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Abstract Several compounds are produced along the

complex pathways of vitamin D3 metabolism, and syn-

thetic analogs have been generated to improve kinetics and/

or vitamin D receptor activation. These metabolites display

different chemical properties with respect to the parental or

native vitamin D3, i.e., cholecalciferol, which has been, so

far, the supplement most employed in the treatment of

vitamin D inadequacy. Hydrophilic properties of vitamin

D3 derivatives facilitate their intestinal absorption and their

manageability in the case of intoxication because of the

shorter half-life. Calcidiol is a more hydrophilic compound

than parental vitamin D3. Active vitamin D analogs, ca-

pable of binding the vitamin D receptor evoking vitamin

D-related biological effects, are mandatorily employed in

hypoparathyroidism and kidney failure with impaired 1a-
hydroxylation. They have been shown to increase BMD,

supposedly ameliorating calcium absorption and/or directly

affecting bone cells, although their use in these conditions

is jeopardized by the development of hypercalciuria and

mild hypercalcemia. Further studies are needed to assess

their overall safety and effectiveness in the long-term and

new intermittent regimens, especially when combined with

the most effective antifracture agents.
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Introduction

Vitamin D metabolism comprises several activating and

catabolic pathways, which generate a number of com-

pounds culminating with the production of the secosteroid

hormone calcitriol [i.e., 1,25-dihydroxyvitamin D3,

1,25(OH)2D3, and others]. Following the endogenous pro-

duction of native vitamin D3 (i.e., cholecalciferol) from

7-dehydrocholesterol in the skin, and the dietary intake of

vitamin D3 and vitamin D2 (ergocalciferol), these com-

pounds are quickly conveyed to the liver where they are

rendered more hydrophilic by the addition of a hydroxyl

group in position 25 by a complex of 25-hydroxylases

(mainly CYP2R1 and CYP27A1) to form 25(OH)D3 [also

referred to as 25-hydroxyvitamin D, calcidiol, and others]

and 25(OH)D2, overall indicated as 25(OH)D [1] (Fig. 1).

The addition of a second OH group in position 1 by

CYP27B1 (i.e., 1a-hydroxylase) in the kidney activates

25(OH)D3 to calcitriol [also referred to as 1,25-dihydrox-

yvitamin D3 or 1,25(OH)2D3], the biologically active form

of vitamin D3, capable of binding the specific receptor

(vitamin D receptor, VDR) acting as a transcription factor.

While the renal 1a-hydroxylase is activated by PTH and is

then abolished in hypoparathyroidism, hepatic 25-hy-

droxylase activation depends on individual synthetic po-

tential and the presence of the substrate, i.e., vitamin D3.

Moreover, the activity of vitamin D 25-hydroxylases can

be impaired during treatment with antiretroviral and

antiepileptic drugs and calcitriol [1].

The modifications of parental vitamin D3 along the

metabolic pathway described above strongly modify the

chemical properties of the derived compounds, which be-

come less lipophilic, their binding to transport proteins and,

therefore, their kinetics, storage, and catabolism. Indeed,

more polar metabolites are likely to display smaller vol-

umes of distribution and less trapping by the adipose tissue.

Although 25(OH)D has little biological activity per se, it

comprises the most abundant of all circulating vitamin D

metabolites. Indeed, its high affinity for the vitamin D

binding protein (VDBP) makes 25(OH)D the main storage

form of vitamin D in the body [2]. Thus, serum/plasma

concentration of total 25(OH)D [25(OH)D2 ? 25(OH)D3]

is considered the single most reliable biological marker of

clinical vitamin D status, representing both the endogenous

UV-dependent production and the exogenous introduction

of vitamin D from dietary sources or supplements [3, 4].

Nonetheless, serum/plasma 25(OH)D does not reflect the

storage of vitamin D within the tissues, which can be

converted to calcitriol by tissutal 1a-hydroxylase, and the

whole vitamin D bioavailability, which also depends on the

presence of catabolic metabolites and protein transport in

the blood [5]. Recent studies have demonstrated a direct

uptake of 25(OH)D by skeletal myocytes, which would

internally retain 25(OH)D binded to VDBP [6]. This

Fig. 1 Vitamin D metabolism

and main synthetic metabolites

available as drugs for clinical

use. Cholecalciferol (vitamin

D3), synthesized in the skin

from 7-dehydrocholesterol by

UVB or introduced as a nutrient

or a supplement, is hydroxylated

in position 25 in the liver

producing calcidiol

[25(OH)D3], which is activated

in the kidney by 1a-hydroxylase
producing calcitriol

[1,25(OH)2D3]. Alfacalcidol

[1a(OH)D3] is chemically

synthesized by cholesterol and

needs only the hepatic

25-hydroxylation to become

fully activated into calcitriol.

Eldecalcitol [1,25(OH)22b(3-
hydroxypropoxy)D3] does not

need any hydroxylation to exert

its biologic action; the

3-hydroxypropoxy chain

increases VDBP binding and the

half-life
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supports the idea that skeletal muscle would work as a site

of extravascular storage of calcidiol.

While the hydroxylation of the side chain of 25(OH)D

leads to the production of inactive metabolites, alternative

modifications form metabolites, such as the epimer

25(OH)-3-epi-D, capable of binding and activating the

VDR [7]. Several metabolites along the vitamin D pathway

or artificially synthesized mono- or dihydroxylated com-

pounds can be employed in clinical practice in conditions

of pro-hormone or hormone deficiency (i.e., rickets, os-

teomalacia, hypoparathyroidism) and to address specific

conditions such as osteoporosis by ameliorating intestinal

calcium absorption.

Vitamin D inadequacy (insufficiency/deficiency) has

been estimated to occur in more than one billion people

worldwide and is associated with secondary hyperparathy-

roidism, rickets, osteomalacia, altered bone turnover, os-

teoporosis, impaired muscular performance, and increased

risk of falls and fractures [8–11]. Numerous cross-sectional

studies have found an association between low serum

25(OH)D concentrations and various pathologic conditions,

including cardiovascular, autoimmune, infectious, prolif-

erative diseases, and dysmetabolic syndrome [12]. Indeed, a

number of non-classical effects not classically related to the

maintenance of mineral and skeletal homeostasis are now

attributed to the biologically active hormone/cytokine

1,25(OH)2D3, sustained by the ubiquitous expression of

VDR and extrarenal production of vitamin D metabolites

[13, 14]. Indeed, the autocrine/paracrine vitamin D system

has acquired an important role because of the presence of

25-hydroxylases and 1a-hydroxylase in several tissues other
than the liver and the kidneys, so that circulating vitamin D

and 25(OH)D can serve as substrates for these enzymes [15].

