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Abstract Vitamin D is a fat-soluble vitamin and a steroid

hormone that plays a central role in maintaining calcium-

phosphorus and bone homeostasis in close interaction with

parathyroid hormone, acting on its classical target tissues,

namely, bone, kidney, intestine, and parathyroid glands.

However, vitamin D endocrine system regulates several

genes (about 3 % of the human genome) involved in cell

differentiation, cell-cycle control, and cell function and

exerts noncalcemic/pleiotropic effects on extraskeletal

target tissues, such as immune and cardiovascular system,

pancreatic endocrine cells, muscle, and adipose tissue.

Several studies have demonstrated the role of vitamin D

supplementation in the prevention/treatment of various

autoimmune diseases and improvement of glucose meta-

bolism, muscle, and adipose tissue function. Hence, this

review aims to elucidate the effects of vitamin D on

extraskeletal target tissues and to investigate the potential

therapeutic benefit of vitamin D supplementation among a

broad group of pathological conditions, especially with

regard to metabolic and autoimmune diseases. In addition,

we focused on the best daily intakes and serum levels of

vitamin D required for extraskeletal benefits which, even if

still controversial, appear to be higher than those widely

accepted for skeletal effects.
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Abbreviations

VD3 Vitamin D3

7-DHC 7-Dehydrocholesterol

25(OH)D3 25-Hydroxyvitamin D3

1,25(OH)2D3 1,25-Dihydroxyvitamin D3

DBP Vitamin D binding protein

VDR Vitamin D receptor

PTH Parathyroid hormone

BMD Bone mineral density

Introduction

Physiology of vitamin D endocrine system:

from synthesis to peripheral actions of vitamin D

Vitamin D is a fat-soluble vitamin and a steroid hormone

that plays a central role in the regulation of calcium

homeostasis and bone health. It can be either produced

from human skin upon UVB irradiation or obtained from

external sources, such as vegetable or animal food con-

taining vitamin D2 (or ergocalciferol) and vitamin D3 (VD3

or cholecalciferol), respectively (Fig. 1). At temperate

climates, 80 % of vitamin D requirements are guaranteed

by sun exposure, with remaining 20 % being secured by

nutrition [1]. The largest part of vitamin D is produced

from 7-dehydrocholesterol (7-DHC) present in ker-

atinocytes via a UVB light-mediated photochemical syn-

thesis, which leads to the conversion of 7-DHC to VD3.

The skin storage depots of 7-DHC decrease with age, along
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with the capacity of the human skin to synthesize chole-

calciferol [2]. Vitamin D hereby produced by the skin

probably binds directly to an alpha-globulin known as vi-

tamin D binding protein (DBP) and is then transported to

the liver, where it undergoes 25-hydroxylation and is

released as 25-hydroxyvitamin D3 [25(OH)vitamin D3 or

25(OH)D3]. The unbound (free) form of vitamin D repre-

sents the metabolically active one.

Two additional hydroxylations are necessary for the

biological activity of vitamin D, one at C25 and one at

C1a, in the liver and in the kidney, respectively. The

hydroxylation on C25 is catalysed by several enzymes,

among which the most important is CYP2R1, also known

as vitamin D 25-hydroxylase [3]; interestingly, this enzyme

has been shown to be present in the human testis, where it

is produced by Leydig cells under the influence of lutein-

inzing hormone (LH) and contributes to the circulating

levels of 25(OH)D3 in males [4]. However, a crucial step

for the synthesis of metabolically active 1,25(OH)2D3—the

one mainly involved in feedback mechanisms—is the 1a-
hydroxylation occurring in the kidney by means of

CYP27B1, also known as 25-hydroxyvitamin D3 1a-hy-
droxylase. The proximal renal tubule represents the main

site of action for this process, which is subject to both

negative (by 1,25-dihydroxyvitamin D3, phosphate, cal-

cium, and FGF-23) and positive feedback mechanisms
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Fig. 1 Classical vitamin D metabolic pathways and extraskeletal
target tissues. Under solar UVB radiation, 7-dehydrocholesterol is

converted to vitamin D3 (or cholecalciferol) in the skin. Vitamin D3 is

then transported to the liver and converted to 25(OH)D3, the major

circulating metabolite of vitamin D, by the action of vitamin D 25-

hydroxylase. Thereafter, 25(OH)D3 is converted to 1,25(OH)2D3, the

biologically active form of VD3, by renal 25(OH)D3 1-alpha-

hydroxylase. The latter enzyme (the rate-limiting enzyme of vitamin

D metabolism) is stimulated by PTH, whereas it is inhibited by

1,25(OH)2D3 and other factors, such as phosphorus, calcium, and

FGF-23, through a negative feedback mechanism. Finally, both

25(OH)D3 and 1,25(OH)2D3 undergo a further hydroxylation on

carbon 24 by the enzyme 1,25(OH)2D3 24-hydroxylase, which leads

to their catabolism and prevents potential vitamin D intoxication.

1,25(OH)2D3 targets bone, kidney, intestine, and parathyroid glands

to regulate calcium/phosphate homeostasis and inhibit parathyroid

hormone production and 25(OH)D3 1-alpha-hydroxylase activity,

thus modulating its own synthesis. Apart from these classical target

tissues, vitamin D acts on various extraskeletal tissues, exerting other

noncalcemic/pleiotropic functions (red box in the figure). Green

boxes show the 25(OH)D3 desirable (evidence based) serum levels to

be reached for each non-classical target tissue which are above those

established to be necessary for full effects on calcium–phosphorus

homeostasis; the recommended vitamin D supplementation should be

revised and eventually increased accordingly
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(PTH, calcitonin, and insulin-like growth factor 1) [5–7]

through complex chromatin and DNA promoter regulations

[8, 9]. High levels of 1a-hydroxylase mRNA and enzyme

activity have also been detected in human keratinocytes

[10], in macrophages [11], and several other tissues [12].

Finally, an alternative hydroxylation of 1, 25(OH)2D

occurs on carbon 24 (C24) through CYP24A1 activity (also

known as 1,25-dihydroxyvitamin D3 24-hydroxylase), a

mitochondrial enzyme detected in virtually all nucleated

cells and involved in the degradation of 1a25(OH)2D3 by

hydroxylation of the side chain to form calcitroic acid.

