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Abstract

Vitamin D deficiency is a common global health problem in children, particularly among those
who are overweight or obese. Beyond its established role in bone health, vitamin D has been
increasingly recognized for its involvement in metabolic regulation, including insulin secretion
and insulin sensitivity. Obesity is associated with lower circulating vitamin D levels due to
reduced bioavailability, while simultaneously increasing the risk of insulin resistance, a key
precursor to type 2 diabetes and metabolic syndrome.

This study aims to investigate the relationship between vitamin D deficiency and insulin
resistance in overweight children. Specifically, it seeks to determine the prevalence of vitamin
D deficiency and to assess its association with markers of insulin resistance, including fasting
insulin levels and the Homeostasis Model Assessment of Insulin Resistance (HOMA-IR). The
study also explores potential biological mechanisms linking vitamin D status to glucose
metabolism and examines whether this association varies according to age, sex, and degree of
excess body weight.

The central hypothesis is that vitamin D deficiency contributes significantly to the development
and severity of insulin resistance in overweight children and that correction of this deficiency
may improve insulin sensitivity. Understanding this relationship may help inform early
preventive and therapeutic strategies, support clinical decision-making in pediatric care, and
guide public health interventions aimed at reducing obesity-related metabolic risk and
improving long-term health outcomes in children.

1- Introduction

Vitamin D is a fat-soluble vitamin that plays an essential role in human health. Traditionally,
it is recognized for maintaining skeletal integrity through enhancing intestinal calcium
absorption; however, accumulating evidence indicates that vitamin D also contributes to
immune regulation and normal cellular function (Holick, 2007). Despite its importance,
vitamin D deficiency remains a widespread global health concern, particularly among children.
Clinically, deficiency is commonly defined as a serum 25-hydroxyvitamin D [25(OH)D] level
below 20 ng/mL, though prevalence varies across populations and geographic regions (WHO,
2016). In pediatric age groups, inadequate vitamin D is associated with adverse bone outcomes
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such as rickets and osteomalacia and has also been linked to a potentially higher risk of chronic
diseases later in life, including diabetes and cardiovascular disorders (Cashman et al., 2016).

Multiple factors contribute to vitamin D deficiency in children. Reduced sunlight exposure—
whether due to seasonal limitations, indoor lifestyles, or environmental and cultural
conditions—can significantly reduce cutaneous synthesis of vitamin D (Van der Meer et al.,
2012). Dietary intake is also often insufficient because few foods naturally contain vitamin D
and many children may not consume adequate fortified products (Santos et al., 2013). Skin
pigmentation further influences vitamin D synthesis, as individuals with darker skin typically
require longer sun exposure to generate comparable vitamin D levels (Looker et al., 2008). In
addition, obesity is strongly associated with lower circulating vitamin D concentrations, partly
due to altered metabolism and sequestration within adipose tissue, which reduces
bioavailability (Wortsman et al., 2000).

Beyond musculoskeletal outcomes, vitamin D has gained attention for its potential role in
metabolic regulation. Vitamin D receptors (VDR) are expressed in several tissues relevant to
glucose homeostasis, including pancreatic tissue, skeletal muscle, and adipose tissue,
suggesting a plausible biological pathway through which vitamin D may influence insulin
secretion and peripheral insulin sensitivity (Lind et al., 2013). Experimental and clinical
research has indicated that vitamin D may support insulin secretion and enhance insulin
responsiveness in muscle and fat, while deficiency may contribute to insulin resistance—a
metabolic state in which cells respond poorly to insulin, leading to compensatory
hyperinsulinemia and, over time, increased risk of type 2 diabetes (Pittas et al., 2007; Liu et
al., 2015). Importantly, insulin resistance is frequently observed in obesity and is a central
component of metabolic syndrome, a cluster of abnormalities that includes hypertension,
dyslipidemia, and central adiposity (McGill et al., 2009).