The affinity for VDBP would be crucial in this sense. While

vitamin D3 displays lower affinity for VDBPmaking it more

readily accessible for internalization, in tissues classically

related to the maintenance of mineral homeostasis, such as

the kidneys and the parathyroids, the endocytic receptors

megalin and cubilin are devoted to the uptake of vitamin D

metabolites, such as 25(OH)D, avidily bound to VDBP [16].

So far, vitamin D2 and, mostly, vitamin D3, adminis-

tered in daily doses of 800–4000 IU, have been the most

common forms of dietary supplements employed in vi-

tamin D insufficiency/deficiency. However, while it is

relatively easy to reach the serum 25(OH)D3 target of

20 ng/ml by vitamin D3 supplementation, it is more diffi-

cult, especially in obese individuals, to reach and maintain

the target of 30 ng/ml [17], which is considered by the

International Osteoporosis Foundation (IOF), the European

Society for Clinical and Economic Aspects of Osteoporosis

and Osteoarthritis (ESCEO), and the Endocrine Society

(ES), and also confirmed by recent meta-analyses, the

threshold for musculoskeletal health and the prevention of

falls and fractures [18–21]. Moreover, concerns have arisen

in administering high doses ([100,000 IU) of vitamin D3,

especially when given at non-physiologic intervals of time,

because an increased risk of fracture in the first 3 months

after dosing may be explained by classic (hypercalciuria

and hypercalcemia) and non-classic toxic effects, such as

the increase of bone turnover markers or rapid non-ge-

nomic responses not yet identified [22–24]. As an alter-

native approach, some vitamin D metabolites have been

employed to ameliorate vitamin D status, in order to fa-

cilitate the attainment of a given threshold and to avoid

intoxication, taking advantage of the different chemical

properties and related pharmacokinetics.

In January 2014, ESCEO and IOF Representatives

convened a meeting to discuss and clarify the possible use

of vitamin D metabolites available for clinical practice and

in different pathologic conditions, in which the attainment

of optimal vitamin D status with the parental compounds

(i.e., vitamin D2 and vitamin D3) can be jeopardized.

Herein, the aim of this document is to summarize the

available evidence on the clinical use of vitamin D

derivatives other than vitamin D3 and D2 to correct vitamin

D inadequacy, and to optimize mineral metabolism, in

order to decrease the risk for fall and fracture (not taking

into account studies on vitamin D metabolites such as

doxercalciferol and paracalcitol specifically employed in

hyperparathyroidism secondary to chronic kidney disease-

mineral bone disorder).

Discovery and development of main vitamin D
metabolites and synthetic derivatives

Since the isolation of vitamin D2 and vitamin D3 and the

discovery of their antirachitic properties at the beginning of

the twentieth century, multiple metabolites along the vi-

tamin D endocrine pathway had been discovered [25]

(Fig. 1).

Indeed, in vitro and in vivo evidence led to the hy-

pothesis that the parental vitamin had to be metabolized to

more polar metabolites in order to function. In the 1960s, it

become evident that a more polar metabolite than vitamin

D, still biologically active, could be isolated in the serum

after administration of radioactive vitamin D3 in animals

and humans [26, 27]. Hence, a compound with more rapid

biological action in enhancing intestinal calcium absorp-

tion was isolated and identified as 25(OH)D3 by sensible

spectroscopic techniques [28, 29]. Soon after this discov-

ery, this vitamin D analog was rapidly synthesized and its

biological effectiveness confirmed [30]. In parallel, it was

demonstrated that the exclusion of the liver from the cir-

culation abolished the synthesis of 25(OH)D3 in rats, thus

demonstrating that this organ is the physiologic site where
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the 25-hydroxylation occurs in vivo [31]. Afterwards, it

became clear that 25(OH)D3 per se was not biologically

active but needed another hydroxylation to exert its actions

on mineral metabolism [32]. These experiments ultimately

led to the identification of 1,25(OH)2D3, synthesized in the

kidney as the full biologically active form of vitamin D in

vertebrates [33–35]. With the development of a specific

competitive protein binding assay in 1971, which became

widely available afterwards, 25(OH)D3 began to be quan-

tified in blood [36, 37]. Since then, the determination of

25(OH)D3 has been considered the best diagnostic marker

of vitamin D status and supply. The procedure to synthe-

size the antirachitic 25(OH)D3 was patented by DeLuca

(Wisconsin Alumni Research Foundation, WARF) in 1973

(US patent 3,772,361). The development of serum

25(OH)D3 assay allowed the pharmacokinetics of the pro-

hormones to be evaluated and compared[both vitamin D3

and 25(OH)D3] (see next paragraph).

In the same years, a 25-hydroxylated vitamin D

derivative, different from 25(OH)D3, was isolated, purified

from chick intestines, and identified as 1,25(OH)2D3 [38,

39], the biologically active form of vitamin D, ultimately

activated in the kidney [40, 41]. Soon after these reports, it

became evident that parathyroid hormone was indispens-

able for the hydroxylation of 25(OH)D3 in the kidney for

the production of metabolically active 1,25(OH)2D3. In-

deed, an abrogation or a decrease in the renal production of

1,25(OH)2D3 was demonstrated in thyroparathyroidec-

tomized vertebrates and uremic animals, respectively [42,

43]. Moreover, the existence of inhibitory feedback by

1,25(OH)2D3 on PTH secretion was shown [44]. Calcitriol

was able to directly elicit intestinal absorption of calcium

and phosphate in vivo and was shown to be a potent

stimulator of bone resorption and calcium mobilization

from skeletal compartments to extracellular milieu [45–

48]. The full structure of 1,25(OH)2D3 and, in particular,

the configuration of the hydroxyl group, was completely

deduced when the compound was biochemically synthe-

sized by DeLuca’s group. Kinetic studies with the ra-

diolabeled compound established the short half-life of

calcitriol (5–8 h in adults), with rapid disappearance from

the blood and ensuing rapid catabolism [49]. Compart-

mental analyses allowed the estimation of endogenous

production of 1,25(OH)2D3 in 0.3–1 mcg/day [49]. In

parallel, an immunoassay for 1,25(OH)2D3 was developed

[50], making pharmacokinetic studies with the different

compounds possible.

After these landmark discoveries in vitamin D metabo-

lism, several scientists and medical companies, under li-

cense to several patents held mainly by the WARF

(Wisconsin, USA) and the Research Institute for Medicine

and Chemistry (Cambridge, UK), started specific research

to develop and test analogs of 1,25(OH)2D3, in particular

for the treatment of hypoparathyroidism, renal osteodis-

trophy, and associated secondary hyperparathyroidism. In

parallel, osteoporosis began to be recognized as a

metabolic bone disease, and vitamin D analogs began to be

considered for the treatment of this disorder. In 1993, the

international symposium ‘‘Osteoporosis: therapy with vi-

tamin D3 metabolites and analogs’’ was held in Hong

Kong, and basic and clinical research on vitamin D analogs

(calcitriol and alfacalcidol) was presented. It is worth

noting that in this occasion, the first description of osteo-

porosis as a disease of the elderly population was included,

together with the efficacy of D-hormone analogs in this

condition [51].

