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Abstract Vitamin D is a key hormone involved in the regula-
tion of calcium/phosphorous balance and recently it has been
implicated in the pathogenesis of sub-inflammation, insulin re-
sistance and obesity. The two main forms of vitamin D are
cholecalciferol (Vitamin D3) and ergocalciferol (Vitamin D2):
the active form (1,25-dihydroxyvitamin D) is the result of two
hydroxylations that take place in liver, kidney, pancreas and
immune cells. Vitamin D increases the production of some
anti-inflammatory cytokines and reduces the release of some
pro-inflammatory cytokines. Low levels of Vitamin D are also
associated with an up-regulation of TLRs expression and a pro-
inflammatory state. Regardless of the effect on inflammation,
Vitamin D seems to directly increase insulin sensitivity and
secretion, through different mechanisms. Considering the im-
portance of low grade chronic inflammation in metabolic syn-
drome, obesity and diabetes, many authors hypothesized the
involvement of this nutrient/hormone in the pathogenesis of
these diseases. Vitamin D status could alter the balance between
pro and anti-inflammatory cytokines and thus affect insulin
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action, lipid metabolism and adipose tissue function and struc-
ture. Numerous studies have shown that Vitamin D concentra-
tions are inversely associated with pro-inflammatory markers,
insulin resistance, glucose intolerance and obesity. Interestingly,
some longitudinal trials suggested also an inverse association
between vitamin D status and incident type 2 diabetes mellitus.
However, vitamin D supplementation in humans showed con-
troversial effects: with some studies demonstrating improve-
ments in insulin sensitivity, glucose and lipid metabolism while
others showing no beneficial effect on glycemic control and on
inflammation. In conclusion, although the evidences of a signif-
icant role of Vitamin D on inflammation, insulin resistance and
insulin secretion in the pathogenesis of obesity, metabolic syn-
drome and type 2 diabetes, its potential function in treatment and
prevention of type 2 diabetes mellitus is unclear. Encouraging
results have emerged from Vitamin D supplementation trials on
patients at risk of developing diabetes and further studies are
needed to fully explore and understand its clinical applications.

Keywords Vitamin D - Sub-inflammation - Insulin
resistance - Metabolic syndrome - Type 2 diabetes mellitus -
TNF-co - 11-6 - MCP-1 - Sclerostin - Osteopontin -
Osteoprotegerin - Fractalkine - Osteocalcin

1 Introduction

Vitamin D plays a key role in the regulation of mineral homeo-
stasis, being mainly involved in bone and calcium/phosphorus
balance [1]. However, over the last several years, a potential
extra skeletal role of vitamin D has begun to emerge [1, 2].

In particular, many studies have revealed profound immuno-
modulatory effects of vitamin D and its derivatives [3] and that
vitamin D deficiency may be associated with sub-inflammatory
state, insulin resistance and obesity/ metabolic syndrome.
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Obesity, metabolic syndrome, essential hypertension and type 2
diabetes are all insulin-resistant states, in which different hor-
mones and cytokines are implicated. However, all these patho-
logic states are characterized by a condition of chronic sub-in-
flammation. Considering the importance of sub-inflammation in
the development of insulin resistance and obesity/metabolic
syndrome, it has been speculated that Vitamin D deficiency
could play a contributory role in it [4].

The focus of this review is to explore the pathophysiology
of the mechanistic relationship between vitamin D, bone me-
tabolism, inflammation and insulin resistance, in humans.

2 Vitamin D: Metabolism, actions

Cholecalciferol (Vitamin D3) and ergocalciferol (Vitamin D2)
are the two main forms of vitamin D. The first one is mainly
endogenous and produced in the skin, as a result of sun expo-
sure; only a minor portion, instead, is exogenous and extracted
from food such as fatty fish, egg yolk, mushrooms and yeast.
Dairy products with nutritional supplements and nutritional
supplements by themselves usually contain vitamin D2, that
is the vegetal form of vitamin D [5].

