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ARTICLE INFO ABSTRACT

Keywords: Childhood obesity accounts for several psychosocial and clinical consequences. Psychosocial consequences
Vit'D' include lower self-esteem, social isolation, poor academic achievement, peer problems, and depression, whereas
Obesity clinical consequences are cardiovascular diseases, type 2 diabetes, dyslipidemia, cancer, autoimmune diseases,
Children irl I I . . h b £ . . b £ ies h
VDR gene polymorphisms girls early polycystic ovarian syndrome (PCOS), asthma, bone deformities, etc. A growing number of studies have
. . uncovered the association of childhood obesity and its consequences with vitamin-D (vit-D) deficiency and
Single nuclear polymorphisms (SNPs) K X i N X K
vitamin-D receptor (VDR) gene polymorphisms such as single nucleotide polymorphisms (SNPs), e.g., Tagl, Bsml,
Apal, Fokl, and Cdx2. Considering the impact of vit-D deficiency and VDR gene polymorphisms, identifying
associated factors and risk groups linked to lower serum vit-D levels and prevention of obesity-related syndromes
in children is of utmost importance. Previously published review articles mainly focused on the association of vit-
D deficiency with obesity or other non-communicable diseases in children. The nature of the correlation between
vit-D deficiency and VDR gene polymorphisms with obesity in children is yet to be clarified. Therefore, this
review attempts to delineate the association of obesity with these two factors by identifying the molecular
mechanism of the relationship.

achievement, peer problems, and depression [1,3]. Obesity in children is
also correlated with non-communicable diseases (NCD) such as cardio-

1. Introduction

Childhood obesity is an emerging public health concern globally. In
developing countries where the prevalence of childhood obesity is
upsurging alarmingly [1], this disease is also approaching epidemics in
many developed countries, such as several European countries,
Australia, the USA, and Canada. Contributing factors of increased
childhood obesity in the developing region include changes in lifestyle
represented by physical inactivity, decreased outdoor activity, less
exposure to sunlight, unhealthy diet, living pattern, socio-economic
development, and demographic and epidemiological transition [1,2].

According to the WHO, childhood obesity is a major public health
challenge for the 21st century, and it is linked to many psychosocial
consequences such as lower self-esteem, social isolation, poor academic

vascular diseases, Type 2 diabetes, dyslipidemia, fatty liver disease,
cancer, multiple sclerosis, autoimmune diseases, girl’s early polycystic
ovarian syndrome (PCOS), asthma, and bone deformities [1,3-6].

Vit-D is a fat-soluble seco-steroid hormone found in the diet or syn-
thesized in the skin when 7-dehydrocholesterol reacts with the sunlight.
The biologically inactive vit-D3 is hydroxylated into active calcitriol
[1,25(0H),D]. Vit-D is required for bone metabolism, maintaining cal-
cium and phosphorus homeostasis in the body, and cell differentiation,
proliferation, and hormone secretion [7]. The vit-D analogs and their
structures are listed in the Fig. 1 below.

The concentration of vit-D (25-OHD) below 20, 21-29, and
30-100 ng/mL indicates a vit-D deficiency, insufficiency, and
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betes); T2D, (Type 2 Diabetes); PAR-2, (Proteinase Activated Receptor); NFAT, (Nuclear Factor of Activated T cells); VDD, (Vitamin D Deficiency); BMI, (Body Mass
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sufficiency, respectively [8]. Several research have revealed that there is
a strong association of vit-D deficiency with obesity. In obese children,
vit-D deficiency occurs due to sequestration of vit-D by the fat tissues
since vit-D is soluble in fat [6,9,10]. In addition to that, the higher vit-D
storage capability of adipose tissues precludes vit-D release in sufficient
quantity, which results in a vit-D deficiency in children [6]. Diseases that
interfere with fat absorption and prevent vit-D metabolite activation
also cause a vit-D deficiency in children [11]. Apart from this, some
medications such as glucocorticoids, antiseizure drugs, antifungal drugs,
fat malabsorption, and genetic factors (Vit-D receptor gene poly-
morphism) are linked to vit-D deficiency [6].

Studies have shown that there is a negative correlation between
serum 25-OHD and body fat. Vit-D is active in the fat tissues and
coupling of vit-D with the VDR exerts multiple biological functions and
plays a crucial role in regulating gene expression. It has been reported
that over-expression of the human VDR gene in adipocytes is linked to
reduced energy expenditure and induction of obesity [7]. Previous re-
ports have also shown that VDR variants are associated with adipocyte
phenotypes, and these variations in the DNA sequence are known as
polymorphisms. Several polymorphisms of the VDR gene have been
identified by the restriction recognition sites such as single nucleotide
polymorphisms (SNPs), e.g., Taql, Bsml, Apal, and Fokl. Furthermore,
VDR mRNA stability can be influenced by a poly (A) microsatellite
linked to SNPs if they become functional [12]. VDR gene polymorphism
has been identified as a crucial factor contributing to children’s obesity
in many studies previously conducted [13-16].

Childhood obesity significantly impacts psychosocial behavior and is
associated with many non-communicable diseases of children. Identifi-
cation of associated factors and risk groups linked to lower serum vit-D
level and prevention of obesity-related syndromes of children is of
utmost importance. Previously published review articles mainly
emphasized the association of vit-D deficiency with obesity or other non-
communicable diseases in children. The nature of the correlation of vit-
D deficiency as well as VDR gene polymorphism with obesity is yet to
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clarify. Therefore, this review attempts to delineate the association be-
tween obesity and vit-D deficiency and VDR polymorphism identifying
the fundamental molecular mechanism of the relationship.

2. Prevalence of obesity in children

Obesity in children is currently a global public health crisis, and it
has been alarmingly increasing day by day. The number of children and
adolescents (aged 5-19 years) who are obese is predicted to rise to 254
million by 2030, according to projections by the World Obesity Feder-
ation using data from the NCD Risk Factor Collaboration [17]. Accord-
ing to de Onis et al., about 35 million of 43 million obese children are
from developing countries, and around 17.5 million obese children are
reported to be living in Asia [18]. Childhood obesity is constantly rising
in Asian countries, and this list is led by China, where childhood obesity
has increased by 0.45% and 0.16% in girls and boys, respectively [19]. A
recent study reported that 15% and 5% of school-aged children are
obese in North America and European countries, respectively [20]. Four
countries, such as Greece, the USA, Italy, and Mexico, are in the leading
position in childhood obesity, topped by the USA [21]. Turer et al. in
2013 reported that obesity among children has surprisingly increased
from 6.5% to 18% in North America [22]. Currently, 30% of North
American children are obese [21]. The prevalence of vit-D insufficiency
among children and adolescents with obesity is exceptionally high:
96.0% in Germany, 78.4% in the United States, and up to 92.0% in the
Russian Federation [21]. In 2010 irrespective of sex, 17.8% of urban
children were reported to be obese in Dhaka city of Bangladesh [23].

3. Vit-D synthesis, metabolism, and its biological functions

Vit-D (Calciferol) is now recognized as a prohormone and was first
identified as a vitamin in the early part of the 20th century. Two main
biologically inter precursors of vit-D are D2 (Ergocalciferol) and D3
(Cholecalciferol). Vit-D2 is plant-derived whereas vit-D3 is synthesized
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oH

Calcitriol

Fig. 1. Structures of vit-D and analogs.
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in the skin in presence of ultraviolet B (UVB) radiation [24,25]. Vit-D3 is
an essential micronutrient and a fat-soluble prohormone. It is evident
that 80% of systemic vit-D3 comes from the epidermis, and the
remaining 20% is obtained through diet as D2 [26]. It is photochemi-
cally synthesized in the skin from 7-hydroxycholesterol by UVB radia-
tion on exposure to sunlight [8]. In the presence of UVB wavelengths,
between 290 and 315 nm, biochemical reaction isomerizes pre-D3 to
D3. However, UVB presents for a limited hour which also varies with
latitude and season. Therefore, personal and environmental factors like
skin pigmentation, clothes, and the use of sunscreen need to be taken
into consideration to maximize the formation of pre-D3 in the body [27]
(Fig. 2). After entering the systemic circulation, vit-D binds with vit-D
binding protein (VDBP), and subsequently, it is converted into 25-hy-
droxy vitamin D3 [25(OH)D3] in the liver through the first hydroxyl-
ation. Mainly, a patient’s vit-D status is determined by measuring the
concentration of 25(OH)D3 in the serum [28]. However, 25(0OH)D3 is
biologically inactive, and it is transported via blood’s VDBP to the kid-
ney, where the second hydroxylation occurs to convert this inactive
form to biologically active form 1,25-dihydroxy vitamin D3 [1,
25-(OH),D3] by the enzyme 1-a hydroxylase and is directly stimulated
by parathyroid hormone (PTH) (Figure2) [28-30].

