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Abstract

Currently and worldwide, a high prevalence of obesity, obesity-associated metabolic
dysfunction,  and vitamin  D (VD)  deficiency  occurs.  Besides  participating  in  bone
mineralization and calcium homeostasis,  VD has other major functional roles.  The
vitamin D receptor (VDR) signaling pathway is crucial for the proper functioning of
adipose  tissue  (AT).  AT  is  a  reservoir  for  VD  and  can  activate/inactivate  VD  by
hydroxylation. Subcutaneous and visceral AT (SAT, VAT) have different and prime roles
in metabolic regulation/dysfunction. A search was done on PubMed/Medline, Web of
Science, and Scopus databases using the following keywords: vitamin D, vitamin D
receptor, hydroxylases, subcutaneous adipose tissue, visceral adipose tissue, obesity,
and metabolic dysfunction. Our chapter focuses on human studies on VD status and
expression of VDR and VD activation/inactivation enzymes in SAT and VAT in an obese
environment.

Keywords: obesity, adiposity measures, visceral adipose tissue, subcutaneous adipose
tissue, vitamin D, vitamin D receptor, vitamin D hydroxylation

1. Introduction

Obesity is defined as an excess amount of body fat that may impair health [1] and has been
strongly associated with chronic low-grade or metabolic inflammation characterized by the
activation of inflammatory signaling pathways and abnormal secretion of a large set of immune
response mediators and several bioactive proteins [2, 3] known as adipokines [4] and a deficit
of mediators responsible for the resolution of this process [5]. Within the adipose tissue (AT),
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other cells are also present including preadipocytes, mast cells, and macrophages, which also
contribute to this inflammatory environment. Currently and worldwide, obesity is the fifth
greatest risk factor for mortality [6], and it is associated with vitamin D deficiency (VDD) [7].

Vitamin D (VD) is essential for the development and maintenance of bone tissue, as well as for
normal homeostasis of calcium and phosphorus [8]. Moreover, VD has other major functional
roles; it is related to differentiation, cell proliferation, and hormone secretion. It is an important
nutrient with crucial role in obesity onset (AT) and in the comorbidities associated with the
chronic inflammation [9].

An estimated 80–90% of VD from the human body originates from skin synthesis, with sunlight
activation, while the rest is supplied through supplements or food [10]. VD status is measured
by means of the plasma levels of 25-hydroxyvitamin D [25(OH)D] or calcidiol, the dominant
circulating form and the best indicator of VD status [11]. The action of 1,25(OH)2D, active form
of VD [12], is mediated through the vitamin D receptor (VDR), a member of the nuclear receptor
superfamily, which regulates the transcription of many target genes [13].

The VDR signaling pathway is crucial for the proper functioning of AT that is called an active
endocrine organ, which plays an important role in fat storage and in the production and
secretion of adipokines [14, 15]; is a reservoir for VD; and, besides, can activate/inactivate it by
hydroxylation. VD and VDR are implicated in preadipocyte differentiation into adipocytes
[16].

Major differences between subcutaneous adipose tissue (SAT) and visceral adipose tissue
(VAT) were shown in the expression of VD-metabolizing enzymes. The expression of the VDR,
25-hydroxyvitamin D 1α-hydroxylase (CYP27B1) genes, and 24-hydroxylase enzymes has
been shown in human adipocytes [17].

In line, our chapter will focus on VD status and expression of VDR and VD hydroxylase
enzymes in SAT and VAT in an obese environment.

2. Vitamin D, VDR, and hydroxylase enzymes on adipose tissue

2.1. Vitamin D

VD is a hormone mainly described for its role as a regulator of phosphate and calcium
homeostasis [18, 19], therefore playing an important part in bone metabolism, and seems to
have some anti-inflammatory and immune-modulating properties. This micronutrient can be
obtained through animal (VD3, cholecalciferol) or plant (VD2, ergocalciferol) food sources.
However, vitamin D3 is the only form that is found naturally in human subjects and other
animals. Although the main source of vitamin D3 is through endogenous synthesis in the skin,
the vitamin can also be obtained from the diet, and this is important for those who have limited
exposure to the sun [20].

VD3 is produced endogenously in the skin after UVB irradiation, between 290 and 315 nm,
present for limited number of hours also varying with respect to latitude and reason. VD3 is
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formed from the precursor 7-dehydrocholesterol to give pre-VD3 and further is released into
the circulation [21]. Vitamin D3, whether derived from sunlight or the diet, enters the circula-
tion bound to vitamin D–binding protein (DBP) and is transported to the liver. VD3 is hy-
droxylated in the liver to 25(OH)D, the major circulating vitamin D metabolite; it has a
relatively long half-life (15 days) but, however, is an inactive form. The Institute of Medicine
proposed that serum 25(OH)D concentrations below 50 nmol/l or 20 ng/ml should be consid-
ered to represent the deficiency of this nutrient [22]. 25(OH)D is then further hydroxylated by
1α-hydroxylase enzyme (gene: CYP27B1), and this occurs primarily in the kidney to produce
1,25(OH)2D, the biologically active form of VD [23, 24].

