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Introduction
There is a growing awareness that obese adoles-
cents represent a particularly vulnerable group for 
vitamin D deficiency [Garanty-Bogacka et  al. 
2011; Harel et  al. 2011; Shin et  al. 2013; Turer 
et al. 2013]. Evidence accumulated over the last 
several years has fueled the speculation that this 
vitamin D deficiency may be a major contributor 
to the obesity-associated complications of insulin 
resistance (IR) and type 2 diabetes (T2DM). 
Biological plausibility exists as the vitamin D 
receptor (VDR) has been identified in nearly 

every tissue type, including those important in 
glucose metabolism. Vitamin D deficiency has 
independently been linked to IR, impaired glu-
cose tolerance (IGT) and T2DM as well as shar-
ing similar risk factors including physical inactivity 
and non-white ethnicity. From a practice stand-
point, the mounting research evokes potential for 
the improvement of vitamin D status to aid in the 
mitigation of these metabolic health problems.

The objectives of this review are to survey the 
research on the association between vitamin D 
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status and IR as well as the effects of correcting 
vitamin D status on IR in adolescent obesity, to 
explore the biological mechanisms by which vita-
min D influences glycemic control, and to present 
clinical considerations related to vitamin D and 
IR in the obese adolescent.

Adolescent obesity: definition and 
prevalence
Obesity is a condition of excess adiposity and the 
most common measurement used in its diagnosis is 
body mass index (BMI; weight in kilograms divided 
by the square of height in meters). The World 
Health Organization (WHO) [de Onis et al. 2007], 
US Centers for Disease Control and Prevention 
(CDC) [Ogden et al. 2012] and the International 
Obesity Task Force (IOTF) [Cole et al. 2000] each 
have slightly different BMI cutoffs in defining pedi-
atric obesity. For example, CDC considers a BMI 
greater than or equal to the 95th percentile on the 
BMI-for-age growth charts to be indicative of obe-
sity [Ogden et al. 2012], while WHO defines pedi-
atric obesity as a BMI greater than two standard 
deviations above the WHO growth standard median 
[de Onis et al. 2007]. In adults, waist circumference 
(WC) is used as a sensitive indicator of abdominal 
obesity (AO) and is thought to be a better predictor 
of cardiovascular disease and diabetes risk, although 
there is no such consensus about methodology and 
criteria to be used for classifying AO in adolescents 
[de Moraes et al. 2011].

An examination of data collected from over 1700 
published studies indicates that the worldwide 
prevalence of overweight and obesity rose by 
47.1% in children and adolescents between 1980 
and 2013 [Ng et al. 2014]. Distinct geographical 
patterns for child and adolescent obesity were 
also noted, with high rates in many Middle 
Eastern and North African countries, especially 
in girls; and in several Pacific Island and Caribbean 
nations for both boys and girls. Within western 
Europe, obesity rates for girls <20 years of age 
ranged from 13.5% in Luxemburg to 3.8% in the 
Netherlands, while in boys it ranged from 13.9% 
in Israel to 4.1% in the Netherlands [Ng et  al. 
2014]. In the United States, the latest report 
shows that the rates of all classes of obesity in 
adolescents have increased since 2000 with 2011–
2012 prevalence ~21% in boys and ~20% in girls 
aged 12–19 years [Skinner and Skelton, 2014].

While there are methodological difficulties in 
determining global trends [Fazeli et al. 2013], the 

increasing prevalence and severity of pediatric 
obesity has been accompanied by an increase in 
the incidence of T2DM and IGT that has reached 
unprecedented proportions in the US adolescent 
population [Dabelea et al. 2014]. It has been esti-
mated that a third to a half of obese children and 
adolescents display some clinical symptoms of 
abnormal glucose metabolism [Dabelea et  al. 
2014; Rodbard, 2008; Sinha et  al. 2002; Viner 
et al. 2005]. Perhaps the most troubling aspects of 
altered glucose metabolism in obese children are 
the implications for chronic disease and early 
death in adulthood [Hillier and Pedula, 2003].

Vitamin D deficiency: definition and 
prevalence in obese adolescents
There is general agreement that circulating serum 
concentrations of 25-hydroxyvitamin D [25(OH)
D] are the best available indicator of the net 
incoming contributions from cutaneous synthesis 
and total intake of food and supplements 
[Brannon et  al. 2008]. However, what is not 
clearly established is the extent to which 25(OH)
D concentrations relate to or serve as predictors 
of health outcomes. Moreover, the classifications 
of vitamin D status are controversial and can vary 
among laboratories. The Institute of Medicine 
(IOM) defines vitamin D deficiency, or hypovita-
minosis D, as serum 25(OHD concentrations 
<50 nmol/l [Ross, 2011], whereas the consensus 
report from the 14th Vitamin D Workshop states 
that target levels of 25(OH)D should be above 75 
nmol/l at a minimum [Henry et  al. 2010]. This 
has led some experts to advocate a separate clas-
sification of vitamin D status, ‘insufficiency’, 
defined as a serum 25(OH)D concentration 
between ~50 and 75 nmol/l [Grant and Holick, 
2005]. Thus, when reviewing the literature, it is 
essential to identify the 25(OH)D cutoffs used in 
classifying the vitamin D status of study 
participants.

Differing guidelines also exist regarding the 
proper definitions of vitamin D deficiency in clin-
ical practice. The Endocrine Society has sug-
gested that 25(OH)D levels of 75–250 nmol/l 
(30–100 ng/ml) are ‘sufficient’, 52–72 nmol/l 
(21–29 ng/ml) are ‘insufficient’ and less than 50 
nmol/l (20 ng/ml) are ‘deficient’ [Holick et  al. 
2011]. The Society for Adolescent Health and 
Medicine [Harel et al. 2013] has a definition simi-
lar to the Endocrine Society but considers 
25(OH)D levels 75–125 nmol/l (30–50 ng/ml) to 
be sufficient for the adolescent.
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Hypovitaminosis D is considered to be a world-
wide problem in both adults and children [van 
Schoor and Lips, 2011]. Interestingly, national 
surveys across three different continents reveal 
that among youth, vitamin D deficiency is more 
frequent in adolescents than younger children 
[Stoffman and Gordon, 2009]. In the US, data 
collected from the National Health and Nutrition 
Examination Survey (NHANES) 2003–2006 
show that approximately 27% of adolescents age 
12–18 years are vitamin D deficient [Turer et al. 
2013], while in Europe one study showed that 
over 90% of teenage girls had 25(OH)D concen-
trations <50 nmol/l during the winter months 
[Andersen et al. 2005].

