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Abstract

Over the last decade, significant progress has been made in strategies for the preven-
tion and treatment of vitamin D deficiency thanks to clinical trials and pharmaco-kinetic
studies, which have also made it possible to define the pharmacological properties of
cholecalciferol and calcifediol.

Although cholecalciferol and calcifediol are often considered and used equally in
clinical practice, there are a number of significant differences between them, both
pharmacologically and clinically, that need to be taken into account when choosing
the most appropriate strategy for treating/preventing vitamin D deficiency and for the
prevention of fragility fractures.

In particular, calcifediol has recently been proposed as the drug of choice as an alter-
native to cholecalciferol in treating vitamin D deficiency, due to a greater potency and
rapidity in normalising 25-hydroxy-vitamin D serum concentration. However, a thor-
ough evaluation of the available evidence and in particular of randomised controlled
clinical trials, confirms the primacy of cholecalciferol in the prevention and treatment of
vitamin D deficiency and in the primary and secondary prevention of fragility fractures
in osteoporotic individuals in combination with an antiresorptive or osteoanabolic
drug. Therefore, based on current evidence, the use of calcifediol should be limited to
particular situations, such as malabsorption syndromes, severe obesity or liver failure.

INTRODUCTION

Epidemiological studies describe a high prev-
alence of hypovitaminosis D in the general
adult and elderly population that is not ap-
propriately infegrated with vitamin D supple-
ments, particularly in atrisk sub-populations
such as frail or chronically il individuals, pa-
fients suffering from malabsorption syndrome
and insfitutionalised subjects .

Vitamin D, and in particular its deficiency,
plays a significant role in the pathogene-
sis of fragility fractures, falls and numerous
acute and chronic ‘extraskeletal” clinical
conditions (for example, COVID-19 and
infectious diseases, rheumatological diseas-
es, neoplasms, diabetes and cardiovascular
diseases) 7. In this clinical-epidemiological
context, as expected, growing international
debate has arisen on the most appropriate
therapeutic  strategies for the prevention
and treatment of vitamin D deficiency 717
In particular, talk has recently focused on a
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specific question, namely whether it is more
appropriate fo use calcifediol instead of the
traditionally-used cholecalciferol in the treat-
ment of hypovitaminosis D %2, Numerous
Randomised Controlled Trials (RCTs) and
pharmaco-kinetic studies have attempted
fo answer this question, having broadened
knowledge of the pharmacological and clin-
ical effects of these two molecules. Although
the results of the most recent studies have
rendered it possible to generate significant
evidence with clinical impact, the numerous
limitations of the published studies (such as
the choice of surrogafe oufcomes and the
extreme heferogeneity of the dosages used)
have resulted in significant confusion on the
subject, resulting in a narrafive that is not
always appropriate.

The aim of our narrative review is fo sum-
marise some of the pharmacological and
non-pharmacological  characteristics  of
cholecalciferol and calcifediol, bringing the
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narrative back to a clinical level in order to
define their role in daily clinical practice.

VITAMIN D PRODUCTION AND
METABOLISM

A thorough knowledge of the physiology
and mefabolism of vitamin D is the essential
foundation and “condicio sine qua non” for
seftling the question of whether it is more
appropriate fo use cholecalciferol or cal-
cifediol in clinical practice.

The term vitamin D normally loosely refers
to both animal- and human-produced vita-
min D, (cholecalciferol) and plantproduced
vitamin D, [ergocalciferol)! 1012,

The main source of vitamin D for the body
should be endogenous vitamin D derived
from the conversion of 7-dehydrocho-
lesterol following exposure of the skin to
ultraviolet rays of a specific wavelength.
This mechanism should produce the pre-
ponderant quota (approximately 80%) of
vitamin D (vitamin D,) for the body's needs,
whilst  smaller amounts  (approximately
20%) of vitamin D, and vitamine D, can
be taken in through dief .

The skin's production of cholecalciferol is
strongly influenced by the seasons, lafitude,
the characteristics of the skin exposed to
the sun, the use of sunscreen and by age 1.
A smaller quota of vitamin D, can be taken
from food, in particular animal fats, whilst
the quota of vitamin D, in vegetable fats is
absolutely negligible '. In some countries,
the liberal fortification of food with chole-
calciferol is stored in the adipose tissue,
which releases small amounts. This is also
one of the reasons why obese subjects are
at a higher risk of deficiency as a result of
‘dilution” in a larger adipose mass 1114,
Finally, the high fatsolubility of vitamin D
also results in a prolonged functional half-
life, estimated to be around 2 months '2.
Vitamin D remains in the bloodstream for a
short time so ifs blood concentrations are
very low (1-2 ng/ml) '.

To become metabolically active, vitamin D
must undergo two enzymatic hydroxylation
processes, which occur mainly in the liver
and kidney "'2. During hepatic transit, vita-
min D is converted to 25-hydroxy-~vitamin D
[25(OHID] by the enzyme 25-hydroxylase.
The process of transformation of vitamin D
into 25(OH|D can occur even in the pres-
ence of a significant reduction in functioning
liver tissue, although a higher prevalence of
hypovitaminosis D is evident in patients with
HCV-related chronic hepatitis .

25(OH)D, also known as calcifediol, has
a high affinity for Vitamin D Binding Protein
(VDBP) and is the main blood metabolite of
vitamin D. By far, ifs concentrations are the
most reliable index of a subject’s vitamin D
status '. Serum 25(OH)D dosage is an ac-
curate indicator of our vitamin D deposits.
Therefore, the definition of a subject’s vita-
min D status (deficiency, insufficiency and
sufficiency) is currently based exclusively
on the inferprefation of serum 25(OH)D
levels (Tab. 1).