1,25(OH)2D3 mainly exerts its effects through the acti-

vation of VDR nuclear receptor (a member of the steroid

receptor transcription factor family), of which VD3 repre-

sents a high-affinity ligand. VDRs are largely expressed in

several tissues, such as endothelium [13, 14], vascular

smooth muscle [15], and cardiomyocytes [16]. Classical

target tissues for vitamin D peripheral actions are repre-

sented by bone, kidney, intestine, and parathyroid glands.

Vitamin D in the bone interacts with 1,25(OH)2D3 recep-

tors expressed by osteoblasts, showing dual effects on

bone, both stimulating osteoclastogenesis and bone

resorption and modifying osteoblast function and bone

mineralization. Under adequate calcium intake,

1,25(OH)2D3 helps stimulating calcium absorption and

allows mineral deposition, whereas in calcium deficiency

conditions, it supports serum calcium homeostasis at the

expense of the bone, increasing bone resorption and

inhibiting mineral bone deposition. In the kidney, the

proximal renal tubule is the site for 1a-hydroxylation of

25(OH)D3 and for the synthesis of the active form

1,25(OH)2D3. In the kidney, 1,25(OH)2D3 increases the

distal tubular reabsorption of calcium, involving TRP

channels (transient receptor potential cation channels),

especially TRPV5, and other proteins. In the intestine,

1,25(OH)2D3 increases calcium uptake through the pro-

duction and activity of several proteins in the small intes-

tine, including TRPV5, TRPV6, and calbindin-D9 K,

which facilitate the transport of the calcium ion by means

of increased permeability of the intercellular ‘‘tight junc-

tions’’. In the parathyroid glands, 1,25(OH)2D3 exerts an

inhibitory role on parathyroid hormone synthesis and

controls critical parathyroid genes, such as the CaSR

(Calcium-sensing receptor) and parathyroid hormone gene.

Pleiotropic and extraskeletal effects of vitamin D:

non-classical target tissues

Although the role of vitamin D in calcium-phosphorus

metabolism regulation and mineral skeletal homeostasis is

the most acknowledged, its role in different extraskeletal

actions is largely documented. It is known that VDR

receptor expression is ubiquitous, there are different extra-

renal forms of the 1a-hydroxylase enzyme, and, finally,

approximately 3 % of mice or human genome is, directly

and/or indirectly, regulated by the active form of vitamin D

[12]. In addition, it has been observed that vitamin D plays

an important regulatory role in the physiology of immune

system, skeletal muscle and adipose tissue, glucose meta-

bolism, skin, cardiovascular and reproductive system, and

neurocognitive functions, along with the modulation of cell

proliferation (Fig. 1) [17, 18].

Immune system: type 1 diabetes mellitus, multiple

sclerosis, autoimmune thyroid disorders

The influence of vitamin D on immune function has been

profoundly investigated; however, a causal link between

poor vitamin D status and autoimmune disease is still

unclear. To date, there is still no consensus about recom-

mended targeted serum levels and the optimal vitamin D

supplementation in autoimmune diseases.

All immune cells express a functional VDR at deter-

mined stages of their differentiation, and antigen presenting

cells (APC) are able to produce 1,25(OH)2D3 through the

same enzyme expressed at kidney level, but only upon

immune stimuli, such as IFN-a; in pathological conditions,

such as sarcoidosis, this can lead to systemic excess of

1,25(OH)2D3 and severe hypercalcemia [19].

Vitamin D exerts its action on innate immune system

as well as on acquired immune system, even though with

opposed effects. Regarding innate immunity, vitamin D

and its metabolites stimulate macrophage differentiation

and activation, together with local production of defen-

sins, such as cathelicidin and b2-defensin [20]. Mice fed a

VD3 deficient diet show impairment of IL-6, TNFa, and
IL-1 production and antimicrobial activity [21]. In addi-

tion, the activation of Toll-like receptors (TLRs) in

human macrophages following infectious stimuli up-reg-

ulates the expression of VDR and 1a-hydroxylase genes,

leading to the induction of antimicrobial peptides. Inter-

estingly, a study on Mycobacterium tuberculosis has

shown that African-American individuals, known to have

increased susceptibility to tuberculosis, presented low

25(OH)D3 levels, a result supporting the presence of a

potential link between TLRs and vitamin D-mediated

innate immunity. This suggests that different susceptibil-

ities to microbial infections among various human popu-

lations could be based on interracial differences in ability

to produce vitamin D [22]. Furthermore, it has also been

shown that patients with chronic kidney disease display

low levels of 25(OH)D3: in these subjects, the adminis-

tration of paricalcitol, a vitamin D analog, leads to a

downregulation of IL-6 and TNFa, supporting a role of

25(OH)D3 in the regulation of immune and inflammatory

processes [23].

Eat Weight Disord (2017) 22:27–41 29

123



On the other hand, the overall effect of vitamin D on the

acquired immune system mostly consists in inhibitory

effects. Indeed, 1,25(OH)2D3 inhibits surface expression of

MHC class II and co-signaling molecules on antigen pre-

senting cells, decreases the activity of Th1 and Th17 cells,

and up-regulates regulatory T cells (Tregs). Hence, vitamin

D could cause a shift of T cells from an effector phenotype,

involved in autoimmune diseases, to a regulatory or pro-

tective one [24]. It is interesting to note that VDR and

mineralocorticoid receptor (MR), members of the same

receptor’s family, have opposite effects on immune and

inflammatory responses [25]. Physiological doses of

1,25(OH)2D3 inhibit cytokine production by Th1 and Th17

cells in a VDR-dependent manner [26], whereas aldos-

terone can induce the priming to Th17 cells that are

involved in autoimmune reaction [27]. Moreover, MR

drives macrophage polarization towards a pro-inflamma-

tory phenotype, as demonstrated by the fact that macro-

phage-specific MR genetic deletion and pharmacological

antagonism in vitro are both able to induce a switch from a

pro-inflammatory (M1) into an anti-inflammatory (M2)

phenotype [28].