Excess adiposity has long been associated with 
vitamin D deficiency [Drincic et al. 2012] and it 
is estimated that 34–92% of obese children have 
suboptimal vitamin D status [Olson et al. 2012; 
Turer et al. 2013]. Epidemiological data also sug-
gest that the prevalence of vitamin D deficiency in 
obese children is directly related to the degree of 
adiposity, with overweight children at 29%, obese 
at 34% and severely obese at 49% [Turer et  al. 
2013].

Vitamin D chemistry and physiology

Food sources and skin synthesis
Vitamin D, synonym calciferol, often referred to 
as the ‘sunshine vitamin’, is essential for life in all 
higher organisms. It is a secosteroid hormone 
which exists in two forms: ergocalciferol (vitamin 
D2), found in fungi; and cholecalciferol (vitamin 
D3), found in vertebrates. Only a few foods con-
tain appreciable amounts of vitamin D (Table 1). 
Wild fish, fish liver, offal and egg yolk provide the 
highest concentrations of natural vitamin D 
[Schmid and Walther, 2013]. In the United States 
and Canada, fortified milk is the primary dietary 
source of vitamin D [Calvo et  al. 2004; Keast 
et al. 2013]; in Europe, few countries have such a 
mandated food fortification program [Braegger 
et al. 2013]. Dietary supplements containing vita-
min D also provide a significant source [Bailey 
et al. 2010; Macdonald, 2013].

Vitamin D can also be synthesized in human skin 
in response to sunlight exposure and is the strong-
est factor influencing vitamin D status [Borradale 
and Kimlin, 2009]. Solar ultraviolet-B (UVB) 
radiation (290–315 nm) initiates cutaneous syn-
thesis of vitamin D by the photoconversion of 

7-dehydrocholesterol to previtamin D3 [Webb 
and Engelsen, 2006]. Then, over a period of 1–2 
days at body temperature, previtamin D3 isomer-
izes to D3; once formed, it is sterically unaccepta-
ble and ejected from the cell membrane into the 
extracellular space and then into circulation. It is 
important to note that prolonged exposure to 
UVB light does not increase previtamin D3 pro-
duction, but rather is photodegraded to biologi-
cally inert isomers [Holick, 2006].

Activation of vitamin D
Once in the circulation, due either to absorption 
of dietary vitamin D or skin synthesis, vitamin D 
(both D2 and D3 forms) is transported to the 
liver where it undergoes its first hydroxylation at 
carbon-25 via 25-hydroxylase, making 25(OH)D, 
or calcidiol, the major form of vitamin D circulat-
ing in the blood yet biologically inactive [Holick, 
2006]. For it to become active, 25(OH)D must 
undergo a second hydroxylation at carbon-1 by 
1-α-hydroxylase, present primarily in the kidneys 
making 1,25-dihydroxyvitamin D [1,25(OH)2D] 
or calcitriol. Production of 25(OH)D is con-
trolled via negative feedback by vitamin D, 
25(OH)D and 1,25(OH)2D [Lips, 2006]. In 
addition to the classical endocrine role of vitamin 
D involving renal synthesis of 1,25(OH)2D, 
numerous other tissues possess enzyme systems 
capable of hydroxylating 25(OH)D to produce 
the active form for intracrine and autocrine/par-
acrine functions [Bikle, 2007]. Other metabolites 
of vitamin D, such as 24R,25-dihydroxyvitamin 
D3, have also been found to have biological activ-
ity but the functions are not well understood 
[Tuohimaa et al. 2013].

Transport of vitamin D and its metabolites
Once generated, 1,25(OH)2D is then transported 
systemically or locally to nuclear VDR in target 
cells, followed by the subsequent generation of 
appropriate biological responses. Another key 
component of this system is the group-specific 
protein known as vitamin D-binding protein 
(DBP) which carries vitamin D and its metabo-
lites to their sites of metabolism and various tar-
get organs [Speeckaert et  al. 2014]. Although 
>99% of 25(OH)D circulates bound to DBP or 
other serum proteins, the general assumption is 
that biological activity involves unbound or ‘free’ 
fractions even though this component in serum is 
very small [Chun et al. 2013]. This ‘free-hormone 
hypothesis’ has been proposed as a universal 
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mechanism for cellular uptake of steroid hor-
mones [Chun et  al. 2013], though recent data 
challenge this assertion in vitamin D metabolism. 
In a randomized controlled trial of vitamin D 
repletion on changes in parathyroid hormone 
(PTH) and calcium levels, the abundance of DBP 
did not change in response to 25(OH)D concen-
trations [Ponda et  al. 2014]. Additionally, the 
researchers found that 25(OH) concentrations 
were a significant predictor of PTH levels, while 
DBP and albumin levels were not and using cal-
culated bioavailable 25(OH)D instead of total 
25(OH)D weakened the model predicting change 
in PTH levels.