In relation of signaling of VD in AT, 25(OH)D can promote the differentiation of human adi-
pocytes, most likely via its activation to 1,25(OH)2D [25]. The local metabolism of VD in AT
may regulate the conversion of preadipocytes to adipocytes and later support the healthy
remodeling of human AT. Also, 1,25(OH)2D may promote the differentiation of human prea-
dipocytes by maintaining a high expression level of key adipogenic transcription factors, like
C/EBPα and PPARγ gene expression, the two master regulators of adipogenesis that were
increased during the late phase of differentiation [26]. Besides, 1,25-dihydroxyvitamin D
modulates adipogenesis through VDR-dependent inhibition of critical molecular compo-
nents of it such as PPARγ [27].

The emerging role of VD in immune regulation suggests that this endocrine factor can
modulate the inflammatory responses in AT. 1,25(OH)2D displayed an anti-inflammatory effect
and its ability to improve the insulin-stimulated uptake of glucose, as well as enhance and
improve the function of pancreatic β-cell [28]. To strongly support the anti-inflammatory effect
of 1,25(OH)2D in adipocytes, the improvement of pro-inflammatory status and glucose uptake
in adipocytes under 1,25(OH)2D effect suggest that low-grade inflammation could be linked
to VDD [29].

The 1,25(OH)2D significantly reduced the basal release of MCP-1, IL-8, and IL-6 from preadi-
pocytes (MCP-1 is produced by macrophages which increase further macrophage infiltration
into AT [30], and circulating levels of IL-8 are increased in obesity). It should also be pointed
out that since adipocytes store VD, adipocytes and monocytes/macrophages are able to locally
convert 25(OH)D to 1,25(OH)2D [31, 32], and the concentrations of VD within AT could be
higher than implied by the plasma levels. Vitamin D3 may protect against AT inflammation in
obesity by disrupting the deleterious cycle of macrophage recruitment [33].

Lower 25(OH)D is associated with greater regional adiposity; this is stronger in VAT than SAT
and significant across the spectrum of body size [34]. VD has been reported to act as an acute
phase reactant as a consequence of such an inflammatory response occurs in obesity, which
can suppress the concentration of 25(OH)D [35].

2.2. Vitamin D receptor

The human VDR is a 50- to 60-kDa molecule, a member of the nuclear receptor superfamily
that is the only nuclear receptor that binds to 1,25(OH)2D with high affinity and specificity.
VDR forms a heterodimer with the retinoid X receptor acting as a transcription factor that binds
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to VD response elements in the promoter region of target genes [36]. VDR expression has been
identified in most human tissues, including in osteoblasts, skin keratinocytes, macrophages,
smooth muscle, pancreatic β-cells and epithelial cells [37, 38], and it is also highly expressed
in adipocytes.

The action of 1,25(OH)2D is mediated through the VDR, which regulates the transcription of
many target genes [13]. There are more than 1000 genes that are directly or indirectly regulated
by 1,25(OH)2D and involved in various physiological processes such as cell proliferation,
differentiation, apoptosis, and angiogenesis [38].

VDR expression is increased in obese, which has more VAT than lean subjects, but the
physiological relevance of this upregulation has not yet been elucidated. VAT VDR gene
expression correlated positively with body mass index (BMI) [39]. The ubiquitous expression
of VDR may underlie the diverse effects of VD and provide a mechanistic basis for the link
between VDD and a number of disorders that are linked with obesity like certain types of
cancer, inflammatory bowel disease, cardiovascular diseases (CVD), diabetes (type 1 and type
2), and the metabolic syndrome [40–42].

Expanding to another approach, there are associations of VDR variants with the more met-
abolically active fat, VAT, which is more closely tied to the metabolic consequences of
adiposity. Association of VDR SNP rs4,328,262 with VAT supports the notion that the VDR
gene is likely to be related to the development of obesity and obesity-related outcomes [43].
Polymorphisms in the VDR gene might play a role in regulating AT activity body fatness
and susceptibility to adiposity among African Americans, albeit genetic factors that con-
tribute to adiposity are certainly more complex than to be explained totally by variations in
a single gene.

2.3. Hydroxylase enzymes

The formation, activation, and catabolism of 25(OH)D are complex processes, which involve
mitochondrial and microsomal cytochrome P450 enzymes. In humans, four cytochrome P450
enzymes, CYP2R1, CYP3A4, CYP27A1, and CYP2J2, [44–47] possess 25-hydroxylase activity,
with CYP2R1 being the most specific. Hydroxylation in the 1α-position is effected by the
mitochondrial CYP27B1. This process was classically located to the kidney, but recently,
extrarenal 1α-hydroxylase activity has been described in several other tissues [48]. 1,25(OH)2D
stimulates its own degradation by induction of the 24-hydroxylase (CYP24A1), which
catabolizes 25(OH)D and 1,25(OH)2D to calcitroic acid and other inactive metabolites [49].

