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Abstract: Vitamin D deficiency and insufficiency are widespread on a global scale, with multiple
factors playing a role in their development, such as limited exposure to sunlight, inadequate dietary
consumption, as well as obesity and abdominal fat accumulation. Abdominal obesity, assessed
with waist circumference (WC), is associated with metabolic syndrome and has been linked to low
vitamin D levels. This study aimed to investigate the relationship between visceral adipose tissue
(VAT) and vitamin D levels, particularly examining the potential threshold for vitamin D storage and
sequestration using adipose tissue. The study was conducted between 2020 and 2022 with 58 patients
from an internal medicine outpatient department. Patients with certain medical conditions and
those taking medications affecting bone metabolism were excluded. Blood samples were collected
at baseline and after 6 months of monthly cholecalciferol supplementation. Ultrasonography was
used to evaluate adipose tissue measurements, including subcutaneous adipose tissue thickness, VAT,
preperitoneal adipose tissue (PPAT), and prerenal adipose tissue (PRAT). Anthropometric measures
such as the waist-to-hip ratio and waist-to-height ratio were also assessed. The results showed that all
subjects had significant hypovitaminosis D at baseline. After 6 months of supplementation, the mean
increase in vitamin D levels was 9.6 ng/mL, with 55.2% of subjects becoming deficient. The study
revealed a significant correlation between follow-up vitamin D levels and waist circumference, hip
circumference, and VAT. VAT exhibited a strong correlation not only with vitamin D levels but also
with waist circumference. When analyzing gender differences, males showed a higher weight and
waist-to-hip ratio, while females had higher body adiposity indexes and subcutaneous adipose tissue
measurements. In conclusion, this study highlights the relationship between VAT and vitamin D
levels, emphasizing the potential role of adipose tissue in vitamin D availability. Waist circumference
was identified as a surrogate measure for VAT evaluation. Furthermore, the study showed variations
in vitamin D response to supplementation between genders, with a higher percentage of males
reaching normal vitamin D levels. Predictive factors for vitamin D levels differed between genders,
with waist circumference being a significant predictor in males and body adiposity index in females.
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1. Introduction

Vitamin D deficiency and insufficiency have emerged as a significant global health
concern, affecting populations across the world [1]. These conditions arise from various fac-
tors, with the major circulating form of serum vitamin D, known as 25-hydroxy vitamin D
(25 [OH] D), playing a pivotal role in metabolic processes. Low outdoor physical activity
and subsequent low sun exposure, poor dietary intake of vitamin D, obesity, and especially
abdominal obesity are involved in the etiology of hypovitaminosis D [2,3]. In particular,
one of the primary factors contributing to vitamin D deficiency is the modern lifestyle
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characterized with low outdoor physical activity and subsequent diminished sun expo-
sure. In an era marked with sedentary occupations and indoor-centric leisure activities,
individuals are spending less time outdoors, leading to reduced opportunities for their
skin to synthesize vitamin D in response to sunlight. Dietary habits also play a crucial
role in the etiology of vitamin D deficiency. Many people fail to obtain an adequate intake
of vitamin D-rich foods, such as fatty fish, fortified dairy products, and fortified cereals.
This nutritional deficit can be further exacerbated with specific dietary preferences and
restrictions, which may limit the variety of vitamin D sources in one’s diet. Addressing the
worldwide prevalence of vitamin D deficiency and insufficiency necessitates a multifaceted
approach. Public health initiatives should focus on promoting outdoor physical activity
and sun exposure, particularly in regions with limited sunlight during certain seasons.
Nutrition education programs can help individuals make informed dietary choices to
increase their vitamin D intake. Additionally, healthcare professionals should be vigilant in
assessing the vitamin D status of patients, especially those with obesity-related conditions,
and recommend appropriate supplementation when necessary.