Vitamin D3 is a lipophilic precursor of the major circulating
form: 25(0OH) Vitamin D. During sun exposure 7-
dehydrocholesterol is converted to pre-vitamin D3 and then to
vitamin D3 in a non-enzymatic reaction that takes place in the skin.
The excess of sunlight causes degradation of pre-vitamin D3 and
vitamin D3 into inactive form. Through the binding to the vitamin
D-binding protein, Vitamin D3 is then transported in the blood-
stream from the skin to the liver, where it is converted by vitamin
25-hydroxylase to the circulating form, 25(0OH)Vitamin D [6].

To exert its biological function, interacting with the vitamin
D nuclear receptor, the vitamin D’s circulating form must be
subjected to a second hydroxylation reaction [7]. This reaction
takes place mainly in the kidney, being carried out by a single
enzyme (1 «-hydroxylase), leading to the most active vitamin
D, known as 1,25 (OH)2 Vitamin D. The activating process
could also take place in other cells that contains this enzyme,
such as immune cells [8] or pancreatic cells [9].

Vitamin D 24-hydroxylase is in charge for the inactivation
process. This event is regulated by the concentration of the
active form of Vitamin D, that could induce the expression of
24-hydroxylase and convert 25(OH) vitamin D and
1,25(0OH)2 vitamin D into less-active metabolites (e.g.
24,25(0H)2 vitamin D and 1,24,25(OH)3 Vitamin D) which
are in turn further catabolized into inactive calcitroic acid [10].

The 1,25(0OH)2 Vitamin D is the main active form and has
about 1000-fold higher affinity than 25(OH) Vitamin D for the
vitamin D receptor (VDR). All Vitamin D metabolites circu-
late in the bloodstream bound to the vitamin Dbinding protein
[11]. 1,25 (OH)2 Vitamin D and 25(OH)Vitamin D are pre-
dominantly stocked in adipose and muscle tissue [12]. In
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particular, adipose tissue is generally considered the reservoir
for Vitamin D in human subjects and rats [13-17]
Interestingly, visceral fat was found to contain 20% more of
this nutrient than subcutaneous fat [18].

The 25(0OH) Vitamin D has a half-life between 15 to 50 days
and circulates in plasma in nanomolar concentrations [12].
Vitamin D status is usually determined by serum concentrations
of 25(OH) Vitamin D: a 25(OH) Vitamin D concentrations be-
tween 20 and 30 ng/mL defines insufficiency and a 25-OH
Vitamin D concentration less than 20 ng/mL defines deficiency
[19]. Vitamin D deficiency is considered a pandemic problem
because most part of the population, even among people living
in tropical areas, has this nutritional deficiency that could lead to
both skeletal and extra-skeletal problems [20].

In the 2011, the Institute of Medicine set the Vitamin D
Recommended Dietary Allowance (RDA, the level of intake
of a nutrient judged adequate to meet the known nutrient needs
of nearly all healthy people), at 600 IU/d for persons aged 1—
70 years and 800 IU/d for persons aged 71 years and older [5].

3 Sub-inflammation and insulin resistance

Insulin resistance is defined as a reduced ability of insulin to
exert its metabolic and biological actions at the whole-body
level, where insulin in concert with glucagon, somatostatin
and a number of extra-pancreatic hormones plays a key-role in
the regulation of glucose homeostasis [21-23]. This condition is
characterized by a decreased signaling of insulin receptors on
insulin sensitive cells. In the natural history of insulin resistance/
type 2 diabetes mellitus (T2DM), initially, an insulin resistant
subject compensates with a greater production of insulin (com-
pensating hyperinsulinism with normoglycemia) but, with time,
beta-cell insulin secretion is reduced, leading to glucose intoler-
ance and clinically overt type 2 diabetes mellitus [24].

This sequence of molecular and biological events occurs in
humans [25] non-humans primates [26—30] and rodent
models of T2DM and insulin resistance [31-33].

Insulin resistance is one of the hallmarks of type 2 diabetic
patients, but it is also recognizable in more than 50% of pa-
tients without diabetes who suffered a cardiovascular event.
The presence of insulin resistance increases the risk of vascu-
lar disease, also because of its association with hypertension,
hyperglycemia, hyperinsulinemia, dyslipidemia, endothelial
dysfunction, hypercoagulability, sub-inflammation and in-
creased platelet reactivity [34-38].

