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Abstract
Epidemiological studies reported that vitamin D deficiency represents an increasingly widespread phenomenon in various
populations. Vitamin D deficiency is considered a clinical syndrome determined by low circulating levels of 25-
hydroxyvitamin D (25(OH)D), which is the biologically-inactive intermediate and represents the predominant circulating
form. Different mechanisms have been hypothesized to explain the association between hypovitaminosis D and obesity,
including lower dietary intake of vitamin D, lesser skin exposure to sunlight, due to less outdoor physical activity,
decreased intestinal absorption, impaired hydroxylation in adipose tissue and 25(OH)D accumulation in fat. However,
several studies speculated that vitamin D deficiency itself could cause obesity or prevent weight loss. The fat-solubility of
vitamin D leads to the hypothesis that a sequestration process occurs in body fat depots, resulting in a lower bioavailability
in the obese state. After investigating the clinical aspects of vitamin D deficiency and the proposed mechanisms for low 25
(OH)D in obesity, in this manuscript we discuss the possible role of vitamin D replacement treatment, with different
formulations, to restore normal levels in individuals affected by obesity, and evaluate potential positive effects on obesity
itself and its metabolic consequences. Food-based prevention strategies for enhancement of vitamin D status and, therefore,
lowering skeletal and extra-skeletal diseases risk have been widely proposed in the past decades; however pharmacological
supplementation, namely cholecalciferol and calcifediol, is required in the treatment of vitamin D insufficiency and its
comorbidities. In individuals affected by obesity, high doses of vitamin D are required to normalize serum vitamin D levels,
but the different liposolubility of different supplements should be taken into account. Although the results are inconsistent,
some studies reported that vitamin D supplementation may have some beneficial effects in people with obesity.

Sources and metabolism of vitamin D

Vitamin D is a lipophilic hormone playing a key role in
bone metabolism and calcium homeostasis [1], mainly
acting by binding the vitamin D receptor (VDR), whose
distribution involves almost all human tissues and cells.
Interestingly, recent data have also demonstrated potential
modulation of extra-skeletal effects such as the immune
system, cardiovascular diseases, insulin resistance, type 2
diabetes and cancer [2], conditions commonly linked with
obesity. In order to achieve its biological function, pre-
vitamin D3 (D3) must be transformed to its active form,
1,25-dihydroxyvitamin D3 (1,25(OH)D), calcitriol, by two
sequential hydroxylation pathways promoted by 25-
hydroxylase and 1a-hydroxylase [1].

Vitamin D is derived from two sources: exposure to
sunlight and diet. In the first case, during sun exposure,
ultraviolet radiation (UVB, wavelength 290 to 315 nm)
converts 7—dehydrocholesterol in the skin to pre-vitamin
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D3 which is immediately converted to vitamin D3 [3]. In
the second case, Vitamin D can also be acquired from the
diet, but few foods (mainly oily fish) naturally contain
vitamin D [1] and several foods, such as margarines and
milk, are fortified with Vit D in many countries. After either
cutaneous synthesis or dietary absorption, Vitamin D, in its
inactive form, circulates bound to the vitamin D–binding
protein, which transports it to the liver, where it is converted
by vitamin D-25-hydroxylase to 25-hydroxyvitamin D [25
(OH)D], the major circulating form of vitamin D used by
clinicians to determine vitamin D status [2]. However, 25
(OH)D is still biologically inactive, and needs a further
hydroxylation process in the kidneys by 25-hydroxyvitamin
D-1α- hydroxylase (CYP27B1), which converts 25(OH)D
to the biologically active form - 1,25-dihydroxyvitamin D
[1,25(OH)D] [3]. This process is tightly regulated by
plasma parathyroid hormone levels and serum calcium and
phosphorus levels [3]. The main biological function of 1,25
(OH)D is the tight regulation of the absorption of renal
calcium and of intestinal calcium and phosphorus, all of
which are increased in the presence of 1,25(OH)D [3]. In a
negative feedback control system, 1,25(OH)D is inactivated
by the 25-hydroxyvitamin D-24-hydroxylase (CYP24),
which is upregulated by 1,25(OH)D itself [3]. Further, 1,25
(OH)D enhances intestinal calcium absorption in the small
intestine by interacting with the vitamin D receptor–retinoic
acid x-receptor complex (VDR-RXR) [3].

Skeletal and extra-skeletal effects of
vitamin D

Nowadays, the biological effects of vitamin D are divided
into skeletal and extra-skeletal, the latter being separate
from the role in calcium and phosphorus metabolism [4].