Obesity, especially abdominal obesity, is another significant contributor to hypovi-
taminosis D. Fat-soluble vitamin D is sequestered in adipose tissue, which can reduce
its bioavailability in the bloodstream. Furthermore, obese individuals often experience
metabolic disturbances that affect the conversion of vitamin D into its active form, exacerbat-
ing the deficiency. Abdominal obesity, typically assessed using waist circumference (WC)
measurements, constitutes a key element of metabolic syndrome. Previous investigations
have uncovered a noteworthy association between obesity, particularly abdominal obesity,
and lower serum vitamin D levels. Several authors have reported a significant inverse
relationship between abdominal obesity and serum vitamin D levels [4-8]. Furthermore,
research has indicated that visceral adiposity elevates the risk of systemic inflammation,
insulin resistance, diabetes mellitus, and cardiovascular diseases [9-13]. The observed
negative correlation between vitamin D levels and WC underscores the importance of
maintaining both adipose tissue and vitamin D levels within the normal range to prevent
metabolic disorders, even in children [14-16]. Obese children experienced a 45% reduction
after equal doses of vitamin D administration. This deficiency can be addressed by increas-
ing vitamin D doses two-fold or even three-fold, with doses up to 10,000 IU daily considered
safe for most patients. Regular monitoring of 25(OH)D values is recommended for over-
weight or obese individuals to ensure optimal vitamin D sufficiency [17,18]. However, it
has been observed that different doses of cholecalciferol are needed to normalize vitamin D
levels in various situations and types of individuals [19]. Vitamin D exerts an effect on
adipogenesis, apoptosis, oxidative stress, inflammation, the secretion of adipocytokines,
lipid metabolism, and thermogenesis, and contributes to the maintenance of adipose tissue
structure, function, and fat content [20,21]. The relationship between vitamin D and adi-
pose tissue is intricate, and the role of adipose tissue in regulating circulating vitamin D
levels is not clear, particularly whether it acts as a reservoir or sequestration site for the
vitamin. Certain researchers have noted that the expanded fat tissue in obese individuals
can function as a storage site for vitamin D. This heightened demand for vitamin D to fill
this reservoir may potentially lead to insufficient levels of serum vitamin D in obese indi-
viduals [22,23]. From another point of view, some authors argue that adipose tissue may
sequester vitamin D, reducing its bioavailability [24]. Other authors suggest that reduced
levels of 25-hydroxyvitamin D are linked to an increase in 1,25-dihydroxyvitamin D levels
in obese individuals [25,26], but this interpretation is not shared by other authors who have
observed opposite results [27-29].

To elucidate the actual relationship between vitamin D levels and adipose tissue,
especially visceral adipose tissue, it may be beneficial to employ a more precise approach for
adipose tissue assessment as opposed to the mere calculation of BMI or waist circumference
measurement. Ultrasonography is becoming the gold standard for the evaluation of
many anatomic areas and even for the study of visceral adipose tissue, it is considered
an accurate approach [30]. In particular, it has been observed that there is an optimal
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correlation between ultrasound parameters of VAT and computed tomography (CT) [31].
Using this approach, the cut-off value of visceral fat area for central obesity and metabolic
syndrome was found to be 100 cm [31-33]. The possibility to evaluate visceral adipose
tissue using a non-invasive approach can clarify the effective role of adipose tissue in
managing vitamin D availability.

Thus, the central focus of our study was to elucidate whether there exists a specific
threshold or critical point at which the storage and metabolism of vitamin D within the
human body are significantly influenced by the presence of visceral adipose tissue. This
threshold, if identified, would hold valuable implications for understanding the dynamics
of vitamin D homeostasis and potentially offer insights into novel approaches for managing
vitamin D-related health concerns. In fact, our research was motivated by the recognition
that vitamin D, a vital fat-soluble micronutrient, plays an indispensable role in various
physiological processes, and its proper regulation within the body is paramount for main-
taining overall health. In the pursuit of this scientific endeavor, our study embarked upon
an in-depth exploration of the intricate interplay between visceral adipose tissue, which
refers to the adipose deposits located deep within the abdominal cavity, and the levels of
vitamin D circulating in the bloodstream.