The half-life of 25(0OH)D, the major circulating metabolite of vit-D, is
21-30 days [31]. Whereas the half-life of 1,25(0OH)2D3 is 4-15h [32,
33] and this is responsible for serum calcium and phosphate homeostasis
via kidney, small intestine, and bone [34].

Vit-D plays a vital role in the human body, and it has both genomic
and non-genomic functions. Vit-D binds with nuclear VDRs to influence
gene transcription in more than 30 different cells, including bone,
muscle, intestine, kidney, skin, lungs, etc. On the other hand, vit-D ex-
erts non-genomic functions in the liver, parathyroid cells, pancreatic
pB-cells, bone, and intestine, where it works like a steroid hormone by
binding with VDRs on the cell membrane through activation of signal
transduction pathways [30].

Vit-D, a vital micronutrient, performs several crucial biological
functions, including the growth and development of the human body
[3]. It regulates bone, calcium, and phosphorus homeostasis in the body
by enhancing bone resorption, increasing intestinal absorption of cal-
cium and phosphorus, and reducing renal excretion of these two min-
erals, thus preventing rickets and osteomalacia [6,8]. Apart from this
phosphocalcic function vit-D also plays a major role in the regulation of
various physiological processes such as immune modulation, cell pro-
liferation, and cell differentiation [35]. Stimulation of most immune
cells expresses VDRs, and binding with these VDRs vit-D provides
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Fig. 2. Synthesis of an active form of vitamin D. Vitamin D3 is synthesized in
the skin from 7-hydroxycholesterol which is further metabolized in the liver to
25(0H)D3 by 25-hydroxylase enzyme. Later on 25(OH)D3 is converted into the
active form of vit-D, 1, 25(0OH)2D3 by 1-a hydroxylase which binds to VDR and
exerts its biological functions.
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immunomodulatory function by modulating the host’s immunity and
regulation of inflammatory cascade [6]. Vit-D influences cell prolifera-
tion by modulating various key processes including cell cycle progres-
sion, apoptosis, and cell differentiation in a cell-specific approach.
Direct binding of VDR to the response element in the genes that regulate
cell growth or indirect influence on chief transcriptional regulators are
involved in vit-D affected cell proliferation. In addition to that vit-D can
impact cell proliferation indirectly by influencing cell signaling mole-
cules engaged in the cell cycle, apoptosis, and differentiation [35]. Vit-D
has been reported to regulate the differentiation between tumor and
normal cells for example it differentiated the cultured mouse myeloid
leukemia cells from macrophages; stimulated and differentiated the
formation and maturation of an apical microvillus membrane in human
intestinal cells (Caco-2) [36]. Experimental and epidemiological evi-
dence revealed that vit-D has a protective effect against cancer, diabetes,
hypertension, and cardiovascular diseases [6,8,30]. Vit-D exerts its
protective effect against cancer by promoting apoptosis and differenti-
ation of cancer cells or inhibiting the angiogenesis, proliferation, and
metastasis of cancer cells [35].

Several studies demonstrated the beneficial effect of vit-D and its
analogs on both type 1 diabetes (T1D) and type 2 diabetes (T2D). Vit-D
exerts its antidiabetic effect by suppressing the apoptotic destruction of
pancreatic-p cells and augmenting insulin secretion as well as IGF-1
(Insulin-like growth factor 1) [37,38]. Vit-D analog, paricalcitol signif-
icantly reduced insulin resistance and plasma glucose level through
modulation of inflammatory biomarkers including TNF-a, C-peptide,
pancreatic IL-2, adiponectin, catalase, and reduction of oxidative stress
[35]. Studies have reported that vit-D can regulate the renin-angiotensin
system (RAS) and thus, can reduce the risk for hypertension and car-
diovascular diseases [39]. Vit-D and its analog exert their beneficial role
in cardiovascular diseases through downregulation of prothrombotic
factors such as PAR-2, thrombospondin, plasminogen activator inhibi-
tor, etc., suppression of pro-hypertrophic myocyte-enriched
calcineurin-interacting protein 1 (MCIP1/ calcineurin/nuclear factor of
activated T cells (NFAT) pathway, and inhibition of cardiomyocytes
proliferation, and cardiac RAS [35,37]. Previous studies have demon-
strated the role of vit-D in adipogenesis which ultimately explicates the
association of vit-D deficiency with obesity [16] which has been detailed
in Section 6. This section (Section 3), therefore, explains the synthesis of
vit-D with an illustration, its metabolism to convert its inactive form to
active form and its different biological functions in brief.

4. Prevalence of vit-D deficiency/insufficiency in obese children
and clinical manifestations

The overweight, obese, and severely obese pediatric populations are
commonly diagnosed with hypovitaminosis, among which vit-D is one of
the most significant causes. Thus, the prevalence of vit-D deficiency in
obese and severely obese children has been found in a critical stage from
many investigations worldwide [21,22,40-42]. Among the European
region, the prevalence of vit-D insufficiency among overweight/obese
children was the highest (96%) in Germany in 2011 [43]. The second in
line was Iran, with 95.6% from the Asia continent in 2016 [44], and
Canada from North America was leading next, with 93% in 2010 [45].
As reported in a study in Sweden, hypovitaminosis D prevalence was
significantly higher in children with severe obesity (81.1%) and obesity
(68.2%) compared to overweight and typically healthy children. In the
case of Spanish children, a study reported the prevalence of hypo-
vitaminosis D was 60.4% [40]; whereas another research revealed that
vit-D deficiency proportion is slightly higher in pubertal children
(70.8%) than the prepubertal children (62.7%) [46]. However, a recent
investigation on primary school-going Spanish children showed a lower
prevalence of vit-D deficiency, 31.6% (Boys 30.0% and Girls 33.3%).
The variance in the prevalence results of same nationality children was
due to using different standards for hypovitaminosis D range, and the
samples were taken from hospitals for the former two studies [47]. In the
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US, the prevalence of vit-D deficiency in severely obese white, Latino,
and African-American children were 27% (3-51%), 52% (36%—68%),
and 87% (81-93%), respectively [22]. In Saudi Arabia, a study con-
ducted on school-going children of three regions revealed a prevalence
of vit-D deficiency of 49.5% [41]. Another survey of Danish children
showed that 16.5% of the total mass is suffering from vit-D deficiency
[42]. A recent meta-analysis conducted on 41 studies and 18,233 pop-
ulations for the vit-D status in the south Asian countries reported the
overall prevalence of hypovitaminosis D 61% (95% CI: 46-71%). Their
country-wise analysis showed the highest prevalence of vit-D deficiency
in Afghanistan 96.2% (95% CI: 91-99%) and the lowest was in Sri Lanka
25% (95% CI: 16-36%). Other countries included Pakistan 94% (95%
CI: 90-96%), India 64% (95% CI: 46-79%), Bangladesh 35.48% (95%
CI: 32-39%) and Nepal 35% (95% CIL: 1-83%) [48]. The overview of the
global prevalence of vit-D deficiency in obese children is summarized in
Table 1. A meta-analysis undertaken on 24,600 children and adolescents
worldwide showed the relative risk for the association between obesity
and vit-D deficiency was 1.41 (95% CI: 1.26-—1.59) (I 2 = 89%,
p < 0.01) [49].

Many researchers have recently suggested that the prevalence of vit-
D deficiency in obese children may have been linked with the increased
risk of clinical health problems like diabetes, cardiovascular diseases,
and pulmonary disorders [53-57]. They found a negative correlation of
vit-D level with impaired glucose metabolism resulting from loss of
B-cell function (BCF) and insulin sensitivity (IS) in non/pre-diabetic
obese children and adolescents [58-60]. A systematic review reported
that children deficient in vit-D are at higher risk of cardiovascular dis-
eases from childhood [56]. Research conducted on 40 obese children
showing its prevalence in obese children supported the same [61]. Saudi
Arabian and Tunisian obese children were at an increased risk of
metabolic syndrome with vit-D deficiency/ insufficiency [53,57]. Vit-D
concentration during the neonatal period had lowered the risk of
developing childhood asthma at ages 3-9 years [54]. Hence, pulmonary
function compromised obese children have been diagnosed with vit-D
deficiency/ insufficiency, indicating its potential to develop
obese-asthma phenotype [55]. However, a recent study conducted on
the cardiorespiratory fitness (CRF) of overweight and obese
school-going children showed that vit-D deficiency has no relation with
their body composition and CRF status [47].