The growing prevalence of overweight and obesity in children has intensified concern about
insulin resistance and its long-term consequences. Childhood obesity has increased
substantially worldwide due to dietary changes, reduced physical activity, and broader
socioeconomic determinants (Ogden et al., 2014). Estimates from the World Health
Organization indicate a marked rise in obesity in children over recent decades, with a
substantial proportion of the global pediatric population affected (WHO, 2016). As a result,
insulin resistance—often detected via elevated fasting insulin and increased HOMA-IR
(Homeostasis Model Assessment of Insulin Resistance)—is increasingly identified in
overweight and obese children, raising the risk of progression to type 2 diabetes and other
metabolic disorders in later life (Reinehr, 2013). Recent evidence also suggests that overweight
children with vitamin D deficiency may demonstrate higher insulin resistance, which may
further worsen metabolic risk (Krautbauer et al., 2018). The co-existence of vitamin D
deficiency and insulin resistance in overweight children may therefore have implications not
only for metabolic health but also for growth, development, and immune function (Meyer et
al., 2017).
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Against this background, investigating the relationship between vitamin D deficiency and
insulin resistance in overweight children is important for both clinical practice and public
health. If vitamin D deficiency contributes to insulin resistance, early identification and
correction of deficiency may support prevention strategies aimed at reducing the burden of
obesity-related metabolic disease. Furthermore, such evidence could inform pediatric care by
encouraging risk-based screening, strengthening lifestyle interventions, and clarifying whether
vitamin D optimization may serve as a supportive component within comprehensive obesity
management. At the population level, confirming and characterizing this relationship could
guide policies related to vitamin D fortification, supplementation programs, and health
education on safe sunlight exposure, particularly for high-risk pediatric groups (Pittas et al.,
2007; Ogden et al., 2014). Ultimately, improving vitamin D status in children may contribute
to better long-term metabolic outcomes and help reduce the future healthcare burden associated
with obesity-related chronic disease (McGill et al., 2009; Meyer et al., 2017).

The primary objective of this study is to examine the relationship between vitamin D deficiency
and insulin resistance in overweight children, with particular emphasis on understanding how
inadequate vitamin D status may contribute to metabolic dysfunction in this high-risk pediatric
population. Specifically, the study aims to determine the prevalence of vitamin D deficiency
among overweight children and to evaluate whether low serum 25-hydroxyvitamin D levels
are significantly associated with markers of insulin resistance, including fasting insulin
concentrations and HOMA-IR indices.

In addition, the study seeks to explore the potential biological mechanisms underlying this
association, focusing on the role of vitamin D in insulin secretion, insulin sensitivity, and
metabolic regulation within muscle and adipose tissues, as suggested by previous research
(Lind et al., 2013). Attention is also given to examining whether the impact of vitamin D
deficiency on insulin resistance varies according to demographic and clinical factors such as
age, sex, and the degree of excess body weight. Understanding these variations may help clarify
which subgroups of children are most vulnerable to the metabolic consequences of vitamin D
deficiency.

Furthermore, the study aims to provide evidence that may inform preventive and therapeutic
strategies by considering potential interventions to address both vitamin D deficiency and
insulin resistance in overweight children. These may include vitamin D supplementation,
dietary modification, and increased physical activity, with the ultimate goal of reducing
metabolic risk and improving long-term health outcomes in pediatric populations.

The central hypothesis of this study is that vitamin D deficiency plays a significant contributory
role in the development and severity of insulin resistance among overweight children. This
hypothesis is based on evidence suggesting that vitamin D influences insulin secretion and
peripheral insulin sensitivity and that deficiency may impair these processes, particularly in
children already predisposed to metabolic dysfunction due to excess adiposity (Pittas et al.,
2007; Liu et al., 2015). It is further hypothesized that overweight children are more likely to
exhibit low circulating vitamin D levels because of reduced bioavailability related to
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sequestration in adipose tissue (Wortsman et al., 2000; Cashman et al., 2016), and that
correcting vitamin D deficiency may contribute to improved insulin sensitivity.