These data could explain the beneficial effect of vitamin

D supplementation on the onset and progression of

autoimmune diseases in both deficient and normal vitamin

D status. For example, vitamin D prevents both insulitis

and type 1 diabetes mellitus (T1DM) in mouse models of

T1DM, and retrospective studies have shown apparent

beneficial effects of vitamin D supplementation in early life

on the risk of developing T1DM [29, 30]. In this regard, a

recent randomized clinical trial on young patients with

T1DM has shown that cholecalciferol supplementation

(70 IU/kg body weight/day) improves the suppressive

ability of regulatory T cells that is well known to be

impaired in T1DM patients [31]. Giulietti et al. have

demonstrated that genetically predisposed non-obese dia-

betic mice showed higher IL-1 levels in pancreatic islets

and an aberrant cytokine profile in peritoneal macrophages

(low IL-1 and IL-6 and high IL-15) when they were

exposed to vitamin D deficiency early in life [32]. This

highlights the importance of preventing vitamin D defi-

ciency in early childhood to reduce the incidence of T1DM

in subjects at risk, as also pointed out in other studies [33].

In addition, it has been shown that CYP27B1 and other

genetic polymorphisms involved in vitamin D metabolism

are associated with increased susceptibility to the onset of

T1DM [34]; however, a meta-analysis Guo et al. found no

evidence of a link between VDR receptor polymorphisms

and T1DM risk in either case–control studies or family-

transmission studies [35]. Epidemiological studies in

humans indicate that vitamin D supplementation early in

life could decrease the risk of developing T1DM: risk

reduction varied between 26 % with cod liver oil to 78 %

with 2000 IU/day vitamin D during the first year of life,

with an overall effect of 30 % reduction in five studies

[36]. Moreover, a seasonal pattern of disease onset has also

been described for T1DM, suggesting an inverse correla-

tion between sunlight and the disease; notably, vitamin D

has been claimed as a potential mediator of this sunlight-

mediated effect [37]. Likewise, the addition of vitamin D to

insulin therapy among patients with new-onset T1DM has

been associated with a slower decline of residual b-cell
function compared with insulin alone [38]. Interestingly,

we recently reported the case of a 14-year-old patient with

new onset of T1DM, treated with a combination of high-

dose Omega-3 fatty acids and high-dose cholecalciferol

oral therapy (25,000 IU/week), showing an increase in

peak C-peptide of about 20 % from baseline after

12 months, suggesting a potential role of this therapeutic

strategy in decreasing the pancreatic b-cell inflammatory

response, along with a longer preservation of b-cell mass in

patients with new-onset T1DM [39].

Following on autoimmune diseases, low vitamin D

plasma levels have been associated with an increased risk

of developing multiple sclerosis (MS) [40]. An important

prospective, nested case–control study conducted by

Munger et al, has shown that among whites, the risk of MS

significantly decreased with increasing levels of 25(OH)D3,

suggesting that high-circulating levels of vitamin D are

associated with a lower risk of MS. Among blacks and

Hispanics, who had lower 25(OH)D3 levels than whites, no

significant associations between vitamin D levels and MS

risk were found [41]. Moreover, cholecalciferol supple-

mentation may influence both clinical activity and mag-

netic resonance imaging disease activity in patients with

established MS: in fact, a study showed that the addition of

VD3 to treatment with interferon-b-1b significantly

reduced disease activity in MS compared to patients

undergoing interferon-b-1b alone [42].

Vitamin D deficiency may also be involved in the

pathogenesis of various autoimmune thyroid disorders,

such as Graves’ disease, Hashimoto’s autoimmune thy-

roiditis (HT), and postpartum thyroiditis [43]. Indeed,

genetic polymorphism of VDR, DBP, and 1a-hydroxylase
enzyme seems to predispose to the development of HT and

Graves’ disease [44]. Moreover, an inverse correlation

between vitamin D levels and anti-thyroid antibody levels

(anti-thyroid peroxidase, or anti-TPO, and anti-thyroglob-

ulin, or anti-Tg) has been found [45], although the mech-

anism underlying this association is still unclear.

Evliyaoğlu et al. have shown that in children and adoles-

cents affected by HT, the prevalence of vitamin D defi-

ciency is significantly higher than that in the control group

[46]. Whether high-dose vitamin D therapy has preventive

or therapeutic effect in autoimmune thyroid disorders is

currently under investigation. A recent study conducted on
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218 euthyroid patients with HT living on the island of

Crete has shown that the majority (85.3 %) of the Greek

Caucasian patients with HT had low 25(OH)D3 serum

levels, which were inversely correlated with serum anti-

TPO thyroid antibodies. Vitamin D deficient patients

received VD3 orally, 1200-4000 IU every day for 4 months

aiming to maintain serum 25(OH)D3 levels C40 ng/mL.

After 4 months, these patients showed a significant

decrease (20.3 %) of serum anti-TPO levels, suggesting

that vitamin D deficiency may be related to the pathogen-

esis of HT and that its supplementation could contribute to

an improvement of the disease [47]. A correlation between

vitamin D deficiency/insufficiency and inflammatory bowel

disease (IBD), such as Crohn’s disease and ulcerative

colitis, in northern european countries compared with

southern counterparts has also been described, along with a

seasonal variation in onset and exacerbations of the disease

[48].

These results altogether strengthen the need of inter-

vention clinical trials to demonstrate the existence of a

potential causal link between vitamin D deficiency/insuf-

ficiency and autoimmune diseases, such as type 1 diabetes

mellitus, multiple sclerosis, autoimmune thyroid disorders,

and inflammatory bowel disease.

Adipose tissue and glucose/lipid metabolism: obesity

and type 2 diabetes mellitus

Vitamin D is a fat-soluble vitamin distributed through the

lymphatic system almost exclusively to the adipose tissue,

from which it is released in small amounts, depending on

the stored quantity; as a consequence, a greater adipose

mass dilutes available vitamin D, explaining why risks

associated with its deficiency are higher in obese patients.

Several researchers focused on the role of vitamin D in

adipose tissue biology and most observational studies in

humans link vitamin D deficiency with almost all the

aspects of metabolic syndrome, such as obesity, insulin

resistance, hypertension, dyslipidemia, impaired fasting

glucose, and type 2 diabetes mellitus (T2DM) [36, 49].