The global status of VDD is alarmingly increasing in children which
are leading them to critical health risk associated with abnormalities in
the metabolic, cardiac and respiratory system. Therefore, this is high
time to acknowledge VDD as a potential threat to the well-being of
future generations.

5. Requirement of vit-D and recommended nutrient intake for
children

Insufficiency of vit-D in children can lead to growth failure and
rickets. The recommended daily intake of vit-D in infants, children, and
adolescents is set to 400 IU by the American Academy of Pediatrics
(AAP) [62], Giving 800 IU of vit-D per day to dark-skinned infants and
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children who live at higher altitudes is suggested. It is visible that the
recommended daily intake of vit-D is not following as expected from
most populations. Therefore, an unresolved question is raised: what dose
of vit-D should be required in obese subjects to replete vit-D stores and
maintain usual 25(OH)D levels after repletion. A randomized study of
seven doses of vit-D3 (from 400 IU/d to 4800 IU/d) showed how the
response to vit-D supplementations was dependent on body size. After
vit-D supplementation to obese and non-obese participants, this study
showed that all obese women reached adequate levels of serum 25(0OH)
D, but women with BMI < 25 kg/m2 reached much higher levels of 25
(OH)D with the same dose. This indicates that one particular vit-D dose
is not effective for all subjects with different BMI. The dose depends on
the threshold of vit-D to be achieved and body size [62-66]. Therefore,
Endocrine Society guidelines suggest taking two to three times more
vit-D in obese people for their age group to satisfy their body’s vit-D
requirement [27]. The dose of vit-D needed to suppress PTH or even
the dose required to affect comorbidities associated with obesity is un-
certain. Many studies suggested that, in an insufficient vit-D level, a
higher dose will be needed to obtain vit-D sufficiency and PTH sup-
pression [67].

Sources of vit-D include its synthesis in the skin from direct sunlight
exposures, which can be affected by the skin color, season, and latitude
of residence of the subjects or dietary supplements [27,68-71]. Hence,
recommended dietary allowance (RDA) for vit-D is insufficient for
children who reside in higher altitudes during winter [72]. Giving 800
IU of vit-D per day to dark-skinned infants and children who live at
higher altitudes is suggested. The infant formulas’ recommendation is to
contain 40-100 IU of vit-D per 100 kcal of formula. Moreover, vit-D
deficient infants and children can be treated with 1000-5000 IU/day
of vit-D [73].

Besides dietary intakes and supplements, food fortification and bio-
fortification strategies will add value to fulfill the RDA [74]. However,
quality control of fortified food such as milk and cereals are necessary.
Otherwise, it is challenging to meet the vit-D recommendations [75]. It
is evident that the daily intake of vit-D for some children is different
from others and requires different serum concentrations of 25-hydroxy-
vitamin D for optimal calcium absorption. Therefore, vit- D intakes and
requirements need to be developed for diverse children’s populations in
the long run.

The standard recommendation for vit-D intake has varied over the
last two decades due to age groups, body mass index (BMI), ethnicity,
and regional altitudes. AAP first recommended at least 10 pg/ day vit- D
for children of all age groups in 2008 [76]. Later, in 2010 Institute of
Medicine (IOM) set the lower limit of 15 pg/ day vit- D for children older
than one year [25]. The European Food Safety Authority recommended
the upper limit of vit-D intake of 25 pg/day for infants, 50 pg/day for
children 1-10 years, and 100 pg/ day for children 11-17 years [77].
Moreover, the vit-D supplement has been recommended for pregnant
women and infants, and it has been more emphasized in recent years in
Europe, specifically in Germany. However, they needed to decrease the
recommendation for the older children and adolescents due to the un-
certainty of the vit-D status found in randomized controlled trials [78,

Table 1
Summary of the prevalence of vit-D deficiency/insufficiency in children globally.
Prevalence of vit- Country (Year) References
D deficiency/
insufficiency in
children (%)
> 90% Germany(2011), Iran(2016), Canada(2010), Afghanistan (2022), Pakistan(2022) [43-45,48]
60-90% Greece(2021), Sweden(2017), US-African-American children (2013), Spain(2020), India(2022), South Asia(2022) [22,40,
46-48,50]
30-60% Turkey(2016), Egypt (2021), US-White-Latino(2013), Saudi Arabia(2017), Spain(2021), Bangladesh(2022), Nepal(2022), Hangzhou(2018) [22,40,41,
46-48,
50-52]
< 30% Denmark(2018), Srilanka(2022) [42,48]
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79]. Even after all these recommendations, infants and children in
France, the USA, and the UK could not fulfill the vit-D requirements
completely. The reasons were reported for taking vit-D from food
sources, discontinuation of supplements, and lack of parental education
about the child’s need for vit-D. Though the recommended dose of vit-D
is way far lower than the dose of intoxication, some cases were reported
causing vit-D toxicity at the dose of 6000-112,500 pg due to misad-
ministration or accidental ingestion, and another case reported vit-D
intoxication of a seven-month-old taking 35-40 pg/day [80]. Hence,
parenteral education on dose administration is essential to avoid the risk
of overdose. However, considering the potential benefits and low risks of
vit-D supplementation, a 10-50 pg /day dose has been recommended to
be safe for toddlers, children, and adolescents [81].

The above discussion addresses the non-uniformities in the guideline
for the recommended doses of vit-D worldwide due to variables like
ethnicity, BMI and geographical conditions. Thus, current researchers in
this particular area of interest may focus on establishing a global stan-
dard for the recommended dose of vit-D, considering all the existing
variability factors.

6. Interrelationship between vit-D levels and obesity

Many studies have shown that low serum 25(OH)D levels may lead to
obesity (body mass index (BMI) > 30 kg/rnz) [82,83]. After adjusting
for age, sex, laboratory batch, and month of measurement, the study
showed that each unit increase in BMI is associated with a 1.15% lower
concentration of 25(OH)D [84]. The mechanism of low vit-D concen-
tration in obesity is yet to be established, and no single straightforward
tool is there by which this consequence could be explained. Several
hypotheses behind the mechanism of hypovitaminosis D in obesity have
been reported to date. Since vit-D is lipid-soluble, one theory is that the
high content of body fat acts as a reservoir for it and increases its
sequestration, thus, causing its low bioavailability [85]. Another study
showed that fat content is inversely related to serum 25(OH)D concen-
tration which is more robust than the relationship between 25(OH)D
and BMI [84].

In obese people, lean body mass also increases with fat mass as an
adaptative response to greater body weight. From animal studies, it has
been shown that muscle could be another reservoir of vit-D in humans
because fat and muscle store 33% and 20% of vit-D, respectively [86].
Other educated guesses demonstrated that obesity is associated with
decreased sunlight exposure, limited outdoor activity, or clothing
restricting cutaneous vit-D synthesis [87]. One hypothesis is that in
obese people, the synthesis of vit-D by the liver may occur at a lower rate
due to hepatic steatosis [88]. Another alternative hypothesis explained
that when adipose tissue secretes higher levels of leptin and interleukin
6 (IL-6) in blood circulation, they may have inhibitory effects on vit-D
synthesis via their receptors [89].

There is a relationship of vit-D with BMI, body size and fat mass. It is
evident that endocrine organ-adipose tissue, the main lipid storage
depot in the body, secretes various bioactive factors called adipokines
[90]. Adipose tissues, derived from different cell lineages are involved in
different functions such as white fat stores energy, and brown fat dis-
perses it by utilizing lipids as fuel for thermogenesis. Because of the
plastic nature of fat cells, they can expand rapidly in size and number. In
obesity, adipocytes increase with high macrophage infiltration and a
switch towards the pro-inflammatory phenotype [90,91]. Impairment of
addition and differentiation of new adipocytes in individuals occurs
with hypertrophic adipose tissue [91]. Differentiation into adipocytes is
the crucial transcription factor like the nuclear receptor peroxisome
proliferator-activated receptor y (PPARy) and the CCAAT
enhancer-binding proteins (or C/EBPs) [92]. Moreover, from different
studies, it has been proved that the function of adipose tissue largely
depends on the function of vit-D [93].