Overall, by addressing these objectives and testing the proposed hypothesis, the study aims to
enhance understanding of the role of vitamin D in pediatric metabolic health and to support the
development of integrated strategies for the prevention and management of insulin resistance
in overweight children.

2- Literature Review

Vitamin D is a fat-soluble vitamin that plays a fundamental role in maintaining normal
physiological function and overall health. It is obtained either through cutaneous synthesis
following exposure to ultraviolet radiation or from dietary sources. Once vitamin D enters the
body, it undergoes hydroxylation in the liver to form 25-hydroxyvitamin D, which represents
the primary circulating biomarker used to assess vitamin D status. This metabolite is
subsequently converted in the kidneys into its biologically active form, 1,25-dihydroxyvitamin
D (calcitriol). Calcitriol exerts its effects by binding to the vitamin D receptor (VDR), which
is widely distributed across numerous tissues, including the intestine, bone, skeletal muscle,
adipose tissue, and pancreatic cells (Holick, 2007). Through this receptor-mediated
mechanism, vitamin D regulates gene expression involved in calcium and phosphorus balance,
bone remodeling, immune modulation, and cellular differentiation, while also influencing
insulin secretion and glucose metabolism (Lind et al., 2013).

Beyond its classical role in skeletal health, increasing attention has been directed toward the
metabolic functions of vitamin D. The expression of VDRs in pancreatic -cells suggests a
direct involvement of vitamin D in insulin secretion, whereas its presence in muscle and
adipose tissue indicates a potential role in enhancing peripheral insulin sensitivity (Lind et al.,
2013). Adequate vitamin D levels appear to support normal glucose uptake and utilization by
improving insulin responsiveness in these tissues. In contrast, vitamin D deficiency has been
consistently associated with impaired insulin sensitivity, a defining feature of insulin
resistance, which may predispose individuals to disturbances in glucose regulation and the
development of type 2 diabetes (Pittas et al., 2007). Moreover, low vitamin D status has been
linked to metabolic syndrome, a constellation of metabolic abnormalities that includes insulin
resistance, central obesity, dyslipidemia, and hypertension (Reinehr, 2013).

Insulin resistance represents a central metabolic disorder characterized by a reduced biological
response of target tissues to insulin, particularly in skeletal muscle, adipose tissue, and the liver.
To compensate for this reduced sensitivity, pancreatic insulin secretion increases in an attempt
to maintain normoglycemia, resulting in hyper insulinemia. Over time, persistent insulin
resistance may progress to impaired glucose tolerance and ultimately type 2 diabetes if not
adequately addressed (Reinehr, 2013). In children, the pathophysiology of insulin resistance is
complex and multifactorial, involving interactions between genetic predisposition,
environmental exposures, and metabolic alterations. Excess adiposity, especially visceral fat
accumulation, plays a pivotal role by promoting a chronic low-grade inflammatory state
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through the release of pro-inflammatory cytokines and free fatty acids. These mediators disrupt
insulin signaling pathways and further impair glucose metabolism (McGill et al., 2009).

Overweight and obesity during childhood are well-established risk factors for the development
of insulin resistance. Numerous studies have demonstrated that overweight and obese children
are significantly more likely to exhibit early metabolic disturbances, including insulin
resistance, compared with their normal-weight counterparts. Excess fat mass alters lipid
metabolism and increases inflammatory mediators, which negatively affect insulin-sensitive
tissues such as muscle and liver (Reinehr, 2013). In addition to obesity, lifestyle-related
factors—including poor dietary patterns, high intake of refined carbohydrates and unhealthy
fats, and insufficient physical activity—contribute substantially to the development of insulin
resistance in pediatric populations (Ogden et al., 2014). Genetic susceptibility further increases
risk, as children with a family history of obesity or type 2 diabetes are more prone to developing
metabolic dysfunction. Importantly, vitamin D deficiency has emerged as an additional,
potentially modifiable factor that may exacerbate insulin resistance in obese children (Pittas et
al., 2007).