The mechanistic link between insulin resistance, diabetes
and cardiovascular diseases is not fully understood, but it is
known that visceral obesity is associated with further in-
creased cardiovascular morbidity and mortality [35-39].

Sub-inflammation is an important factor involved in the
pathogenesis of insulin resistance. Pro-inflammatory cyto-
kines and acute phase proteins can affect negatively several
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signaling and metabolic pathways which are activated by the
insulin receptor signaling machinery, the functions of lipopro-
teins lipase and adipose tissue function and structure [40].

Also, the metabolic syndrome, is classically characterized
as a chronic state of low-grade inflammation (sub-inflamma-
tion), identifiable by slightly elevated levels of adipocyte-
released Tumor necrosis factor o (TNF- «) and interleukin 6
(IL-6) [41]. Inflammation occurs primarily in adipose tissue,
but also in other tissues with important metabolic activity,
such as liver, pancreatic islets and hypothalamus [42].

Adipose tissue is also an endocrine organ since it secretes a
variety of cytokines (TNF-«, IL-6, interleukin 1 (3 (IL1(3)), pre-
dominantly produced by local macrophages, as well as leptin and
adiponectin [43]. Interestingly leptin has also been implicated in
the development of cardiac hypertrophy in obese patients [44].

A cause for cytokines overproduction in obesity and type 2
diabetes is the alteration of the tissue inhibitor of
metalloproteases 3 - TNF-« converting enzyme (TIMP3-
TACE) dyad in human skeletal muscle, where an elevated
TACE activity and a diminished TIMP3 protein levels are
present, leading to an augmented release of TNF-o. The
TIMP3-TACE dyad is involved in the regulation of TNF-&
shedding from pro-TNF-« as well as IL-6 release [39, 45, 46].

This abnormal release of adipokines may help explaining
some features of the metabolic syndrome. Inflammation is
linked to metabolic abnormalities such as increased triglycer-
ides, insulin, glucose, reduced high density lipoproteins (HDL)
levels, sympathetic over activity, endothelial dysfunction and
oxidative stress. All these alterations are associated with the
development of T2DM, arterial hypertension, platelet increased
aggregability and accelerated atherosclerosis. [38, 47-50].

The effect of TNF- and other pro-inflammatory cytokines
on peripheral insulin sensivity occurs through the inhibition of
insulin-mediated tyrosine phosphorylation of insulin receptor
and insulin receptor substrate (IRS)-1, leading to defective
activation of downstream insulin signaling (for example to
phosphatidylinositol-3 (PI3)-kinase and translocation of
GLUT4 to the cell surface) [51, 52].

Molecular and cell triggers have been recognized in meta-
bolic sub-inflammation: 1) endoplasmic reticulum stress
(ERS), 2) activation of toll-like receptor (TLR) 4 and 3) stim-
ulation of protein kinase R (PKR).

The endoplasmic reticulum, in the presence of lipid over-
load becomes unable to correctly synthetize and fold proteins;
long-chain saturated fatty acids can activate TLR4, leading to
insulin resistance and inflammatory gene transcription; finally,
nutrient overload can stimulate PKR, inducing inflammatory
signaling (through c-Jun N terminal kinase (JNK) and IkB
kinase (IKK)). These three signaling pathways are connected
and can target the insulin signaling pathway negatively.
Furthermore, dietary fats can promote changes to gut micro-
biota which through the activation of TLR4 and the alteration
of ERS, contribute to metabolic inflammation [37, 42, 53].

Angiotensin II, cytokines, such as TNF- «, IL-6 and
Monocyte chemotactic protein 1 (MCP1), and other inflamma-
tory factors produced in the context of metabolic inflammation
can activate intracellular stress kinases (protein-kinases), such as
INK, IKK, S6 kinase (S6 K) and protein kinase C (PKC), pro-
moting the inhibitory serine phosphorylation of the insulin re-
ceptor substrates, IRS1 and IRS2, thus providing the molecular
basis for insulin resistance [31, 37, 51, 52, 54-57].

4 Vitamin D and inflammation

An interesting as well as unexpected role of Vitamin D in the
modulation of immune function and inflammatory processes
has emerged from cellular studies [58]. Vitamin D inhibits
adipose tissue inflammation both in vitro and in vivo, acting
upon preadipocytes, adipocytes as well as on leucocyte infil-
tration [59, 60].