The findings of this research hold the promise of advancing our understanding of
vitamin D metabolism and its relevance to human health, paving the way for further
investigations and potentially innovative approaches to optimizing vitamin D status.

2. Methods
Patients

This longitudinal observational study was conducted during a period between 2020
and 2022; the group was composed of 58 patients consecutively enrolled in the internal
medicine outpatient department of Azienda Ospedaliera Universitaria Integrata of Verona.
The inclusion criteria were Caucasian ethnicity, presence of an overweight status or obesity,
according to BMI values (BMI > 25), and vitamin D levels less than 30 mg/mL.

Patients taking drugs that could alter bone metabolism such as corticosteroids, antiepilep-
tics, and thyroid hormones were excluded from the study. In the same way, patients affected
by metabolic diseases such as primary hyperparathyroidism, chronic renal failure, and liver
failure were excluded from the study.

All participants were informed about the details of the research and signed the in-
formed consent before the enrolment. The study was registered in the Clinical Trial Registry
(Clinicaltrial.gov ID: NCT05957692). The protocol for sample collection was approved
by the ethical committee of Azienda Ospedaliera Universitaria Integrata of Verona, Italy
(number 1538; 3 December 2012; local ethical committee of Azienda Ospedaliera Integrata
di Verona). The study complied with the revised ethical guidelines of the Declaration
of Helsinki.

All subjects underwent blood sampling to evaluate calcium and vitamin D levels at
baseline and after 6 months of supplementation with 50,000 IU of cholecalciferol per month.
Using ultrasonography, we evaluated at baseline and after 6 months of vitamin D supple-
mentation subcutaneous adipose tissue thickness minimum and maximum (SAT), visceral
adipose tissue (VAT), preperitoneal adipose tissue (PPAT), prerenal adipose tissue (PRAT)
waist-to-hip ratio, and waist-to-height ratio. In addition, we calculated the body adipos-
ity index (BAI) as the result of the following mathematical equation: hip circumference
(cm)/height (m) 1.5-18 [34].

3. Statistical Analysis

All statistical analyses were performed using Windows SPSS software, version 22.0
(SPSS Inc., Chicago, IL, USA) and Jamovi software, version 2.3.21. The results obtained
were expressed as the mean + Standard Deviation.
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Sample size was calculated using the statistical software PASS 14.0.8 (Kaysville,
UT, USA) with the “test for paired means”, considering a potency of 90% and an alpha
error of 5%.

To compare group differences, we employed the paired T-Student test and multifacto-
rial analysis of variance (ANOVA). When the data did not follow a normal distribution,
non-parametric tests, such as the Mann-Whitney U test, were utilized.

We assessed potential linear relationships between variables using the Pearson coeffi-
cient and explored potential predictive factors through multivariate linear regression tests
for continuous variables and logistic regression for categorical variables. Additionally, we
conducted an ROC analysis to determine the optimal threshold for key determinants of
vitamin D levels. Statistical significance was determined at a p-value threshold of <0.05.

4. Results
Population of the Study

A total number of 58 subjects were included in the study, 43 male (71%) and 15 female
(29%). The general characteristics, the biometric measures, and 25 [OH] D pre-treatment
concentration of all subjects are described in Table 1. All subjects showed significant
hypovitaminosis D, compatible with insufficiency. Only 13 (22.4%) subjects had normal
weight, 25 (43.1%) were overweight, and 20 (34.5%) were obese. Classifying patients based
on BMI, we observed that in obese individuals, the increase in vitamin D at the end of the
study was approximately half of that in normal-weight and overweight subjects (Figure 1).

Table 1. Baseline anthropometric parameters of the population.