A growing body of evidence has examined the relationship between vitamin D deficiency and
insulin resistance. Several observational studies have reported that lower serum 25-
hydroxyvitamin D concentrations are associated with higher levels of insulin resistance in both
adults and children. Pittas et al. (2007) demonstrated that inadequate vitamin D status is linked
to impaired insulin sensitivity and suggested that vitamin D supplementation may improve
metabolic outcomes, particularly among individuals with obesity or type 2 diabetes.
Furthermore, a meta-analysis conducted by Cashman et al. (2016) identified a significant
association between vitamin D deficiency and insulin resistance in children, with the strongest
effects observed in overweight and obese populations. Additional studies have reinforced these
findings, indicating that vitamin D deficiency may worsen insulin resistance and contribute to
metabolic dysregulation in pediatric obesity (McGill et al., 2009).

Despite the accumulating evidence, important gaps remain in the current literature. Much of
the existing research has focused on adult populations or individuals with established metabolic
disease, while relatively few studies have specifically examined overweight children.
Additionally, the causal nature of the relationship between vitamin D deficiency and insulin
resistance remains uncertain, as many studies are cross-sectional in design. Longitudinal cohort
studies are needed to better clarify temporal relationships and to assess how changes in vitamin
D status influence insulin resistance over time in pediatric populations. Moreover, well-
designed randomized controlled trials are required to determine the effectiveness of vitamin D
supplementation in improving insulin sensitivity among children at risk of metabolic
syndrome.

In summary, the literature highlights the important role of vitamin D in metabolic regulation
and supports a potential link between vitamin D deficiency and insulin resistance in overweight
children. While current evidence underscores the relevance of vitamin D status to pediatric
metabolic health, further research is necessary to clarify underlying mechanisms, establish
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causality, and determine the clinical and public health implications of correcting vitamin D
deficiency in this vulnerable population.

3- Materials and Methods

- Study Design

This study was designed as a prospective cohort study to examine the relationship between
vitamin D deficiency and insulin resistance in overweight children. The prospective cohort
design was selected because it allows for longitudinal follow-up of participants and enables the
assessment of temporal associations between baseline vitamin D status and subsequent changes
in insulin resistance. Participants were followed over a predefined period ranging from 12 to
24 months, during which vitamin D levels and insulin resistance markers were measured at
baseline and reassessed during follow-up visits.

At the beginning of the study, serum 25-hydroxyvitamin D concentrations were used to classify
participants according to vitamin D status. Children with serum 25(OH)D levels below 20
ng/mL were categorized as vitamin D deficient, whereas those with levels equal to or above 30
ng/mL were considered to have sufficient vitamin D status. Insulin resistance was evaluated
using fasting insulin levels and the Homeostasis Model Assessment of Insulin Resistance
(HOMA-IR). The prospective nature of this design strengthens causal inference by allowing
observation of changes in insulin resistance over time in relation to vitamin D status, rather
than relying solely on cross-sectional associations (Pittas et al., 2007).

- Participants

The study population consisted of children aged 6 to 16 years who were classified as
overweight according to a body mass index at or above the 85th percentile for age and sex
based on the Centers for Disease Control and Prevention growth charts (Ogden et al., 2014).
Eligible participants were required to be generally healthy and free from chronic medical
conditions known to affect glucose or vitamin D metabolism, such as type 1 diabetes mellitus,
thyroid disorders, or chronic kidney disease. Participation required written informed consent
from parents or legal guardians, as well as assent from children aged seven years and older.

Children were excluded if they had received vitamin D supplementation within the three
months preceding enrollment, had severe vitamin D deficiency requiring immediate clinical
treatment (serum 25(OH)D < 10 ng/mL), or had genetic or endocrine disorders that could
interfere with insulin metabolism, including cystic fibrosis (Liu et al., 2015). Participants were
recruited from pediatric outpatient clinics serving the local community of Zawia City. Ethical
approval was obtained from the institutional review board of the participating institution, and
all procedures were conducted in accordance with the Declaration of Helsinki and Good
Clinical Practice guidelines for research involving human subjects (World Health
Organization, 2013). Participant confidentiality was ensured through anonymization of data
and secure data storage.
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- Data Collection