Skeletal effects of vitamin D

It is well known that Vitamin D plays a pivotal role for
normal bone development both in utero and in childhood,
leading to optimal skeletal health in adults [3]. Vitamin D
fulfils its skeletal function acting directly on three target
organs (Fig 1): intestine, stimulating dietary calcium and
phosphorus absorption in a parathormone (PTH) indepen-
dent manner; kidneys, where calcitriol with PTH increases
the renal distal tubule reabsorption of calcium; bone, where
both calcitriol and PTH stimulate osteoblasts to mobilize
skeletal calcium stores [5].

In the skeleton, the biological function of 1,25(OH)D is
exerted by binding its receptor in osteoblasts, resulting in an
increase in the expression of the receptor activator of
nuclear factor-κB ligand (RANKL); RANK, the receptor for
RANKL on preosteoclasts, binds RANKL, which induces

the maturation of preosteoclasts in osteoclasts [4]. Mature
osteoclasts keep calcium and phosphorus at normal levels in
the blood, at the expense of bone [4]. Adequate calcium
(Ca2+) and phosphorus (HPO4

2–) levels promote the
mineralization of the skeleton [4]. Severe vitamin D defi-
ciency causes two clinical syndromes: rickets in children
and osteomalacia in adults [3].

The absorption of dietary calcium and phosphorus is
reduced by 90 and 40% respectively when vitamin D is
missing [5]. The binding of 1,25(OH)D with the VDR
increases intestinal calcium absorption to 30–40% and
phosphorus absorption to approximately 80% [5]. In a study
on white, black, and Mexican-American men and women
[6], 25(OH)D serum levels needed to be approximately 40
ng per millilitre in order to achieve optimal bone density,.
When the level was 30 ng per milliliter or less, there was a
significant decrease in intestinal calcium absorption [5] that
was associated with increased PTH [4].The deposition of
calcium in the skeleton is also altered during foetal devel-
opment if low levels of calcium and vitamin D are present
in utero [7]. If vitamin D deficiency persists, the parathyroid
glands are maximally stimulated, leading to secondary
hyperparathyroidism [4].

Extraskeletal effects of vitamin D

Calcitriol exerts multiple effects on muscle health: it is
probably produced in situ in muscle cells, as indicated by
the recent identification of 1α- hydroxylase [8] in muscle,
which is thought to modulate muscle physiology via the
VDR by regulating gene transcription and inducing de-novo
protein synthesis [9]. The influence of this pathway on
skeletal muscle physiology could explain why vitamin D
deficiency is often associated with diffuse muscle pain and
muscle weakness, possibly as a result of muscle atrophy of
mainly type II muscle fibers and secondary hyperparathyr-
oidism and its related hypophosphatemia [2, 10].

Furthermore, Vitamin D has important anti-inflammatory
and immunoregulatory functions, namely the enhancement
of the innate immune system and the inhibition of the
adaptive immune responses [11]. Therefore, vitamin D
seems to be involved in immune tolerance and, thus, might
play a key role in the pathophysiology of various auto-
immune diseases (i.e., type 1 diabetes mellitus, multiple
sclerosis, Crohn’s disease, rheumatoid arthritis) [2, 11].
Calcitriol can modulate the immune responses in secondary
lymphoid organs as well as in target organs through a
number of actions: it regulates chemokine biosynthesis, it
counteracts autoimmune inflammation and it induces dif-
ferentiation of immune cells to promote self-tolerance [11].
Immune cells possess both CYP27B1 bioactivity and a
VDR (Fig. 1), and this could explain why specific poly-
morphisms in the VDR gene may increase the risk for
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multiple autoimmune diseases, disease activity and time of
onset [11, 12].

Moreover, due to the ability to modulate immune system,
some activities have been historically ascribed to vitamin D,
especially in fighting tuberculosis, influenza and viral upper
respiratory tract infections [13]. These putative beneficial
effect of vitamin D on the immune system have been
ascribed to its capability to enhance the production of
antimicrobial peptides like cathelicidin, to the induction of
autophagy and the stimulation of the synthesis of reactive
oxygen species by the (reduced) nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase and potentially
reactive nitrogen species by inducible nitric oxide synthase
(iNOS) [2, 13], ultimately leading to a stimulation of the
innate immune system.

Biological and rational prerequisites exist to consider
vitamin D a key molecule for neuromodulation and neuro-
protection, as a consequence of some observations: the wide
and heterogeneous presence of VDR in specific areas of
brain (both neurons and glia), vitamin D’s influence on
synthesis of neurotransmitters and neurotrophins, its anti-
oxidant properties and its ability to improve clearance of
amyloid-β peptide [14]. Thus, hypovitaminosis D could be
considered as a risk factor for cognitive decline, dementia,
neuropsychiatric disorders [14, 15].