Similar to other steroid hormone receptor modulators,

1,25(OH)2D3 analogs continued to be further developed

and patented, with the aim of modulating VDR-mediated

effects in a tissue-selective way, with minor calcemic ef-

fects, maintaining or enhancing the effects on bone (see

‘‘Clinical use of the 1a-hydroxylated compounds (cal-

citriol, alfacalcidol and eldecalcitol)’’ section). Among

different synthesized analogs, 1a-hydroxylated derivatives,

such as alfacalcidol, a direct precursor of calcitriol but also

capable to bind the VDR, and eldecalcitol, have been tested

in vitro, then in vivo in animals and humans.

Alfacalcidol (i.e., the 1a-hydroxyderivative of vitamin

D3) was one of the first analogs to be synthesized, and was

shown to display a comparable biological activity in terms

of intestinal calcium absorption and calcium mobilization

from bone with respect to calcitriol [52]. Since alfacalcidol

was synthesized from cholesterol, its synthesis was simpler

and less expensive. In vivo animal studies demonstrated

that alfacalcidol biopharmacological activity was similar to

calcitriol, but with a wider therapeutic window [53].

Afterwards, alfacalcidol was tested in clinical trials and

was the first vitamin D analog with the indication of

osteoporosis.

Among the different analogs bearing a hydroxyalkoxy

group at 2b position, which directly increases the affinity of

these compounds for VDBP, eldecalcitol [1a,25-dihy-
droxy-2b-(3-hydroxypropoxy) vitamin D3, ED-71] showed

the greatest capacity to strongly inhibit bone resorption,

modestly enhance formation and thus to prevent bone loss

in ovariectomized or old normal rats, and prednisolone-

treated rats [54–56]. This occurred with only a minimal

enhancement in intestinal calcium absorption and conse-

quent mild suppression of PTH levels [54]. In a further

study comparing the efficacy of eldecalcitol and alfacal-

cidol in the same animal model (estrogen-deficient rat),

eldecalcitol was found to increase trabecular bone mass to

a greater extent than alfacalcidol [57]. This result was due

to a marked inhibition of bone resorption, as demonstrated

by decreased specific biochemical and histological mark-

ers, while preserving bone formation. The catabolic/
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anabolic effect of eldecalcitol was found to be independent

from calcium absorption and/or PTH suppression. Re-

cently, performing experiments in rats immediately after

ovariectomy, eldecalcitol promoted focal bone formation, a

process also referred to as minimodeling [58]. Ensuing

experiments in the mouse have found that the expression of

the receptor activator of nuclear factor kappa-B ligand

(RANKL) in mouse osteoblasts is reduced by eldecalcitol

[59].

Rationale for the clinical use of vitamin D
derivatives

Age- or disease-related decline in hepatic and renal func-

tion could affect the 25- or 1a-hydroxylating capacity, so

that the correction of mineral metabolism by means of

native vitamin D can be hampered. In this view, hy-

droxylated vitamin D analogs may overcome this problem.

Indeed, four types of vitamin D deficiency can be as-

sociated with the aging process itself and/or several dis-

eases and with the development of a negative calcium

balance, secondary hyperparathyroidism, and osteoporosis:

(1) deficiency of the parental compound vitamin D3, (2)

deficiency of 25(OH)D3 because of impaired hepatic hy-

droxylation, (3) deficiency of 1,25(OH)2D3 due to impaired

renal 1a-hydroxylation, and (4) deficiency in the respon-

siveness to 1,25(OH)2D3 in target tissues mainly due to

decreased expression of the VDR [60, 61].

While 25-monohydroxylated vitamin D (calcidiol) may

be used to optimize vitamin D status especially when the

activity of hepatic hydroxylases is diminished [62], 1a-
hydroxylated vitamin D analogs can be employed when

renal hydroxylation is impaired, such as in the case of

kidney failure or hypoparathyroidism, in order to favor

calcium absorption and/or overcome the age-related de-

creased VDR expression [60, 61, 63].

The primary goal of the vitamin D endocrine system is

the promotion of a positive calcium balance in order to

maintain an optimal mineral homeostasis, thus favoring

mineralization of the skeleton of vertebrates. This is indi-

rectly achieved through the action of 1,25(OH)2D3 in the

intestine leading to an increase in calcium and phosphate

absorption. Direct effects of 1,25(OH)2D3 on bone, through

actions on osteoblasts/osteocytes, have been questioned,

since contradictory results have ensued from experiments

in transgenic mice [64]. Direct effects of 1,25(OH)2D3 in

bone are mediated by the osteoblasts. Calcitriol is a potent

inducer of osteoclastogenesis by means of inducing

RANKL. The main objective of this osteoblast-mediated

enhancement of bone resorption by calcitriol, together with

the inhibition of mineralization, is to maintain extracellular

calcium concentration within a narrow range, avoiding a

negative calcium balance. These catabolic effects on bone

would be achieved in the presence of high 1,25(OH)2D3

concentration, occurring in physiology as a consequence of

extremely low calcium supply. When a positive calcium

balance has been regained, the promotion of later stages of

osteoblast differentiation, which probably occurs at more

physiologic levels of 1,25(OH)2D3, favors mineralization.

Indeed, active 1a-hydroxylated vitamin D analogs, such

as calcitriol, alfacalcidol, and eldecalcitol, have been em-

ployed in the treatment of primary and secondary osteo-

porosis for their positive effect on BMD and the decrease

in fracture risk. In general, the use of 1a-hydroxylated
forms is hampered by the higher risk of developing hy-

percalciuria and hypercalcemia (Table 1).

Clinical use of the 25-hydroxylated compound
calcidiol

Calcidiol, which exists as a pharmaceutical compound, a

supplement or nutritional ingredient (as a normal food

constituent) [65], may represent a useful approach in the

treatment and prevention of vitamin D deficiency. Contrary

to cholecalciferol, a conversion to IU has not been estab-

lished for calcidiol, which is therefore expressed in mcg

when administered as a nutritional supplement.