Vitamin D status was assessed by measuring serum 25-hydroxyvitamin D concentrations,
which represent the most reliable biomarker of vitamin D status as they reflect both endogenous
synthesis and dietary intake (Holick, 2007). Blood samples were collected from all participants
after an overnight fast of at least 12 hours. Serum 25(OH)D levels were analyzed using
validated laboratory techniques, including liquid chromatography—tandem mass spectrometry
or enzyme immunoassay methods, which are considered reference standards for vitamin D
measurement (Cashman et al., 2016). Based on these measurements, vitamin D status was
categorized as deficient (<20 ng/mL), insufficient (20-29 ng/mL), or sufficient (>30 ng/mL).

Insulin resistance was assessed using fasting insulin concentrations and the HOMA-IR index.
Fasting insulin levels were measured following the overnight fast, and HOMA-IR was
calculated using the standard formula: fasting insulin (mU/L) multiplied by fasting glucose
(mg/dL) divided by 405. Higher HOMA-IR values were interpreted as indicating greater
insulin resistance (Reinehr, 2013). In selected cases, oral glucose tolerance tests were
performed to provide additional confirmation of impaired glucose metabolism.

Additional variables were collected to control for potential confounding factors. Demographic
information, including age, sex, socioeconomic status, and ethnicity, was obtained through
structured parental questionnaires. Dietary intake was assessed using a food frequency
questionnaire with particular emphasis on vitamin D—and calcium-rich foods. Physical activity
levels were evaluated using self-reported questionnaires or objective monitoring tools such as
accelerometers, when available. Anthropometric measurements were obtained using
standardized procedures, with body mass index calculated from measured height and weight.
Body composition was further assessed using bioelectrical impedance analysis or dual-energy
X-ray absorptiometry to estimate body fat percentage.

- Statistical Analysis

Statistical analyses were performed using standard statistical software packages such as SPSS
or R. Descriptive statistics, including means and standard deviations, were used to summarize
demographic characteristics, vitamin D levels, and insulin resistance measures. Correlation
analyses were conducted to examine the strength and direction of associations between serum
25-hydroxyvitamin D concentrations and HOMA-IR values, using Pearson or Spearman
correlation coefficients depending on data distribution.

Comparative analyses were applied to evaluate differences in insulin resistance between
children with vitamin D deficiency and those with sufficient vitamin D levels, using
independent-sample t-tests or nonparametric alternatives as appropriate. Multiple linear
regression analyses were conducted to assess the independent effect of vitamin D status on
insulin resistance while adjusting for potential confounders such as age, sex, body mass index,
socioeconomic status, and physical activity. Multivariate models were also used to explore the
combined effects of vitamin D status, obesity severity, and lifestyle factors on insulin resistance
outcomes. All data were entered into a secure database, and statistical significance was
determined using a predefined alpha level.
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4. Results
- Descriptive Statistics

A total of 100 overweight children were included in the final analysis, with an equal
distribution of males and females (50% each). Participants’ ages ranged from 6 to 16 years,
with a mean age of 10.8 + 2.9 years. The majority of the cohort belonged to the 8-12-year age
group (60%), while 40% were aged between 13 and 16 years.

Socioeconomic status assessment revealed that 40% of participants were from low-income
families, 45% from middle-income families, and 15% from high-income families. Most
children were from the local population (85%), whereas 15% belonged to minority ethnic
groups. A comprehensive summary of demographic and clinical characteristics is presented in
Table 1.

Table 1: Demographic and clinical characteristics of overweight children (N = 100)

Variable Value
Age (years), Mean = SD 10.8+2.9
Sex n (%)

— Male 50 (50%)
— Female 50 (50%)
Age group n (%)
—8-12 years 60 (60%)
—13-16 years 40 (40%)
Socioeconomic status n (%)

- Loyv |nc?me 40 (40%)
- Ml.ddl.e income 45 (45%)
-— High income 15 (15%)
Ethnicity, n (%) n (%)

— Local population 85 (85%)
— Minority groups 15 (15%)
BMI (kg/m?), Mean + SD 28.6+3.7

Note. BMI = body mass index.