Interestingly, preclinical studies reported that Vitamin D
has anticancer effects in vitro and in vivo through several
mechanisms [16] including: the anti-proliferative action on
cancer tissue by inducing cyclin-dependent kinase (CDK)

inhibitor synthesis, and by interfering with different growth
factors and their signalling pathways (e.g., IGF-1, TGF-β,
NF-kB, Wnt/β-catenin, MAP kinase 5); several pro-
apoptotic mechanisms (by upregulating the pro-apoptotic
gene Bax and by downregulating the anti-apoptotic gene
Bcl-2); the suppression of cancer angiogenesis (by reg-
ulating the expression of pivotal factors controlling the
angiogenesis, i.e., prostaglandins); the suppression of can-
cer invasion and metastasis (i.e., by inducing E-cadherin
expression, by reducing the activity of cell invasion-
associated serine proteases and metalloproteinases) [16].
Vitamin D also appears to downregulate androgen and
estrogen receptor signalling, thus inhibiting tumour growth
in vitro of prostate and breast cancer, well known sex
hormone-dependent tumours; [16] finally, it has also been
shown to suppress the expression of aromatase in vitro,
thereby hindering breast cancer growth [16].

Moreover, several animal model studies suggest that
vitamin D has potential protective effects against type 2
diabetes development, especially when the damage of β-cell
and insulin action is in its early stages (reviewed in [17]).
The antidiabetic properties of vitamin D rely on the
improvement of hepatic glucose and lipid metabolism
through activation of Ca2+ /CaMKK/AMPK signalling
(AMPK is even a therapeutic target of metformin) [17];
then, vitamin D shows a RAS-suppressing action that may
benefit β-cell function.

It is interesting that a wide variety of potential cardiovas-
cular benefits can be part of vitamin D’s pleiotropic profile,
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Fig. 1 Model of hypovitaminosis D-induced alterations in obesity.
Potential mechanisms in the modulation of skeletal and extra-skeletal
modification. Red lines: inhibition pathways. Dotted lines: not well

established mechanisms. PHT: parathormone; Ca2+: calcium; P:
phosphorus; ↓: decreased; ↑: increased
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even as a consequence of direct positive actions on vascular
smooth muscle cells, cardiomyocytes, renin-angiotensin-
aldosterone system (RAAS) [18]; indeed, vitamin D seems
to protect the cardiovascular system, (namely against athero-
sclerosis and both myocardial infarction and stroke) at least in
part, by causing relaxation of vascular smooth muscle,
decreasing the development of atherosclerotic forming foam
cells, lowering production of renin [18].

Lastly, health span advantages (i.e., antiaging properties)
may arise from Vitamin D induction of α-klotho, a renal
hormone that is an enzyme/co-receptor that protects against
osteopenia, hyperphosphatemia, endothelial damage, cog-
nitive decline, neurodegenerative diseases, hearing loss, and
skin atrophy [19].

Hypovitaminosis D and its related
morbidities

Adipose tissue expresses VDR and 1α-hydroxylase locally
converts 25(OH) cholecalciferol to calcitriol, and it is, thus,
both a direct target of vitamin D and a site of local synthesis
of calcitriol [20]; moreover, of interest, adipose tissue 1α-
hydroxylase is not regulated by dietary calcium, chole-
calciferol and other different factors (i.e., PTH, calcitonin)
by contrast with renal 1α-hydroxylase [20]. Indeed, it
appears that Vitamin D might play an anti-obesity effect by
inhibiting the adipogenesis during early adipocyte differ-
entiation and independently of PTH [20]. Furthermore,
secondary hyperparathyroidism induced by a low vitamin D
can cause the overflow of calcium into adipocytes,
increasing lipogenesis and expression of fatty acid synthase
(a key regulatory enzyme in the storage of lipids), and
reducing lipolysis [21]. Despite the above biological
assumptions and the apparent role of vitamin D in pre-
venting excess body fatness, the precise nature of the
common association between hypovitaminosis D and obe-
sity [22] still constitutes a matter of open debate [23], as it
cannot be excluded that a bidirectional causal relationship
exists where a low vitamin D status represents a risk factor
of adiposity excess.