2.3.1. 25-Hydroxylation

Various enzymes may be associated with the first hydroxylation of 25(OH)D, but CYP2R1
seems to be the key to this hydroxylation [50]. In humans, other cytochromes P450 such as
CYP3A4, CYP27A1, and CYP2J2 show activity of 25-hydroxylase to vitamin D molecules but
less efficient. CYP2J3, CYP2D25, and CYP2C11 also show activity of 25-hydroxylase but are
only expressed in male pigs and rats, respectively [51]. 25-Hydroxylation appears to be
functional in AT. Interestingly, in human AT, biopsies have confirmed the expression of
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CYP27A1, CYP2R1, and CYP2J2, suggesting that human AT and adipocytes are able to convert
vitamin D3 into 25(OH)D.

2.3.2. 1α-Hydroxylation

25(OH)D is then secreted into the circulation or directed to 1α-hydroxylase CYP27B1 mito-
chondria to be metabolized to 1,25(OH)2D. CYP27B1 is the key enzyme 1α-hydroxylation, and
its activity is regulated by the parathyroid hormone (PTH), fibroblast growth factor 23 (FGF23),
calcium, and phosphorus and self-regulated by 1,25(OH)2D via negative feedback mechanism
[18]. CYP27B1 mRNA, which encodes the 1α-hydroxylase that converts 25(OH)D to the
biologically active 1,25(OH)2D, was present at significant levels in SAT and VAT. This gene was
mainly expressed in the stromal vascular fraction of human AT that contains preadipocytes,
macrophages, and endothelial cells. The expression of CYP27B1 has also been detected in
adipocytes of murine [17] and human AT biopsies [52].

2.3.3. 24-Hydroxylation

Vitamin D 24-hydroxylase (CYP24A1) is responsible for the inactivation of 1,25(OH)2D. This
inactivation is self-regulated, from 1,25(OH)2D induces the expression of CYP24A1 which
converts 25(OH)D in 1,25(OH)2D within the less active metabolites (24,25(OH)2D and
1,24,25(OH)3D), which are later catabolized into inactive calcitroic acid [53]. In AT, the
expression of CYP24A1 has been detected in murine and human adipocytes. Additionally,
levels of CYP24A1 mRNA are strongly induced by incubation of 1,25(OH)2D.

The expression of 25-hydroxyvitamin D 1α-hydroxylase (CYP27B1) genes and 24-hydroxylase
enzyme has been shown in human adipocytes [17]. The CYP24 gene, which encodes the
enzyme catalyzing 1,25(OH)2D, was also found to be expressed by human adipocytes and
preadipocytes [31, 54]. Recently, a low expression of CYP27B1 gene in SAT of obese individuals
has been shown [52]; this finding corroborates the ability of AT to metabolize VD locally. One
of the main mechanisms by which this vitamin may act in human AT is via the expression of
VD-metabolizing enzymes such as 25-hydroxylase CYP2J2, CYP27B1, and CYP24 [55]. This
capacity to metabolize VD locally was demonstrated when, after weight loss in obese subjects,
plasma 25(OH)D increased and expression levels of 25-hydroxylase CYP2J2 and 1α-hydrox-
ylase CYP27B1 declined in the SAT of these subjects. So, a dynamic alteration may occur in AT
during weight loss and obesity.

In the SAT of the obese individuals have a lower expression of one of the enzymes responsible
for 25-hydroxylation of VD (CYP2J2), as well as a tendency toward a decreased expression of
the 1α-hydroxylase, 25-hydroxylation and the 1α-hydroxylation in SAT are impaired in obesity
AT expresses the enzymes for both the formation of 25(OH)D and of 1,25(OH)2D, and for
degradation of VD. To explain an altered VD metabolism in obesity, major differences between
SAT and VAT in the expression of VD-metabolizing enzymes occur with difference in spread-
ing between lean and obese subjects [52]. The expression of CYP27A1 is more pronounced in
VAT than in SAT, without differences between lean and obese women, while the expression of
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CYP2J2 is more prominent in SAT than in VAT in lean women. So, these findings lead to a
compromised of 25-hydroxylation in SAT in obese, taken by a lower expression of the CYP2J2.