Role of VDR in biological functions
The genomic responses to 1,25(OH)2D result 
from its stereospecific interactions with its nuclear 
VDR. This protein is a member of the superfamily 
of the steroid hormone zinc finger receptors 
[Haussler et  al. 2013]. Upon binding to 
1,25(OH)2D, VDR forms a heterodimer with the 
retinoid-X receptor (RXR) and binds to vitamin 
D response elements (VDREs) on DNA 
sequences resulting in expression or transrepres-
sion of specific gene products [Haussler et  al. 
2013]. In humans, VDR is encoded by the VDR 
gene. VDR regulates the expression of numerous 
genes involved in calcium/phosphate homeostasis, 
cellular proliferation and differentiation, and 
immune response, largely in a ligand-dependent 
manner [Wang et al. 2012]. Germane to glucose 
tolerance and insulin sensitivity, VDR is present 
in pancreatic β cells [Mitri et al. 2011; Wang et al. 
2012; Zeitz et al. 2003] and in the peripheral tis-
sues of adipose tissue [Ding et al. 2012] and skel-
etal muscle [Ceglia, 2009].

Storage and excretion of vitamin D and its 
metabolites
Vitamin D is fat soluble and has a halflife of 4–6 
weeks [Heaney et al. 2003]. Vitamin D can accu-
mulate in the body, where it is distributed widely 
[Heaney et  al. 2009], but is primarily stored in 
adipose tissue and released slowly [Blum et  al. 
2008; Mawer et  al. 1972; Rosenstreich et  al. 
1971], so that higher doses of vitamin D lead to a 
long residence time [Rosenstreich et  al. 1971]. 
For example, doses of 50,000 IU have been shown 
to increase the halflife to 90 days [Wu et al. 2003].

Both 25(OH)D and 1,25(OH)2D can undergo 
hydroxylation and oxidation to yield several 

metabolites that are related to deactivation and 
rapid clearance of 1,25(OH)2D. This is particularly 
true for the carbon-23 and -24 oxidations, which 
ultimately yield a biologically inactive water-solu-
ble metabolite, 1-α-hydroxy-24,25,26,27-tetranor-
23-COOH-vitamin D [Holick, 2006].

Factors affecting vitamin D status
Several factors can influence vitamin D status. 
Any barrier to the penetration of UVB radiation 
into the skin epidermis and dermis is inversely 
correlated with circulating 25(OH)D. These 
include: decreased solar zenith angle such as 
occurs during the winter months in temperate cli-
mates and at high latitudes year-round; the use of 
sunscreen or sunblock – even sun protection fac-
tor (SPF) as low as 7 can significantly block vita-
min D production); high melanin skin 
pigmentation (which functions as a natural sun-
screen) [Macdonald, 2013; Prentice, 2008]; and 
cultural clothing practices where little/no skin is 
exposed [Guzel et al. 2001]. Other factors associ-
ated with increased risk of vitamin D deficiency 
or insufficiency include avoidance of milk, fat 
malabsorption, and excess adiposity [Holick, 
2007].

Relationship between vitamin D status, 
obesity and obesity-linked metabolic 
complications
Analysis of data from 21 European and North 
American adult cohorts predicts that each  
1 kg/m2 higher BMI is associated with 1.15% 
lower 25(OH)D concentration [Vimaleswaran 
et al. 2013]. This relationship is theorized to be 
explained by vitamin D’s preferred deposition 
in body fat compartments, making it unavaila-
ble for use by other tissues [Blum et al. 2008; 
Mawer et al. 1972]. Early studies demonstrate 
that, compared with lean controls, obese indi-
viduals are only about half as efficient in con-
verting the vitamin, whether taken orally or 
through cutaneous synthesis following UVB 
exposure, to 25(OH)D [Wortsman et al. 2000]. 
However, some recent investigations challenge 
this hypothesis, concluding that the low vitamin 
D status of obesity is simply a result of volumet-
ric dilution in larger sized individuals. These 
newer studies show that when 25(OH)D con-
centrations are corrected for body mass, vita-
min D bioavailability does not differ between 
normal weight and obese individuals [Drincic 
et al. 2012].
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There are very few studies that examine the rela-
tionship between vitamin D status and body fat 
indexes exclusively in adolescents. In a multivari-
ate analysis of data collected on 58 obese adoles-
cents, 25(OH)D decreased by 1.15 ± 0.55 nmol/l 
per 1% increment in total body fat mass, whereas 
it was not significantly associated with AO as 
determined by computed tomography (CT) 
measured visceral adipose tissue mass [Lenders 
et al. 2009].

As AO is a known risk factor for IR and metabolic 
syndrome (cluster of risk factors for cardiovascu-
lar disease and T2DM) in adults and children 
[Alberti et al. 2009; Zimmet et al. 2007], little is 
known about the distribution or effects of vitamin 
D in specific fat compartments. An early animal 
radiotracer study found vitamin D in all fat com-
partments studied, including subcutaneous and 
visceral (epididymal, perirenal and mesenteric) 
depots [Rosenstreich et al. 1971]. A recent inves-
tigation involving Korean obese adolescents used 
receiver operation characteristic curve analysis to 
establish a serum 25(OH)D cutoff value of 43.9 
nmol/l that reflected AO, meaning a vitamin D 
status less than this value is associated with 
increased risk for AO and metabolic syndrome in 
the population studied [Nam et  al. 2012]. This 
value is below the <50 nmol/l cutoff used in the 
definition of vitamin D deficiency by both IOM 
and the Endocrine Society.

While there is a well-documented connection 
between vitamin D status and obesity, there is 
uncertainty over whether vitamin D deficiency 
contributes to, or is a consequence of, obesity. A 
newly published meta-analysis of 12 randomized 
controlled trials, including adult and adolescents, 
showed a possible small effect of vitamin D sup-
plementation on reducing BMI [Pathak et  al. 
2014]. However, there is also evidence that weight 
loss alone can significantly improve vitamin D 
status [Coupaye et al. 2013; Lin et al. 2011]. In a 
weight intervention study of obese children, a 
reduction of 1 kg/m2 BMI was accompanied by 
an increase of ~12.5 nmol/l 25(OH)D serum con-
centration [Reinehr et  al. 2007]. The beneficial 
effects of weight loss on vitamin D status are likely 
to be transient, however, as 25(OH)D concentra-
tions are found to fall when measured over time 
[Coupaye et al. 2013].