Vitamin D receptors (VDRs) are expressed on different
cell types including myocytes, cardiomyocytes, pancreatic
beta-cells, vascular endothelial cells, neurons, immune cells
and cells in a large variety of tissues, in particular brain,
prostate, breast, and colon, which are able to respond to
1,25(OH)D stimulation [4]. In addition, some of these tis-
sues and cells express the CYP27B1 enzyme, involved in
the activation of 25(OH)D to 1,25(OH)D, the active form
[2], which directly or indirectly regulates more than 200
genes involved in the regulation of cellular proliferation,
differentiation, apoptosis, and angiogenesis [2]. In parti-
cular, 1,25(OH)D reduces cellular proliferation and induces

terminal differentiation of both normal and cancer cells [2,
4]. Moreover, vitamin D deficiency seems to be associated
with an increased risk of cardiovascular diseases (CVD) and
non-skeletal major chronic diseases in general [24]. Hypo-
vitaminosis D might predispose to hypertension, left ven-
tricular hypertrophy, congestive heart failure, chronic
vascular inflammation and increases the risk of major
adverse cardiovascular events [2, 24]. Furthermore, cross-
sectional studies showed that vitamin D deficiency is
associated with an increased risk of developing metabolic
syndrome and its related complications and clinical signs,
i.e., reduced HDL-cholesterol levels [24–26].

Obesity

Vitamin D deficiency is a well-recognized common feature
of people with obesity [27], suggesting that the adipose
tissue might play a role in the low vitamin D serum levels.
However a causal relationship between obesity and low
levels of circulating 25(OH)D has not been completely
elucidated yet. Behavioural factors have been proposed,
such as reduced sunlight exposure and low dietary intake of
vitamin D-enriched foods in people with obesity [28, 29].
Alternatively it has been proposed that vitamin D, being fat-
soluble, could be sequestered in body fat depots, leading to
lower bioavailability in the obese state [30], a hypothesis
that was confirmed in humans and animal models receiving
high doses of oral vitamin D [31]. A second hypothesis
considers low serum 25(OH)D in people with obesity as a
result of volumetric dilution of vitamin D in the large adi-
pose stores [32], as recently confirmed in a small population
of women with obesity and those with normal body weight
[33].

Despite the well-established association between obesity
and vitamin D deficiency, few experimental studies have
investigated the biological bases involved in vitamin D
metabolism in adipose tissue, with inconsistent results [34].
Moreover, the obesity-induced inflammation and insulin
resistance of adipose tissue further complicates this scenario
[23]. Indeed, resistance to the lipolytic effects of catecho-
lamines and natriuretic peptide in both people with obesity
[35] and those with insulin-resistance [36], mediated by a
low density of β2-adrenergic receptors in adipocytes, might
lead to a reduced release of vitamin D from adipose tissue.
Moreover, both human and murine adipocytes express
vitamin D-metabolizing enzymes [37] and 25-hydroxylation
and 1α-hydroxylation are impaired in obese women [38],
suggesting that adipose tissue not only passively accumu-
lates vitamin D, leading to reduced bioavailability for 25-
hydroxylation, but also changes its metabolism in obesity.

These recent advances suggest a sequestration process of
fat-soluble vitamin D in body fat depots, leading to lower
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bioavailability in the obese state [30], which is further
promoted by resistance to the stimulation of lipolysis by
catecholamines and natriuretic peptide in both people with
obesity [35] and in adipocytes taken from people with
insulin-resistance [36]. Indeed, one of the factors con-
tributing to the development of obesity may be an impaired
ability to use fat (as demonstrated by resistance to the sti-
mulation of lipolysis by catecholamines) that it has been
reported to not change after weight loss, thus suggesting
that this could be a factor leading to the development of
overweight rather than a secondary factor resulting from the
obese state [39–41]. Therefore, catecholamine resistance
could be an important cause of obesity considering the
corroborated evidence of different polymorphisms in genes
encoding key proteins involved in the lipolytic pathway
[42]. This derangement could ultimately lead to a reduced
release of vitamin D from fat depots, given the fat-soluble
secosteroid nature of vitamin D. Indeed, vitamin D release
in the medium was reduced after catecholamine stimulation
of insulin-resistant adipocytes, compared with controls [43],
possibly due to a reduction of β2-adrenoceptor expression,
as showed also in subcutaneous adipose tissue from people
with obesity [43].

Hypovitaminosis D and obesity: clinical
aspects from fetal imprinting until older age

Epidemiological data indicate that deficiency of vitamin D in
various populations represents an increasingly widespread
phenomenon [44]. Vitamin D deficiency is considered a
clinical syndrome determined by low circulating levels of
25-hydroxyvitamin D (25(OH)D) [44]. Most studies con-
sidered different ranges of low vitamin D to define deficiency
or insufficiency status [44]. Recently, attention has been
focused on the pleiotropic effects exerted by vitamin D [4].