Several studies demonstrated a negative correlation

between vitamin D levels and leptin and resistin, and a

positive association with adiponectin [50, 51]. Marco-

torchino et al. studied the preventive effect of VD3 sup-

plementation (15,000 IU/kg of food for 10 weeks) on the

onset of obesity in a mouse model, concluding that VD3

supplementation counteracted weight gain induced by

high-fat diet, in parallel with an improvement of glucose

homeostasis, an effect probably due to the up-regulation of

genes involved in fatty acid oxidation and mitochondrial

metabolism, followed by a significant rise in energy

expenditure. These results suggest that VD3 supplementa-

tion may represent part of the strategy to face the onset of

obesity and associated metabolic disorders [52]. Moreover,

a study on a diet-induced obesity mouse model proved that

high intake of vitamin D, especially if associated with high

doses of calcium, leads to the activation of calcium-me-

diated apoptotic pathway in adipose tissue, counteraction

of body and fat weight gain, and improvement in adiposity

markers (plasma concentrations of glucose, insulin, and

adiponectin) [53].

A large genetic study showed that higher body mass

index (BMI) levels and genetic predisposition for obesity

were associated with a decrease in 25(OH)D3 concentra-

tions, while the effects of lower 25(OH)D3 levels on BMI

are likely to be small [54]. Equally, vitamin D supple-

mentation did not decrease BMI in four interventional

studies [55]. Thus, efforts in reducing BMI are expected to

decrease the prevalence of vitamin D deficiency. A Chinese

randomized placebo-controlled trial involving 126 subjects

with metabolic syndrome and vitamin D deficiency

demonstrated that a supplementation with 700 IU/day of

cholecalciferol for 12 months did not improve metabolic

syndrome risk factors, such as BMI, blood pressure, fasting

glucose, fasting insulin, and lipid profile [56]. Similar

negative findings on conventional metabolic syndrome risk

factors were obtained in a study recruiting 305 healthy

postmenopausal women receiving a daily oral dose of 400

or 1000 IU cholecalciferol for 1 year [57].

We recently demonstrated that VD3 inhibits adipogen-

esis in murine 3T3-L1 preadipocytes [58], one of the best

characterized and widely used cellular model to study

adipocyte differentiation [59]. Cells exposed to VD3 and/or

alendronate (ALN), showed an increase in VDR mRNA

expression and a significant reduction in levels of peroxi-

some proliferator-activated receptor gamma (PPARc), the
master gene of adipogenesis. We concluded that both VD3

and ALN have a marked anti-adipogenic effect and that the

latter is exerted via the activation of VDR. Therefore, since

in the elderly the shift in bone marrow mesenchymal stem

cells differentiation towards adipogenesis instead of

osteoblastogenic lineage is one of the causes of bone mass

reduction, VD3 supplementation should always be consid-

ered in patients undergoing ALN therapy to achieve max-

imal anti-osteoporotic efficacy and to attenuate the increase

of marrow adipose tissue in the aging bone (Fig. 2).

As regard glucose metabolism, pre-clinical studies

have shown that adequate vitamin D concentrations and

functioning VDR are needed for normal activity of pan-

creatic islets b-cells and that VD3 has modest stimulatory

effects on insulin synthesis and secretion, probably due to

the effects of calcium on b-cell function, since insulin

secretion is a calcium-dependent process [60]. However,

in addition to the regulation of extracellular calcium

concentration and flux through the b-cell [61], vitamin D

seems to display a direct stimulatory effect on insulin
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secretion via a VDR-mediated effect on pancreatic b-cells
[62]. In fact, mice lacking a functional VDR show

impaired insulin secretion following a glucose load due to

decreased insulin synthesis by the b-cell [63]. Moreover,

vitamin D affects insulin sensitivity through different

mechanisms. First, vitamin D stimulates the expression of

insulin receptors, activating the VDR-retinoic acid X-re-

ceptor (RXR) complex, which binds to a vitamin D

response element in the promoter region of insulin

receptor gene. This in turn leads to an enhanced tran-

scriptional activation of the insulin receptor gene and a

subsequent increase in the total number of insulin

receptors [64]. Vitamin D also enhances insulin sensitivity

by: (1) the activation of Peroxisome proliferator-activated

receptor delta (PPAR-d), a transcription factor that regu-

lates the metabolism of fatty acids in skeletal muscle and

adipose tissue [65] and (2) through its regulatory role in

extracellular calcium concentration and flux through cell

membranes, since calcium is essential for insulin-medi-

ated intracellular processes in insulin-responsive tissues,

such as muscle and fat [66]. Finally, vitamin D insuffi-

ciency is associated with increased fat infiltration in

skeletal muscle contributing to a decreased peripheral

insulin sensitivity [67] and increased serum levels of

parathyroid hormone (PTH), which has been associated

with insulin resistance [68].

In diabetic patients, there is a high prevalence of VD3

deficiency [69]. A meta-analysis has shown that vitamin D

supplementation in diabetic patients has a small effect on

fasting glucose and a small improvement in insulin resis-

tance, with no effect on HbA1c, whereas no effects were

shown in patients with normal fasting glucose [70].

Chandler et al. recently conducted a prospective, random-

ized, double-blind, placebo-controlled clinical trial of oral

cholecalciferol supplementation. It was found that vitamin

D3 supplementation at any dose significantly increased

C-peptide by 0.82 ng/mL, suggesting that vitamin D sup-

plementation could be considered for the prevention and

management of diabetes, along with weight loss and

increased physical activity [71].