3. Mechanisms suggested for VDD in obesity

Several studies have shown the relationship between obesity and inadequacy of VD [56–58].
Evidence suggests that one of the VDDs in subjects with obesity may be connected to storage
of VD in the adipocytes, reducing its bioavailability and activating the hypothalamus to
develop a cascade of reactions that result in increased feelings of hunger and decreased energy
expenditure [59]. Low serum of 25(OH)D concentrations is found to be inversely correlated
with measures of obesity, including body mass index (BMI) (≥30kg/m2), fat mass, and WC [60,
61]. A bidirectional genetic study has suggested that higher BMI chiefs to lower 25(OH)D;
each unit increase in BMI is being associated with 1.15% lower concentration of 25(OH)D,
after adjusting for age, sex, laboratory collection, and month of measurement [62]. The
relationship between obesity and 1,25(OH)2D is less clear, and this is probably due to the
dynamic nature of the production and regulation of the active hormone. However, the study
in vitro showed that 1,25(OH)2D acts as a potent inhibitor of leptin secretion in a culture of
human adipocytes [63].

Extensive evidence has demonstrated that adipocytes become enlarged and dysregulated the
following weight gain, which subsequently produces an imbalance in the inflammatory profile
of AT. So, obesity is commonly linked to an upregulation of pro-inflammatory molecules and
downregulation of anti-inflammatory molecules [64]. Individuals with both high SAT and high
VAT have an approximately threefold prevalence of VDD compared with those with both low
SAT and low VAT [34]. A predominant effect of VD on macrophages could explain the
differences observed in relations of VD response in VAT versus SAT. Is observed a greater
macrophage infiltration of VAT when compared with SAT in individuals with obesity. In
contrast, inflammatory markers in AT strongly correlate with macrophage infiltration [65], and
many metabolic differences could potentially explain the different VD-induced anti-inflam-
matory response observed between these two types of AT, including the number of cells
expressing the VDR [52]. Because ATs of obese are infiltrated with macrophages, it seems likely
that macrophages also contribute to the local activation of VD. Because SAT and BMI are closely
correlated, it is possible that most of the association between SAT and 25(OH)D is attributable
to the difference in body size that is seized by BMI. It is observed that lower 25(OH)D was
associated with greater regional adiposity.

In fact, the basis of low concentration in subjects with obesity is not totally known but could
be the result of various mechanisms. There are five suggested mechanisms that are most
commonly cited within the literature which may explain a low VD status in obesity:

• Obese individuals have reduced sun exposure compared with lean subjects.

• Low 1.25(OH)2D inhibits adipogenesis.
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• Negative feedback control.

• Vitamin D is sequestered within adipose tissue.

• Lower 25(OH)D concentration is just due to volumetric dilution.

3.1. Reduced sun exposure

Obese individuals reduce their exposure to sunlight, reportedly have a limited mobility, avoid
performing outdoor activities, and/or use clothes that cover more of the body [56], which limit
exposure to the sun and, consequently, cutaneous VD synthesis. However, in a study based on
the Framingham cohort, which evaluated the association between obesity and VD, it was
reported that after adjustments for practicing outdoor physical activities, this theory was
insufficient to explain the relationship between obesity and VDD [34]. In addition, the study
indicates that daily exposure to 0.5 standard erythemal dose (SED) between 11:00 and 13:00h,
using typical summer clothing, was not enough to achieve the state suitable of VD in the late
summer [66]. Until now, it is still unclear which VD supplementation dose corresponds to the
amount of UVB radiation exposed, in regard to efficiency to increase serum concentrations of
25(OH)D and as little establishing a standard exposure solar time daily necessary to achieve
an adequate state of VD [67].

3.2. Low 1.25(OH)2D inhibits adipogenesis

Some experimental data have suggested that VDD can favor greater adiposity by promoting
increased PTH hormone levels and greater inflow of calcium into adipocytes, so increasing
lipogenesis [68]. Evidence suggests that low 1.25(OH)2D inhibits adipogenesis through actions
modulated by vitamin D-dependent receptors [69]. Thus, depletion of vitamin D can lead to
excessive differentiation of preadipocytes to adipocytes.

3.3. Negative feedback control

Excess AT impairs the VD status from activating energy expenditure. In this mechanism, the
leptin stimulates osteocytic FGF23, inhibits renal synthesis of 1α-hydroxylase, and conse-
quently impairs the production of 1,25 (OH)2D, creating a negative feedback mechanism [70].

3.4. Sequestration in adipose tissue

Wortsman et al. [71] published the first study to provide strong convincing evidence that VD
(as a fat-soluble vitamin) may become sequestered within AT. In their study, the concentration
of circulating cholecalciferol was similar between obese and lean groups at baseline, but the
obese group had a significantly reduced response to the UVB intervention, resulting in a 57%
lower serum cholecalciferol concentration postintervention, compared with the control group
(lean). This suggested that the limitation in the obese group was the bioavailability of the
synthesized cholecalciferol in circulation [71]. This sequestration theory is probably the most
supported in the literature.
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3.5. Volumetric dilution

Most recently, Drincic et al. [72] showed that body weight and body fat are inversely correlated
with 25(OH)D levels across the spectrum of body weight ranging from normal to obese. This
inverse association is related to the greater volume of distribution for both VD3 and 25(OH)D
in tissue mass. They suggested that simple volumetric dilution is the most thrifty explanation
for the low VD status in obesity. A hyperbolic model best explains the lower 25(OH)D values
in obesity, and when serum 25(OH)D values was adjusted for body weight, difference between
obese and normal subjects disappeared. These authors went on to recommend that the VD
dosing for treatment of VDD in obesity should be based on body weight, for example, “one
size does not fit all” [72].