Vitamin D seemingly exerts broad regulatory effects on
adaptive and innate immune cell system [61]. The conversion
of 25(OH)Vitamin D to its active form 1,25(OH)2 Vitamin D
can occur inside immune system cells that possess the 1 «-
hydroxylase enzyme: dendritic cells, macrophages, T and B
cells [62].

Vitamin D’s effect on dendritic cells includes increased
interleukin 10 (IL-10) production (which is an anti-
inflammatory cytokine) and reduced release of TNF-«, inter-
feron v (IFN-y) and interleukin 12 (IL-12) (which are pro-
inflammatory cytokines). With the stimulation of Vitamin D,
dendritic cells acquire a peculiar immunoregulatory role as
well as tolerogenic properties [3].

The effect on monocytes consist in down-regulation of the
expression and production of several pro-inflammatory cyto-
kines including TNF- «, IL-1[3, IL-6 and interleukin 8 (IL-8)
[63, 64].

On the other hand, on lymphocytes, the overall effect is a
switch from the more inflammatory T-helper 1 (Th1)/Th17
response to the less inflammatory Th2/Treg profile [65].

The immunoregulatory effects of vitamin D have been
studied in type 1 diabetes and in particular in islet transplan-
tation. Islet transplantation is a novel and effective treatment,
able to significantly change the natural history of the disease,
but it is burdened by the need of an appropriate immunosup-
pression to avoid the risk of rejection. Traditional immuno-
suppressive regimens are in fact responsible for numerous side
effects (risk of infections, neoplastic diseases, nephrotoxicity,
now onset diabetes etc.) and this lead to development of new
immunoregulatory protocols. Animal studies demonstrated
that 1,25 (OH)2 Vitamin D administration with mycopheno-
late mofetil is able to induce tolerance after islet transplanta-
tion: it affects antigen presenting cells (APCs) and in particu-
lar dendritic cells (DCs), promoting down regulation of the
expression of CD40, CD80, and CD86 costimulatory
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molecule, inhibits alloreactive T cells and responsiveness to
alloantigens. These results suggest a potential role in trans-
plant immunosuppression and could allow reduction of tradi-
tional immunosuppressive regimen doses [66—69].

The effect of the active form of vitamin D can occur in two
ways: through the interaction with the membrane Vitamin D
receptor (mVDR) or through binding with the nuclear Vitamin
D receptor (nVDR), that has high affinity and avidity for the
active metabolite and regulate gene expression [70]. There are
more than a thousand genes that are directly or indirectly
regulated by (OH)2 Vitamin D and involved in various phys-
iological processes such as cell proliferation, differentiation,
apoptosis and angiogenesis [71]. The nVDR is found in mul-
tiple cells of the immune system such as human T-reg cells,
neutrophils, dendritic cells, B cells and macrophages [70].
Moreover, numerous studies demonstrated the expression of
VDRs in pancreatic 3-cells and in all insulin-responsive tis-
sues [2, 72-74].

Vitamin D can affect inflammation also through the media-
tion of TLRs, that are trans-membrane receptors located on
monocytes and macrophages, implicated in the innate immune
response to pathogens [75, 76]. In fact, it has been reported that
elevated vitamin D levels during the summer coincided with
decreased monocyte expression of TLR-2 and TLR-4; decreased
vitamin D levels, on the opposite, were associated with an in-
creased expression of TLRs [77]. In obese subjects a reduced
degree of plasmatic Vitamin D seasonal variations has been ob-
served: this may contribute to an up-regulation of TLRs expres-
sion and consequent increased level of inflammation [78].

5 Vitamin D, insulin sensitivity and insulin secretion

Vitamin D, besides its effect on inflammation and immune
system, also seems to directly influence insulin sensitivity/
resistance.

In fact, several studies have shown an increase in insulin
sensitivity which could be mediated through the interaction
with VDRs in skeletal muscles [79], the stimulation of expres-
sion of insulin receptors on target tissues [80] and, finally,
through the activation of peroxisome proliferator activator
receptord (PPAR ) [81], that is a transcription factor involved
in metabolism and mobilization of fatty acids in adipose tissue
and skeletal muscle [82].