Descriptive Analyses Mean Median SD
Age (years) 72.6 74.5 11.22
Weight (Kg) 85.28 85 16.74
BMI (Kg/m?) 29.13 28.04 5.22
Waist circumference (cm) 104.37 102.5 12.81
Hip (cm) 111.46 110 12.48
BAI (%) 32.07 31.04 6.76
Waist-to-hip ratio 936 951 0.04
Waist-to-height ratio 611 606 0.07
SAT mean (mm) 18.2 15.3 8.15
VAT (mm) 70.06 66.9 26.86
PPAT (mm) 14.17 12 6.86
PRAT (mm) 9.52 8 7.04
25-hydroxyvitamin D (ng/mL) 17.59 18 5.59
Calcium (mg/dL) 9.33 9.35 0.44

BMI: body mass index; BAI: body adiposity index; SAT: subcutaneous adipose tissue; VAT: visceral adipose tissue;
PPAT: preperitoneal adipose tissue; PRAT: prerenal adipose tissue.

Regarding waist circumference, no women and only two men had normal levels; all
other subjects exhibited values indicative of abdominal obesity. Concerning cardiovascular
diseases, 41 (70.7%) had hypertension, 14 (24.1%) had diabetes, 26 (44.8%) had hypercholes-
terolemia, 47 (81%) had fatty liver disease, 35 (60.3%) had atrial fibrillation, and 13 (22.4%)
had venous thromboembolic events (DVT or PE). The mean daily alcohol intake was higher
or equal to 2 units in 35 (60.4%) subjects. None of the subjects were smokers.

After 6 months of 50,000 IU of cholecalciferol supplementation per month, the mean 25
[OH] D concentration was 27.3 £ 6.2 ng/mL and the mean increase was 9.6 £ 7.3 ng/mL.



Nutrients 2023, 15, 4259 5o0f 14

25 [OH] D remained insufficient in 8 subjects (13.8%) while 32 (55.2%) became deficient
and 18 (31%) reached normal vitamin D levels.
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Figure 1. Vitamin D variations among BMI classes. * p = 0.023 vs. obese; ** p = 0.046 vs. obese.

First of all, we wanted to analyze the population as a whole, considering only the
variables that did not show significant differences between the two genders (Figure 2).
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Figure 2. Correlation between visceral adipose tissue (VAT) and vitamin D levels after 6 months of

cholecalciferol in the whole population.

With this analysis, we found a significant correlation between follow-up vitamin D
values and waist circumference, hip circumference, and visceral adipose tissue. The latter
showed a strong and statistically significant correlation not only with vitamin D levels but
also with waist circumference.

BMI (body mass index) and BAI (body adiposity index) were excluded from the
analysis of the overall study population as they are derived variables significantly different
in both genders from both height and weight.

Figure 1 shows the significant correlation between visceral adipose tissue (VAT) and
vitamin D levels after 6 months of cholecalciferol in the whole population.

When we grouped subjects according to gender, we found a significantly higher
weight and waist-to-hip ratio in males, while mean SAT was higher in females (Table 2).
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Table 2. Baseline anthropometric parameters of the population grouped according to gender.

Group N Mean SD 4
Age (years males 43 72.83 11.56
ge v ) 0.791
females 15 71.93 10.55
Weight (Kg) males 43 88.34 15.98 0017
females 15 76.53 16.27 '
Height (m) males 43 1.74 0.06
<0.001
females 15 1.63 0.07
BMI (Kg/m?) males 43 29.26 5.44 073
females 15 28.74 47 '
Waist circumference (cm) males 43 105.77 11.88 0.158
females 15 100.33 14.87 '
Hip circumference (cm) males 43 110.83 12.3 0.521
females 15 113.26 13.26 '
BAI (%) males 43 30.47 6.36
0.002
females 15 36.65 5.83
Waist-to-hip ratio males 43 955 0.03
<0.001
females 15 883 0.04
Vitamin D (ng/mL) males 43 17.9 5.9 0.46
females 15 16.7 48 '
SAT mean (mm) males 43 16.1 7.53
<0.001
females 15 24.1 7.01
VAT (mm) males 43 70.63 28.53
0.787
females 15 68.43 22.16
PPAT (mm) males 43 14.17 7.12
0.999
females 15 14.17 6.3
PRAT (mm) males 42 9.03 7.14
0.384
females 15 10.89 6.81

BMLI: body mass index; BAI: body adiposity index; SAT: subcutaneous adipose tissue; VAT: visceral adipose tissue;
PPAT: preperitoneal adipose tissue; PRAT: prerenal adipose tissue.