A retrospective cross-sectional study on 229 children (3-18 years)
with obesity showed a high prevalence of VDD in them. The analysis
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revealed that lower levels of vit-D were associated with higher BMI and
fat mass. Moreover, a significantly lower level of 25(OH)D was seen in
those who had elevated blood pressure [94]. The relationship between
vit-D status with obesity and diabetes mellitus was explored in 117
patients in Pakistan. The study showed a statistically significant differ-
ence in vit-D status in diabetic versus nondiabetic patients. The BMI was
also inversely related to the low level of vit-D [95]. Another investiga-
tion on 1660 nine-year-old Korean children resulted in similar output
demonstrating low vit-D levels to be associated with obesity and meta-
bolic syndrome [96]. Thomas et al. studied the relationship between
parathyroid hormone (PTH) and vit-D in 133 obese children before and
after weight loss. He found increasing PTH and decreasing vit-D levels
relative to their weight status and this relation went back to normal after
weight loss [97]. In North America, 217 children (2-18 years) from a
weight management clinic participated in a retrospective study to re-
view their cardio-metabolic, liver, and mental health and vit-D status in
relation to obesity. They found that obese children had a high preva-
lence of vit-D deficiency along with an increased risk for hypertension,
insulin resistance, and central obesity [98]. To evaluate the relation
between vit-D and BMI, Konradsen et al. conducted a cross-sectional
study on 2187 subjects divided according to BMI into five groups
(<25, 25-29.9, 30-34.9, 35-39.9, and >39.9 kg/mz). With the
increasing BMI groups, there was a significant decrease in the serum
25-OH-vit D and 1,25-vit D. It was seen that the highest BMI groups
(>39.9 kg/mz) have 24% lower serum 25-OH-vit D levels and 18%
lower 1,25-vit D levels than the lowest BMI group (< 25 kg/mz). The
investigation shows that vit-D level in serum is inversely related to the
BMI status [99]. Henceforth, most studies on vit-D and fat tissue meta-
bolism indicated a negative trend in their relationship, supported by
cross-sectional studies on multinational children worldwide.

7. Mechanism of action of vit-D in obesity

The expression of the VDR, 25-hydroxyvitamin D la-hydroxylase
(CYP27B1) genes, and the 24-hydroxylase enzyme have been identified
in human adipocytes [100]. Some experimental data suggests that vit-D
stimulates adiposity, leading to increased PTH, promoting calcium
influx into adipocytes, and enhancing lipogenesis [101]. Adipocytes
express 1[J-hydroxylase and 24-hydroxylase enzymes which are
responsible for the activation and deactivation of 25-hydroxyvitamin D
(25(0OH)D). Obesity might alter the activity of these enzymes which
causes a reduction in serum 25(OH)D level [102]. Additionally, 1,
25-hydroxyvitamin D modulates adipogenesis through VDR-dependent
inhibition of PPAR [103]. It has been suggested that parathyroid hor-
mone (PTH) is suppressed at a lower serum 25(OH)D in obese women
compared to the entire population [104]. There may be a different
set-point for the calcium PTH relationship in the obese, as demonstrated
in a calcium-citrate clamp that showed an exaggerated PTH response to
hypocalcemia compared to normal subjects [105].

Comparing in vitro study with in vivo study, a question has arisen as
to whether hypovitaminosis D may contribute to obesity or inhibit
weight loss in vivo because of the complex biochemical interactions of
adipose tissue with vit-D in vitro. Moreover, few studies showed that vit-
D, with or without calcium, does not affect weight when 25(OH)D level
was less than 50 nmol/L; however, it was not observed when 25(OH)D
was above this threshold [102,104,106,107].

VDR genes are found in many target tissues for which the serum 25
(OH)D is distributed into fat, muscle, and many other tissues [108]. In
terms of volumetric dilution of 25(OH)D, all these tissue compartments
are increased in obesity. Though obese people receive similar sun
exposure to normal-weight people and synthesize the same amount of
vit-D the distribution occurs into a larger volume resulting in lower
serum 25(0OH)D. A similar difference was seen in case the of oral vit-D
supplementation in obese and normal-weight people [65]. Thus, the
mechanism of the lower level of 25(OH)D can be explained due to the
larger tissue volume in obese people compared to normal-weight people.
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Fig. 3. Mechanism of vit-D in obesity. Obesity causes low levels of 25(OH)D due to alteration in protein binding, faster metabolic clearance, altered enzyme activity
and larger volumetric distribution of vit-D in serum,fat, muscle, and all other types of tissues.

Fig. 3 shows the mechanism of vit-D in obesity.

Obesity might be responsible for the alteration of the protein binding
and faster metabolic clearance of 25(OH)D which causes the lowering of
the serum 25(0OH)D level. The experimental evidence showed that in
obese people dose-response curve of vit-D is BMI dependent and
consistent with volumetric dilution. The data suggest that the dose and
the body size with ~2.5 IU/kg are required for every unit increment in
25(0OH)D (nanograms per milliliter). The aforementioned mechanism
suggests that obesity management and treatment may contribute
significantly to overcoming VDD-induced disorders in children.

8. VDR and its importance in the vit-D function

VDR is a member of a nuclear receptor superfamily, ubiquitous and
very abundant in the organs [109,110]. VDR has a role in calcium
metabolism, absorption of calcium and phosphate, and synthesis of
calcitriol (1,25 (OH)s-vit-D3 or 1,25D) through the PTH. It also plays a
vital role in the fibroblast growth factor 23 (FGF-23)/Klotho complex
formation, bone turnover and mineralization, cell proliferation, and
differentiation [109,111]. In the body, actions of both vit-D and syn-
thetic analogs are mediated via their binding to the VDR. In case of
disease or injury, vit-D and any of its metabolites play a compensatory
mechanism [109]. Apart from calcium metabolism, the other effects of
VDR ligands include antiproliferative, differentiation-inducing, and
immunomodulatory effects. There are already VDR agonist drugs used
for the treatment of psoriasis (calcipotriol, tacalcitol) with limited sys-
temic absorption, and the use of VDR ligands have been suggested for
the treatment of inflammatory diseases (Rheumatoid arthritis, psoriatic
arthritis), dermatological conditions (Psoriasis, photoaging), osteopo-
rosis, breast or prostate cancer and autoimmune disorders [112] (Fig. 4).

Vit-D exerts most of its biological actions through the nuclear VDR-
mediated control of target genes. It acts as a ligand-inducible tran-
scription factor and forms coactivator complexes proven to be essential
for its function [111]. Fig. 4 shows the mechanism of biological action
mediated by vit-D. In brief, the hormonal form of vit-D acts as a ligand
for VDR. The activated VDR initiates target gene expression at the
transcriptional level [113,114]. VDR forms homodimers or hetero-
dimers with three retinoid X receptors (RXRa, RXRf, RXRy). Binding
with specific enhancer elements, the VDR homodimer or VDR-RXR
heterodimer produces vit-D response elements (VDREs) for 1,25
(OH),D3 induced transactivation [115]. The coactivators that interact
with VDR are essential for forming the initial transcription complex with
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Fig. 4. The hormonal form of vitamin D acts as a ligand for the vitamin D
receptor (VDR). The activated VDR forms homodimers or heterodimers with
one of three retinoid X receptors (RXRa, RXRp, RXRy) and after binding with
specific enhancer elements, the VDR homodimer or VDR-RXR heterodimer
produces vitamin D response elements (VDREs) for 1a,25(0H),D3 induced
transactivation. The produced coactivators like SRA, CBP and SRA protein
family that interact with VDR are essential for the formation of the initial
transcription complex with RNA polymerase II.

RNA polymerase II [116]. They include the SRC-1/TIF2 160 kDa protein
family, CBP/p300 protein family, SRA (an RNA coactivator), and these
coactivators modulate chromatin structure to activate gene expression
[117,118]. Recent findings showed that histone acetylases (HATS) like
coactivators are speculated to form a DRIP/TRAP complex (which are
ligand-dependent transcription activators of VDR and thyroid receptors
(TR), respectively), which has no HAT activity [116,119,120]. However,
corepressors; silencing mediator for retinoid and thyroid (SMRT), and
nuclear receptor corepressor (NCoR) have been found to correlate with
ligand-unbound TR, and all the trans-retinoic acid receptors (RAR) block
their ligand-induced transactivation functions [117,121]. It is essential
to highlight that these corepressors appear not to interact with ligand
unbound VDR [114].