Finally, a recent study demonstrated that vitamin D

supplementation with 16,000 IU of calcifediol orally once

a week for a minimum of 8 weeks decreased fasting glu-

cose in T2DM patients with vitamin D deficiency [72]. The

Medical Research Council Ely Prospective Study

1990–2000 showed that baseline serum 25(OH)D3 is pre-

dictive of future glycemic status and insulin resistance: in

this study, baseline 25(OH)D3 serum levels were inversely

associated with 10-year risk of hyperglycemia, insulin

resistance, and metabolic syndrome, suggesting an inverse

relationship between baseline 25(OH)D3, glycemia, and

insulin resistance [73]. The exact mechanism by which

vitamin D affects lipid profile is still unclear. Therefore, the

effect of vitamin D on lipid profile in patients undergoing a

high-dose supplementation is still controversial. A ran-

domized, controlled, double-blind study recently demon-

strated that subjects with metabolic syndrome and vitamin

D deficiency/insufficiency randomized to receive

50,000 IU of cholecalciferol weekly for 16 weeks dis-

played a significant reduction in triglycerides serum levels

after 4 months, with a parallel improvement in vitamin D

status, whereas the cholesterol concentration and other

cardiometabolic risk factors were not significantly altered

[74]. A meta-analysis by Jafari et al. evaluated the effect of

vitamin D on serum lipid profile in patients suffering from

T2DM, showing that vitamin D significantly reduced

serum total cholesterol, LDL, and triglycerides, with neg-

ligible effects on HDL levels. Specifically, this meta-

analysis demonstrated that vitamin D supplementation at

doses of B2000 IU/day in a duration of B12 weeks

determines more beneficial effects on lipid profile com-

pared with higher doses and longer treatments [75]. In

summary, these findings suggest that vitamin D could be

considered as an adjuvant therapy for dyslipidemia, which

is frequently associated with T2DM and metabolic

syndrome.

Skeletal muscle

Skeletal muscle is a special target of vitamin D. VD3

promotes muscular proteins synthesis and activates

*

Oil Red-O staining
(Arbitrary units)

**

***

p<0.05*
** p<0.01

*** p<0.001

A

B

Fig. 2 Vitamin D3 inhibitory effect on 3T3-L1 adipogenesis.

(a) 3T3-L1 preadipocytes were induced to differentiate both in the

presence or absence of increasing concentration of VD3 (10
-9 to 10-7

M), then examined by microscopy after oil red O staining and tested

for lipid accumulation, after 7 days. *p\ 0.05; **p \ 0.01;

***p\ 0.001; VD3-treated versus untreated cells (UT). (b) Repre-

sentative microphotographs of the corresponding histograms shown in

a (scale bar 70 lm)
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calcium uptake in sarcoplasmic reticulum, hence main-

taining muscle trophism and contractile efficiency. Under

deficient vitamin D status, proximal myopathy, sarcopenia,

reduced muscle strength, balance disorders, and a signifi-

cant increase in risk of falls have been described [76, 77].

In osteomalacia, histopathological changes in skeletal

muscle were described, represented by scattered muscle

fiber atrophy, necrosis, derangement of intermyofibrillar

network, and replacement of muscle tissue with adipocytes

and fibrous connective tissue [78]. Observational studies

have shown a correlation between low vitamin 25(OH)D3

and muscle weakness in children and elderly subjects [79].

A significant decrease in risk of falls and, as a result, a

reduced fracture risk has also been described after vitamin

D supplementation, particularly in the elderly [80], where

the bone detrimental effects of vitamin D deficiency can

further complicate those due to the physiological age-re-

lated sarcopenia. Indeed, vitamin D supplementation can

improve energy recovery after exercise, muscle function,

and body sway [81]. Fornari et al. recently investigated the

role of lean mass in obese subjects, undergoing body

composition analysis by dual X-ray absorptiometry and

screened for metabolic and hormone profile. Interestingly,

authors found that higher amounts of lean mass are directly

linked to a lower inflammatory profile and better insulin

sensitivity, but also to the presence of higher levels of

vitamin D and IGF-1, suggesting that higher levels of lean

mass correlate with a better metabolic profile and a lower

inflammatory status [82]. Similarly, Rondanelli et al.

showed that a daily dietary supplementation with whey

protein, essential amino acids and vitamin D, in association

with regular and age-appropriate physical activity, pro-

moted a greater increase in fat-free mass, relative skeletal

muscle mass, and muscle strength in sarcopenic elderly

people [83]. Nevertheless, a Cochrane meta-analysis and

another systematic review [84] have shown that muscle

strength is not significantly improved by vitamin D sup-

plementation, except for the improvement of proximal

muscle strength in a subgroup of subjects with very low

vitamin D status at baseline. More importantly, the risk of

falls in elderly subjects and especially in nursing home

residents can be reduced by *20 % with a vitamin D

supplementation of 800 IU/day. Thus, vitamin D effects on

muscle are currently disputed, because there is conflicting

evidence about the presence of VDR protein in mature

skeletal muscle cells. Wang et al. have shown that VDR is

undetectable in skeletal, cardiac, and smooth muscle when

highly specific VDR antibodies are used, suggesting that

the function of vitamin D on muscle is either indirect or

does not involve a known receptor [85]. However, it was

observed that VDR-null mice develop a specific phenotype

with smaller muscle fibers and prolonged expression of

immature muscle-specific genes and that mice with

cardiomyocyte-specific deletion of VDR develop cardiac

hypertrophy [86]. Moreover, VDR-null mice exhibit the

expression of embryonic markers even after weaning and

regardless of a high calcium diet [87]. A large number of

studies showed genomic and rapid signaling changes in

response to 1,25(OH)2D3 in myoblast or myocyte cultures

in vitro, associated with a negative regulation of myostatin,

the major inhibitory myokine [88]. The latter findings

could be explained by the fact that skeletal muscle has a

very high turnover (1 % per day) and probably needs even

greater repair mechanisms than bone microdamage repair,

whereby the expression of VDR in muscle satellite cells

and myoblasts is more important than its presence in

mature muscle cells. Thus, both cardiac and skeletal mus-

cle defects appear in global VDR-null mice [89].

Anorexia nervosa and eating disorders

Several organic complications can occur in anorexia ner-

vosa (AN), among which alterations in bone metabolism

(osteoporosis and osteopenia, frequently associated with

low-circulating levels of vitamin D) are usually observed

[90]. In addition, depressive mood and self injurious

behaviors, which are also frequent in AN, have been

inversely associated with the vitamin D status [91, 92].