Other proposed mechanisms for increasing insulin sensitiv-
ity are the inhibition of the renin-angiotensin-aldosterone sys-
tem (RAAS), which is a well-known inhibitor of insulin action
in peripheral tissues, and the regulation of cellular calcium
concentration in skeletal muscle cells, that might enhance glu-
cose transport through the membrane via the recruitment of
Glucose transporter type 4 (GLUT4). [83-85].

In addition, vitamin D could stimulate insulin release
through the regulation of beta cell intracytoplasmic calcium
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concentration and stimulation of exocytosis mechanism. The
interaction between 1,25 (OH)2 Vitamin D and nVDR lead to
the transcription of insulin, cellular structure and growth
genes. Two pathways have been recognized: the first includes
the activation of protein kinases A (PKA) that phosphorylates
voltage-dependent calcium channels and proteins involved in
exocytosis; the second, instead, includes the activation of
phospholipase C (PLC), synthesis of inositol 1,4,5-trisphos-
phate (IP3), that causes the release of calcium from the endo-
plasmic reticulum, and diacylglycerol (DAG), that activates
protein kinase C (PKC), in turn responsible for the activation
of voltage-dependent calcium Channels and the Krp chan-
nels, but also the mobilization of insulin secretory vesicles. All
these steps lead to the depolarization of the cytoplasmic mem-
brane, opening of calcium channels, increasing of intracellular
calcium content and subsequent insulin secretion. [86].
However, in neoplastic 3-cell lines, Vitamin D has a pro-
apoptotic and anti-insulinogenic effect. In fact, some cellular
studies demonstrated that calcitriol inhibits growing, induce
apoptosis, decrease cell viability, gene expression, insulin
content and secretion in murine insulinoma {3-cells [87, 88].

6 Interaction between vitamin D, inflammation
and insulin resistance

A number of basic experimental, epidemiological and clinical
studies support the role of low-grade inflammation in the de-
velopment of metabolic diseases, insulin resistance and type 2
diabetes [12].

As discussed above, several studies have demonstrated that
vitamin D acts as a negative modulator of TNF-o and IL-6
release [54, 55, 89], decreasing TNF-«, IL-6, and C-reactive
protein (CRP) both in vivo as well as in vitro [90, 91] and thus
acting on adipose tissue and immune system [56, 57].

The importance of inflammation in the pathogenesis of
metabolic syndrome, the evidence of the anti-inflammatory
activity and the direct effects on insulin sensitivity of
Vitamin D, suggest a possible role for this hormone in insulin
resistant clinical conditions.

In recent years, several cross-sectional, cohort, longitudinal as
well as interventional clinical studies, have investigated the rela-
tionship between Vitamin D, inflammation and insulin resistance.

Many cross-sectional and cohort studies showed an asso-
ciation of 25(OH) Vitamin D concentrations with inflamma-
tory status, glucose intolerance, insulin resistance, metabolic
syndrome and the risk of type 2 diabetes mellitus [92—106].

These association seem to be more relevant in patient with
Vitamin D deficiency than in patients with normal level: in a
large Canadian cohort study on non-diabetic adults it was dem-
onstrated that vitamin D status was inversely associated with
insulin responsiveness. Furthermore, insulin response correlated
with 25(OH) Vitamin D level after adjusting for BMI, waist
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circumference, weight, age and sex, in patients with a 25 (OH)
Vitamin D baseline level from 40 to 90 nmol/L [107].

In addition, Vitamin D plasma levels were found to be
inversely correlated to the classical parameters of obesity such
as BMI, fat mass and waist circumference [108, 109].
Interestingly, it has been demonstrated that serum 25(OH)
Vitamin D is significantly lower in obese individuals as com-
pared to lean ones [110]. The prevalence of Vitamin D defi-
ciency is respectively a 25% and 35% higher in overweight
and obese than lean subjects [111]. Some authors, considering
the fat-soluble nature of this nutrient and the adipose tissue as
its main storage place, have suggested that vitamin D and its
metabolites could be sequestered in the excess fat mass which
is present in obese persons [112—114]. Another hypothesis is
that individuals with a higher BMI might have a higher vol-
ume in which 25-OH Vitamin D is diluted and would require
greater Vitamin D dietary intake as compared to lean individ-
uals to achieve a normal Vitamin D level [115].