Unexpectedly, vit-D deficiency or VDR null mutant does not show
lethality at the beginning. However, in the long run, this may lead to
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severe diseases such as rickets with hypocalcemia, hypophosphatemia,
and elevated serum levels of alkaline phosphatase (ALP). During the
process of embryogenesis, there was no divergence among the VDR null
mutant knock-out (KO) mice according to the heterozygous growth rate
or behavior. Those mice look as usual after birth up to weaning, and the
growth retardation and impaired bone formation were observed three
weeks after their birth. Eventually, most of the mice died because of
unknown causes. Moreover, typical features of rickets, such as alopecia
and poor whiskers, were developed by the VDR null mutant mice within
seven weeks. Most strikingly, in vivo studies showed that the numbers of
osteoclasts do not occur by VDR inactivation [122,123]. In vitro studies
proved that vit-D is the most potent inducer of osteoclast differentiation
from precursor cells in the spleen [122,123]. Moreover, vit-D acts as a
chondrocyte in bone, whereas the mineralization to form bone is an
indirect effect of vit-D receptor-mediated through serum minerals.
Therefore, the findings of all these studies establish that most vit-D ac-
tions are mediated through VDR.

9. Genes involved in the synthesis and metabolism of vit-D
9.1. Vit-D synthesis genes

Two essential genes are involved in the synthesis of vit-D3 (chole-
calciferol) from 7-dehydrocholesterol (7-DHC) and are identified as 7-
dehydrocholesterol reductase (DHCR7) and cytochrome P450 family 2
subfamily R member 1 / 25-hydroxylase (CYP2R1). DHCR? is located on
chromosome 11q13.4 and is encoded by the DHCR7 gene. 7-hydroxy-
cholesterol (7-DHC) is the substrate for DHCR7 and a precursor of vit-
D (D3). The principal function of DHCR7 is the conversion of 7-DHC
to cholesterol and the synthesis of vit-D by DHCR?7 in the skin, which
is facilitated by UVB [124]. On the other hand, CYP2R1 is located on
chromosome 11q15.2. CYP2R1 encodes the 25-hydroxylase enzyme in
the liver, and this enzyme is responsible for the conversion of D3 to [25
(OH)D] which is the primary circulating form of vit-D [125].

Vit-D2 (ergocalciferol) is gained from plant sources (mushrooms and
yeast), while vit-D3 (cholecalciferol) is derived from animal sources
(milk, fish, eggs etc.). The existence of a double bond between C22 and
C23, and a methyl group side chain at C24 makes the structure of vit-D2
(ergocalciferol) slightly different from vit-D3 (cholecalciferol) which
lowers its affinity for vit-D binding proteins. Therefore vit-D2 clearance
is faster than vit-D3. Consequently, vit-D2 is not capable of increasing 25
(OH)D levels in blood compared to D3 unless given daily [126].

9.2. Vit-D metabolism genes

Vit-D is metabolized in three steps (25-hydroxylation, 1a-hydroxyl-
ation, and 24-hydroxylation) carried out by different cytochrome P450
enzymes. Cytochrome P450 enzymes are mixed-function oxidases
(CYPs), and CYP2R1, CYP27B1, and CYP24A1 are three key genes for
the metabolism of vit-D. Among these three, however, CYP2R1 plays the
most crucial role in vit-D metabolism. These essential genes are dis-
cussed below, along with a few others.

9.3. Role of most remarkable genes in 25-hydroxylation of vit-D

CYP2R1, which was first identified in the microsomal fraction of
mouse liver [127], has the most crucial role in 25-hydroxylating D2 and
D3 with equivalent kinetics converting them to 25(0OH)D, which is
circulating in plasma. Although this enzyme is mainly expressed in the
liver, it is also expressed in the testes. CYP2R1 is stored in the endo-
plasmic reticulum. This enzyme is also expressed both in visceral adi-
pose tissue (VAT) and subcutaneous adipose tissue (SAT) [125].
CYP27A1 is another vital enzyme that plays a significant role in
metabolizing vit- D [128]. It is the only mitochondrial 25-hydroxylase
enzyme and is expressed in SAT and VAT all over the body. Some
other 25-hydroxylation enzymes include CYP3A4, CYP2J2, CYP2D25
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and CY2C11. CYP3A4, expressed in the liver and intestine, is a major
drug-metabolizing enzyme [129,130]. It has a preference to hydroxylate
1aOHD over 25(OH)D. Alternatively, CYP2J2, located primarily in the
heart, has decreased 25-hydroxylase activity [131]. However, its
CYP2J3 homolog, expressed in the rat liver, has much better 25-hydrox-
ylase properties. CYP2D25, initially isolated from pig liver and kidney, is
also a 25-hydroxylase enzyme [132]. CYP2D25 found in the human
body does not have a significant role in 25-hydroxylation [133].
CYP2C11, on the other hand, is expressed in the liver of male rats. This
enzyme has a 25-hydroxylase activity for both Vit-D3 and Vit-D2 and the
1aOHD analogs, besides having 25-hydroxylase activity for testosterone
[134] (Fig. 5).

9.4. Role of the vital genes in 1a-hydroxylation of vit-D

CYP27B1 is the recognized enzyme with 1a-hydroxylase activity for
25-hydroxyvitamin D3 [135]. Regulation of CYP27B1 can be both renal
and extrarenal. However, extrarenal regulation of CYP27B1 differs from
renal CYP27B1 regulation [136]. Regulation of 1a-hydroxylase is tightly
controlled by parathyroid hormone (PTH), fibroblast growth factor 23
(FGF23), and 1,25(0H)2D itself. PTH stimulates the expression of
CYP27B1 while fibroblast growth factor 23 (FGF23) and 1,25(0OH)2D
inhibits CYP27B1 in kidney cells. Elevated calcium and phosphate ions
can indirectly inhibit CYP27B1 by suppressing PTH and stimulating
FGF23 subsequently. 1,25(OH)2D also functions similarly, limiting
CYP27B1 activity by inhibiting PTH and increasing FGF23 production as
well as reducing 1,25(OH)2D levels by inducing the catalytic enzyme
CYP24A1. 1,25(0OH)2D3 also directly inhibits CYP27B1 expression in
the kidney through a complex mechanism involving VDR and a vit-D
inhibitory receptor (VDIR) that brings both histone deacetylases
(HDACs) and DNA methyltransferases to the promoter of CYP27B1
inhibiting its transcription.

Tumor necrosis factor-a (TNF-a) and interferon g (IFN-g) are potent
inducers of CYP27B1 activity in the keratinocyte [137,138]. IFN and
other cytokines including TNF, interleukin-1 (IL-1), and IL-2 have
stimulating effects on the production of 1,25(0OH)2D through JAK/-
STAT, p38 MAPK, and NFkB pathways [139-141].

9.5. Role of CYP24A1 in 24-hydroxylation of vit-D

The component of cytochrome P450, CYP24A1 catalyzes the con-
version of both 25-(OH) D3 and 1,25-(OH)2D3 into 24-hydroxylated
products, which further helps to degrade the vitamin D molecule
[142]. CYP24Al, the only 24-hydroxylase reported having had both
24-hydroxylase and 23-hydroxylase activities in vit-D metabolism [143,
144]. However, the ratio between these activities is species-dependent
[142]. Both 23-hydroxylase and 24-hydroxylase activities can be
observed in humans [145]. Mutation of ala 326 to gly 326 in the human
CYP24A1 shifts the profile from favoring 24-hydroxylation to 23-hy-
droxylation [146].

Regulation of CYP24A1 can be related to CYP27B1, especially in the
kidney. The expression of CYP24A1 is strongly induced by 1,25(0H)2D,
which can also serve as a marker of 1,25(OH)2D response. 50-70 kb
downstream of the human CYP24A1 gene binds with H4 acetylases and
RNA polymerase II. This complex is a mediator in 1,25(0OH)2D induction
of CYP24A1 [147].

PTH can partially inhibit the induction of CYP24A1 by 1,25(0OH)2D
by the deterioration of the CYP24A1 mRNA through the cAMP/PKA
pathway [148,149]. However, induction of CYP24Al is carried out
through the same path in osteoblasts by PTH, which suggests that
metabolizing enzymes of vit-D might be cell-specific. Although the
mechanism is not well defined, CYP24A1 expression in the kidney can
be elevated by FGF23 [150]. Some malignancies can also increase
CYP24A1 expression [151].
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Fig. 5. Role of most remarkable genes in 25-hydroxylation of vit-D metabolism. Vit-D is metabolized in three steps (25-hydroxylation, 1a-hydroxylation and 24-hydrox-
ylation) carried out by different cytochrome P450 enzymes. Cytochrome P450 enzymes are mixed-function oxidases (CYPs), and CYP2R1, CYP27B1 and CYP24A1 are
three key genes for the metabolism of vit-D. Among these three, however, CYP2R1 plays the most crucial role in vit-D metabolism.