Although various evidences indicate that vitamin D status

is poor in AN, other studies reported normal levels of

vitamin D in AN patients [93–95]. A recent meta-analysis

of 15 cross-sectional studies focused on vitamin D

parameters and dietary vitamin D intake in patients with

AN and healthy controls showed that both serum

25(OH)D3 and 1,25(OH)2D3 levels were significantly

lower in AN than healthy controls, despite AN patients

reported similar intake of vitamin D compared to healthy

controls [96]. This finding seems to be paradoxical, since

AN patients usually show higher levels of physical activity

compared to age-matched healthy controls [97] and vita-

min D is fat soluble. Hence, AN patient should have higher

circulating 25(OH)D3 levels because of their decreased

stores of fat mass [98, 99]. Various explanations for this

contrasting data could be considered. For example, AN

patients are often prone to overestimate their dietary intake

[100] and they also practice mainly indoor physical activ-

ities that are less effective in maintaining optimal

25(OH)D3 serum levels than outdoor activities [101]; fur-

thermore, AN patients often wear covering clothes mini-

mizing light exposure due to shame sensations and reduced

thermogenesis [102]. Finally, even though low serum

levels of 25(OH)D3 are typically observed in obese people,

it has been shown that low serum 25(OH)D3 is also asso-

ciated with undernutrition, AN, and neoplastic cachexia

[98, 103]. Moreover, the same meta-analysis revealed that

AN patients treated with cholecalciferol supplementation
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displayed significantly higher serum levels of 25(OH)D3

compared to healthy controls [98]. These results bring to

the conclusion that in AN patients with low 25(OH)D3

serum levels, cholecalciferol supplementation could be

useful to reverse the poor vitamin D status and to pre-

vent/counteract bone loss and its complications. Gatti et al.

found a strong relationship between vitamin D status and

bone mineral density (BMD) in AN [104]; there was a

trend of higher hip BMD values in AN patients with

25(OH)D3 levels[30 ng/mL as compared with patients

with 25(OH)D3 values between 20 and 30 ng/mL, sug-

gesting that vitamin D allowance in amenorrheic patients

with AN should be higher enough to increase 25(OH)D3

levels above 30 ng/mL. However, VD3 deficiency in

patients with eating disorders is not only correlated with

the risk of osteoporosis and bone loss. In this regard, a

recent study reports the case of a woman with long-term

anorexia nervosa and of a woman with long-term bulimia

nervosa both complicated by severe hypovitaminosis D3

[25(OH)D3 serum levels between 1 and 4 ng/mL], decrease

of VDR in blood cells, leukopenia, and the S allele of the

5-hydroxytryptamine transporter polymorphism [105]. This

finding leads to the hypothesis that severe VD3-hypovita-

minosis might be responsible for lack of inflammatory

response and also for reduction in mood and depressive

symptoms among patients with long-term eating disorders.

Since the antimicrobial, anti-inflammatory, and

immunomodulatory functions of VD3 are well known

[106], using VD3 as an anti-inflammatory molecule could

be a useful therapeutic strategy in the treatment of eating

disorders.

Vitamin D therapy

Optimal serum levels and recommended daily intakes

Serum concentration of vitamin 25(OH)D3 is considered

the best biomarker to determine vitamin D status, due to its

long circulating half-life (approximately 2–3 weeks).

Nevertheless, there is no consensus on the 25(OH)D3

thresholds for vitamin D deficiency or insufficiency

between the main guidelines by the Institute of Medicine

(IOM), the Endocrine Society, and the SIOMMMS

(Table 1) [107–109].

The differences are due to the fact that IOM focuses on

the general healthy population and intervention studies,

considering that serum levels of 25(OH)D3[20 ng/mL are

sufficient to gain favourable skeletal outcomes and that

there are no evidences of benefits of higher levels for non-

skeletal outcomes, such as diabetes. Moreover, IOM con-

siders serum levels of 25(OH)D3[50 ng/mL a reason for

concern about potential adverse events and toxicity risk.

On the other hand, the Endocrine Society guidelines are

mainly focused on people at risk for vitamin D deficiency

and on epidemiologic observational studies, considering

that serum levels of 25(OH)D3[30 ng/mL are optimal for

skeletal outcomes, and do not identify any vitamin

25(OH)D3 threshold above which risks for safety arise.

For the same reasons, there are differences among the

two main guidelines also in the recommended daily intakes

to prevent bone complications of vitamin D deficiency/

insufficiency (rickets, osteomalacia). Indeed, the IOM

report on reference dietary intakes for calcium and vitamin

D indicates 600 IU per day of vitamin D for individuals

9–70 years and 800 IU for those older than 70 years as the

recommended dietary allowance (RDA), which is defined

as the average daily level of intake sufficient to meet the

nutrient requirements of nearly all (97.5 %) healthy pop-

ulation [110]. The IOM report also concludes that the

tolerable upper intake level (UL), defined as the maximum

daily intake above which the potential for adverse health

effects may increase with chronic use, is 4000 IU per day.

In contrast, the Endocrine Society guidelines affirm that

daily vitamin D intakes of 1500–2000 IU are needed to

raise the blood level of 25(OH)D3 constantly above 30 ng/

mL (Table 2) [109]. Several intervention studies conclude

that serum 25(OH)D3 levels increase by nearly 1 ng/mL for

each additional 100 IU of vitamin D supplement per day,

though vitamin D necessary amount for obtaining a mini-

mum serum level of vitamin 25(OH)D3 above 30 ng/mL

depends also on the baseline 25(OH)D3 level, UVB body

exposition, and dietary vitamin D intake [111].