Calcidiol can subsist in its free form or as a crystalline

substance [25(OH)D3 monohydrate]. Calcidiol is a more

polar metabolite than vitamin D and, for this reason, it is

more soluble in organic solvents. This property influences

its intestinal absorption, its protein transport in the blood

by VDBP, and the whole body distribution of the oral

administered calcidiol, which displays a much shorter half-

life (10–13 days) than the parental compound cholecalcif-

erol [66–69]. The greater affinity for VDBP may make

25(OH)D more available for internalization in tissues de-

voted to the control of mineral homeostasis such as the

kidneys and the parathyroids expressing the megalin–cu-

bilin system of endocytic receptors [16]. As shown in a

seminal study by Haddad et al. in the early 1970s, the

administration of a single dose of calcidiol produced a

more rapid and significant increase in serum 25(OH)D

concentration, compared to a single oral dose of chole-

calciferol, which produced a very slow increase of serum

25(OH)D levels because of the intermediate hepatic

25-hydroxylation [68]. Indeed, after the administration of

1.5–10 lg/Kg of calcidiol in a single dose in normal sub-

jects, the increase in serum 25(OH)D levels began as early

as 2 h, peaked within 4–8 h after dispensation, and a 33 %

decrease of peak levels was observed not before 1 week.

These results and, in particular, the promptness and pre-

dictability of achieved serum 25(OH)D levels and the

shorter half-life supported an advantage of calcidiol over
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cholecalciferol in correcting vitamin D deficiency and a

good manageability in case of intoxication [70, 71]. Long-

term treatment of vitamin D deficiency with oral calcidiol

over a period of 5 years produced a sustained increase in

plasma 25(OH)D levels. Indeed, a ten times lower dose of

calcidiol was required to produce equivalent plasma

25(OH)D concentrations, confirming the superior

therapeutic potency of calcitriol and the possible limits in

endogenous hepatic 25-hydroxylation of parental vitamin

D3 [72]. This was further confirmed in an experiment

comparing the efficacy in increasing serum 25(OH)D3

levels of an intramuscular injection of calcidiol and

cholecalciferol in non-lactating, pregnant dairy cows [73].

The parenteral administration of 25 mg calcidiol rapidly

produced an increase in plasma levels of 25(OH)D, directly

translated into an increase in plasma calcium and phos-

phate, while an 8-day delay in the increase of plasma

25(OH)D was observed after injection of 15 9 106 IU of

cholecalciferol [73]. In an additional systematic study, the

short-term effects of graded oral dosing of calcidiol on

serum 25(OH)D levels in healthy men were assessed [74].

Calcidiol at 20 mcg/day was proven to be effective in

raising serum 25(OH)D levels by 94 nmol/L in a 4-week

time frame [74]. A recent study carried out in young

healthy Gambian men to asses the effect on serum

25(OH)D after administration of a single dose of calcidiol

Table 1 Major vitamin D derivatives used in clinical practice

Vitamin D analog Synonyms Half-life Brand name� (Company)a Form

Calcidiol [25(OH)D3] (3b,5Z,7E)-9,10-
secocholesta-5,7,10(19)-

triene-3,25-diol

10-

13 days

Calderol� (Upjohn) Oral, capsule,

20–50 mcg

Caldiol� (Medica) Oral, capsule,

20 mcg

Dedrogyl� (Desma)b Oral, solution

(drops), 1.5 mg/

10 ml

25-hydroxycholecalciferol

Didrogyl� (Bruno Farmaceutici)b Oral, solution

(drops), 1.5 mg/

10 ml

Dédrogyl� (DB Pharma)b Oral, solution

(drops), 1.5 mg/

10 ml

25-Hydroxyvitamin D3

Calcifediol

Hidroferol� (Faes)b Oral, solution

(vial), 1.5 ml

Calcifediol Anhydrous

Calcifediolum

Calcitriol [1,25(OH)2D3] 1,25-DHCC 5-8 h Rocaltrol� (Roche)b Oral, capsule,

0.25–0.50 mcg1,25-

dihydroxycholecalciferol Calcitriol Oral Solution� (Roxane) Oral, solution, 1

mcg/ml1a,25(OH)2D3
Decostriol� (Mibe Jena, Germany;

Jesalis, Hong Kong and Thailand)

Oral, capsule,

0.25 mcg
1a,25-
dihydroxycholecalciferol

1a,25-dihydroxyvitamin D3 Calcijex� (Abbott)b Intravenous, 1–2

mcg/ml

Alfacalcidol [1a(OH)D3] 1-hydroxycholecalciferol 3 h Alsiodol�

Alfarol�

One Alpha�b

Oral, capsule,

0.25–0.50 mcg

Oral, capsule,

3 mcg

1a-hydroxycholecalciferol

Oral, capsule,

0.25–0.50 mcg

Oral, solution

(drops), 2 mcg/

ml

1a-hydroxyvitamin D3

Eldecalcitol

[1,25(OH)22b(3hydroxypropoxy)D3]

ED-71 53 h Edirol�, Chugai Pharmaceutical/

Roche

Oral, capsule,

0.25–0.50 mcg1a,25-dihydroxy-2b-(3-
hydroxypropoxy) vitamin

D3

a Main company which registered pharmaceutical product, excluding manufacturers and packaging companies
b Available in Europe
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33 mcg in 810 mcg of olive oil has demonstrated that the

peak occurs in 4.4 ± 1.8 h, while the disappearance takes

place from day 6, with a median half-life of

13.4 ± 2.7 days [71]. The modifications in 25(OH)D

concentration happened in the absence of any change in

plasma and urinary calcium and phosphate [69]. The long-

term pharmacokinetics of calcidiol versus cholecalciferol

have recently been further refined and assessed when ad-

ministered at a dosage of 20 mcg daily, 140 mcg weekly

(total of 15 weeks), or 140 mcg in single bolus in healthy

females aged 50–70 years in a randomized, double-blind

trial [75]. Considering the area under the concentration–

time curve as the measurement for exposure, this study

demonstrated that calcidiol was 2–3 times more potent than

cholecalciferol in determining the increase in plasma

25(OH)D levels (by 28 and 123 %, respectively, after the

first and last daily–weekly dose, and by 114 % when ad-

ministered in single bolus). All women under calcidiol

supplementation reached optimal levels of serum

25(OH)D3 (i.e.,[30 ng/ml) after just 16.8 days, while only

70 % of women receiving cholecalciferol reached this

threshold within a longer period of time (mean 68.4 days)

[75]. The differences in the entity of the higher therapeutic

potency of calcidiol over cholecalciferol in terms of

achieved plasma 25(OH)D levels between this latter study

and previously published papers [72, 76] may rely on

several factors: primarily on the comparison of full 24-h

concentration–time curves instead of single plasma

25(OH)D measurements, which are indeed more suscepti-

ble of sampling and processing errors; on different study

designs; on different assays employed (the most reliable

selective assay being based on liquid chromatography

coupled to tandem mass spectrometry detection, i.e.,

HPLC–MS/MS); on the fact that vitamin D2 or vitamin D3

had been indifferently administered for comparison with

calcidiol [72, 75, 76].