9.6. Role of CYP11A1 in 20-hydroxylation of vit-D

This enzyme carries out 20-hydroxylation of vit-D, especially in
keratinocytes. This process serves as an alternate pathway for the
metabolism of vit-D. This enzyme also can cleave side chains which is
essential for steroidogenesis [152]. It is important to note that it pro-
duces 20(0OH)D3, 20,23(0OH)2D3, 20,22(0H)2D3, 17,20(0H)2D3, and
17,20,23(0OH)3D3 metabolites but does not act on 25(0OH)D3 [153].

9.7. Role of 3-epimerase in the isomerization of vit-D

Isomerization of vit-D by 3-epimerase was identified in keratino-
cytes, colon cancer cells (Caco2), parathyroid cells, osteoblasts, and
hepatocyte-derived cells (HepG2), but not in kidney cells [126,154].
This gene carries out the isomerization of the C-3 hydroxyl group by
changing the A ring from o to § orientation, producing 3-epi-25-hydrox-
yvitamin D3 (3-epi-25(OH)D3), which is the most abundant form in
all-natural vit-D metabolites [154]. However, it is unclear whether this
one product is involved since this gene has not been purified or
sequenced yet. Interestingly, this process does not restrict CYP24A1 and
CYP27B1 in any way [126].

9.8. Role of DBP/GC in the transportation of vit-D

Group-specific component globulin (GC) or vitamin D binding pro-
tein (DBD) is a protein that can bind with vit- D and transport it to the
target site [155]. A study has been conducted to find out the association
between GC genetic variants and serum 25-OHD3 levels. They have
found a significant correlation among Chinese Han ethnic groups [156].
On the other hand, DBD transports circulating vit-min D metabolites,
which is an essential physiological function [157].

10. Polymorphism of vit-D receptor gene and its consequences

Biological functions of vit-D are mediated through a high-affinity
VDR acting as a ligand-activated transcription factor. VDR controls
gene transcription via ligand binding, heterodimerization with retinoid
X receptor (RXR), binding of the heterodimer to vit-D response elements
(VDREs), and recruitment of other nuclear proteins into the transcrip-
tional preinitiation complex. Therefore, genetic alterations in the VDR

gene could direct to crucial defects in gene activation and affect cell
proliferation, differentiation, calcium metabolism, immune function,
etc. [158].

The VDR gene is located on chromosome 12q12-q14 and consists of
eleven exons. The 5 non-coding end of the gene consists of regions of
exons la, 1b, and 1c [124,159]. The VDR protein is encoded by exons II
to IX, with exons VII to IX involved in the binding of VDR to its ligand
vit-D [160]. The polymorphisms in the VDR gene are more subtle
sequence variations that have been reported to occur more frequently
and alter the function of vit-D to varying rates and extents [158]. For
instance, alterations in the intron region (non-coding parts of the gene)
can affect gene expression along with the stability of mRNA and protein
translation efficiency [161,162]. Conversely, alterations in the exonic
segment of the DNA can introduce variations in the protein sequence
[158]. Synonymous polymorphisms of the VDR gene also occur due to
alterations in exonic sequences of the DNA, which do not change protein
structure but create or abolish sites for restriction enzymes to cut the
DNA. These polymorphisms are termed restriction fragment length
polymorphisms (RFLPs) because digestion with the enzyme produces
DNA fragments of a different length which can be detected by electro-
phoresis [158].

The discovery of genetic variants linked with the susceptibility of
diseases can be the key to advances in preventive medicine. VDR gene is
highly polymorphic with many single nucleotide polymorphisms
(SNPs). To date above 200 polymorphisms of the VDR gene have been
identified and the most vital polymorphisms have been recognized as
Bsml (G>A, rs1544410), Apal (C>A, rs7975232), Taql (T > C,
1s731236), FokI (C>T, rs10735810) [166]. All these polymorphisms are
mainly RFLPs. The other major types of VDR gene polymorphisms have
been detected as Tru9l (G>A, rs757343), and EcoRV. Apal, Bsml, and
Taql polymorphisms can change the binding pattern of VDR with vit-D
or its analogs and related signaling pathways [158,160]. FokI and
Cdx2 polymorphisms are also reported to alter some physiological
functions of vit-D [124]. All these SNPs have been reported to be asso-
ciated with the increased risk of developing obesity and other metabolic
diseases, rickets, osteoarthritis, nephrolithiasis, cardiovascular diseases,
cancers, etc. [158] (Fig. 6).

To explore the connection between VDR gene polymorphism with
obesity and inflammasome activity in Saudi individuals, three allelic
variations of the VDR gene such as Bsml, Apal, and Taql were examined,
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Fig. 6. Consequences of VDR gene polymorphisms. All the SNPs have been
reported to increase the risk of developing obesity and other metabolic diseases,
rickets, osteoarthritis, nephrolithiasis, cardiovascular diseases, cancers, etc.

and the findings suggested that TaqI (G) and Bsml (T) minor allele were
more frequent in obese individuals than the non-obese subjects. GTA
haplotypes were positively associated with obesity and higher BMI as
well as with a reduced VDR expression, higher production of pro-
inflammatory cytokines, and up-regulation of inflammasome compo-
nents. A significant correlation between VDR gene polymorphisms (Fokl,
Bsml, Taql, and Apal) and urinary tract infection in Iranian children has
been reported where the frequency of Bb, bb, Aa, and aa genotypes and
the b and a alleles were significantly higher in the case group compared
to the healthy group (P < 0.005). That indicated a strong correlation of
Apal and BsmI SNPs of the VDR gene with UTI in Iranian children [163].

A study was conducted on Nigerian children with rickets to deter-
mine whether VDR polymorphism contributes to rickets and the findings
demonstrated that the ff genotype in rachitic children was less compared
to the community group and the FF genotype was comparatively
increased with a 17% f allele increase in rachitic children and a 26% f
allele increase in community children [164]. A significant link between
FokI polymorphism and low bone mass has been observed in Japanese
women, pre-and post-menopausal American women, osteoporosis in
postmenopausal Iranian women. In addition, Caucasian postmenopausal
osteoporotic women who were at risk of bone mineral density (BMD) in
the femoral neck were reported to carry the Apal aa allele whereas
women with the low femoral neck carried the FokI Ff allele. This in-
dicates different impacts of different VDR gene polymorphisms on
osteoporosis risk and BMD in postmenopausal women [165].

An association of a wide variety of physiological and pathological
phenotypes such as changes in body weight, insulin sensitivity, and
susceptibility to type 1 or type 2 diabetes in many populations with
frequent polymorphisms of the VDR gene has been reported [166]. VDR
gene allelic variations have been reported to impact insulin secretion
and thus, four SNPs; Bsml, Apal, Tru9l, and Taql of the VDR gene were
examined in French subjects with T2DM. The results of the study
concluded that patients with early-onset T2DM are susceptible to VDR
gene polymorphisms [167]. In another study, 50 Egyptian patients with
T2DM were investigated to detect any association between VDR gene
polymorphism with T2DM, its embolic parameters, and glycemic con-
trol. Among three SNPs (Fokl, Bsml, and Taql) studied only VDR Fokl
gene polymorphism was reported to have an association with suscepti-
bility to T2DM in Egyptian patients [168].

A previous study conducted in a cohort of UK children reported that
the VDR gene particularly rs2228570 polymorphism was independently
associated with liver steatosis in children with non-alcoholic fatty liver
[169]. Since multiple sclerosis in adults is the most prevalent autoim-
mune inflammatory disorder of the CNS a study was carried out on
young Mexican adults with MS to find any association between VDR
gene polymorphisms and MS. The study findings demonstrated a posi-
tive correlation of the SNP Taql and Bsml with MS in the study
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population [170].

Accumulating research pieces of evidence demonstrated a consid-
erable association between VDR gene polymorphisms and several can-
cers such as breast, prostate, colorectal, and skin cancers. For instance,
Apal, Fokl, and Bsml SNPs of the VDR gene have been reported to be
associated with breast cancer; Taql, Fokl, and Bsml with prostate, colo-
rectal, and skin cancer [171,172].

To date, several studies have been conducted to detect the rela-
tionship of VDR gene polymorphisms with cardiovascular diseases.
However, no studies have found significant correlations between them.

