 47-57. [CrossRef] [PubMed]

Schatz, M.; Camargo, C.A. The relationship of sex to asthma prevalence, health care utilization, and medications in a large
managed care organization. Ann. Allergy Asthma Immunol. 2003, 91, 553-558. [CrossRef] [PubMed]

Vink, N.M.; Postma, D.S.; Schouten, J.P.; Rosmalen, ].G.M.; Boezen, HM. Gender differences in asthma development and
remission during transition through puberty: The TRacking Adolescents’ Individual Lives Survey (TRAILS) study. J. Allergy Clin.
Immunol. 2010, 126, 498-504.e1-6. [CrossRef] [PubMed]

Rao, C.K.; Moore, C.G.; Bleecker, E.; Busse, W.W.; Calhoun, W.; Castro, M.; Chung, K.F; Erzurum, 5.C.; Israel, E.; Curran-Everett,
D.; et al. Characteristics of perimenstrual asthma and its relation to asthma severity and control: Data from the Severe Asthma
Research Program. Chest 2013, 143, 984-992. [CrossRef] [PubMed]

Dratva, J.; Schindler, C.; Curjuric, L.; Stolz, D.; Macsali, F.; Gomez, ER.; Zemp, E.; SAPALDIA Team. Perimenstrual increase in
bronchial hyperreactivity in premenopausal women: Results from the population-based SAPALDIA 2 cohort. . Allergy Clin.
Immunol. 2010, 125, 823-829. [CrossRef] [PubMed]

Brigham, E.P.; McCormack, M.C.; Takemoto, C.M.; Matsui, E.C. Iron status is associated with asthma and lung function in US
women. PLoS ONE 2015, 10, e0117545. [CrossRef] [PubMed]

Chang, J.-E.; Lee, H.-M.; Kim, J.; Rhew, K. Prevalence of Anemia in Pediatric Patients According to Asthma Control: Propensity
Score Analysis. . Asthma Allergy 2021, 14, 743-751. [CrossRef] [PubMed]

Ali, H.A,; Deraz, T.E.; Reyad, N.I; Mohammed, Y.H.; Husseiny, A.A. Iron status and its relation to lung function in pediatric
asthmatics: A cross-sectional study. Eqypt. ]. Bronchol. 2022, 16, 46. [CrossRef]

Eissa, S.A.; Mohammad, A.A -E.; Ibrahim, S.A.-E.; Abd-Elgwad, E.R.; Soliman, N.S.A.E. Iron deficiency anemia as a risk factor in
childhood asthma. Egypt. J. Chest Dis. Tuberc. 2016, 65, 733-737. [CrossRef]

Alkhateeb, M.S.; Khalil, HM.; Kadhim, M.M.; Alezzi, J.I. Iron Deficit Anemia As a Risk Factor of Asthma. Diyala J. Med. 2019, 17,
174-181. [CrossRef]

Hong, X.; Ladd-Acosta, C.; Hao, K.; Sherwood, B.; Ji, H.; Keet, C.A.; Kumar, R.; Caruso, D.; Liu, X.; Wang, G.; et al. Epigenome-
wide association study links site-specific DNA methylation changes with cow’s milk allergy. J. Allergy Clin. Immunol. 2016, 138,
908-911.€9. [CrossRef] [PubMed]

McStay, C.L.; Prescott, S.L.; Bower, C.; Palmer, D.]. Maternal Folic Acid Supplementation during Pregnancy and Childhood
Allergic Disease Outcomes: A Question of Timing? Nutrients 2017, 9, 123. [CrossRef] [PubMed]

Han, Y.-Y.; Forno, E.; Rosser, F.; Celedén, J.C. Serum folate metabolites, asthma, and lung function in a nationwide US study. J.
Allergy Clin. Immunol. 2020, 146, 220-222.e8. [CrossRef] [PubMed]

Blatter, J.; Han, Y.-Y.; Forno, E.; Brehm, J.; Bodnar, L.; Celedén, J.C. Folate and Asthma. Am. J. Respir. Crit. Care Med. 2013, 188,
12-17. [CrossRef] [PubMed]

Barah, ER.A.; Ali, H.A.; Zahran, M.M.; Almouttaleb, A.T.A. Serum Folate Level and Asthma Exacerbation in Children. Al-Azhar |.
Pediatr. 2023, 26, 3147-3160. [CrossRef]

Elsehaimy, L.A.; Hassan, K.A.-E. Association between Folate Deficiency and Asthma, Severity and Exacerbations in a Sample of
Egyptian Children. Glob. ]. Curr. Res. 2019, 6, 168-176.