In addition, in the whole population, we observed a significant correlation between
VAT and waist circumference, as previously reported [35-37]. This suggests how the
measurement of waist circumference can be considered a good surrogate for the assessment
of visceral adipose tissue.

Given the different distribution of body fat, we wanted to analyze all anthropometric
variables separately in males and females.

In males, the best correlation was confirmed for waist circumference (Figure 3A),
while in females it was found for the waist-to-hip ratio (Figure 3B). In females, waist
circumference showed a trend that did not reach significance, probably due to the limited
number of subjects.

We evaluated the effects of administration of cholecalciferol in the two genders at
follow up and we observed that only 38% of males and 17% of females reached normal
values, particularly in subjects with higher VAT (Figure 4).
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Figure 3. Best correlations at baseline between visceral adipose tissue (VAT) and waist circumference
in males (A) and waist-to-hip (WTH) ratio in females (B).
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Figure 4. Level classes of 25 [OH] D concentration reached in males and females.

Note that a higher percentage of males reached a normal vitamin D level compared
with females.

To evaluate the best predictors of vitamin D levels after 6 months of 50,000 IU/month
of cholecalciferol in different genders, we observed in males a relationship between vitamin
D levels at follow up and waist circumference at baseline (Figure 5A). In the same gender,
we observed a better correlation between vitamin D levels and the body adiposity index
(BAL Figure 5B).

In females, the best predictor of the vitamin D level at the end of the study was the
waist-to-hip ratio (Figure 6).
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Figure 5. Correlation in males between vitamin D levels after 6 months of cholecalciferol and Waist
circumference (A) and Body Adiposity Index (BAI) (B).
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Figure 6. Correlation between waist-to-hip (WTH) ratio and vitamin D levels after 6 months of
cholecalciferol in females.

On the basis of these correlations, we evaluated potential cut-off values that could pre-
dict the increase in vitamin D. Using the best predictors of vitamin D levels, we performed
an ROC analysis in a subgroup of subjects with baseline vitamin D less than 20 ng/mL,
reaching normal values above 30 ng/mL at the end of the study. We performed this analysis
only in males, due to the limited number of females in this subgroup.

In males, we found the best negative value predictor for VAT < 68 mm (Youden’'s
index: 0.556; AUC: 0.821; 95% CI: 0.66—0.99; p < 0.01), for waist circumference < 100 cm
(Youden’s index: 0.635; AUC: 0.893; 95% CI: 0.78-1.00; p < 0.01), and for BAI < 30.72%
(Youden’s index: 0.611; AUC: 0.833; 95% CI: 0.66-0.98; p < 0.01) (Figure 7).
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Figure 7. Calculated thresholds through the analysis of ROC curves of anthropometric and ultrasound
parameters to predict the effect of vitamin D administration in obese subjects. VAT: Visceral Adipose
Tissue; WC: Waist Circumference; BAI: Body Adiposity Index.
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5. Discussion

Vitamin D deficiency and insufficiency are widely prevalent across the globe [1]. The
causes of vitamin D deficiency include insufficient outdoor physical activity leading to
reduced sun exposure, inadequate dietary intake of vitamin D, obesity, and particularly,
abdominal obesity [2,3]. Expression of the vitamin D receptor (VDR) gene and genes
coding for enzymes that metabolize vitamin D has been observed in adipocytic cells. These
observations suggest a high impact of vitamin D on the regulation of target genes in adipose
tissue through endocrine, autocrine, and paracrine mechanisms [38]. Furthermore, VDR
gene expression in visceral fat is dependent on 25(OH)D concentrations [39].