Recent animal studies have shown that calcidiol is better

absorbed in the intestine than cholecalciferol when added

to animal feed (i.e., nutrient and/or supplement). This is

further underlined by greater effects of calcidiol in repro-

ductive performance, immune protection against infec-

tions, and skeletal turnover markers as compared to

parental vitamin D3 in vivo in animals [77–79]. Recently,

calcidiol supplementation in pregnant gilts, in addition to

the control diet containing cholecalciferol, has been shown

to improve feral skeletal muscle development and myoblast

activity, likely improving postnatal muscle growth [80].

Regarding the expected biological effect in humans,

several studies have confirmed that oral intake of calcidiol is

highly effective in raising serum 25(OH)D levels and in-

testinal calcium absorption, suppressing serum PTH levels

and blunting consequent increased bone turnover, indepen-

dently from the regimen of administration (daily, weekly, or

monthly) [74, 81–83]. In a pilot study in healthy adults, the

efficacy of a monthly dose of calcidiol (500 lg) in raising

and maintaining serum 25(OH)D levels significantly higher

with respect to baseline values was shown, with an important

reduction in serum PTH values (p\ 0.001 versus baseline)

and in the absence of significant episodes of hypercalcemia

and hypercalciuria [83]. In a randomized, double-blind,

placebo-controlled trial, supplementation with 25(OH)D3

15 mcg/day administered over a period of 4 years in elderly

women was demonstrated to reduce bone loss at appen-

dicular sites, especially at low calcium intakes [84].

Although other studies have confirmed the increase in BMD

at the hip [85], no studies are available on the effect of long-

term calcidiol therapy on the rate of fracture at variance of

vitamin D3 and D2 that showed an effect on prevention of

fractures if associated with calcium.

A recent randomized study has compared the efficacy of

calcidiol versus cholecalciferol (20 mcg/day, each) in the

attainment of the desired serum 25(OH)D levels in healthy

postmenopausal women with vitamin D deficiency. Both

drugs had been formulated as spray-dried powders and ad-

ministered in hard gelatin capsules in a double-blind manner

over a 4-month period [86]. Supplementation with calcidiol

resulted in a prompt, safe, and sustained increase in serum

25(OH)D levels, reaching 30 ng/ml after just 2 weeks, then

going up to 69.5 ng/ml at the end of the intervention. Con-

versely, the rise in serum 25(OH)D levels determined by

cholecalciferol was slow, plateauing at 31 ng/ml after

11 weeks. As secondary objectives and because of higher

serum 25(OH)D levels attained, calcidiol wasmore effective

than cholecalciferol in suppressing PTH levels and in ame-

liorating non-skeletal endpoints, such as reducing systolic

blood pressure, maintaining or improving lower extremity

function, dampening down several markers of innate im-

munity, as assessed by specific measurements at the end of

the study period [86]. In young patients with cystic fibrosis,

calcidiol plus calcium has proven to be effective in in-

creasing BMD by 5 % and more after just one year of

treatment in 25 % of patients, with less than 3 % experi-

encing hypercalciuria [87]. All in all, these results indicate

that it is easy and overall safe to obtain and maintain serum

25(OH)D levels over 30 ng/ml that have been linked to vi-

tamin D-induced extra-skeletal effects. Nonetheless,

definitive conclusions on higher biologic potency of cal-

cidiol cannot by drawn, yet, since comparative studies using

equipotent doses are lacking, so far.

Regarding the means of administration of calcidiol,

while daily and monthly appear to be safe, some concerns

have arisen for the monthly administration, which would

use larger amounts of the drug overcoming the VDBP

binding at non-physiologic intervals of time largely ex-

ceeding its half-life [80]. It is possible that free calcidiol

would enhance on one side calcitriol production, therefore
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stimulating osteoclast activity, and on the other side the

catabolic pathways leading to reduction of the tissutal

calcidiol.

Thus far, the advantages of calcidiol daily and weekly

supplementation appear to be related to the rapidity in

correcting profound vitamin D deficiency with osteoma-

lacia, without employing megadoses of parental vitamin

D3, and without risk of vitamin D intoxication (namely

hypercalciuria, hypercalcemia) at the usual regimens

employed [70, 86, 88], even though the physiologic au-

toregulation of the hepatic 25-hydroxylation is overcome.

In obese individuals, where massive doses of cholecal-

ciferol must be employed to reach at least the threshold of

30 ng/ml [85], calcidiol might be preferable to cholecal-

ciferol for the smaller volume of distribution. Because of

the linear kinetics conferred by the more hydrophilic

properties, on one side, higher levels of serum 25(OH)D

may be linked to vitamin D-related non-skeletal benefits,

which therefore can be easily achieved, while on the

other, a re-adjustment of the dose might be required in the

long term. In addition, pre-formed 25(OH)D3 would ac-

cess more easily to tissutal 1a-hydroxylase. Indeed, recent
studies in monocytes exposed to free 25(OH)D3, in a

serum from mice devoid of VDBP as compared to control

serum, have shown an higher response in terms of

cathelicidin production, indicating that bioavailable free

calcidiol could be important in extra-skeletal effects such

as the induction and maintenance of innate immunity

[16].

In advanced liver failure, in conditions where the ac-

tivity of cytochrome enzymes might be blunted (e.g., an-

ticonvulsants, corticosteroids, and antiretroviral and

antitubercular agents, alcohol abuse), and in the rare cases

of inactivating mutations of genes encoding hepatic

25-hydroxylases (CYP2R1) and extrahepatic biliary atresia,

the advantage of the clinical use of 25 hydroxylated

derivative is straightforward [1, 89–93]. Some trials have

also demonstrated an advantage of calcidiol in augmenting

BMD in patients after kidney or heart transplantation, most

probably bypassing the inhibition of 25 hydroxylases by

chronic corticosteroid therapy [94, 95].

In the case of malabsorption, supplementation with oral

forms of parental vitamin D3 and derivatives can be diffi-

cult due to abnormal enterohepatic circulation, but to a

greater extent with cholecalciferol with respect to calcidiol,

which is then the preferred supplement in these patients

[96–98].

In chronic kidney disease with secondary hyper-

parathyroidism, calcidiol has been shown to offer benefits,

given that a decreased function of liver cytochromes has

been demonstrated [99, 100]. In nephrotic syndrome or

diabetes mellitus, in which the renal loss of proteins also

incudes the complex 25(OH)D3/VDBP, supplementation

with calcidiol can be advised [101, 102]. It is worth noting

that calcidiol was introduced as Calderol in the U.S.

Pharmacopeia with indication for renal osteodystrophy.

Finally, the finding that hypogonadism is characterized

by low levels of serum 25(OH)D, and 25-hydroxylase is

highly expressed in the testis opens new fields for

therapeutic applications for calcifediol [103].