Vitamin D deficiency has been independently 
linked to IGT, IR and T2DM associated with 
obesity. The first observations relating vitamin D 

status to T2DM in humans came from reports 
showing that both healthy and diabetic subjects 
have a seasonal variation in glycemic control 
[Chagas et al. 2012]. Since then, cross-sectional 
studies in adults have reported that low 25(OH)
D concentrations are related to glucose intoler-
ance, IR and metabolic syndrome [Pittas et  al. 
2007]. Likewise, an association of vitamin D sta-
tus with IR and glucose intolerance has been 
found in children and adolescents [Alemzadeh 
et  al. 2008; Chung et  al. 2014; Jimenez-Pavon 
et al. 2014; Nsiah-Kumi et al. 2012; Olson et al. 
2012]. Findings from prospective studies have 
also demonstrated that vitamin D status at base-
line is inversely associated with future risk of 
T2DM and metabolic syndrome [Khan et  al. 
2013] and the latest data from the PROspective 
Metabolism and ISlet cell Evaluation 
(PROMISE) cohort study indicate that this 
inverse association with the metabolic syndrome 
risk is partly driven by vitamin D’s association 
with glucose homeostasis [Kayaniyil et al. 2014]. 
When under the scrutiny of a randomized con-
trolled trial, however, this relationship does not 
always hold up [George et al. 2012]. Much of this 
discrepancy can be attributed to differences in 
methods employed, such as vitamin D dose and 
outcome measures, and participant characteris-
tics, most notably body weight/fat status and age. 
The following section reviews the research on 
vitamin D specific to IR, focusing on a popula-
tion known to be high risk for vitamin D defi-
ciency: obese adolescents.

Studies on vitamin D and IR in obese 
adolescents

Observational studies
To date, a number of observational studies explor-
ing the relationship between the vitamin D status 
of obese adolescents and markers of glucose 
homeostasis as the primary measurement have 
been published (Table 2a). Also in the literature 
are several observational studies comparing the 
vitamin D status of obese adolescents with multi-
ple metabolic health measures including IR 
(Table 2b). Most, although not all, show signifi-
cant associations between circulating 25(OH)D 
concentrations and insulin sensitivity/resistance 
indices. In interpreting the collective findings of 
these reports, a few themes surface including the 
effects of pubertal status, vitamin D status, influ-
ence of PTH status, and the presence of nonalco-
holic fatty liver disease (NAFLD).
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Table 2b.  Observational studies on vitamin D status and metabolic health measurements in obese adolescents.

Study Objective Participants Comments

Ganji et al. 
[2011]

Investigate the relation between 
25(OH)D and cardiometabolic 
risk factors in US adolescents

Epidemiological data 
from NHANES 2001–
2006; includes 5867 
12–19 year olds

25(OH)D significantly associated with several 
cardiometabolic risk factors regardless of 
obesity (including negative correlations with 
waist circumference, systolic blood pressure, 
HOMA-IR, and positive correlation with HDL 
cholesterol).

Pacifico et al. 
[2011]

Examine association of vitamin 
D status with the metabolic 
syndrome, its individual 
components and early 
atherosclerotic abnormalities 
in a large sample of Italian 
overweight/obese and normal 
weight children and adolescents

452 Caucasian 
children/adolescents, 
11 ± 4 years old (304 
overweight/obese and 
148 nonobese)

25(OH)D inversely associated with presence of 
metabolic syndrome. Obesity, central obesity, 
hypertension, hypertriglyceridemia, low-
HL cholesterol, IR were all associated with 
increased odds of having low 25(OH)D, after 
adjustment for age, sex and tanner stage. No 
correlations between vitamin D status and 
subclinical antherosclerotic measurements.

Codoner-
Franch et al. 
[2012]

Examine relationship of vitamin 
D status, parathyroid hormone, 
and serum calcium-phosphorus 
levels to biomarkers of oxidative 
stress, inflammation and 
endothelial activation in obese 
children.

66 obese and 39 
nonobese Caucasian 
children, 7–14 years

25(OH)D <50 nmol/l detected in 5% of 
nonobese and 30% of obese. In obese, vitamin 
D status inversely correlated with nitrosative 
stress, inflammation, and endothelial 
dysfunction.

Parikh et al. 
[2012]

Study relation between vitamin 
D status and cardiometabolic 
risk factors in healthy black 
and white adolescents living in 
southern US

701 healthy adolescents, 
BMI = 23 ± 5, 54% black, 
14–18 years

Independent of adiposity, 25(OH)D is associated 
with various cardiometabolic risk factors 
(adiponectin, leptin, fibrinogen, fasting glucose, 
HOMA-IR, HDL cholesterol, systolic and 
diastolic blood pressure) in adolescents living 
in a sun-rich climate.

Jang et al. 
[2013]

Investigate the prevalence of 
vitamin D insufficiency and the 
association of 25(OH)D with 
metabolic risk factors in Korean 
girls

320 12.4–14.5 year-old 
females, mean BMI = 
19.9 (11.6% with BMI 
⩾85th percentile)

25(OH)D <50 nmol/l present in 63.8% of 
participants; no differences in prevalence of 
vitamin D deficiency between overweight and 
nonoverweight. Vitamin D status positively 
correlated with milk intake and negatively with 
soft drink intake. 25(OH)D inversely associated 
with fasting glucose IR, after adjustment for 
activity and BMI. Participants with vitamin D 
deficiency had higher metabolic risk scores.

Kardas et al. 
[2013]

Elucidate the association 
of obesity with 25(OH)D and 
adiponectin levels in Turkish 
children

63 obese (BMI = 
28.5 ± 2.7) and 51 
nonobese (BMI = 19.6 
± 3.6) children and 
adolescents, 10–16 
years

25(OH)D positively correlated with adiponectin 
and HDL-cholesterol and inversely correlated 
BMI, triglycerides, total cholesterol, LDL 
cholesterol, fasting glucose, HOMA-IR, 
and systolic and diastolic blood pressure. 
Adiponectin levels lower in the obese group 
and inversely correlated with BMI and 
positively correlated with fasting glucose and 
HOMA-IR.