Overall, although these are the five most commonly suggested mechanisms, the latter two
theories have more robust evidences available. The strong evidence presented for the seques-
tration and volumetric dilution hypotheses, and more importantly, a lack of contradictory
evidence for either, suggest that they are the most probable, independently or in combination,
to explain the low VD status widely reported in obesity.

4. Conclusions

The prevalence of obesity and VDD is growing exponentially in recent decades, and several
studies have been conducted worldwide, particularly, the signs of VDR and hydroxylase
enzymes in AT (SAT and VAT). VD is a nutrient with important role in the genesis of obesity
and also in diseases associated with chronic inflammation. It features an anti-inflammatory
effect in AT, anti-adipogenic activity, exerts immunoregulatory effect, and has the capacity to
limit the expression of inflammatory markers in AT. Scientific evidences suggest that AT is a
target for VD action, as CYP27B1 and VDR genes that are expressed by adipocytes. All evidence
suggests that 25(OH)D, 1,25(OH)2D, and VDR are involved in the AT, through the endocrine
system as well as autocrine/paracrine actions of VD.

Based on news researches, there is a hypothesis that AT is not only a stock of VD but also has
a dynamic ability to activation and deactivation of this vitamin in obesity. Low VD status in
obesity may have implications for AT biology based on recent data from different research
groups which are converging to highlight the impacts of VD on AT/adipocyte biology.
Therefore, some key points have yet to be elucidated in relation to VD metabolism and its
regulation on AT, especially in obese environment.

Acknowledgements

The authors acknowledge the contribution of Coordenação de Aperfeiçoamento de Pessoal de
Nível Superior (CAPES) that provided the payment of publication this book’s chapter.

Adiposity - Omics and Molecular Understanding150



Author details

Adryana Cordeiro1,3* and Andrea Ramalho1,2,3

*Address all correspondence to: adrynutri@yahoo.com.br

1 Micronutrients Research Center (NPqM), Institute of Nutrition Josué de Castro (INJC) of the
Federal University of Rio de Janeiro (UFRJ), Rio de Janeiro, Brazil

2 Social Applied Nutrition Department, Institute of Nutrition Josué de Castro (INJC) of the
Federal University of Rio de Janeiro (UFRJ), Rio de Janeiro, Brazil

3 Medical Clinic Program, Faculty of Medicine, UFRJ, Rio de Janeiro, Brazil

References

[1] World Health Organization (WHO). Fact Sheet Obesity and Overweight [Internet]. 2013
[Updated: 2016]. Available from: http://www.who.int/mediacentre/factsheets/fs311/en/
[Accessed: July 2016.]

[2] Gregor MF, Hotamisligil GS. Inflammatory mechanisms in obesity. Annu Rev Immu-
nol. 2011;29:415–445.

[3] Olefsky JM, Glass CK. Macrophages, inflammation, and insulin resistance. Annu Rev
Physiol. 2010;72:219–246.

[4] Antuna-Puente B, Feve B, Fellahi S, Bastard JP. Adipokines: the missing link between
insulin resistance and obesity. Diabetes Metab. 2008;34:2–11.

[5] Olatz Izaola, Daniel de Luis, Ignacio Sajoux, Joan Carles Domingo y Montserrat Vidal.
Inflamation and obesity. Nutr Hosp. 2015;31(6):2352–2358.

[6] World Health Organization (WHO). Fact Sheet Obesity and Overweight [Internet]. 2013
[Updated: 2016]. Available from: http://www.who.int/mediacentre/factsheets/fs311/en/
[Accessed: May 2016]

[7] Afzal S, Brøndum-Jacobsen P, Bojesen SE, Nordestgaard BG. Vitamin D concentration,
obesity, and risk of diabetes: a Mendelian randomisation study. Lancet Diabetes
Endocrinol. 2014;2:298–306.

[8] Reid IR, Bolland MJ, Grey A. Effects of vitamin D supplements on bone mineral density:
a systematic review and meta-analysis. Lancet. 2014;383:146–155.

[9] de Souza WN, Martini LA. The role of vitamin D in obesity and inflammation at adipose
tissue. J Obes Metab Res. 2015;2:161–166.