Therefore, hypovitaminosis D is thought to result in a
number of negative consequences for health and may be
correlated with the manifestation of specific civilization-
linked diseases, including obesity [2, 4]. In fact, a major
health issue linked to Vitamin D is the growing obesity rate.
The World Health Organization stated that in 2016 more
than 1.9 billion adults were overweight, of which 650
million were obese [45]. To explain the deficiency of this
fat-soluble vitamin in people with an increased adipose
tissue mass, the following possible mechanisms have been
suggested: lower dietary intake; altered behaviour that
reduces cutaneous synthesis, reduced synthetic capacity,
reduced intestinal absorption, altered metabolism, and
sequestration in adipose tissue [46].

An interesting association between hypovitaminosis D
and obesity has been demonstrated in several studies. Based
on evidence that people with obesity showed higher serum

PTH concentrations, compared to people with a healthy
weight, and considering that PTH levels are inversely
associated with vitamin D levels, Bell and colleagues [47]
investigated, for the first time, the role of obesity in influ-
encing vitamin D status. Their study demonstrated that
serum 25(OH)D was lower in people with obesity compared
to individuals who were lean, probably due to a feedback
inhibition of hepatic synthesis of the metabolite by
increased circulating levels of 1,25-dihydrox-
ycholecalciferol (1,25(OH)D) [47]. Subsequently several
different studies reproduced these results both in adults and
children [48, 49]. These studies demonstrated that each unit
of increase of BMI was associated with a ∼1.00% decrease
of 25(OH)D [50, 51] and confirmed that this inverse asso-
ciation persisted independently from variation in physical
activity or vitamin D intake. Moreover, the authors showed
a strong association between subcutaneous and visceral fat
and low concentrations of 25(OH)D [52]. Arunabh et al.
demonstrated that low levels of vitamin D are more strongly
associated with total body fat measured using dual-energy
x-ray absorptiometry (DXA) but not with BMI and con-
cluded that body fat percentage is independently, inversely
associated with serum 25(OH)D [53]. More recently, Brock
colleagues confirmed this association both in men and in
women [54], and González-Molero and colleagues hypo-
thesized that lower 25-(OH)D values in people with obesity
could be an independent predictor of obesity rather than
being secondary to this condition [55]. Indeed, considering
that low vitamin D status is able to induce secondary
hyperparathyroidism, the consequent increase of intracel-
lular calcium in adipocytes could be responsible for the
increased expression of fatty acid synthase, a key regulatory
enzyme in the deposition of lipids, and the decrease of
lipolysis [46].

On the other hand, Ding and colleagues [48] demonstrated
that adiposity parameters could be considered predictors of
both increased incidence of vitamin D deficiency and
reduced chances of recovering from it; the authors also
suggested a link between markers of an obesity-associated
chronic pro-inflammatory state, such as leptin and interleukin
6 (IL-6), and vitamin D deficiency in older adults [48].
Finally, hypovitaminosis D could be able to determine an
increase in adiposity during childhood, with an important
early metabolic impairment in these individuals [56].

Several different mechanisms could be considered as
being causative for obesity-related vitamin D deficiency [51],
including lower dietary intake of vitamin D, a scarce skin
exposure to sunlight, due to less outdoor physical activity
compared to lean individuals, decreased intestinal absorp-
tion, impaired hydroxylation in adipose tissue and accumu-
lation of 25(OH)D in tissue mass [46, 50]. However, vitamin
D deficiency itself could contribute to the development of
obesity or interfere with an effective weight loss [50, 57].

Obesity and hypovitaminosis D: causality or casualty?



Thus, hypovitaminosis D could contribute to adipose tissue
accrual with a consequent negative impact on metabolic
homeostasis leading to many comorbidities, including insulin
resistance and type 2 diabetes mellitus [58].

Vitamin D status during pregnancy could have an epi-
genetic role since it is not only pivotal in maternal skeletal
maintenance and fetal skeletal development, but could
influence fetal “imprinting”, which can affect chronic dis-
ease susceptibility soon after birth [59]. Interestingly,
maternal vitamin D deficiency during pregnancy was
associated with impaired lung development in 6-year-old
offspring, neurocognitive difficulties at the age of 10,
increased risk of eating disorders in adolescence, and lower
peak bone mass at the age of 20 [60]. Moreover, an optimal
Vitamin D level is also essential from the adolescent years
until old age since it is needed for several health benefits
[61]. Serum Vitamin D levels decline with puberty onset,
predisposing to a higher risk of obesity and insulin resis-
tance (IR), in particular in patients with pre-pubertal sub-
optimal Vitamin D serum levels [62, 63].