Black et al. 
[2014]

Determine the relationship 
between vitamin D status and 
NAFLD in adolescents

Participants in the 
population-based West 
Australian Pregnancy 
Cohort including 994 
17–year-olds non-
NAFLD group (BMI=10-
24) and NAFLD group 
(BMI=23-33)

25(OH)D <75 nmol/l present in 68% of NAFLD 
group and 49% of non-NAFLD group. 25(OH)D 
inversely associated with risk of NAFLD, after 
adjusting for television/computer viewing, BMI 
and HOMA-IR.

25(OH)D, 25-hydroxyvitamin D; BMI, body mass index; HDL, high-density lipoprotein; HOMA-IR, homeostasis model for assessment of insulin 
resistance; IR, insulin resistance; LDL, low-density lipoprotein; NAFLD, nonalcoholic fatty liver disease.



Therapeutic Advances in Endocrinology and Metabolism 5(6)

176	 http://tae.sagepub.com

Puberty is a known modulator of insulin sensitiv-
ity [Travers et al. 1995] and is thought to be due 
to the interaction of various hormones including 
growth hormone secretion [Hannon et al. 2006]. 
Two studies were designed to specifically exam-
ine the effects of puberty on the association 
between 25(OH)D serum concentrations and IR 
[Buyukinan et al. 2012; Khadgawat et al. 2012]. 
Both show that the association does not become 
significant until children reach puberty. 
Furthermore, the analysis by Kelly and col-
leagues of cross-sectional data of obese children 
required adjustments for puberty to reveal asso-
ciations between vitamin D status and homeo-
static model assessment (HOMA) IR [Kelly et al. 
2011], and a recent report exploring the relation-
ship between vitamin D status and IR and cardi-
ovascular risks in very young obese children (2-6 
years) saw no association [Creo et  al. 2013]. 
Interestingly, one of the studies that did not show 
a correlation between vitamin D status and IR 
did not take into account pubertal status despite 
a wide age distribution of participants (9–15 
years) [Torun et al. 2013].

Another plausible explanation for the lack of asso-
ciation observed in at least one of the reviewed 
studies is that the vitamin D status of the partici-
pants was not sufficiently compromised. The pre-
ponderance of evidence demonstrates that the 
majority of obese adolescents fall into the IOM 
definition of vitamin D deficiency. In the paper by 
Stanley and colleagues the mean serum 25(OH)D 
concentrations of the study participants was nota-
bly above 50 nmol/l [Stanley et  al. 2013]. Yet, 
despite no correlation between IR and vitamin D 
status, there was a significant inverse correlation 
between HOMA-IR and PTH concentrations as 
well as the ratio of PTH: 25(OH)D. Almemzadeh 
and Kichler noted a similar relationship with IR 
and PTH in obese adolescents [Alemzadeh and 
Kichler, 2012]. It is speculated that the status of 
both vitamin D and PTH need to be considered for 
optimal evaluation of the impact of vitamin D sta-
tus on glucose metabolism. Indeed, findings from a 
recent prospective investigation of adult women 
illustrate that vitamin D deficiency with increased 
serum PTH concentrations is independently asso-
ciated with deterioration in insulin sensitivity, β-cell 
function and glycemia which is not observed in 
women with vitamin D deficiency in the context of 
lower PTH [Kramer et al., 2014].

Pediatric NAFLD, defined by hepatic fat infiltra-
tion >5% hepatocytes as assessed by liver biopsy 

in the absence of excessive alcohol intake, viral, 
autoimmune and drug-induced liver disease, is 
emerging as one of the most common complica-
tions of adolescent obesity [Marzuillo et al. 2014]. 
The main risk factors for pediatric NAFLD are 
obesity and IR; NAFLD is strongly associated 
with the clinical features of IR especially the met-
abolic syndrome and T2DM [Marzuillo et  al. 
2014]. Pirgon and colleagues, in the first study to 
look into the vitamin D status of obese adoles-
cents with NAFLD, revealed that compared with 
non-NAFLD obese teens, those with NAFLD 
had significantly lower serum concentrations of 
25(OH)D [Pirgon et al. 2013]. Moreover, vitamin 
D status was negatively correlated with HOMA-IR 
in those with NAFLD, but not in those without 
NAFLD [Pirgon et  al. 2013]. The only other 
known investigation of vitamin D and NAFLD in 
adolescents showed that lower 25(OH)D concen-
trations are associated with NAFLD, independ-
ent of adiposity, physical activity and IR [Black 
et al. 2014]. It is unclear whether poor vitamin D 
status contributes directly to the risk of develop-
ing NAFLD or if this association is confounded 
by hepatic steatosis [Pirgon et  al. 2013], as the 
liver is a primary site of vitamin D activation. 
Notwithstanding, it would be appropriate to 
screen for vitamin D deficiency in adolescents at 
risk for NAFLD.

Intervention studies
Only a few intervention studies involving the sup-
plementation of obese adolescents exist, of which 
only two are randomized controlled trials (Table 
3). Both of these were similar in duration (12 
weeks) and in participant characteristics and both 
demonstrated favorable effects of vitamin D sup-
plementation on glucose homeostasis and/or met-
abolic syndrome outcomes. What was different, 
however, was the dose of cholecalciferol. We used 
a daily dose of 4000 IU/day [Belenchia et  al. 
2013], whereas Kelishadi and colleagues used a 
weekly dose of 300,000 IU [Kelishadi et al. 2014]. 
In spite of the greater dose used in the latter trial, 
the daily regimen was more effective at increasing 
serum 25(OH)D concentrations (increase of ~47 
nmol/l in the former versus 35 nmol/l in the lat-
ter), although both achieved a vitamin D status 
sufficient to see beneficial effects on IR (96 ± 23 
nmol/l in the former and 79.9 ± 5.3 nmol/l in the 
latter), unlike the nonrandomized, nonplacebo 
controlled intervention studies of Ashraf and col-
leagues [Ashraf et  al. 2011] and Harel and col-
leagues [Harel et  al. 2011]. By comparison, the 
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results of a 2012 meta-analysis of the evidence on 
vitamin D supplementation and glycemic control 
in adults suggested a weak effect of vitamin D 
supplementation in reducing fasting glucose and 
improving IR in patients with T2DM or IGT 
[George et  al. 2012]. However, a major flaw of 
this meta-analysis is that the studies included 
used wide-ranging vitamin D forms and dosing 
regimens. In most trials where no effects were 
observed, the dose or duration of vitamin D sup-
plementation were inadequate to increase serum 
25(OH)D to sufficient concentrations, i.e. >75 
nmol/l, the threshold for ‘sufficiency’ as advo-
cated by the Endocrine Society and the Society 
for Adolescent Health and Medicine.