The mean body mass index (BMI) of the study population was 28.6 + 3.7 kg/m2. Children
classified as vitamin D deficient exhibited a higher mean BMI (30.2 + 4.1 kg/m?) compared
with those with sufficient vitamin D status (26.5 + 3.1 kg/m?), indicating a greater degree of
adiposity among vitamin D—deficient participants.

Regarding vitamin D status, 40% of the children were classified as vitamin D deficient, 35%
as insufficient, and 25% as sufficient. The overall mean fasting insulin concentration was 12.5
+ 6.8 mU/L, and the mean HOMA-IR value was 3.4 + 1.5. Children with vitamin D deficiency
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demonstrated markedly higher fasting insulin levels and HOMA-IR scores compared with
those with sufficient vitamin D levels. Detailed comparisons of vitamin D status and insulin
resistance markers are provided in Table 2.

Table 2: Vitamin D Status, Insulin Resistance Parameters, and Anthropometric Characteristics
of Participants (N = 100)

Vitamin D status n Fasting insulin (mU/L), | HOMA-IR, Mean + SD
Mean = SD

Deficient (<20 ng/mL) 40 [16.2%7.1 41+1.8

Insufficient (2029 ng/mL) | 35 12.3+5.9 33+14

Sufficient (230 ng/mL) 25 9.1+5.3 2.1+1.2

- Association between Vitamin D Status and Insulin Resistance

Correlation analysis demonstrated a strong inverse association between serum 25-
hydroxyvitamin D [25(OH)D] concentrations and insulin resistance. Lower vitamin D levels
were significantly correlated with higher HOMA-IR values (r = —0.65, p <.001). Additionally,
a significant positive correlation was observed between fasting insulin concentrations and BMI
(r = 0.52, p < .01), indicating that increased adiposity was associated with greater insulin
resistance. These correlation findings are summarized in Table 3.

Table 3: Correlation analysis between vitamin D, insulin resistance, and BMI

Variables R p-value
25(OH)D vs. HOMA-IR -0.65 <.001
25(0OH)D vs.  Fasting | -0.61 <.001
insulin

Fasting insulin vs. BMI 0.52 <.01

Multiple linear regression analysis further confirmed these associations. After adjustment for
age and sex, vitamin D deficiency remained an independent predictor of increased HOMA-IR
scores (f = 0.32, p <.01). BMI also showed a significant independent association with insulin
resistance (= 0.28, p <.05). The final regression model explained approximately 45% of the
variance in insulin resistance (R? = 0.45, p < .001), highlighting the combined contribution of
vitamin D status and obesity to metabolic dysfunction.

- Subgroup Analysis

Age-stratified analyses revealed that the inverse relationship between vitamin D levels and
insulin resistance was more pronounced among younger children aged 6-10 years (r = —0.72,
p < .001) compared with older children aged 11-16 years (r = —0.48, p < .01), suggesting
greater metabolic sensitivity to vitamin D deficiency during early childhood.

Gender-specific analyses showed comparable associations between vitamin D status and
insulin resistance in both males and females. However, females with vitamin D deficiency
exhibited slightly higher mean HOMA-IR values, indicating a potential sex-related difference
in the severity of insulin resistance.
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When participants were stratified according to obesity severity, children with BMI > 30 kg/m?
demonstrated significantly higher insulin resistance and lower vitamin D concentrations
compared with those with BMI < 30 kg/m2. The association between vitamin D deficiency and
insulin resistance was particularly pronounced in this higher BMI subgroup, suggesting that
obesity may amplify the adverse metabolic effects of low vitamin D status.