Vitamin D Status in Obesity: Relation with Expression of Vitamin D Receptor...
http://dx.doi.org/10.5772/65929

151



[10] Holick MF. Sunlight and vitamin D for bone health and prevention of autoimmune
diseases, cancers, and cardiovascular disease. Am J Clin Nutr. 2004;80:1678s–1688s.

[11] Holick MF, Binkley NC, Bischoff-Ferrari HA, Gordon CM, Hanley DA, Heaney RP
et al. Evaluation, treatment, and prevention of vitamin D deficiency: an endocrine
society clinical practice guideline. J Clin Endocrinol Metab. 2011;96:1911–1930.

[12] Daniel D. Bikle. Vitamin D and bone. Curr Osteoporos Rep. 2012;10(2):151–159.

[13] Demay MB. Mechanism of vitamin D receptor action. Ann N Y Acad Sci. 2006;1068:204–
213.

[14] Vaidya A, Pojoga L, Underwood PC, et al. The association of plasma resistin with
dietary sodium manipulation, the renin-angiotensin-aldosterone system, and 25-
hydroxyvitamin D3 in human hypertension. Clin Endocrinol. 2011;74:294–299.

[15] Ultutas O, Taskapan H, Taskapan MT, Temel I. Vitamin D deficiency, insulin resistance,
serum adipokine and leptin levels in peritoneal dialysis patients. Int Urol Nephrol.
2013;45:879–884.

[16] Ding C, Gao D, Wilding J, et al. Vitamin D signaling in adipose tissue. Br J Nutr.
2012;108:1915–1923.

[17] Li J, Byrne ME, Chang E, Jiang Y, Donkin SS, Buhman KK, Burgess JR, Teegarden D.
1α,25-Dihydroxyvitamin D hydroxylase in adipocytes. J Steroid Biochem Molecular
Biol. 2008;112(1–3):122–126.

[18] Holick MF. Vitamin D deficiency. N Engl J Med. 2007;357:266–281.

[19] Allina Leal Bringel; Kalliasmin Francielle Sacerdote Andrade; Nadson Duarte Silva
Júnior; George Gonçalves dos Santos. Nutritional supplementation of calcium and
vitamin D for bone health and prevention of osteoporotic fractures. Revista Brasileira
de Ciências da Saúde. 2014;18(4):353–358.

[20] Fuleihan Gel-H, Bouillon R, Clarke B, Chakhtoura M, Cooper C, McClung M, Singh RJ.
Serum 25-hydroxyvitamin D levels: variability, knowledge gaps, and the concept of a
desirable range. J Bone Miner Res. 2015;30(7):1119–1133.

[21] Holick MF. Vitamin D: a D-lightful solution for health. J Invest Med. 2011;59:872–880.

[22] Ross AC, Manson JE, Abrams SA, et al. The 2011 report on dietary reference intakes for
calcium and vitamin D from the institute of medicine: what clinicians need to know. J
Clin Endocrinol Metab. 2011;96:53–58.

[23] Masuda S, Byford V, Arabian A, et al. Altered pharmacokinetics of 1alpha,25-dihy-
droxyvitamin D3 and 25-hydroxyvitamin D3 in the blood and tissues of the 25-
hydroxyvitamin D-24-hydroxylase (Cyp24a1) null mouse. Endocrinology. 2005;146:
825–834.

Adiposity - Omics and Molecular Understanding152



[24] Xu Y, Hashizume T, Shuhart MC, et al. Intestinal and hepatic CYP3A4 catalyze
hydroxylation of 1alpha,25-dihydroxyvitamin D(3): implications for drug-induced
osteomalacia. Mol Pharmacol. 2006;69:56–65.

[25] Nimitphong H, Holick MF, Fried SK, Lee MJ. 25-hydroxyvitamin D3 and 1,25-dihy-
droxyvitamin D3 promote the differentiation of human subcutaneous preadipocytes.
PLoS One. 2012;7(12):e52171.

[26] White UA, Stephens JM. Transcriptional factors that promote formation of white
adipose tissue. Mol Cell Endocrinol. 2010;318(1–2):10–14.

[27] Vinh quốc Lu’o’ng K, Hoàng Nguyễn LT. The beneficial role of vitamin D in obesity:
possible genetic and cell signaling mechanisms. Nutr J. 2013;12:89.

[28] Sung CC, Liao MT, Lu KC, Wu CC. Role of vitamin D in insulin resistance. J Biomed
Biotechnol. 2012;2012:634195.

[29] Marcotorchino J, Gouranton E, Romier B, Tourniaire F, Astier J, Malezet C, Amiot MJ,
Landrier JF. Vitamin D reduces the inflammatory response and restores glucose uptake
in adipocytes and its ability to improve the insulin-stimulated uptake of glucose. Mol
Nutr Food Res. 2012;56(12):1771–1782.