Therefore, vitamin D regulates the metabolic processes of adipose tissue, which, in
turn, functions both as a deposit of vitamin D [40] and as a buffering system for the slow
release of the molecule in order to reduce the uncontrolled synthesis of its active form,
1,25(0OH)2D [17].

The relationship between vitamin D and adipose tissue is intricate, and the role
of adipose tissue in regulating circulating vitamin D levels is not clear. Vitamin D is
lipophilic and previous studies have demonstrated its accumulation in adipose tissue using
a radioisotope approach [40,41]. Several studies suggest that the modulation of vitamin D
and its effects in adipose tissue depends on the degree of obesity and the levels of adipose
deposits [20] and that adiposity loss improves circulating 25(OH)D levels [42]. Moreover,
the amount of vitamin D present in subcutaneous adipose tissue varies substantially,
ranging from ~4 to ~500 ng/g, suggesting large individual variability and for an individual
weighing 100 kg, with 40% body fat, this may equate to 160-20,000 mcg of vitamin D3 [43].
It has been shown that vitamin D and 25(OH)D stored in adipose tissue after 3 to 5 years of
vitamin D supplementation may have a clinically relevant effect on the serum 25(OH)D
level the following year [44].

On the other hand, previous research has demonstrated that individuals with obe-
sity and abdominal obesity are at a higher risk of having inadequate or deficient serum
vitamin D levels. Several authors have noted a significant inverse correlation between
abdominal obesity and serum vitamin D levels [4-7]. Various theories have been proposed
to explain the inverse relationship between vitamin D and adipose tissue, such as volu-
metric dilution. Some authors have observed that the increased adipose mass in obese
individuals acts as a reservoir for vitamin D. This increased reservoir may require higher
amounts of vitamin D to saturate it, potentially leading to inadequate serum vitamin D
levels in obese individuals [22,23]. Alternatively, adipose tissue may sequester vitamin D,
reducing its bioavailability [24]. Other authors suggest that reduced levels of 25 [OH] Dare
associated with an increase in 1,25-dihydroxyvitamin D levels in obese individuals [25,26].
Unfortunately, none of these theories comprehensively explain the relationship between
adipose tissue and circulating vitamin D levels.

In this study, we aimed to investigate the relationship between visceral adipose tissue
and vitamin D levels, particularly exploring a potential threshold that determines the
storage or sequestration of vitamin D using adipose tissue. In addition, we wanted to verify
the correlation between ultrasound and anthropometric parameters to identify potential
surrogates for the evaluation of visceral fat tissue, as previously performed by others [8,31].

We observed a significant correlation between follow-up vitamin D levels and waist
circumference, hip circumference, and visceral adipose tissue in the overall population.
These results suggest that abdominal obesity, specifically visceral adipose tissue, may play
a crucial role in vitamin D homeostasis, as previously suggested by others [8,45].

Upon analyzing the data separately by gender, we found gender-specific differences in
body fat distribution. Males exhibited a higher weight and waist-to-hip ratio, while females
had a higher body adiposity index (BAI) and subcutaneous adipose tissue (SAT) thickness.
Waist circumference in males and the waist-to-hip ratio in females showed the strongest
correlations with vitamin D levels. Notably, the correlation between vitamin D levels and
waist circumference in females did not reach significance, likely due to the limited number
of subjects.
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The further analysis of the effects of cholecalciferol supplementation revealed that a
smaller proportion of males (38%) and females (17%) achieved normal vitamin D levels,
particularly among subjects with higher visceral adipose tissue. We identified waist circum-
ference at baseline as a predictor of vitamin D levels in males, while BAI showed a better
correlation in this gender. In females, the waist-to-hip ratio was the best predictor of vita-
min D levels at the end of the study. These findings suggest that different anthropometric
variables may influence vitamin D status in males and females.