Furthermore, vitamin D seem to be a predictive factor for
death by cardiovascular disease in diabetic patients [116, 117].

Type 2 diabetic patients showed a prevalent impairment of
Ventricular diastolic filling but a similar ventricular systolic
performance, if compared to type 1 diabetic patients.

In type 1 diabetic patients an alteration of high-energy
phosphates (HEPs) metabolism may contribute to Left ven-
tricular dysfunction. [118, 119].

In diabetic patients, the effect of vitamin D on cardiac dia-
stolic or systolic function have not been studied while some
animal models suggested some effect of vitamin D supple-
mentation on cardiac metabolism. 1,25(OH)2 Vitamin D treat-
ed rats had lower body weight, smaller left ventricular end-
diastolic diameter, shorter QT interval, higher cardiac PPAR-o
and PPAR-$ protein expressions, but lower cardiac PPAR-y
protein levels and inflammatory cytokines (TNF-x and IL-6)
than non-treated diabetic rats. [120].

Some beneficial effects of Vitamin D administration on arte-
rial pressure and stiffness have also been reported. [121-125].

An inverse association between vitamin D status and incident
type 2 diabetes mellitus was also demonstrated by longitudinal
studies [6]. Furthermore, two meta-analyses [126, 127] of lon-
gitudinal observational studies, have confirmed these results.

Nevertheless, confounding factors that may influence type
2 diabetes incidence but also vitamin D status, such as age,
diet and lifestyle, may have influenced the results of these
studies and therefore causality cannot be established with cer-
tainty. This is a major limitation of these studies [6, 128, 129].

7 Vitamin D supplementation clinical trials

Whereas animal studies have found that vitamin D supple-
mentation in deficient animals can improve insulin sensitivity

and inflammation, these findings have not been unequivocally
reproduced in humans.

In Tables 1 and 2 we have listed the main prospective and
interventional clinical trials with Vitamin D.

No significant effects on inflammation status have been
observed in clinical trials after supplementation with vitamin
D [12, 96, 128, 130, 131].

Clinical trials in humans affected by type 2 diabetes
mellitus produced controversial results. In some of them there
were improvements in glycaemia, insulin sensitivity, lipid pro-
file and endothelial function [121, 132]. Other studies howev-
er, demonstrated no significant effects on glycaemia, glucose
metabolism, insulin sensitivity, as well as no reduction in di-
abetes incidence [122, 123, 133—137]. To add further fuel to
this controversy some others showed no significant changes in
insulin sensitivity and inflammatory markers, although there
was a minimal improvement of insulin secretion [138].

Controversial effects were observed also in interventional
trials on healthy subjects.

In particular, a neutral effect of vitamin D supplementation
was seen in two large clinical trials: Avenell and colleagues
demonstrated no changes in the incidence of diabetes and no
beneficial effect on glucose metabolism in a group of 5292
participants aged >70 years, followed for 24—62 months. This
was a blinded randomized trial lead in UK from 1999 to 2002;
the patients were randomized to take oral 800 IU (20 png) daily
vitamin D 3 and 1000 mg calcium or placebo. [134] In USA,
De Boer and colleagues in a double blinded clinical trial with a
median follow-up time of 7 years, observed no reduction in
the development of diabetes after administration of Calcium
plus vitamin D3 supplementation (1000 mg elemental calcium
plus 400 IU of vitamin D3 daily) in a group of 33,951 women
without self-reported diabetes at baseline clinical trial. 2291 of
these women had a new diagnosis of diabetes. [135].

A positive effect of Vitamin D supplementation, instead,
was described by Tepper et al. in a double blind randomized
controlled trial lead in Israel on 130 men aged 20-65 years
without diabetes with serum 25-hydroxyvitamin D levels
<50 nmol/l. It was observed that insulin levels and HOMA-
IR values remained steady during the study period in the treat-
ment group but increased in the control group. The patients
were treated with 100,000 IU vitamin D bimonthly or placebo
and revaluated at 6 and 12 months of follow up. [139].