[30] Gao D, Trayhurn P, Bing C. Macrophage-secreted factors inhibit ZAG expression and
secretion by human adipocytes. Mol Cell Endocrinol. 2010;325:135–142. .

[31] Ching S, Kashinkunti S, Niehaus MD, Zinser GM. Mammary adipocytes bioactivate 25-
hydroxyvitamin D3 and signal via vitamin D3 receptor, modulating mammary epithe-
lial cell growth. J Cell Biochem. 2011;112:3393–3405.

[32] Hewison M. Antibacterial effects of vitamin D. Nat Rev Endocrinol. 2011;7:337–345.

[33] Gao D, Trayhurn P, Bing C. 1,25-dihydroxyvitamin D3 inhibits the cytokine-induced
secretion of MCP-1 and reduces monocyte recruitment by human preadipocytes. Int J
Obes (Lond). 2013;37(3):357–365.

[34] Cheng S, Massaro JM, Fox CS, et al. Adiposity, cardiometabolic risk, and vitamin D
status: the Framingham heart study. Diabetes. 2010;59:242–248.

[35] Waldron JL, Ashby HL, Cornes MP, et al. Vitamin D: a negative acute phase reactant. J
Clin Pathol. 2013;66:620–622.

[36] Bikle D. Nonclassic actions of vitamin D. J Clin Endocrinol Metabol. 2009;94(1):26–34.

[37] Norman AW. Minireview: vitamin D receptor: new assignments for an already busy
receptor. Endocrinology. 2006;147:5542–5548.

[38] Plum LA & DeLuca HF. Vitamin D, disease and therapeutic opportunities. Nat Rev
Drug Discov. 2010;9:941–955.

Vitamin D Status in Obesity: Relation with Expression of Vitamin D Receptor...
http://dx.doi.org/10.5772/65929

153



[39] Clemente-Postigo M, Munoz-Garach A, Serrano M et al. Serum 25-hydroxyvitamin d
and adipose tissue vitamin D receptor gene expression: relationship with obesity and
type 2 diabetes. J Clin Endocrinol Metab. 2015;100:E591–E595.

[40] Osei K. 25-OH vitamin D: is it the universal panacea for metabolic syndrome and type
2 diabetes?. J Clin Endocrinol Metab. 2010;95:4220–4222.

[41] Dretakis OE, Tsatsanis C, Fyrgadis A, et al. Correlation between serum 25-hydroxyvi-
tamin D levels and quadriceps muscle strength in elderly Cretans. J Int Med Res.
2010;38:1824–1834.

[42] Yiu YF, Chan YH, Yiu KH, et al. Vitamin D deficiency is associated with depletion of
circulating endothelial progenitor cells and endothelial dysfunction in patients with
type 2 diabetes. J Clin Endocrinol Metab 2011;96:E830–E835.

[43] Khan RJ, Riestra P, Gebreab SY, Wilson JG, Gaye A, Xu R, Davis SK. Vitamin D receptor
gene polymorphisms are associated with abdominal visceral adipose tissue volume
and serum adipokine concentrations but not with body mass index or waist circum-
ference in African Americans: the jackson heart study. J Nutr. 2016;146(8):1476–1482.

[44] Cheng JB, Levine MA, Bell NH, Mangelsdorf DJ, Russell DW. Genetic evidence that the
human CYP2R1 enzyme is a key vitamin D 25-hydroxylase. Proc Natl Acad Sci U S A.
2004;101:7711–7715.

[45] Shinkyo R, Sakaki T, Kamakura M, Ohta M, Inouye K. Metabolism of vitamin D by
human microsomal CYP2R1. Biochem Biophys Res Commun. 324:451–457.

[46] Gupta RP, Hollis BW, Patel SB, Patrick KS, Bell NH. CYP3A4 is a human microsomal
vitamin D 25-hydroxylase. J Bone Miner Res. 2004;19:680–688.

[47] Aiba I, Yamasaki T, Shinki T, Izumi S, Yamamoto K, Yamada S et al. Characterization
of rat and human CYP2J enzymes as vitamin D 25-hydroxylases. Steroids. 2006; 71:849–
856.

[48] Zehnder D, Bland R, Williams MC, McNinch RW, Howie AJ, Stewart PM et al. Extra-
renal expression of 25-hydroxyvitamin d(3)-1 alpha-hydroxylase. J Clin Endocrinol
Metab. 2001;86: 888–894.

[49] Jones G, Prosser DE, Kaufmann M. 25-Hydroxyvitamin D-24-hydroxylase (CYP24A1):
its important role in the degradation of vitamin D. Arch Biochem Biophys 2011;523:9–
18.

[50] Schuster I. Cytochromes P450 are essential players in the vitamin D signaling system.
Biochim Biophys Acta. 2011;1814:186–199.