Biological mechanisms by which vitamin D 
influences glycemic control in obesity
The biological mechanisms by which vitamin D 
influences glycemic control in obesity are not well 
understood. The proposed mechanisms include 
regulation of glucose-mediated synthesis/secre-
tion of insulin by pancreatic β-cells, enhancing 

peripheral/hepatic uptake of glucose through both 
direct and indirect means, and reducing inflam-
mation (Figure 1).

Both VDR and the 1-α-hydroxylase enzyme are 
expressed in insulin-secreting pancreatic β-cells 
and there is mounting support for a role of 
1,25(OH)2D in regulating insulin production and 
secretion [Billaudel et  al. 1993]. However, the 
research suggests that calcitriol does not impact 
on insulin release in healthy pancreatic islets but 
does in those subjected to an environmental 
stressor such as inflammation or vitamin D defi-
ciency [Wolden-Kirk et  al. 2013]. In an animal 
study, it was observed that vitamin D deficiency 
results in calcium-independent pancreatic β-cell 
dysregulation that can be improved by correcting 
vitamin D deficiency [Labriji-Mestaghanmi et al. 
1988]. Similar effects were seen in a human study, 
where vitamin D deficient adults were randomized 
to receive supplemental vitamin D, calcium, or 
vitamin D and calcium [Mitri et al. 2011]. Those 
supplemented with vitamin D saw improvements 
in β-cell function, whereas those who received 

Figure 1.  Potential mechanistic links between vitamin D deficiency in obesity and insulin resistance/impaired 
glucose metabolism, including regulation of glucose-mediated synthesis and secretion of insulin by pancreatic 
beta cells, enhancing peripheral (skeletal muscle, adipose tissue) and/or hepatic uptake of glucose through 
both direct and indirect means, and reducing inflammation.
GLUT-4, glucose transporter 4; NF-κB, nuclear factor-κB; TLR, toll-like receptor; UVB, ultraviolet B. 
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calcium did not. In contrast, the cross-sectional 
study by de las Heras and colleagues of obese ado-
lescents showed no relationship between 25(OH)
D and in vivo insulin sensitivity or β-cell function 
relative to insulin sensitivity in any of the groups 
studied (normal glucose tolerance versus prediabe-
tes, versus T2DM) [de las Heras et al. 2013]. This 
may be partly attributed to the majority of partici-
pants being vitamin D deficient; measuring β-cell 
function after correction for this vitamin D defi-
ciency would be an important next step in under-
standing the role of vitamin D in insulin secretion. 
Lastly, while it is well-known that vitamin D is 
crucial in maintaining extracellular calcium con-
centrations and calcium influx into β-cells is nec-
essary for insulin secretion to occur, VDR signaling 
may play a more direct role in glucose-induced 
insulin secretion [Lee et al. 1994].

In addition to regulating insulin production and 
release, there is evidence that VDR signaling facil-
itates insulin-stimulated glucose uptake in insu-
lin-sensitive tissue [Huang et al. 2002]. In skeletal 
muscle, adipose tissue and the liver, 1,25(OH)2D 
has been shown to directly activate the transcrip-
tion of the human insulin receptor gene and 
increase expression of the insulin receptor [Calle 
et  al. 2008; Maestro et  al. 2002, 2003]. 
Furthermore, there is evidence that calcitriol 
increases insulin signaling in skeletal muscle 
[Alkharfy et al. 2013]. Additionally, calcitriol has 
also been demonstrated, in vivo, to upregulate the 
expression of glucose transporter 4 (GLUT-4) in 
skeletal muscle and to stimulate GLUT-4 translo-
cation in adipocytes [Castro et al. 2014; Manna 
and Jain, 2012]. Whether vitamin D deficiency 
influences insulin sensitivity and glucose uptake 
through calcium dependent or independent 
mechanisms remains unknown.

The chronic inflammation that accompanies obe-
sity leads to hyperinsulinemia, IR and eventually 
β-cell dysfunction/death. These consequences are 
largely driven by the increased production of 
inflammatory cytokines, chemokines and adi-
pokines by immune cells, such as macrophages 
and adipocytes. There is a wealth of data suggest-
ing that calcitriol is a strong immunomodulator 
and improves systemic inflammation in a variety 
of manners. Vitamin D status has an inverse asso-
ciation with several of the pro-inflammatory bio-
markers that are associated with the development 
of IR such as tumour necrosis factor-α  
(TNFα), interleukin 1β (IL-1β), IL-2, IL-6 and  
interferon γ (IFN-γ) [Flores, 2005]. Furthermore, 

improving vitamin D status has been shown to 
decrease general systemic inflammation [Hopkins 
et al. 2011; Shab-Bidar et al. 2012; Wamberg et al. 
2013]. These effects on systemic and tissue-spe-
cific inflammation have been attributed to several 
factors including the inhibition of the NF-κβ 
pathway, shifting T-helper cells towards the anti-
inflammatory TH2 subset, decreasing the expres-
sion of toll-like receptor 4 (TLR-4) and decreasing 
the maturation of dendritic cells [Cantorna et al. 
2004; Chen et al. 2013; Ding et al. 2013; Du et al. 
2009; Guillot et al. 2010].