11. Association of vit-D receptor gene polymorphisms and VDR
allelic variation with susceptibility to obesity in children

Obesity is a multifactorial disorder that can be characterized by
excessive adipose tissue in an individual, which increases their overall
weight. Both environmental and genetic factors influence it. Fat mass
and obesity (FTO) associated gene is upregulated in obese subjects
confirming genetic factors to be 40% of the etiology behind obesity
[161]. An increasing number of studies have uncovered the association
of VDR polymorphisms with vit-D concentrations and obesity. Candi-
date gene analysis has identified five genes, VDR, GC, CYP24Al,
CYP2R1, and CYP27B1, whereas genome-wide association studies
confirmed the interplay of common genetic variations in GC and
CYP2R1 genes [13]. Recently, a substantial upsurge can be observed in
the prevalence of obesity. Several studies have found a relationship
between obesity and VDR gene polymorphisms, especially among chil-
dren and adolescents [15,16].

Vit-D receptor gene is expressed in adipose tissue. The VDR steroid
nuclear receptor can bind with an active form of vit-D, 1,25(0H)2D3,
and its analogs and exert a series of functions [161,173]. However,
significantly elevated VDR expression can be observed in the adipose
tissue of morbidly obese individuals [174]. Vit-D/VDR signaling sup-
presses brown adipocyte differentiation and mitochondrial respiration.
VDR knockout mice expressed atrophy of the mammary adipose
compartment compared to their wild-type littermates, thus suggesting
that genetic variations in VDR may affect adiposity [16].

Vit-D has been reported to stimulate and inhibit adipogenesis in
humans [175-177]. It stimulates the gene expression of enzymes and
nuclear receptors that are involved in adipogenesis. Elevation in the
levels of fatty acid-binding protein (FABP), fatty acid synthase (FAS),
and peroxisome proliferator activator receptor (PPAR)-y are responsible
for increased adipogenesis [177]. A similar pattern of inhibitory and
stimulatory effects on adipogenesis has also been observed in in-vitro
studies [161]. VDR polymorphisms may have a crucial role in obesity
pathogenesis. More than 200 polymorphisms of the VDR gene have been
reported, and the most important of these are Apal, Bsml, Fokl, and Taql
[163]. Therefore, many studies have been conducted on different pop-
ulations, including children, concerning the association of VDR gene
polymorphisms and VDR allelic variation with susceptibility to obesity
in children (Table 2).

A study was conducted on 192 Han Chinese children in a cohort of
6-14-year-olds to identify VDR gene polymorphisms with vit-D defi-
ciency, overweight/obesity, and metabolic syndrome (MetS). Five VDR
gene single-nucleotide polymorphisms (SNPs), namely, Tagl (rs731236
T > C), Apal (rs7975232 C > A), Bsml (rs1544410 G > A), Fokl
(rs2228570 G >A), and Cdx2 (rs11568820 G > A), were genotyped and
the distributions of different genotypes and alleles were compared
among different groups. The study findings revealed that vit-D con-
centration was significantly lower in overweight/obese children while
the AA genotype of Apal SNP exhibited higher frequencies in them.
Although not statistically significant A allele was higher in the over-
weight/obese group of children than the C allele [16].

A cross-sectional study on 234 healthy girls of 7-18 years old in
South Brazil was conducted to investigate the correlation of genotype
distribution of VDR gene SNPs: Apal, Bsml, and Taql and their



R. Akter et al.

Biomedicine & Pharmacotherapy 153 (2022) 113285

Table 2
Association of VDR gene polymorphisms with childhood obesity.
Study population Sample Age group SNPs studied Results Reference
size
Han Chinese Children 192 6-14 years Taql (rs731236 T > C), Apal (rs7975232 C > Vit-D concentration was significantly lower in overweight/ [16]
(both sex) old A), Bsml (rs1544410 G > A), FokI (rs2228570 obese children while the AA genotype of Apal SNP exhibited
G >A), and Cdx2 (rs11568820 G > A), higher frequencies
South Brazilian 234 7-18 years Apal, Bsml, and Tagl and their haplotypes Association of Bsml, Apal, and Taql alongside GGT [15]
Healthy girls old haplotypes with vit-D deficiency
Brazilian prepubertal 319 - Apal, Bsml, and Taql A significant association of Bsml and Tagl SNPs with the [178]
and pubertal height in pubertal obese children
children
Brazilian 262 Mean age Apal, Bsml, Fokl, and Tagl The frequency of the TT allele of Bsml was higher in [179]
schoolchildren =87+13 overweight asthmatic children.
years
Egyptian children 110 6-16 years Fokl, Apal, and Taql A significantly lower vit-D concentration in the obese group [166]
old of children compared to the control group and a significant
difference in genotype frequencies of VDR-Taql between both
groups
Danish school school- 642 8-11-year- Eleven SNPs of the vit-D gene; VDR, CYP2R1; A link of minor allelesYP2R1 rs10500804, and of GC rs4588 [14]
going children old DHCR7/NADSYN1; GC and rs7041 with lower serum vit-D levels
Danish families with 201 4-year-old 25 SNPs including VDR gene No correlation was found between SNPs in the VDR geneand ~ [13]
their dependent and above vit-D level

children

haplotypes with vit-D levels. Findings of the study suggested an asso-
ciation of wild-type genotypes of VDR Bsml, Apal, and Taql alongside
GGT haplotypes with vit-D deficiency. The study also suggested haplo-
type Ht1 as a risk factor, and Ht7 plays a protective role towards vit-D
deficits [15]. Another study was conducted in Brazil to examine the
impact of allelic variations in the VDR gene on obesity, body height, and
glucose tolerance-related features in children and adolescents. This
study included 173 prepubertal and 146 pubertal children and three
SNPs: 157975232 (Apal), rs1544410 (Bsml), and rs731236 (Taql) were
genotyped. The finding suggested a significant correlation between Bsml
and Taql genotypes with height in pubertal children, but not in prepu-
bertal ones. Importantly the height of the homozygous carriers of the
minor allele of BsmI was 0.65 z-scores (4 cm) higher than the height of
the homozygous carriers of the major allele of BsmI SNP (0.0006).
Furthermore, an association of the minor alleles of Taql and Bsml with
the increased height in obese children was confirmed by the haplotype
analysis [178]. Additionally, a cross-sectional study was conducted to
evaluate the association of nutritional status of vit-D and the frequency
of VDR gene polymorphisms with overweight and asthma in Brazilian
schoolchildren. A total of 262 schoolchildren with a mean age of 8.7
+ 1.3 years were included in the study and four SNPs; Apal, Bsml, Taq]l,
and FokI were identified, and genotypes, alleles, and haplotypes were
calculated. The study findings demonstrated the TT allele of the Bsml as
arisk factor for overweight asthmatic children since the frequency of the
TT allele of the Bsml was higher in overweight asthmatic children
compared to the asthmatic eutrophic children and control group [179].
To assess the genetic contribution of VDR gene polymorphisms to the
pathogenesis of obesity in 110 Egyptian children 6-16 years old, three
SNPs of the VDR gene; Fokl, Apal, and Tagl, were genotyped using the
RFLP technique. This research showed a significantly lower vit-D con-
centration in the obese group of children compared to the control group
and a significant difference in genotype frequencies of VDR-Taql be-
tween both groups. The “t” allele distribution in obese children was
significantly higher (p = 0.003) than in the control group [166].
Associations of VDR gene polymorphisms (SNPs) with serum vit-D
levels were investigated in a longitudinal survey of 8-11-year-old
Danish school school-going children. In this study, eleven SNPs of the
vit-D gene; namely VDR, cytochrome P450 subfamily IIR1 (CYP2R1); 7-
dehydrocholesterol reductase/nicotinamide adenine dinucleotide
synthetase-1 (DHCR7/ NADSYN1); and group-specific complement (GC)
were genotyped for 642 children [14]. The findings revealed the link of
minor allelesYP2R1 rs10500804, and of GC rs4588 and rs7041 with
lower serum vit-D levels. In contrast, minor allele homozygosity of
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rs10741657 and rs1562902 in CYP2R1 was correlated with a higher
level of vit-D [14].

Nissen et. al. investigated and analyzed the association of vit-D
related polymorphisms with serum vit-D levels where 25 SNPs in the
VDR gene including others, were genotyped in 201 Danish families with
their dependent children. Although four SNPs in CYP2R1 and six SNPs in
GC were significantly associated with serum vit-D concentration in
children, no correlation was found between SNPs in the VDR gene and
vit-D level [13].