5. Discussion

The findings of the present prospective cohort study demonstrate a clear inverse association
between serum 25-hydroxyvitamin D [25(OH)D] concentrations and insulin resistance
among overweight children. Participants with lower vitamin D levels exhibited significantly
higher fasting insulin concentrations and elevated HOMA-IR values, indicating poorer
insulin sensitivity. These results suggest that vitamin D status may represent an important
and potentially modifiable factor within the metabolic risk profile of pediatric obesity.

From a biological perspective, this association is plausible given the hormone-like properties
of vitamin D and the widespread distribution of vitamin D receptors in tissues central to
glucose metabolism, including pancreatic B-cells, skeletal muscle, and adipose tissue.
Vitamin D deficiency has been recognized as a global health problem with systemic
consequences extending beyond bone health. In overweight and obese individuals, the
sequestration of vitamin D within adipose tissue further reduces its bioavailability,
potentially exacerbating metabolic disturbances. Nevertheless, insulin resistance in
childhood obesity is a multifactorial condition influenced by adipose tissue inflammation,
ectopic fat accumulation, and altered insulin-signaling pathways. Therefore, vitamin D
deficiency is unlikely to be the sole causal factor but rather a contributing or coexisting
determinant within a broader network of metabolic risk factors.

The observed relationship between low serum 25(OH)D levels and increased insulin
resistance is consistent with a substantial body of observational research in both pediatric
and adult populations. Several studies have reported that vitamin D deficiency is associated
with unfavorable metabolic markers, including elevated fasting insulin and increased
HOMA-IR. Comprehensive reviews have emphasized the high prevalence of vitamin D
deficiency worldwide and its potential link to chronic metabolic diseases.

However, the existing literature also highlights important complexities. While observational
studies frequently demonstrate associations between vitamin D status and insulin resistance,
interventional studies have yielded mixed results. Randomized controlled trials in children
investigating vitamin D supplementation have sometimes shown limited or no improvement
in insulin resistance over relatively short follow-up periods. Similar findings have been
reported in adults with overweight or obesity, suggesting that the metabolic effects of vitamin
D supplementation may depend on baseline deficiency severity, duration of intervention,
adherence, and underlying metabolic context. Consequently, the present findings align with
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mechanistic and observational evidence, while also fitting within a broader literature that
cautions against assuming uniform clinical benefits from supplementation alone.

- Implications for Pediatric Health

From a clinical standpoint, the results underscore the importance of considering vitamin D
status when assessing metabolic risk in overweight children. Given that pediatric obesity is
already associated with an increased likelihood of insulin resistance, identifying concomitant
vitamin D deficiency may help clinicians recognize subgroups at particularly elevated
metabolic risk. While vitamin D screening should be guided by clinical judgment and
existing guidelines, its assessment may be especially relevant in overweight children
exhibiting early signs of metabolic dysfunction.

Public health implications are also noteworthy. Childhood obesity remains a major global
health challenge, and early prevention of insulin resistance is critical to reducing the long-
term burden of type 2 diabetes and cardiovascular disease. Lifestyle interventions, including
improvements in diet quality and physical activity, remain the cornerstone of pediatric
obesity management. Within this framework, correcting vitamin D deficiency—through safe
sunlight exposure, dietary modification, or supplementation—may serve as a complementary
strategy, particularly in high-risk populations with confirmed deficiency. However, vitamin
D should be viewed as an adjunct rather than a standalone intervention for improving
metabolic health.

- Limitations of the Study

Several limitations should be considered when interpreting the findings of this study. First,
residual confounding cannot be fully excluded, as vitamin D status is influenced by factors
such as sun exposure, dietary intake, seasonal variation, clothing habits, and physical
activity, some of which also independently affect insulin resistance. Second, insulin
resistance was assessed using HOMA-IR, a widely accepted but indirect surrogate marker
that does not provide the same precision as gold-standard techniques such as the
hyperinsulinemic—euglycemic clamp. Additionally, serum 25(OH)D measurements were
obtained at discrete time points and may not fully reflect long-term vitamin D status,
particularly given seasonal variability. Third, the generalizability of the findings may be
limited if the study population is drawn from specific clinics or geographic regions. Finally,
although the prospective design strengthens temporal inference, causality cannot be
definitively established, and reverse or bidirectional relationships remain possible.