Role of adiponectin in the link between vitamin 
D deficiency and pediatric obesity
A recent study proteonomically identified adi-
ponectin as a key regulatory protein in the link 
between vitamin D deficiency and pediatric obe-
sity [Walker et al. 2014]. Adiponectin is an adipo-
cytokine that is secreted exclusively from adipose 
tissue in response to insulin [Motoshima et  al. 
2002]. As with 25(OH)D, circulating concentra-
tions of the molecule are inversely proportional to 
fat mass and strongly associated with both IR and 
impaired glucose metabolism in adolescents 
[Buemann et  al. 2005; Punthakee et  al. 2006]. 
Furthermore, adiponectin has been demonstrated 
to have an insulin-sensitizing effect in peripheral 
tissue such as muscle and adipose, as well as regu-
latory effects on gluconeogenesis [Berg et  al. 
2001; Park et al. 2011]. Adiponectin receptors are 
also expressed in insulin producing pancreatic β-
cells but little is known about their role in these 
cells [Kharroubi et al. 2003]. A few of the obser-
vational studies on vitamin D status and IR in 
obese adolescents measured circulating adiponec-
tin concentrations and found that it was signifi-
cantly correlated with 25(OH)D concentration 
[Kardas et  al. 2013; Nunlee-Bland et  al. 2011; 
Parikh et al. 2012; Roth et al. 2011]. Our vitamin 
D supplementation trial of obese adolescents did 
not find any changes in adiponectin, but observed 
a significant decrease in the ratio of leptin to adi-
ponectin [Belenchia et  al. 2013], which has 
recently been proposed as a potential clinical tool 
for the assessment of IR and found to be more 
strongly correlated with results from a hyperinsu-
linemic/euglycemic clamp than were HOMA-IR 
or QUICKI methods [Belenchia et al. 2013]. The 
mechanism by which vitamin D and adiponectin 
interact has not been elucidated. There is some 
evidence suggesting that vitamin D indirectly 
stimulates the production of adiponectin through 
its action interaction with peroxisome 
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proliferator-activated receptor γ (PPARγ) and has 
a strong stimulatory effect on adiponectin pro-
duction [Liu et  al. 2009; Maeda et  al. 2001; 
Nimitphong et al. 2009].

Clinical considerations related to vitamin D 
and IR in the obese adolescents

Treatment of obesity-associated IR and 
hyperglycemia
Standard approaches to the treatment of the IR 
and hyperglycemia associated with obesity 
include weight loss and drug therapy. A BMI 
reduction of just 5% has been estimated to lead 
to an improved health status in the obese 
[National Heart Forum, 2012]. While lifestyle 
changes are a cost-effective method to delay the 
progression of impaired fasting glucose to diabe-
tes mellitus [Diabetes Prevention Program 
Research Group, 2012], implementation is often 
difficult in the clinical setting. The drug met-
formin is a biguanide that is thought to reduce 
hepatic glucose production and improve IR 
[Miller et al. 2013]. While its approved use is for 
the treatment of diabetes, it has been used off-
label for the management of IR, prediabetes and 
polycystic ovary syndrome. A recent meta-analy-
sis of 14 clinical trials studying the efficacy of 
metformin for weight loss among obese children 
and adolescents found a statistically significant 
reduction in BMI after 6 months, with the effect 
fading to non-significance by 12 months 
[McDonagh et  al. 2014]. Common side effects 
include gastrointestinal side effects such as 
abdominal pain, cramping, bloating and diar-
rhea. Lactic acidosis, though rare, is the most 
common serious adverse reaction associated with 
metformin use.

Our laboratory showed that correcting the vita-
min D status of obese adolescents produced an 
attenuation of IR similar to results involving met-
formin [Belenchia et  al. 2013]. Metformin is 
reported to reduce the HOMA-IR score by ~2 
units [Park et  al. 2009]; by comparison in our 
study vitamin D decreased the HOMA-IR score 
by ~1.5 units. Remarkably, this improvement in 
IR was independent of changes in body weight 
and without the side effects of metformin.

Indications for testing of vitamin D status
No current guidelines support universal screen-
ing for vitamin D deficiency among the general 

population. While some have raised the question 
whether treatment can precede laboratory meas-
urement to reduce the cost of testing on the 
healthcare system [Souberbielle et al. 2012], clini-
cians may wish to screen their obese adolescent 
patients as they are at greater risk for vitamin D 
deficiency. Other high-risk adolescent groups that 
may warrant vitamin D testing include those with 
darker skin pigmentation, populations from 
higher latitudes, night shift workers, and those 
with underlying medical conditions predisposing 
to vitamin D deficiency (Table 4). The clinician 
may also choose to screen patients from low-risk 
groups who present with potential symptoms of 
vitamin D deficiency, such as fatigue, weakness, 
or musculoskeletal heaviness or pain [Erkal et al. 
2006].

Practice recommendations
As aforementioned, the vast majority of vitamin 
D is received from skin exposure to sunlight. It 
has been estimated that 15 minutes of unpro-
tected sun exposure should provide sufficient 
vitamin D for a light-skinned person [Misra 
et al. 2008]. Patients with darker skin pigmenta-
tion or a high risk for vitamin D deficiency, in 
addition to persons who require continuous 
sunscreen such as those with very fair complex-
ion or a family history of skin cancer, may need 
supplemental vitamin D from additional 
sources.

There is general agreement among IOM [Ross, 
2011], the Endocrine Society [Holick et al. 2011], 
and the American Academy of Pediatrics (AAP) 
[American Academy of Pediatrics, 2012] to estab-
lish 600 IU (15 µg) of vitamin D as the minimum 
recommended daily allowance for healthy adoles-
cents up to age of 18 years. The Endocrine Society 
has recommended that higher risk adolescents 
may need at least 1000 IU (25 µg) vitamin D 
daily. IOM, the Endocrine Society and the 
European Food Safety Authority [EFSA Panel on 
Dietetic Products, 2012] has set 4000 IU (100 
µg) vitamin D3 daily as the upper limit for adoles-
cent intake.