Nicholson, A.; Pollard, S.L.; Lima, J.J.; Romero, K.M.; Tarazona-Meza, C.; Malpartida-Guzman, G.; Mougey, E.; Hansel, N.N.;
Checkley, W.; GASP Study Investigators. Serum folate concentrations, asthma, atopy, and asthma control in Peruvian children.
Respir. Med. 2017, 133, 29-35. [CrossRef] [PubMed]

Basanti, CW.S.; Kotb, M.A_; Elsalawy, N.F; Telb, N.E.A.; Abdelmegeid, A K. Serum Folate in Asthma: Does it Correlate to
Severity? A Single Center Experience. Pediatr. Sci. J. 2021, 1, 25-33. [CrossRef]

Ali, E.; Ibrahim, A.; Ghabsha, M.; Elwhab, M. Folic acid Deficiency and Bronchial Asthma Exacerbations in Children. Egypt. ].
Hosp. Med. 2019, 76, 3198-3203. [CrossRef]

Blatter, J.; Brehm, ].M.; Sordillo, J.; Forno, E.; Boutaoui, N.; Acosta-Pérez, E.; Alvarez, M.; Col6n-Semidey, A.; Weiss, S.T.; Litonjua,
A.A; et al. Folate Deficiency, Atopy, and Severe Asthma Exacerbations in Puerto Rican Children. Ann. Am. Thorac. Soc. 2016, 13,
223-230. [CrossRef] [PubMed]

Kim, S.R.; Park, E.J.; Cho, Y.H.; Lee, S.Y.; Choi, ]J.-I.; Lee, Y.-I.; Lee, S.R.; Kim, Y.J.; Lee, ].G.; Yi, Y.H.; et al. Association between
Serum Folic Acid Levels and Asthma in the Korean Population: A Study Based on the 2016-2018 Korea National Health and
Nutrition Examination Survey. Korean |. Fam. Med. 2022, 43, 241-245. [CrossRef] [PubMed]

Matsui, E.C.; Matsui, W. Higher serum folate levels are associated with a lower risk of atopy and wheeze. J. Allergy Clin. Immunol.
2009, 123, 1253-1259.€2. [CrossRef] [PubMed]

Yin, L.; Zhang, F; Wang, X.; Gao, M; Liu, A.; Li, F. Prevalence and Risk Factors of Asthma in Children: A Systematic Review and
Meta-Analysis. J. Asthma 2025, 62, 2018-2029. [CrossRef] [PubMed]