Clinical use of the 1a-hydroxylated compounds
(calcitriol, alfacalcidol, and eldecalcitol)

The use of vitamin D derivatives hydroxylated in position 1

is mandatory in conditions characterized by absent or greatly

impaired renal 1a-hydroxylation (i.e., hypoparathyroidism

and kidney failure) (Fig. 1). These compounds have also

been employed in diseases such as osteomalacia and osteo-

porosis in order to correct calcium malabsorption and/or

overcome resistance to 1,25(OH)2D due to age-related de-

cline in the expression of theVDR, thus amelioratingmineral

and skeletal homeostasis, especially in postmenopausal

women. In addition, they may display direct protective ef-

fects in bone and skeletal muscle through binding the VDR,

increasing the BMD and muscle performance, thus de-

creasing the incidence of falls and fractures [63]. Active

vitaminDmetabolites are also calledD-hormones since their

effects occur independently of an effect on vitamin D status.

In addition, therapeutic effects are independent from renal

function. Overall, these ‘‘hormonal’’ analogs have a narrow

therapeutic window and therefore must be appropriately

supervised to avoid the risk of hypercalciuria, hypercal-

cemia, and nephrolithiasis/calcinosis.

Calcitriol

Calcitriol is the natural ligand for the nuclear VDR, which,

upon ligand binding, acts as a transcription factor in multiple

tissues including bone. Since its discovery in the 1970s,

several studies have examined the effects of calcitriol on

bone metabolism, as assessed by markers of bone turnover,

and the efficacy in preventing bone loss in healthy indi-

viduals (both sexes) and in subjects with primary and sec-

ondary osteoporosis.

Since menopause itself is accompanied by a decrease in

calcium absorption per se, mainly because of a resistance

to calcitriol and a decrease of calcitriol levels, calcitriol has

been employed in several studies in order to optimize

mineral and skeletal homeostasis and decrease fracture rate

in women with postmenopausal osteoporosis, as a mono-

therapy or in combination with other antifracture agents

[59] (reviewed in [63] ). In these trials, calcitriol was ad-

ministered daily, at a dose ranging from 0.25 to 1 mcg/day,

with the majority of studies employing 0.5 mcg/day.
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Regarding the effect on bone turnover markers, calcitriol

as a monotherapy has been proven to be effective both in the

short-term (1–4 weeks) and in the long-term in stimulating

bone formation markers and blunting serum PTH levels and

bone resorption markers in a dose-dependent manner, when

compared to placebo or, in some cases, to calcium alone.

As reported in a systematic review, calcitriol has been

proven to be effective in decreasing or even reversing the

rate of bone loss in a variety of vulnerable populations in

trials lasting up to 8 years, especially when administered

together with bone antiresorptive agents [63]. As expected,

the prolonged use of calcitriol yields the common side

effects of hypercalciuria and mild hypercalcemia, usually

in the mild range, without any report of deaths or life-

threatening hypercalcemic episodes.

The efficacy of calcitriol in fracture risk reduction as a

primary endpoint was assessed only in a few studies. The

long-term effect on fracture rate of calcitriol was first

assessed in an open-label study in osteoporotic post-

menopausal women [104, 105]. Calcitriol (1 mcg, admin-

istered in two daily doses) was associated with an increase

in BMD from 18 to 24 months of treatment, and a decrease

in fracture risk over the 8 years of observation. However,

this treatment was linked to the development of severe

hypercalciuria, a few cases of nephrolithiasis (this latter

effect also due to concomitant hyperoxaluria) and mild

hypercalcemia. Thus, the following studies tested the effect

of a lower dose of calcitriol. A prospective, single-blind

study was carried out in osteoporotic postmenopausal

women with one or more vertebral compression fractures,

given calcitriol at a daily dose of 0.5 mcg, refracted in two

daily doses, for 3 years. The treatment with calcitriol was

able to reduce the number of new vertebral and peripheral

fractures as compared to supplemental calcium, 1 g/day

(12 fracture events per 100 patient-years in calcitriol group

versus 44 fracture events per 100 patient-years, at 3 years

of follow-up, p\ 0.05), without significant side effects

[106]. The antifracture efficacy of treatment with calcitriol

lasting more than 1 year was also confirmed in patients

after cardiac and lung transplantation. One study tested the

efficacy of calcitriol in transplant patients (one fracture-

event in calcium ? calcitriol group vs. 22 fracture events

in the calcium-only group) [107].

Some trials have examined the efficacy of calcitriol in

combination with other agents in preserving bone mass,

with study durations ranging from 6 months to 3 years

[63]. As expected, these studies have demonstrated that

calcitriol employed in combination with other antifracture

drugs is more effective than calcitriol alone, with increases

of 2–7 %/year in the groups of patients receiving both

compounds. Unfortunately, no trials have considered

fracture prevention as a primary endpoint. One study

assessed the effect of calcitriol, estrogens, or their

combination to prevent age-related bone loss in post-

menopausal women with normal baseline bone mass [108].

In this group of women, estrogen replacement therapy and

calcitriol when administered together produced a greater

increase in BMD as compared to estrogen therapy alone,

the difference being more evident at the level of appen-

dicular bone (total hip and trochanter) [108]. Further study

showed that in elderly women with a reduction in renal

function (creatinine clearance less than 60 ml/min), cal-

citriol (0.25 mcg twice a day), alone or in combination with

estrogens, decreased the risk of falling by 53 % [95 % CI

-71 % to -22 %; p = 0.003] and by 61 % (95 % CI

-76 % to -37 %; p = 0.001), respectively [109]. The

effect on bone metabolism of an association of calcitriol

and alendronate (Maxmarvil�, Yuyu Pharma, Inc., Korea)

has been evaluated in Korean postmenopausal women with

osteoporosis [110]. Combined treatment with calcitriol and

alendronate (0.5 mcg and 5 mg daily, respectively) pro-

duced a net increase in lumbar spine BMD after 6 and

12 months as compared to alfacalcidol (2.42 ± 0.5 and

0.28 ± 0.5 % vs. baseline, respectively), with fewer epi-

sodes of hypercalciuria and overall good compliance, as

also demonstrated in a postmarketing experience [110,

111].

All in all, these studies suggest that calcitriol may be

used alone or in combination with other agents to limit and

revert bone loss and, eventually, reduce fracture risk [63].

The incidence of side effects of hypercalciuria and hyper-

calcemia seems to be reduced when calcitriol is adminis-

tered once a day or, better, intermittently (three consecutive

days a week or one a week, in a high dose, i.e., C30 mcg/

week), as assessed in studies employing calcitriol as an

antineoplastic agent, although these findings are still not

supported by studies in terms of efficacy [112].