- Suggestions for Future Research

Future studies should aim to address these limitations and further clarify the role of vitamin
D in pediatric metabolic health. Longer prospective follow-up across multiple seasons would
help capture sustained vitamin D status and its relationship with insulin resistance
trajectories. Well-designed randomized controlled trials focusing on children with confirmed
vitamin D deficiency are needed, with adequate dosing, sufficient duration, and clinically
meaningful outcomes such as changes in HOMA-IR, oral glucose tolerance test indices, and
inflammatory markers. Mechanistic studies exploring mediators such as inflammation,
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adipokines, hepatic fat accumulation, and physical activity patterns would also enhance
understanding of whether vitamin D exerts direct metabolic effects or primarily reflects
broader health behaviors. Finally, stratified analyses based on pubertal stage, sex, obesity
severity, and baseline vitamin D status may help identify subgroups most likely to benefit
from targeted interventions.

6. Conclusion
- Summary of Key Findings

This prospective study demonstrates that vitamin D deficiency is highly prevalent among
overweight children and is significantly associated with increased insulin resistance, as
evidenced by elevated fasting insulin concentrations and higher HOMA-IR values. Children
with deficient serum 25-hydroxyvitamin D [25(OH)D] levels exhibited a less favorable
metabolic profile compared with those who had sufficient vitamin D status.

The findings reveal a consistent inverse relationship between vitamin D status and insulin
sensitivity, which remained significant after adjustment for key confounding factors,
including age, sex, and body mass index. These results support growing evidence that
vitamin D plays an important role beyond skeletal health and may be involved in glucose
metabolism and insulin signaling pathways. The biological plausibility of this association is
reinforced by the presence of vitamin D receptors in pancreatic [3-cells, skeletal muscle, and
adipose tissue, which are central to insulin secretion and action.

Furthermore, subgroup analyses indicated that the association between vitamin D deficiency
and insulin resistance may be more pronounced in younger children and in those with greater
degrees of obesity. This observation highlights the potential importance of early-life
metabolic programming and the role of adiposity-related sequestration of vitamin D in
exacerbating metabolic dysfunction. Overall, the findings support the hypothesis that
vitamin D deficiency may contribute to the development or worsening of insulin resistance
in overweight pediatric populations, rather than representing a coincidental finding alone.

- Final Remarks on the Importance of Vitamin D for Managing Insulin Resistance in
Overweight Children

The global rise in childhood overweight, obesity, and insulin resistance represents a major

public health challenge, given the strong association of these conditions with type 2 diabetes

and cardiovascular disease later in life. Identifying modifiable risk factors that influence

early metabolic dysfunction is therefore essential for effective prevention strategies.

Vitamin D deficiency is a common, often under recognized, and potentially correctable
condition in overweight children. While lifestyle interventions—such as improved diet
quality, increased physical activity, and weight management—remain the cornerstone of
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insulin resistance prevention and treatment, maintaining adequate vitamin D status may
serve as a valuable adjunct within a comprehensive metabolic health approach.

Although randomized controlled trials examining vitamin D supplementation and insulin
sensitivity have produced mixed results, observational evidence, including the findings of
the present study, suggests that vitamin D sufficiency may support improved metabolic
outcomes, particularly in high-risk pediatric groups. Consequently, routine assessment of
vitamin D status in overweight children, especially those exhibiting early signs of insulin
resistance, may aid in risk stratification and timely intervention.

In conclusion, vitamin D supplementation should not be regarded as a standalone therapy for
insulin resistance but rather as part of an integrated strategy that addresses nutritional status,
lifestyle factors, and overall metabolic health. This study adds to the growing body of
evidence linking vitamin D deficiency with insulin resistance in overweight children and
underscores the need for further long-term, well-designed randomized controlled trials to
clarify causality, define optimal vitamin D targets, and determine the therapeutic impact of
vitamin D optimization on pediatric metabolic health.
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