[51] Rahmaniyan M, Patrick K & Bell NH. Characterization of recombinant CYP2C11: a
vitamin D 25-hydroxylase and 24-hydroxylase. Am J Physiol Endocrinol Metab.
2005;288:E753–E760.

[52] Wamberg L, Christiansen T, Paulsen SK, Fisker S, Rask P, Rejnmark L, Richelsen B,
Pedersen SB. Expression of vitamin D-metabolizing enzymes in human adipose tissue

Adiposity - Omics and Molecular Understanding154



—the effect of obesity and diet-induced weight loss. Int J Obes (Lond). 2013;37(5):651–
657.

[53] Dusso AS, Brown AJ, Slatopolsky E. Vitamin D. Am J Physiol Renal Physiol. 2005;289:
F8–F28.

[54] Trayhurn P, O'Hara A, Bing C. Interrogation of microarray datasets indicates that
macrophage-secreted factors stimulate the expression of genes associated with Vitamin
D metabolism (VDR and CYP27B1) in human adipocytes. Adipobiology. 2011;3:29–34.

[55] Ding C, Wilding JP, Bing C. 1,25-dihydroxyvitamin D3 protects against macrophage-
induced activation of NFkB and MAPK signalling and chemokine release in human
adipocytes. PLoS One. 2013;8:e61707.

[56] Vanlint S. Vitamin D and obesity. Nutrients 2013;5:949–956.

[57] I. González-Molero, G. Rojo-Martínez, S. Morcillo et al. Hypovitaminosis D and
incidence of obesity: a prospective study. Eur J Clin Nutr. 2013;67 (6):680–682.

[58] Cordeiro A, Pereira SE, Saboya CJ, Ramalho A. Association between 25(OH) D
concentrations and metabolic syndrome components in class III obese subjects. Int J
Med Med Sci. 2015;48(1):1597–1603.

[59] Sun X; Zemel MB. 1 Alpha, 25-dihydroxyvitamin D and corticosteroid regulate adipo-
cyte nuclear vitamin D receptor. Int J Obes (Lond). 2008;32(8):1305–1311.

[60] Jorde R, Sneve M, Emaus N, et al. Cross-sectional and longitudinal relation between
serum 25-hydroxyvitamin D and body mass index: the tromso study. Eur J Nutr.
2010;49:401–407.

[61] Rajakumar K, de las Heras J, Chen TC, et al. Vitamin D status, adiposity, and lipids in
black American and Caucasian children. J Clin Endocrinol Metab. 2011;96:1560–1567.

[62] Vimaleswaran KS, Berry DJ, Lu C, et al. Causal relationship between obesity and
vitamin D status: bi-directional Mendelian randomization analysis of multiple cohorts.
PLoS Med. 2013;10(2):e1001383.

[63] Menendez C, Lage M, Peino R. Retinoic acid and vitamin D3 powerfully inhibit in vitro
leptin secretion by human adipose tissue. J Endocrinol 2011;170:425–431.

[64] Galic S, Oakhill JS, Steinberg GR. Adipose tissue as an endocrine organ. Mol Cell
Endocrinol. 2010;316(2):129–139.

[65] Weisberg SP, McCann D, Desai M, Rosenbaum M, Leibel RL, Ferrante AW. Obesity is
associated with macrophage accumulation in adipose tissue. J Clin Invest. 2003;112(2):
1796–1808.

[66] Lagunova Z, Porojnicu, AC, Aksnes, L et al. Effect of vitamin D supplementation and
ultraviolet B exposure on serum 25-hydroxyvitamin D concentrations in healthy
volunteers: a randomized, crossover clinical trial. Br J Dermatol. 2013;169(2):434–440.

Vitamin D Status in Obesity: Relation with Expression of Vitamin D Receptor...
http://dx.doi.org/10.5772/65929

155



[67] Wacker M, Holick MF. Vitamin D—effects on skeletal and extraskeletal health and the
need for supplementation. Nutrients 2013;5:111–148.

[68] Wood RJ. Vitamin D and adipogenesis: new molecular insights. Nutr Rev. 2008;66:40–46.

[69] Martini LA, Wood RJ. Vitamin D status and the metabolic syndrome. Nutr Rev.
2006;64:479–486.

[70] Bouillon R, Carmeliet G, Lieben L, Watanabe M, Perino A, Auwerx J, et al. Vitamin D
and energy homeostasis: of mice and men. Nat Rev Endocrinol. 2014;10:79–87.

[71] Wortsman J, Matsuoka LY, Chen TC, et al. Decreased bioavailability of vitamin D in
obesity. Am J Clin Nutr. 2000;72:690–693.

[72] Drincic AT, Armas LA, Van Diest EE, et al. Volumetric dilution, rather than sequestra-
tion best explains the low vitamin D status of obesity. Obesity (Silver Spring). 2012;20:
1444–1448.

Adiposity - Omics and Molecular Understanding156