Although a few studies have been conducted to investigate the as-
sociation of VDR gene polymorphisms and their allelic variations with
obesity, most studies identified a positive correlation of these parame-
ters with susceptibility to obesity in children.

12. The interplay between vit-D and VDR polymorphism and its
contribution to obesity in children

The current increase in obesity in children makes a worldwide
concern [180]. This rise is because childhood obesity may trigger
metabolic syndromes such as hypertension, dyslipidemia, and insulin
resistance [181]. Previous studies have found an association between
vit-D deficiency and obesity. However, this relationship can be
explained by genetic analysis of vit-D-related genes and obesity patterns
[160]. The initial blood circulating form of vit-D is 25- hydroxyvitamin
D (25(0OH)D), which is converted to its biologically active format, 1,
25-dihydroxy vitamin D (1,25(OH)2D) in the body. The active form of
vit-D binds with the vit-D receptor (VDR) in tissues [182]. The location
of the VDR gene in the human body is located on chromosome 12q13.11,
and it has numerous single-nucleotide polymorphisms (SNPs). Five
variants among the SNPs, such as Taql, Apal, Bsml, Fokl and Cdx2, are
well known [160]. A recent study has found that the mentioned VDR
gene polymorphisms correlate with obesity in Han Chinese children
[16]. They proved that Apal is positively linked with obesity and FokI
polymorphisms are associated with metabolic syndrome in Chinese
children.

Another study was done in Malaysia among thirteen-year-old ado-
lescents to know the association between VDR Bsml polymorphism and
vitamin D deficiency, obesity, and insulin resistance [183]. They have
revealed that only vitamin D deficiency and insulin resistance have
significantly correlated with VDR Bsml polymorphism. An Egyptian
study examined the role of VDR polymorphisms in causing obesity in
children who were 6-16 years old [166]. They assessed that VDR-Tagql
polymorphism is a risk factor for causing obesity among the study
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samples. A Brazilian study involving 8.7 + 1.3 years old was looking for
the association of VDR polymorphism with overweight school children
[179] and showed that Bsml polymorphism is responsible for causing
Asthma in obese children.

The mechanism of action of vit-D and VDR polymorphism in obesity
is not adequately explained and clarified yet. However, vit-D deficiency
is vital in causing obesity in humans [182]. VDR is responsible for the
function of vit-D inside the body, which networks cell signaling and
affects the advancement of obesity [184]. A study conducted in mice
found that human VDR has been overexpressed in the adipocytes,
resulting in declining energy expenditure and initiation of obesity [185].
Several studies have been conducted to determine the relationship be-
tween VDR polymorphism and adulthood obesity in different
geographical locations. But a few studies investigated the role of VDR
polymorphism in obesity in children. The way vit-D and VDR poly-
morphism concurrently contribute to obesity in children is an exciting
topic in nutrition and obesity. Novel research focused on the genetic
VDR polymorphism and its impact on childhood obesity is a demand in
the community, which will augment the research for therapeutic inter-
vention to prevent the early onset of obesity in children.

13. Prevention and treatment of vit-D deficiency

When 25(0OH)D status in patients is below 20 ng/mL (50 nmol/liter),
it is called vit-D deficiency (VDD). This deficiency is a public health
concern, and treatment is necessary. If not treated, the patient can face
reduced quality of life. VDD could cause rickets, hypocalcemic convul-
sions, dental problems, general ill health, and poor growth [70,186].
The primary source of vit-D is unprotected sun exposure. But in the
absence of sun exposure, dietary sources could get an adequate amount
of vit-D [187]. The preventive strategies for VDD are supplementation
and food fortification programs [71]. Dietary sources of vit-D are scarce
and hardly consumed. Additionally, the food surveillance data from
several countries show people’s negligence to vit-D intake as recom-
mended. Therefore, the need for addressing the low dietary vit-D con-
sumption is an important concern to minimize the consequences of VDD
currently. Clinicians should consider vit-D testing more often for the
symptoms associated with VDD such as bone pain, myalgia and other
musculoskeletal symptoms which might be misdiagnosed as fibromy-
algia, chronic fatigue, age-related weakness, or even depression [188].
VDD treatment involves giving ergocalciferol or cholecalciferol [68] and
high-dose bolus therapy [69]. Several pharmacological interventions
and scientific evidence-based studies indicated that cholecalciferol ef-
ficacy is better than calciferol for the treatment of VDD clinical cases
[189]. Daily intake of 400 IU vit-D is recommended for children who are
dark-skinned, veiled, exposed to reduced sunlight, or have an underly-
ing medical condition to prevent VDD [72]. The recommended daily
vit-D intake for South Asians is 600-1000 IU for healthy adults and
800-2000 IU for high-risk individuals and older adults [73]. A nation-
wide Turkey program that decreased vit- D-deficient rickets includes
free distribution of vit-D drops to all newborns and infants (0-12
months) [76]. They implemented it by visiting health stations with the
help of primary care doctors and nurses. The health department in the
UK suggests giving vit-D supplementation to children for the first five
years of life [75]. Toxicity could occur due to excess vit-D, which
manifests in increased urinary or serum concentrations of calcium.
When the 25(OH)D is present, a high serum concentration will cause
toxic events [182]. It is also evident that there is an increased risk of falls
or fractures in those exposed to intermittent high doses of vit-D [190].
Therefore, it is wise to consider the risk/benefits ratio of vit -D
supplementation.

Recently, FDA [191] has approved five drugs to treat overweight and
obesity for long-term use. These marketed available drugs are orlistat
(C29H53NOs, Xenical, Alli), phentermine-topiramate combination
(Ca2H36N20sgS, Qsymia), naltrexone-bupropion combination
(CooH23NOy4, Contrave), liraglutide (Ci72H2e5N430s51, Saxenda), and
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semaglutide (C;g7H291N45059, Wegovy). Another drug, setmelanotide
(Imcivree) has limited use to the people who have been diagnosed with
specific genetic disorders. Fig. 7 below shows the molecular structures of
these drugs.

14. Conclusion

Sources of vit-D include photosynthesis in the skin under direct
exposure to sunlight and dietary supplements. Factors contributing to
vit-D deficiency and childhood obesity comprehend lifestyle changes
represented by physical inactivity, decreased outdoor activity, less
exposure to sunlight, unhealthy diet, living pattern, socio-economic
development, and demographic and epidemiological transition.
Several genes: GC, CYP24A1, CYP2R1, CYP27B1, and VDR, have been
found to play a vital role in the synthesis, metabolism of vit-D and in
exerting its biological effects in the body. As a molecular mechanism,
vit-D binds to VDR proteins and acts as a regulator agent in the differ-
entiation and metabolism of adipocytes. The VDR gene has been iden-
tified as highly polymorphic with many single nucleotide
polymorphisms (SNPs), recognized as Bsml, Apal, Taql, Fokl, etc. and
these SNPs can change the binding pattern of VDR with vit-D or its
analogs and related signaling pathways, thus influencing the differen-
tiation and metabolism of adipocytes. Moreover, VDR gene poly-
morphisms affect gene expression along with the stability of mRNA and
protein translation efficiency and protein sequence as well. Thus, our
extensive review suggests that lower serum vit-D levels and VDR gene
polymorphisms are associated with susceptibility to adiposity in chil-
dren and its severe consequences. Since this review has explained the
association of obesity with vit-D deficiency and VDR gene poly-
morphisms, it could help the definition of VDR fingerprints that predict
an increased risk of developing obesity and might contribute to identi-
fying novel therapeutic strategies for this metabolic condition. It will
further help create awareness among mass people regarding the psy-
chosocial and clinical consequences of vit-D deficiency and VDR gene
polymorphisms in obese children.

15. Future recommendations

Only a few studies have been conducted on the correlation of vit-D
level and VDR gene polymorphisms with obesity in children; thus, re-
searchers should conduct more research focusing on this area of research
taking into consideration of different parts of the world and ethnicity
since environmental factors and genetic factors influence vit-D levels
and obesity in children.

e Awareness creation among mass people regarding severe conse-
quences of vit-D deficiency and VDR gene polymorphisms in obese
children.

e Advising people to provide their children with a healthy lifestyle that
facilitates vit-D synthesis in the body.

e Taking immediate and proper measurements when psychosocial and
clinical manifestations of obesity in children are observed. For
instance, consultation with physicians and measurement of serum
vit-D level advised by the physicians followed by vit-D supplemen-
tation if required.
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