To establish potential cut-off values for predicting the increase in vitamin D levels, we
performed a receiver operating characteristic (ROC) analysis in a subgroup of males with
baseline vitamin D levels below 20 ng/mL, reaching normal values above 30 ng/mL at the
end of the study. VAT, waist circumference, and BAI were identified as negative predictors
in this subgroup.

Our findings suggest that in visceral adipose tissue, vitamin D is stored, but may
become trapped, leading to its reduced availability for metabolic processes. These re-
sults support the hypothesis that adipose tissue acts both as a potential reservoir and
sequestration site for vitamin D.

The strong correlation between visceral adipose tissue and vitamin D levels highlights
the significance of adipose tissue in influencing vitamin D levels. The storage or sequestra-
tion of vitamin D in adipose tissue may have implications for individuals with obesity or
abdominal obesity, as they are more likely to have insufficient or deficient vitamin D levels.
This finding aligns with previous studies that have shown an inverse relationship between
abdominal obesity and vitamin D levels [5-7].

The gender-specific differences observed in our study add further complexity to
the relationship between vitamin D and adipose tissue. Males demonstrated stronger
correlations between vitamin D levels and waist circumference, while females showed a
stronger correlation with the waist-to-hip ratio. These differences may be attributed to
variations in body fat distribution between genders. Further investigations are warranted
to explore the underlying mechanisms and potential hormonal influences that contribute
to these gender-specific associations.

Our study also examined the effects of cholecalciferol supplementation on vitamin D
levels. Despite the supplementation, a considerable proportion of the subjects did not
reach normal vitamin D levels, particularly those with higher visceral adipose tissue.
This supports the evidence that the presence of excess adipose tissue may prevent the
utilization or release of vitamin D, leading to suboptimal response to supplementation.
Therefore, reducing visceral adipose tissue through lifestyle interventions [46] or weight
loss strategies may be important for optimizing vitamin D status in individuals with obesity.
For example, it has been demonstrated that physical activity is a powerful stimulus for
lipid mobilization [42,47] and consensually releases vitamin D ‘trapped’ in adipocytes and
greater serum 25(OH)D concentrations have been reported in individuals who self-report
higher physical activity [48-50].

The identification of potential cut-off values for predicting the increase in vitamin D
levels provides practical insights for clinical practice. In our subgroup analysis, specific
thresholds of visceral adipose tissue, waist circumference, and BAI were associated with
an improvement in vitamin D status. These cut-off values can be utilized as clinical
indicators to identify individuals who may benefit from targeted interventions to enhance
vitamin D levels and suggest the threshold that separates accumulation and sequestration.
These results are consistent with previous experiments that have highlighted the need to
significantly increase the vitamin D dose in specific situations in order to bring the levels
back within the normal range [19].

It is worth noting that our study has certain limitations. Firstly, the sample size was
relatively small, particularly in the subgroup analysis, which may have influenced the
statistical power and generalizability of the results. Additionally, our study focused on a
specific population with a high burden of comorbidities, which may limit the extrapolation
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of findings to other populations. Future studies with larger sample sizes and diverse
populations are warranted to validate and extend our findings.

In conclusion, our study provides evidence for a significant correlation between
visceral adipose tissue and vitamin D levels. The results suggest that visceral adipose
tissue may sequester vitamin D, leading to reduced availability for metabolic processes.
Abdominal obesity, especially visceral adipose tissue, appears to be associated with lower
vitamin D levels, reinforcing the importance of maintaining a healthy body composition
for optimal vitamin D status. Moreover, the relationship between obesity and vitamin D is
intricate and bidirectional. Obesity can contribute to vitamin D deficiency, and vitamin D
deficiency may exacerbate certain health risks associated with obesity. It is essential
for healthcare professionals to consider these factors when assessing the health of obese
individuals and to tailor interventions accordingly. Regular monitoring of vitamin D levels
and appropriate supplementation, if necessary, can be crucial in managing the health of
obese individuals.

Further research is needed to elucidate the underlying mechanisms and explore potential
interventions to improve vitamin D status in individuals with obesity or abdominal obesity.
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