Alfacalcidol

Alfacalcidol (calcitriol prodrug) is a 1a-hydroxylated
derivative, which bypasses the strongly regulated, PTH-

dependent activation in the kidney, and is converted to

biologically active vitamin D by the non-saturable 25 hy-

droxylation in the liver. Indeed, renal 1a-hydroxylase is

inhibited when 1,25(OH)2D levels are normal due to the

negative feedback on the parathyroids or in the case of high

fibroblast growth factor 23 (FGF23) levels. Alfacalcidol is

able to increase the levels of 1,25(OH)2D even to slightly

over-physiological levels, independent of whether the

subject is replete or deplete, and independent of renal

insufficiency.

In terms of bioequivalency, studies have demonstrated

that calcitriol administered in a mean daily dose of 0.5

(refracted in two daily doses of 0.25 mcg) is equipotent to

a mean daily dose of 1 mcg of alfacalcidol. Since
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alfacalcidol after oral intake and intestinal absorption re-

quires 25-hydroxylation in the liver for activation, it dis-

plays a retarded plasma curve with respect to calcitriol,

with a consequent lower risk of developing hypercalcemia

and hypercalciuria. Indeed, calcitriol after ingestion is

immediately absorbed producing a plasma peak, with

higher risk of calcium metabolism disturbances. Another

advantage of alfacalcidol over calcitriol is the possibility to

take advantage of direct intratissutal activation by locally

expressed 25-hydroxylase.

Several clinical trials assessing the effect of alfacalcidol

in humans were conducted in Japan in the 1980s. These

initial reports showed that this compound (dose range

0.5–1 mcg/day) was effective in raising BMD and de-

creasing vertebral and hip fractures (reviewed in [113] ),

with low risk of adverse events (1.1 %), causing alfacal-

cidiol to become a major drug for the treatment of osteo-

porosis in Japan. Ensuing studies in an international setting

confirmed the superior efficacy of alfacalcidol (0.5–1 m-

cg/day) in increasing intestinal calcium absorption, de-

creasing PTH, and increasing lumbar BMD more than

parental vitamin D3 alone or vitamin D3 plus calcium [114,

115]. In a prophylactic study, alfacalcidol (1 mcg/day) was

also shown to be able to fully prevent corticosteroid-in-

duced bone loss observed under placebo [116]. A study

comparing alfacalcidol and plain vitamin D3 in glucocor-

ticoid-induced osteoporosis demonstrated a modest in-

crease (2.4 %) in the alfacalcidol-treated patients versus a

0.8 % loss in the vitamin D-treated ones in a 3-year

treatment period [117].

Alfacalcidol has been shown to prevent falls and

fractures in women with postmenopausal osteoporosis and

also in elders of both sexes, especially in the case of age-

related reduction in renal function [61, 113, 118, 119].

Recently, a study has demonstrated the efficacy of alfa-

calcidol (1 mcg ? 500 mg of calcium daily) in reducing

the risk of falls in men with established primary and

secondary osteoporosis as compared to plain vitamin D

(1000 IU ? 1000 mg of calcium daily) in a prospective,

2 year-long, open-label study [120]. Treatment with alfa-

calcidol produced a higher increase in lumbar BMD (?3.2

vs. ?0.8 %) and total hip BMD (?1.9 vs. -0.9 %) in the

alfacalcidol- and vitamin D-treated groups, respectively,

with a 50 % decrease in the rate of falls and and 48 %

decrease in vertebral and non-vertebral fractures in the

alfacalcidol-treated versus vitamin D-treated subjects

[120]. The effect of calcidiol was more pronounced on the

reduction of non-vertebral fractures in older men with a

creatinine clearance less than 60 ml/min. These results

were consistent with the reduction in falls observed in

previous studies with calcitriol and alfacalcidol treatment,

alone or in combination with bisphosphonates [118, 121,

122].

Eldecalcitol

Eldecalcitol, a vitamin D analog with reduced hypercal-

cemic effect but net antiresorbing and mild proformative

properties as demonstrated in animal models (see ‘‘Dis-

covery and development of main vitamin D metabolites

and synthetic derivatives’’ section), has been successfully

tested in humans and is available in Japan for the treatment

of osteoporosis and fracture prevention.

In a randomized, double-blind, placebo-controlled trial,

a 1-year treatment with oral eldecalcitol at 0.5, 0.75, or

1 mcg/day in osteoporotic patients improved lumbar BMD

by 2.9, 3.4, and 3.8 % versus placebo, respectively, with

transient yet mild hypercalcemia in 7–5–23 % of the

treated subjects and with a parallel 20 % reduction in

markers of bone turnover [123]. This occurred indepen-

dently of baseline vitamin D status, as demonstrated in a

post hoc analysis [124]. Thus, it is conceivable that elde-

calcitol would not increase bone mass through merely

ameliorating vitamin D status.

In a phase III clinical trial designed to test the an-

tifracture efficacy of eldecalcitol (0.75 mcg/day) against

alfacalcidol (1 mcg/day) over the course of 3 years,

eldecalcitol was proven to be more effective than alfa-

calcidol in preventing vertebral and wrist fracture in vi-

tamin D sufficient osteoporotic patients. The incidence of

vertebral fractures was lower in the eldecalcitol group

after 36 months of treatment (vertebral fractures at

3 years: 13.4 vs. 17.5 %; hazard ratio 0.74; 90 % CI

0.56–0.97) [125]. The increase in BMD at all sites and the

decrease in bone turnover markers were more striking for

eldecalcitol. In addition, eldecalcitol has been demon-

strated to be more efficacious in preventing lower and

severe vertebral fractures, with an overall improving in

quality of life [126].

Vitamin D metabolites: the European scenario

The main vitamin D metabolites used in clinical practice

are listed in Table 1.

While in the U.S., calcidiol is registered for use in renal

osteodistrophy and is formulated as an injectable solution

(Calderol�), in Europe, calcidiol, existing mainly as a

propylene glycol solution administered as oral drops

(5 mcg/drop), has been registered with different indications

in the various EU countries. In France, the drug was

originally employed in spasmophilia [127].

Calcidiol (Didrogyl�, Dedrogyl�, Dédrogyl�) is regis-

tered for rickets due to vitamin D deficiency in infants and

children, and for osteomalacia (nutritional or due to mal-

absorption), treatment of vitamin D deficiency and spas-

mophilia in adults. Other indications in some countries
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include hypocalcemia in chronic liver disease with osteo-

malacia, bone disease due to chronic long-term

antiepileptic drug intake, osteomalacia after gastrectomy or

small gut resection, neonatal hypocalcemia, hypoparathy-

roidism, prevention of calcium disorders secondary to

corticosteroid or anticonvulsant therapy, and the prevention

of vitamin D deficiency in renal failure in both children and

adults. Calcidiol as solution in vials (Hidroferol�) is reg-

istered for renal osteodystrophy and in corticosteroid-in-

duced osteoporosis.