Aside from vitamin D fortified milk, many adoles-
cents have diets that do not typically include food 
sources of vitamin D (Table 1). Clinicians should 
consider vitamin D supplementation among 
patients with vitamin D deficiency despite 
attempts to improve their status through exposure 
to the Sun and food sources.
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Oral vitamin D supplements include D2 and D3 
(Table 1). Controversy exists between these two 
forms in regards to the efficacy of increasing 
serum 25(OH)D levels. A meta-analysis has sug-
gested that D3 is preferable to D2, especially in 
the context of weekly or monthly dosing regimens 
[Tripkovic et  al. 2012], but the clinical signifi-
cance of these differences may be less striking. 
Intramuscular (IM) vitamin D has been used to 
treat low vitamin D status; however IM prepara-
tions are not available in many countries.

After evaluating recommendations by IOM and the 
Endocrine Society, the Society for Adolescent Health 
and Medicine made the following recommendations 
regarding the treatment of suboptimal vitamin D 
levels among adolescents [Harel et al. 2013]:

1.	 Vitamin D deficiency [serum 25(OH)D 
concentration less than 50 nmol/l (20 ng/
ml)] – treat with 50,000 IU vitamin D2 
once weekly for 8 weeks (‘stoss therapy’).

2.	 Vitamin D insufficiency [serum 25(OH)D 
concentration 50–72.5 nmol/l (20–29 ng/
ml)] – treat with vitamin D3 1000 IU/day 
for at least 3 months. Adolescents at higher 
risk for vitamin D deficiency may require 
longer therapy.

After treatment, 25(OH)D serum concentration 
may be monitored after 3–4 months and then 
twice yearly to assess for need for vitamin D dose 
optimization [Pludowski et al. 2013].

Most adolescents requiring vitamin D supple-
mentation have sufficient calcium status and do 
not require supplemental calcium. However, 
patients who have hyperparathyroidism or frank 
rickets may require calcium supplemented in the 
context of vitamin D replacement to avoid ‘hun-
gry bone syndrome’. This syndrome is character-
ized by hypocalcemia due to a suppression in 
bone reabsorption and increased bone 

Table 4.  Medical conditions associated with vitamin D deficiency among adolescents.*

Obesity (BMI > 95th percentile)
Osteomalacia
Osteoporosis
Chronic kidney disease
Hepatic failure
Malabsorption syndromes
  Cystic fibrosis
  Inflammatory bowel disease (Crohn’s disease/ulcerative colitis)
  Bariatric surgery
  Radiation enteritis
Hyperparathyroidism
Medications
  Antiseizure medications
  Glucocorticoids
  HIV medications
  Antifungals, e.g. ketoconazole
  Cholestyramine
African-American race or Hispanic ethnicity
Pregnant and lactating women
History of nontraumatic fractures
Granuloma-forming disorders
  Sarcoidosis
  Tuberculosis
  Histoplasmosis
  Coccidiomycosis
  Berylliosis
Lymphomas

* Adapted from Holick et al. [2011].
BMI, body mass index.
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mineralization, in the context of vitamin D 
replacement and a normalization of PTH 
[Witteveen et al. 2013]. Patients at risk for hungry 
bone syndrome require 30–75 mg/kg/day of ele-
mental calcium given in three daily doses until 
vitamin D doses have been reduced to mainte-
nance levels and 25(OH)D and PTH levels nor-
malize [Misra et al. 2008].

Complications of vitamin D treatment
The tolerable upper level (UL) established by 
IOM is 4000 IU for children and adults [Ross, 
2011], although research supports that the dose 
required to actually achieve a toxic concentration 
of serum 25(OH)D is significantly greater. 
Vitamin D intoxication is associated with several 
adverse effects including nephrolithiasis, hyper-
tension, pain, conjunctivitis, anorexia, thirst, and 
vomiting and weight loss; all are due to hypercal-
cemia and occur only at very high vitamin D 
intakes [Jones, 2008]. Both the intoxication litera-
ture and more recent controlled dosing studies 
have been analyzed by Hathcock and colleagues 
[Hathcock et al. 2007]. These authors show that 
essentially no cases of confirmed intoxication 
have been reported at serum 25(OH)D levels 
below 500 nmol/l (200 ng/mL). Correspondingly, 
the oral intakes needed to produce such levels are 
in excess of 20,000 IU/day in otherwise healthy 
adults and, more usually, above 50,000 IU/day.

Case reports of vitamin D toxicity among chil-
dren often describe dosing and pharmacologic 
errors as the reason for complications [Rajakumar 
et al. 2013]. Careful education of adolescents and 
their families in addition to periodic monitoring 
of 25(OH)D and calcium status are recom-
mended to avoid preventable errors in vitamin D 
intake. It is worth noting that subjects who have 
significant vitamin D production from extensive 
sun exposure (e.g. lifeguards) may have serum 
25(OH)D levels greater than 100 ng/ml (250 
nmol/L) without the development of complica-
tions associated with vitamin D toxicity [Holick, 
2009].

Conclusion
In conclusion, vitamin D deficiency is a common 
problem associated with adolescent obesity. 
Excess adiposity is linked with poor vitamin D 
status (and vice versa) and the effects of this defi-
ciency during obesity seem to have negative con-
sequences on IR and glucose homeostasis. The 

few published clinical trials using vitamin D sup-
plementation to improve IR and IGT in obese 
adolescents have yielded beneficial effects. 
However, there is a need for more randomized 
controlled trials, involving larger sample sizes, 
focusing on obese adolescents with documented 
vitamin D deficiency and careful selection of the 
dose, dosing regimen, and achievement of target 
25(OH)D concentrations. These trials should 
also include clamp-derived measures of in vivo 
sensitivity and β-cell function to more fully char-
acterize the effects of vitamin D replenishment on 
IR.
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