Table 1 Guidelines for vitamin

D status by blood

25-hydroxyvitamin D

concentration

Cutoff, ng/mLa Institute of medicine (IOM) Endocrine society SIOMMMS

\12 Deficiency Deficiency Deficiency

12–19 Inadequacy Deficiency

20–29 Sufficiency Insufficiency Insufficiency

30–49 Sufficiency Sufficiency Sufficiency

[50 Reason for concern

100–150 Excess

[150 Intoxication

a To convert 25(OH)D concentration from ng/mL to nmol/L multiply by 2.459
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Regarding the extraskeletal effects of vitamin D, several

data support a correlation between a poor vitamin D status

and various non-skeletal diseases, such as diabetes mellitus

and multiple sclerosis. However, the existence of a causal

relationship between vitamin D status and these disorders

still remains unclear, as well as vitamin D supplementation

efficacy, the recommended daily intake and serum vitamin

25(OH)D3 thresholds [112]. High-dose vitamin D therapy,

also known as Stoss therapy, originated in Germany in the

late 1930s for the rapid repletion of vitamin D status in the

prevention and/or treatment of rickets, currently represents

a reference for the treatment and maintenance treatment

regimens in pathologic conditions which can potentially be

improved by vitamin D, such as infections and chronic

kidney diseases [113, 114].

A prospective intervention study by Masood et al.

evaluated the efficacy of a high-dose oral or intramuscular

VD3 therapy in maintaining target serum levels of vitamin

25(OH)D3 over time in patients with vitamin D deficiency

(i.e.,\20 ng/mL), randomizing 100 individuals to a bolus

dose of 200,000 or 600,000 IU orally or intramuscularly.

The results obtained 2 months after vitamin D adminis-

tration showed that 87.5 and 93.8 % of individuals treated

with intramuscular VD3 bolus (200,000 and 600,000 IU,

respectively) achieved serum levels of 25(OH)D3[20 ng/mL,

whereas only 70.6 and 83.3 % of individuals who under-

went oral VD3 bolus (200,000 and 600,000 IU, respec-

tively) reached the same serum levels of vitamin

25(OH)D3. After 6 months, more than 80 % of subjects

who underwent intramuscular VD3 bolus of 600,000 IU

maintained serum levels of 25(OH)D3 above 20 ng/mL,

while less than one-third of subjects who underwent the

lower dose of intramuscular VD3 bolus (200,000 IU) and

the oral VD3 bolus (both 200,000 and 600,000 IU) main-

tained the same 25(OH)D3 serum concentrations. No dif-

ferences in adverse events were found after the high-dose

vitamin D bolus, indicating that both oral and intramus-

cular administrations of high-dose VD3 are safe and effi-

cacious in correcting vitamin D deficiency in most patients

treated, and this occurs within the first 2 months [115].

Intramuscular administration could also be useful in the

case of non-adherence to treatment or individuals at risk of

vitamin D malabsorption, or in subjects allergic to oral

supplementations. Nevertheless, it appears likely that for

the optimal benefits of vitamin D supplementation, vitamin

D supplements should be provided daily to ensure that

stable vitamin D circulating concentrations are maintained

over time.

A few cases of infectious diseases and anemia-related

illnesses represent pathological conditions where high-dose

VD3 therapy has shown effectiveness; in particular, vita-

min D could improve anemia, causing a decrease of pro-

inflammatory cytokines and reducing hepcidin levels.

Hepcidin is a peptide found in high amounts under

inflammatory conditions, responsible for decreased iron

absorption and simultaneous iron deprivation in macro-

phages [116, 117]. Intervention trials are needed to assess

the exact dose and frequency of high-dose VD3 in these

conditions.

To improve skeletal muscle function and reduce risk of

falls, vitamin D supplements of 700–1100 IU daily have

been shown to be modestly efficacious [79]. In 2011, a

meta-analysis of 26 studies confirmed that vitamin D

supplementation reduced the risks of falling when associ-

ated with calcium intake [118]. In another meta-analysis of

eight controlled and randomized studies, Bishoff-Ferrari

et al. further showed that daily supplementation of

700-1000 IU VD3 or its active metabolites reduced the risk

of falls in the elderly, respectively, of 19 and 22 %. The

effect could not be reached if the VD3 supplementation

was\700 IU/day, or in the presence of blood levels of

25(OH)D3\24 ng/mL [119]. In 2014, the American

Geriatrics Society Workgroup on vitamin D supplementa-

tion for older adults concluded that a serum 25(OH)D3

concentration of at least 30 ng/mL should be considered as

the minimum goal to achieve in older adults, especially in

frail adults at higher risk of falls and fractures, recom-

mending an average intake of vitamin D from all sources of

4000 IU/day, without any risk of intoxication. The work-

group also considered 1000 IU as the minimum daily

Table 2 Vitamin D

recommended intake
Institute of medicine Endocrine society

RDA (IU)a UL (IU)b Daily requirement (IU) UL (IU)

14–18 years 600 4000 600–1000 4000

19–70 years 600 4000 1500–2000 4000

[70 years 800 4000 1500–2000 10,000

RDA for skeletal outcomes (fractures and falls), only under conditions of minimal sun exposure. Applicable

to normal healthy population groups
a Recommended Dietary Allowance, intake that meets needs of 97.5 % of healthy population
b Tolerable Upper Intake Level, above which potential risk of adverse effects may increase with chronic

use
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supplement effective in reducing the risk of falls, along

with a calcium supplementation at doses ranging from 500

to 1200 mg daily [120]. In contrast, others found that a

very high dose of vitamin D may actually increase frac-

tures, even though the reason for this evidence is unclear

[121]. In fact, Sanders in 2010 showed that the adminis-

tration of 500,000 IU per year of vitamin D increased the

risk of falling (15 %), fractures (26 %), even when levels

of 25(OH)D3 were[30 ng/mL [122]. These data could be

explained by the fact that a high-dose vitamin D supple-

mentation, especially among the elderly, could lead to

increased physical activity and, as a consequence, higher

risk of falls. Nevertheless, a recent randomized clinical trial

has focused on the effectiveness of high-dose vitamin D in

improving lower extremity function and lowering the risk

of functional decline. The study cohort included 200 par-

ticipants undergoing high-dose vitamin D monthly treat-

ment and divided into three groups: a low-dose control

group receiving 24,000 IU of VD3, a group receiving

60,000 IU of VD3, and a group receiving 24,000 IU of VD3

plus 300 mcg calcifediol. After a 12-month follow-up, it

was found that the 60,000 group and 24,000 plus calcife-

diol group were not more effective in improving lower

extremity function and had a higher risk of falls compared

with the low-dose group (24,000 group), although they

reached 25(OH)D3 levels of[30 ng/mL more consistently

than the low-dose group [123]. Finally, cross-sectional

studies indicate that levels of 25(OH)D3 between 30 and

40 ng/mL are associated with the greatest risk reduction for

autoimmune and metabolic diseases, probably due to an

adequate local paracrine production of 1,25(OH)2D3 in

extra-renal tissues [124]. These evidence altogether suggest

that 25(OH)D3 levels between 30 e 40 ng/mL could give

additional benefits outside of the bone; to reach these levels

in more than 97 % of the population, a supplementation of

at least 2000 IU/day would be required, regardless of

increased exposure to UVB [125].