The usual regimens are daily, weekly, or monthly ad-

ministration, with preference for the daily (mean daily

dose: 15–20 mcg, i.e., 3–4 drops/day) and weekly admin-

istration (mean weekly dose: 105–140 mcg, 24–28 drops/

week), intervals appropriately contained within calcidiol

half-life.

The optimal kinetics of calcidiol, due to prompt in-

testinal absorption and the relative rapid clearance from the

blood, make it a good choice for vitamin D supplementa-

tion when administered in daily and weekly doses. Indeed,

the use of calcidiol prevents the risk of megadoses of vi-

tamin D3 ([100,000 IU) used to quickly replenish vitamin

D stores, which have been linked to non-classical toxic

effects (Rossini 2012)(Sanders 2010), and allows better

management of cases of toxicity given the shorter half-life

with respect to parental vitamin D3. Its use is advisable

when an impaired 25-hydroxylation is hypothesized, as

discussed above. Even if the shorter half-life and the

smaller volume of distribution of calcidiol as compared to

cholecalciferol might increase the risk of vitamin D

inadequate response in the case of low compliance to

treatment, this has not been demonstrated in long-term

analyses on the adherence to these two different drugs and

related outcomes, yet.

Europe, France, Italy, and Spain are the countries where

calcidiol is most employed. In 2013, 3 million boxes of

calcidiol were sold, for a total of 14.5 millions of euros,

registering a 15 % increase with respect to 2012 (unpub-

lished data). Interestingly, the use of calcidiol has intensi-

fied after its kinetic properties with respect to vitamin D3

has been disclosed [86].

Among the active vitamin D analogs, calcitriol and al-

facalcidol are registered in Europe for postmenopausal

osteoporosis and renal bone disease, although data have

shown their efficacy also in glucocorticoids-induced and in

male osteoporosis. For these compounds, daily adminis-

tration is recommended (mostly used regimens: 0.5 lg/day
for calcitriol, 1 lg/day for alfacalcidol). The different

doses employed are equivalent (i.e., same biological ac-

tivity in terms of VDR activation). Eldecalcitol is not yet

available in Europe.

Conclusions and research agenda

Vitamin D analogs, both natural derivatives and synthetic

compounds, have been employed to ameliorate mineral and

skeletal homestasis. In particular, calcidiol represents a

valid alternative to cholecalciferol in terms of better kinetic

properties, in the absence of the risk of toxic effects at the

usual regimens employed, at least in the short term, thus

representing a big advantage for the treatment of vitamin D

deficiency. In addition, its use could be advisable in case of

impaired 25-hydroxylation, decreased bioavailability of

vitamin D3 (e.g., obesity), malabsorption, and

hypogonadism.

No conclusions can be drawn at this time regarding

long-term supplementation and effectiveness on supposed

classical and, especially, non-classical effects. No defini-

tive conclusions have been drawn for the parental com-

pound vitamin D with respect to the prevention of falls and

fractures [128]. The few randomized studies available so

far have compared same amounts (lg) of calcidiol and

cholecalciferol, not equipotency. While it would be

relatively easy to perform dose–response studies in dif-

ferent conditions with a single compound, it is difficult to

compare these two compounds side by side with very

different chemical properties and kinetics for a same bio-

logical effect. Therefore, regarding vitamin D supplemen-

tation, there is not sufficient evidence to recommend one

compound over the other. Further studies are needed in this

field, comparing the long-term efficacy and safety of cal-

cidiol versus cholecalciferol in the different pathologic

conditions listed above. These studies have to take into

account the different kinetics of the two drugs, so that the

real comparison would begin not in a transient situation,

but once the steady state has been attained. One approach

could be to design studies employing daily or weekly doses

of both compounds which are recommended in daily

practice according to the published guidelines, to correct

vitamin D deficiency, assessing calcium absorption, cal-

cemia, PTH, and calciuria.

Regarding active vitamin D analogs (‘‘D-hormones’’),

discrepancies exist between in vitro and in vivo settings,

meaning that further evidence is needed in humans to make

recommendations for osteoporosis, and also to clarify the

U-shaped curves for the observed effects. Further studies

are needed to assess the effect of 1 alpha-hydroxylated

compounds on fracture risk when used in combination with

the most effective bone antiresorptive or proformative

agents.

Moreover, the effects of intermittent therapy with cal-

citriol and similar compounds on BMD, falls and fracture

risk, and on more sensitive biomarkers, their effectiveness
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in specific forms of secondary osteoporosis, and the long-

term complications of such therapies, have yet to be de-

termined, in order to define the optimal intermittent regi-

men for a given outcome.

Finally, in all these studies, the effect of calcium sup-

plementation or optimization needs to be assessed.
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91. M. Carré, O. Ayigbedé, L. Miravet, H. Rasmussen, The effect of

Prednisolone upon the metabolism and action of 25-hydroxy-

and 1,25-dihydroxyvitamin D3. Proc. Natl. Acad. Sci. USA 71,
2996 (1974)

92. S.A. Hamed, Influences of bone and mineral metabolism in

epilepsy. Expert Opin. Drug Saf. 10, 265 (2011)

93. Al Mutair, A.N., Nasrat, G.H., Russell, D.W.: mutation of the

CYP2R1 vitamin D 25-hydroxylase in a Saudi Arabian family

with severe vitamin D deficiency. J. Clin. Endocrinol. Metab.

97, E2022 (2012)

94. I. Garcia-Delgado, S. Prieto, L. Gil-Fraguas, E. Robles, J.J.

Rufilanchas, F. Hawkins, Calcitonin, etidronate, and calcidiol

treatment in bone loss after cardiac transplantation. Calcif.

Tissue Int. 60, 155 (1997)

95. M. Talalaj, L. Gradowska, E. Marcinowska-Suchowierska, M.

Durlik, Z. Gaciong, M. Lao, Efficiency of preventive treatment

of glucocorticoid-induced osteoporosis with 25-hydroxyvitamin

D3 and calcium in kidney transplant patients. Transplant. Proc.

28, 3485 (1996)

96. J.E. Compston, B. Creamer, Plasma levels and intestinal ab-

sorption of 25-hydroxyvitamin D in patients with small bowel

resection. Gut 18, 171 (1977)

97. A.J. Batchelor, G. Watson, J.E. Compston, Changes in plasma

half-life and clearance of 3H-25-hydroxyvitamin D3 in patients

with intestinal malabsorption. Gut 23, 1068 (1982)

98. M. Davies, E.B. Mawer, E.L. Krawitt, Comparative absorption

of vitamin D3 and 25-hydroxyvitamin D3 in intestinal disease.

Gut 21, 287 (1980)

99. J. Michaud, J. Naud, D. Ouimet, C. Demers, J.L. Petit, F.A.

Leblond, A. Bonnardeaux, M. Gascon-Barré, V. Pichette, Re-
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