In people with obesity, vitamin D deficiency was
demonstrated to be independently linked to impaired glu-
cose tolerance, IR and type 2diabetes mellitus, associated
with increased fat tissue [64, 65]. Since vitamin D has anti-
inflammatory properties [16, 66], it is not surprising that it
can have beneficial effects on improving islet-cell functions,
insulin release, and decreasing IR [67]. A seasonal variation
in plasma glucose concentration was observed in people
both with and without diabetes, leading to the hypothesis of
an association between vitamin D status and diabetes mel-
litus in humans [67]. Starting from this evidence, cross-
sectional studies in adults, children and adolescents
demonstrated the correlation between low 25(OH)D con-
centrations and glucose intolerance, IR and the future risk of
metabolic syndrome [58, 68, 69]. This inverse association
with the metabolic syndrome risk seems to be partly driven
by the association of vitamin D with glucose homeostasis
[70].

Further, visceral obesity is known to be associated with
Non-Alcoholic Fatty Liver disease (NAFLD) leading some
authors to hypothesize that Vitamin D could also be linked
to NAFLD. Seo and colleagues in 2013 confirmed the
strong inverse correlation between vitamin D levels and
NAFLD [71], demonstrating that low vitamin D levels were
highly associated with NAFLD independently of visceral
obesity in subjects with diabetes or IR.

Furthermore, low 25(OH)D concentrations seem to be
involved in the pathogenesis of hypertriglyceridemia and
atherogenic dyslipidemia through inflammation, both in
adults and children [72]. In patients with type 2 diabetes,
serum 25(OH)D levels were found to be inversely corre-
lated with monocyte adhesion to endothelial cells [73].
Deficient or insufficient serum 25(OH)D levels have been

documented in patients with diabetes and cardiovascular
diseases (CVD) (i.e., myocardial infarction, stroke, heart
failure, and peripheral arterial disease) [18]. The prospective
observational Framingham Offspring Study, demonstrated
an association between hypovitaminosis D and CVD in
1,739 subjects who were free of CVD at baseline [74]. In
this population, followed up for a mean of 5.4 years, the rate
of CVD end point (fatal or nonfatal MI, stroke or heart
failure) was 53–80% higher in subjects with lower levels of
vitamin D [74].

Moreover, studies from our group demonstrated
decreased levels of vitamin D in people with obesity inde-
pendently from gender [75], related to a lower bone mineral
density, likely leading to an increased risk of osteoporosis
and further suggesting a pivotal role of adipose tissue in the
modulatory role of vitamin D level, instead of a role of sex
steroids in regulating vitamin D status.

In addition, it has to be pointed out that epidemiological
and animal studies have shown that low levels of vitamin D
seem to be linked with an increased risk of cancer [76, 77].
Nevertheless, although known factors of cancer risk (i.e.,
obesity, unhealthy habits [78], smoking) may influence and
even falsify this apparent relationship, to date it has not
been proven whether there is a beneficial effect of vitamin D
in decreasing the adverse repercussions of adiposity excess
on cancer incidence [79]. Lastly, a potential and promising
strategy for cancer prevention could be to target vitamin D
insufficiency [79].

Although the effect of hypovitaminosis D in adults with
obesity have been described and evaluated over several
years, less is known regarding decreased levels in childhood
and adolescence. In the United States (US) prevalence of
hypovitaminosis D in children and adolescents is associated
with the degree of adiposity and reaches about 35% in obese
and 50% in severely obese individuals [80]. Interestingly, in
this population, hypovitaminosis D seems to exacerbate the
negative effects of fat accumulation alone on overall health
[80, 81] in particular IR, a pro-inflammatory state, and
reduced bone mineralization, predisposing to an increased
future risk of osteoporosis, type 2 diabetes, and cardiovas-
cular diseases [82]. Most of the studies in children and
adolescents with obesity demonstrated a significant asso-
ciation between circulating 25(OH)D concentration and
indices of glucose homeostasis [83]. However, to date the
underlying biological mechanisms of this association are
unknown, but Peterson and colleagues hypothesized an
enhancement of peripheral/hepatic uptake of glucose, a
regulation of insulin homeostasis and/or anti-inflammatory
properties [83].

Regarding CVD risk, cross-sectional studies demon-
strated a significant inverse association between 25(OH)D,
systolic blood pressure, arterial stiffness and CVD risk
factors in obese children [84].
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NAFLD represents another condition related to obesity
and metabolic complications in children with obesity.
However, the association between NAFLD and vitamin D
levels is still controversial. Different studies demonstrated
that patients with NAFLD had lower serum concentrations
of 25(OH)D compared to obese children and adolescents
without NAFLD [85] and that lower 25(OH)D concentra-
tion is independently inversely associated with NAFLD
[86]. On the other side, a report using data from NHANES,
showed that vitamin D status is not independently asso-
ciated with NAFLD [87]. Therefore, further studies are
needed to determine whether vitamin D deficiency con-
tributes to the risk of developing NAFLD.