https://doi.org/10.3390/nu18152567


https://doi.org/10.1111/j.1398-9995.2007.01524.x
https://www.ncbi.nlm.nih.gov/pubmed/17822448
https://doi.org/10.1016/S1081-1206(10)61533-5
https://www.ncbi.nlm.nih.gov/pubmed/14700439
https://doi.org/10.1016/j.jaci.2010.06.018
https://www.ncbi.nlm.nih.gov/pubmed/20816186
https://doi.org/10.1378/chest.12-0973
https://www.ncbi.nlm.nih.gov/pubmed/23632943
https://doi.org/10.1016/j.jaci.2009.12.938
https://www.ncbi.nlm.nih.gov/pubmed/20227756
https://doi.org/10.1371/journal.pone.0117545
https://www.ncbi.nlm.nih.gov/pubmed/25689633
https://doi.org/10.2147/JAA.S318641
https://www.ncbi.nlm.nih.gov/pubmed/34234469
https://doi.org/10.1186/s43168-022-00147-5
https://doi.org/10.1016/j.ejcdt.2016.05.004
https://doi.org/10.26505/djm.17024860807
https://doi.org/10.1016/j.jaci.2016.01.056
https://www.ncbi.nlm.nih.gov/pubmed/27236499
https://doi.org/10.3390/nu9020123
https://www.ncbi.nlm.nih.gov/pubmed/28208798
https://doi.org/10.1016/j.jaci.2020.01.034
https://www.ncbi.nlm.nih.gov/pubmed/32018028
https://doi.org/10.1164/rccm.201302-0317PP
https://www.ncbi.nlm.nih.gov/pubmed/23650899
https://doi.org/10.21608/azjp.2023.287894
https://doi.org/10.1016/j.rmed.2017.10.026
https://www.ncbi.nlm.nih.gov/pubmed/29173446
https://doi.org/10.21608/cupsj.2020.34806.1003
https://doi.org/10.21608/ejhm.2019.35088
https://doi.org/10.1513/AnnalsATS.201508-549OC
https://www.ncbi.nlm.nih.gov/pubmed/26561879
https://doi.org/10.4082/kjfm.21.0143
https://www.ncbi.nlm.nih.gov/pubmed/35903047
https://doi.org/10.1016/j.jaci.2009.03.007
https://www.ncbi.nlm.nih.gov/pubmed/19409604
https://doi.org/10.1080/02770903.2025.2552749
https://www.ncbi.nlm.nih.gov/pubmed/40874406
https://doi.org/10.3390/nu18152567

Nutrients 2026, 18, 2567 23 of 23

158. Karaglani, E.; Papamichael, M.M.; Argyropoulou, M.; Vitoratou, D.-I.; Anastasiou, C.; Batra, M.; Bekele, Y.; Erbas, B.; Manios, Y.;
Moschonis, G. Maternal Folic Acid Supplementation, Perinatal Factors, and Pre-Adolescent Asthma: Findings from the Healthy
Growth Study. Nutrients 2025, 17, 2989. [CrossRef] [PubMed]

159. Bo, Y.; Zhu, Y,; Tao, Y,; Li, X; Zhai, D.; Bu, Y.; Wan, Z.; Wang, L.; Wang, Y.; Yu, Z. Association Between Folate and Health Outcomes:
An Umbrella Review of Meta-Analyses. Front. Public Health 2020, 8, 550753. [CrossRef] [PubMed]

160. Skaaby, T.; Taylor, A.E.; Jacobsen, R K.; Mollehave, L.T.; Friedrich, N.; Thuesen, B.H.; Shabanzadeh, D.M.; Paternoster, L.; Volker,
U.; Nauck, M.; et al. Associations of genetic determinants of serum vitamin B12 and folate concentrations with hay fever and
asthma: A Mendelian randomization meta-analysis. Eur. . Clin. Nutr. 2018, 72, 264-271. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/nu18152567


https://doi.org/10.3390/nu17182989
https://www.ncbi.nlm.nih.gov/pubmed/41010514
https://doi.org/10.3389/fpubh.2020.550753
https://www.ncbi.nlm.nih.gov/pubmed/33384976
https://doi.org/10.1038/s41430-017-0037-2
https://www.ncbi.nlm.nih.gov/pubmed/29249824
https://doi.org/10.3390/nu18152567

	Introduction 
	The Burden of Childhood Asthma 
	The Role of Atopy in the Pathogenesis of Pediatric Asthma 
	Micronutrients and Common Childhood Disorders 

	The Link Between the Immune System, Atopy, and Micronutrients 
	Methods 
	Micronutrients Deficiencies and Their Impact on Asthma inPediatric Patients 
	Micronutrients Within the Framework of Precision Medicine in Pediatric Asthma 
	Vitamin D Deficiency 
	Correlation with the Onset of Asthma 
	Correlation with Asthma Control 
	The Effect of Vitamin D Supplementation 

	Iron Deficiency 
	Correlation with the Onset of Asthma 
	Correlation with Asthma Control 

	Folic Acid 

	Discussion and Conclusions 
	Future Perspectives 
	References