Regarding high-dose vitamin D therapy in autoimmune

diseases, Sotirchos et al. studied 40 patients with relapsing-

remitting multiple sclerosis, randomized to receive

10,400 IU or 800 IU cholecalciferol daily for 6 months

[126]. After 6 months, mean increase of 25(OH)D3 levels

was higher in the high-dose group than in the low-dose group

(34.9 ng/mL and 6.9 ng/ml, respectively) and only the high-

dose group achieved 25(OH)D3 levels between 40 and

60 ng/mL, which was considered the optimal target for

patients with MS [127]. In addition, only in the high-dose

group, therewas a reduction in the proportion of IL17?CD4?

T cells, considered a major contributor to the

immunopathogenesis of MS, with a concomitant increase in

the proportion of central memory CD4? T cells and naı̈ve

CD4? T cells, concluding that high-dose cholecalciferol

therapy exhibits in vivo pleiotropic immunomodulatory

effects in MS. Adverse events were minor and did not differ

between the two groups, indicating that 10,400 IU chole-

calciferol daily is a safe andwell-tolerated therapy in patients

with MS. Randomized controlled trials (RCT) are currently

examining the effects of vitamin D supplementation on

clinical and radiologic outcomes in MS, with dosages of

5000–10,000 IU per day [127, 128]. An open-label,

12 months, RCT of patients with MS treated with increasing

doses of cholecalciferol (4000–40,000 IU/day) plus calcium

(1200 mg/day), followed by maintenance with a lower

intake (10,000 IU/day), showed that abnormal T cell reac-

tions were suppressed in vivo by cholecalciferol at a serum

25(OH)D3 level above 100 nmol/L (i.e.,[40 ng/mL) [129].

In their recent ancillary study of the vitamin D therapy in

individuals at high risk of hypertension (DAYLIGHT), a

randomized controlled trial where individuals with vitamin

D deficiency and untreated pre- or early stage I hypertension

had been randomized to receive either low-dose

(400 IU/day) or high-dose (4000 IU/day) oral VD3 supple-

mentation for 6 months, Konijeti et al. found that high-dose

VD3 significantly reduced CD4
? T-cell activation compared

to low-dose VD3. These data provide direct human evidence

that vitamin D can influence cell-mediated immunity and

high-dose VD3 supplementation could be more effective

than low dose in immune-mediated disorders [130].

Interestingly, beneficial effects of high-dose VD3 therapy

have also been described in autoimmune skin disorders. For

instance, aBrazilian pilot study byFinamor et al. [131] on the

efficacy and safety of prolonged high-dose VD3 therapy in

patients with psoriasis and vitiligo suggested that an oral

daily dose of 35,000 IU of vitamin D for 6 months, associ-

ated with preventive measures (low-calcium diet and a daily

hydration of at least 2.5 L daily), is a safe and effective

therapeutic strategy for reducing disease activity. All nine

patients with psoriasis and 14 out of 16with vitiligo recruited

in the study received benefit from the treatment, showing a

decreased disease activity with no side effects. Altogether

these studies indicate that 25(OH)D3 blood levels below

100 ng/mL are safe. Nevertheless, there are groups of indi-

viduals in which high doses of vitamin D over a long period

could be detrimental in terms of developing hypercalcemia

and rapid deterioration of kidney function, such as patients

with primitive hyperparathyroidism or those with chronic

granulomatous diseases, which are prone to elevated extra-

renal synthesis of 1,25(OH)2D3. Moreover, even healthy

subjects with mutations in CYP24A1—the mythocondrial

enzyme responsible for the deactivation of 1,25(OH)2D3—

are susceptible to developing hypercalcemia, hypercalciuria,

and kidney stones when exposed to high vitamin D doses.

Therefore, to avoid toxicity, all patients eligible for a high-

dose treatment should be previously screened for hypercal-

cemia and hypercalciuria, while serum and urinary calcium

levels should be monitored during the vitamin D treatment
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itself. To date, it can be established that vitamin D dose up to

2000 IU/day, or more recently, 4000 IU/day [132] should be

considered safe above the age of 9. This dose should be

corrected according to non-pharmacological intake of the

vitamin D. In other terms, if a dose of 2000 IU/day in elderly

subjectswith low solar exposure is considered safe, if not still

insufficient, in other cases, the same dose might not be rec-

ommended, such as in young people with a regular body

weight and frequent sun exposure. Thus, further studies are

needed to establish optimal vitamin D dosing regimens in

different groups of patients of different ages [133] and to

better dissect the pathologies eligible for high-dose vitamin

D therapies and the target serum levels for maximal clinical

efficacy (Fig. 1).

Conclusions

The recent advances in vitamin D biology have broadened

the interest of researchers and clinicians far beyond cal-

cium-phosphorus metabolism. It is now clear that vitamin

D plays a pivotal role in several extraskeletal tissues, such

as skeletal muscle, immune cells, adipocytes, and pancre-

atic islets. The complex function of vitamin D in the

modulation of immunity and inflammation confers a novel

potential therapeutic role in several diseases, such as type 1

diabetes mellitus, multiple sclerosis, dermatological and

thyroid autoimmune diseases, as well as in obesity and type

2 diabetes mellitus. The crucial issue of recommended

doses, especially in these novel clinical settings, requires

ad hoc interventional studies, given that most of the

existing guidelines are only focused on the classical vita-

min D target tissues (i.e., bone, kidney, and intestine).

However, in extraskeletal target tissues, it seems necessary

to consider higher vitamin D supplementation doses,

compared to those suggested by most accredited scientific

societies for skeletal effects, to gain full clinical benefit.
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