As regards to the relationship between vitamin D status
and bone homeostasis, the effect of obesity in influencing
bone mineral accretion is not fully clarified. It is known that
childhood obesity represents an important risk factor for
low bone mass and consequently fractures [88]. For this
reason, along with other factors, Vitamin D deficiency
seems to promote an altered bone homeostasis in obese
children through indirect (inflammation) and/or direct (cal-
cium homeostasis/bone mineralization) mechanism at the
skeletal level [83].

Puberty with its complex phenomena is able to influence
and modify many of the metabolic patterns and conditions
related to obesity. However, the effect of puberty in deter-
mining the correlation between 25(OH)D serum levels and
IR is still debated. Two studies demonstrated that this
association does not become significant after reaching
puberty [89] and a cross-sectional analysis on children with
obesity needed adjustments for puberty to reveal vitamin D
status associations with HOMA-IR [90]. On the contrary,
Creo and colleagues found no association between vitamin
D status and IR in a cohort of children with obesity [91].

Vitamin D deficiency and bariatric surgery

Studies regarding calcium and phosphorus metabolism of
patients who underwent bariatric surgery are limited,
although negative energy balance and nutritional alterations
related to different types of bariatric surgery are well-
documented in the literature [92–95].

Bariatric surgery consists of a number of procedures, but
the most commonly performed techniques are gastric ring
(or AGB), the vertical sleeve gastrectomy (VSG), the Roux-
en-Y Gastric Bypass (RYGB) and biliopancreatic diversion
(BPD) [96]. An emerging complication related to bariatric
surgery is mineral and vitamin D deficiency [96]. It is likely
that at least five main mechanisms may explain vitamin D
deficiency in patients who underwent bariatric surgery: (1)
the pre-surgical hypovitaminosis D that characterised peo-
ple with obesity; (2) inappropriate vitamin D

supplementation during weight loss after bariatric surgery;
(3) vitamin D malabsorption caused by bile salt deficiency
linked to bariatric surgery; (4) vitamin D malabsorption due
to intestinal bacterial overgrowth [97]; (5) the delayed blend
of ingested nutrients with pancreatic enzymes and bile acids
causing vitamin D malabsorption

Independently from the baseline vitamin D status, the
AGB and the VSG techniques do not seem to influence
PTH concentrations or serum vitamin D levels, with the
latter remaining stable or increasing [98, 99].

As regards the RYGB procedure, some studies docu-
mented lower intestinal absorption of calcium and higher
rates of vitamin D deficiency;[100] however, despite vitamin
D supplementations, improvements in vitamin D status did
not occur [100]. Moreover, in another study, albeit an
increased vitamin D dose (200% of normal) was taken,
vitamin concentrations remained stable [101]. Finally, Stein
et al. performed a prospective study in women who under-
went bariatric surgery between May 2009 and February
2011 prior to and 1 year after surgery. All the participants
had normal vitamin D levels before surgery. Among the
RYGB patients, 9 took ergocalciferol in doses of 50,000 IU
weekly (mean duration of use 13 weeks), 2 received vitamin
D in a multivitamin (as cholecalciferol; mean dose 550 IU/d,
mean duration of use 18 months), whereas 3 did not take any
vitamin D supplementation. Of those who had restrictive
procedures, 3 were taking ergocalciferol in doses of 50,000
IU weekly (mean duration of use 5 wk), 4 were receiving
cholecalciferol as part of a multivitamin, and 1 was not using
any supplementation prior to surgery. After surgery vitamin
D levels remained stable [102].

The BPD procedure, which is considered the most
effective in reducing body weight, is associated with vita-
min D deficiency in more than 50% of cases despite vitamin
D supplementation [103], furthermore comparing post-
surgical 25(OH)D levels, hypovitaminosis D was more
prevalent in the BPD group than the RYGB group, and
vitamin D supplementation dosage was always higher in the
BPD group [104].

Vitamin D treatment

In adult and paediatric populations food-based strategies
could improve vitamin D status and, therefore, reduce
skeletal and extra-skeletal diseases risk [105, 106].

The right dose of vitamin D intake necessary to maintain
an adequate serum concentration is still debated. Lee et al.
demonstrated that a larger amount of vitamin D supple-
mentation is required in people with obesity compared with
those who are lean, suggesting that supplementation dosage
should be modified on the basis of the degree of obesity
[107]. Moreover, their data suggested that the higher
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supplementation doses of vitamin D also allow an increased
conversion of 25(OH)D to 1,25(OH) D [107].