Von Hurst and colleagues also find positive results following
for 6 months a group of 81 subjects in a randomized controlled,
double-blind intervention. 42 patients were given 100 microg
(4000 TU) of vitamin D (3) and 39 were given placebo. This
study demonstrated that after vitamin D supplementation there
was a significant decrease in fasting insulin and a significant
improvement in insulin sensitivity and resistance. [140].

Although the effect of Vitamin D supplementation on dia-
betic patients seem to be non-significant, more interesting
could be to study the effect on people at risk of developing
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diabetes such impaired glucose tolerance (IGT) and impaired
fasting glucose (IFG).

In fact, some recent trials demonstrated that vitamin D sup-
plementation could be useful for patients with IFG or IGT
which are at high (50%) risk of type 2 diabetes: patients with
IFG taking vitamin D had a lower rise in FPG at 3 years
compared to those on placebo in a trial on non-diabetic adults
[128]; a low calorie diet that lead to a rise in serum 15 OH
Vitamin D was associated with an increase in Homeostatic
Model Assessment of Insulin Resistance (HOMA-IR) and im-
proved lipid profile in a group of obese women [131]; vitamin
D supplementation in adults at risk for type 2 diabetes lead to
improved {3-cell function and to a minor, but non-significant,
increase in HbAlc values than in the control group [129];
finally, insulin sensitivity improved after 4 weeks of vitamin
D administration in persons with IFG [141].

On the contrary, other authors found no effect of vitamin D
supplementation on insulin secretion, insulin sensitivity or
incident diabetes in a population affected by IGT or IFG
[125, 142—-144].

Two meta-analysis of randomized clinical trials concluded
that at the moment there are not enough evidences to recom-
mend supplementation with vitamin D to improve glycemic
metabolism and prevent diabetes, even in high risk IGT or [FG
individuals [145, 146].

8 Conclusions and perspective

Numerous studies have demonstrated that vitamin D plays a
critical role in the regulation of inflammation, insulin resis-
tance and, probably, insulin secretion. These findings suggest
a potential function of vitamin D deficiency in the pathogen-
esis of the metabolic syndrome and type 2 diabetes, in which
low-grade inflammation and alteration in insulin signaling
pathways are key elements.

Many authors investigated the connection between vitamin
D, inflammation and insulin resistance: numerous cross sec-
tional, cohort and longitudinal studies showed an association
between 25-OH Vitamin D levels, metabolic syndrome and
diabetes. Interventional studies failed to demonstrate an un-
equivocal beneficial effect of vitamin D supplementation in
type 2 diabetic patients, but some encouraging results have
emerged from trials on patients at risk of developing diabetes
(insulin resistant, IFG and IGT).

In conclusion, despite the presence of evidences of a mech-
anistic connection between signaling pathways of vitamin D,
inflammatory cytokines (IL-6 and TNF- «) and insulin, the
current available data are insufficient to demonstrate a general
causal role of vitamin D deficiency in the pathogenesis of dia-
betes and metabolic syndrome, nor a therapeutic role for its
supplementation in type 2 diabetes. We believe that long term,
well designed, interventional clinical trials will be started to

@ Springer

achieve a better understanding of the therapeutic potential of
supplementation in Vitamin D deficient pre-diabetic subjects
with attention to doses, duration of therapy, side effects, short
term and long term results. In fact, we believe that Vitamin D
deficient patients at risk of developing diabetes are the most
promising target for supplementation: administration doses
should be decided according to RDA, considering vitamin D
status (insufficient or deficient) and age; supplementation
should be long term (years); there must be a complete assess-
ment of metabolic and cardiovascular parameters.

Interestingly also, the bone is emerging as a new important
organ in the regulation of glucose metabolism in humans and
it is conceivable that Vitamin D action and status in the regu-
lation of calcium-phosphorous balance and bone metabolism
might also mirror the interplay between other bone remodel-
ing hormones such as sclerosin, osteopontin, osteoprotegerin,
fractalkine and insulin in insulin resistant states and type 2
diabetes mellitus [44, 147-149].
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