Therefore, Holick et al. concluded that in people with
obesity higher doses of vitamin D3 are necessary
to treat vitamin D deficiency and to maintain 25(OH)D
levels > 30 ng/mL (two to three times higher, initially at
least 6000–10,000 IU/d followed by maintenance therapy of
3000–6000 IU/d) [44].

As reported previously, while pre-vitamin D (chole-
calciferol) is mainly found in fat depots (approx. 75%), 25
(OH)D is more equally distributed (approx. 35% in
fat) [32]; so, since cholecalciferol is predominantly stored in
adipose tissue, when it is administered orally it is less
effective in raising 25(OH)D levels in obese subjects [108,
109]. For this reason the supplementation with calcifediol
(25(OH)D), rather than the more fat-soluble cholecalciferol,
should be preferred in obese patients to avoid a massive
accumulation of the latter in fat cells. Indeed, in a cohort of
people with vitamin D-deficiency randomly assigned to two
treatment regimens receiving either calcifediol or chole-
calciferol, people with normal weight had comparable
responses to either treatment. Conversely, the proportion of
people with obesity achieving vitamin D sufficiency was
significantly higher after 6 months of supplementation with
calcifediol, suggesting a more rapid effect of this treatment
in the obese state [43]; indeed, the authors [43] estimated
vitamin D supplementation be 2 to 3 times higher for people
with obesity and 1.5 times higher for those who were
overweight relative to people with normal weight [110,
111]. Some studies reported that vitamin D supplementation
may have beneficial effects in people with obesity [112,
113]. For example, in a double-blind, placebo-controlled,
randomized clinical trial, Salehpour and colleagues [112]
demonstrated that 12 weeks vitamin D supplementation
(1000 IU per day as cholecalciferol) in women with over-
weight or obesity resulted in a significant decrease in the
body fatness compared with those in the placebo group,
with the extent of the response to vitamin D supplementa-
tion depending on baseline body weight. Moreover, after
supplementation, the increase in serum 25(OH)D levels was
lower in women with overweight or obesity than in those
with normal BMI [113]. In women with obesity ∼2.5 IU/kg
were required to obtain a unit (0.4 nmol/l) increment in 25
(OH)D [32].

Regarding low vitamin status after a malabsorptive bar-
iatric procedure, the Endocrine Society Clinical Practice
Guidelines state that low vitamin D status should be treated
with 50.000 IU once a week for 8 weeks or 6.000 IU/day of
vitamin D3 to achieve a serum concentration of 25(OH)D3
> 30 ng/mL, followed by maintenance therapy of
1500–2000 IU/day [44, 114].

Finally, with regard to treatment of hypovitaminosis D
for children with documented deficiency, the AAP

guidelines recommend a daily dose of 5000 IU until stores
are replenished [115].

Recommendation of Endocrine Society guidelines sug-
gested with 50,000 IU once a week for 8 weeks or 6000 IU/
day of vitamin D3 to achieve a serum concentration of 25
(OH)D3 > 30 ng/mL, followed by maintenance therapy of
1500–2000 IU/day [44]. A vitamin D supplementation with
25,000 IU weekly in young people with obesity (8–18-year
olds) was found to be well tolerated and restored a sufficient
vitamin D status in more than 84% of individuals [116].

Conclusions

Vitamin D deficiency is a global and increasing health
challenge. Serum 25(OH)D is not only a predictor of bone
health, but it is also an independent predictor of other
chronic diseases. In particular, low levels of 25(OH)D are
highly frequent in obesity. Many explanations for this
association have been proposed, such as altered vitamin D
metabolism, behavioural factors leading to reduced sun-
light exposure, or reduced intake of vitamin D-enriched
foods in obesity, but the difference in 25(OH)D between
people with or without obesity is most likely to be
explained by the increased adipose mass that could act as a
storage site for highly lipophilic hormones such as vitamin
D. Thus, body size should be taken into account when
prescribing vitamin D supplementation, as people with
obesity may need larger dosages. Moreover, the biochem-
ical properties of different supplements should also been
considered, as pre-vitamin D3 (cholecalciferol) is more
liposoluble than 25(OH)D (calcifediol), and therefore the
latter should represent the preferred compound in clinical
practice in obese patients. Finally, based on the results of
recent trials, vitamin D supplementation shows some ben-
eficial effects in the treatment of obesity and related
comorbidities. In conclusion, we suggest that awareness of
the relationship between obesity and vitamin D status is
clinically relevant and the investigation of the pathogenic
mechanisms could lead to improve the clinical approach to
obesity by healthcare professionals such as dietitians and
clinicians.
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