25(OHID (or calcifediol) is a partially hy-
drophilic mefabolite and is only depos-
ited in liver and muscle '. The halfife of
25(OH)D is shorter than that of vitamin D,
such that requirements are met for no more
than 12-18 days '¢. 25(OHID has a low
affinity for the specific Vitamin D Recep-
tor (VDR) and thus needs to be converted
info calcitriol or 1,25-dihydroxy-vitamin D
[1,25(0CH),D], in order to become meta-
bolically active 8. It has been estimated
that calcifediol, or 25(OH|D, possesses
approximately 50 times less affinity for the
VDR than calcitriol or 1,25(0OH),D . De-
spite the lower affinity for the VDR, recent
experimental studies have shown that cal-
cifediol can produce genomic [stimulation
of gene transcription) and non-genomic
(formation of cellular second messengers,
phosphorylation of cerfain proteins| cellular
effects through binding to nuclear and/or
membrane receptors '°.

Conversion to 1,25(0OH),D by 1-a-hydrox-
ylase occurs mainly in the kidney, but also
can be actuated in other tissues '. The larg-
est share of 1,25(0OH),D, and that which is
most relevant in the control of mineral me-
tabolism, is produced in the renal proximal
tubules. The production of 1,25(0OH),D by

TABLE I.

T-o-hydroxylase requires the presence of
Parathyroid Hormone (PTH) and is mod-
ulated by serum levels of calcium, phos-
phorus and FGF23 112 1,25(0OH),D is not
deposited in the tissue and has a very short
halfife 8.

Renal insufficiency progressively reduces
the production of 1,25(0OH),D . How-
ever, a significant deterioration in 1-orhy-
droxylase activity, such as to permitted an
increased dietary vitamin D intake, facili-
tated increased dietary vitamin D intake,
although this strategy does not always opti-
mise vitamin D intake .

Vitamin D is highly fatsoluble and this
fat-solubility significantly influences its phar-
macological characteristics. lts absorption
in the gastrointestinal fract requires the
presence of bile acids and takes place via
the lymphatic system 2. After entering the
bloodstream, vitamin D no longer be able
fo ensure normal hormone levels, is only
defectable in the presence of significant
impairment of renal function (usually stage
4-5/5D) 6. It must be emphasised, how-
ever, that even under conditions of severe
compromise of renal 1-a-hydroxylase activ-
ity, 25(OH)D levels must be kept in the nor
mal range to ensure an adequate substrate
for extra-renal 1-a-hydroxylases '/1¢.

The 1,25(0OH),D (active metabolite] bind-
ing fo a specific receptor (VDR, which is
present both in the nucleus and in the cell
membrane), produces the final effect of vita-
min D at a cellular level . This effect occurs
either through the stimulation of gene tran-
scription (genomic mechanism) or through
the formation of cellular second messengers
or the phosphorylation of certain proteins
(non-genomic mechanism) '. Receptors for
vitamin D are ubiquitous in the body.

Interpretation of serum 25(OH)D levels (from Adami et al., 2011 and Rossini et dl.,
2016, mod.) 2.

Definition Unit of measurement of 25(0OH)D
nmol/L ng/ml
Severe deficiency <25 <10
Deficiency 2550 10-20
Insufficiency 50-75 20-30
Optimum range 75-125 30-50
Excess >1250 >100
Intoxication > 375 > 150
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CHOLECALCIFEROL, CALCIFEDIOL

AND THE LONG-STANDING ISSUE

OF NORMALISING 25(0H)D
CONCENTRATION

In addition to the two natural forms of vita-
min D, vitamin D, (cholecalciferol) and vita-
min D, [ergocalciferol, in disuse), numerous
pharmaceuticals/metabolites with vitamin D
activity have become available in daily clin-
ical practice 2%, Some have been synthe-
sised and used prevalently in specific areas,
such as the freatment of systemic disorders
of mineral metabolism in chronic kidney dis-
ease or hypoparathyroidism, and thus have
no relevance fo the question under review.
Yet, cholecalciferol and calcifediol, as al
ready explained, are by far the two mole-
cules most investigated and used for correct-
ing hypovitaminosis D and for the prevention
of fragility fractures in the non-nephropathic
population.

Cholecalciferol

Cholecalciferol (D) is the natural vita-
min D compound of animal/human or
igin. As described, cholecalciferol is a
prohormone, precursor of the two hydrox-
ylated forms (25(OH)D and 1,25(0OH),D]
of vitamin D and thus needs to undergo
two natural hydroxylation processes fo be
fransformed into its metabolically active
form 18,

Cholecalciferol is strongly lipophilic. In
connection with this characteristic, gastro-
intestinal absorption is influenced by the
presence of bile acids, occurring via the
lymphatic system and can be significantly
impaired in the case of malabsorption.'?
Also by virtue of its lipophilicity, cholecal-
ciferol is normally stored in adipose fissue,
where it creates deposits from which it is
slowly release 1. Precisely for this reason,
it has a rather short blood halflife (esti-
mated T1/2 of 19-25 hours) but a much
longer functional halfife (several weeks) 8.
The high functional halfife of cholecalcif-
erol is one of its main strengths in clinical
use, making it an exiremely flexible and
adaptable product in practice, allowing
for intermittent administration regimes 2.
Therefore, if on the one hand, high lipo-
philicity represents an advantage in rela-
tion to the functional half-life, on the other
it can consfitute a disadvantage — as men-
tioned — in obese subjects (high dilution)
and in patients suffering from malabsorp-
fion (reduced infestinal absorption).
Cholecalciferol is available in formulations
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for oral and inframuscular use. With the
exception of particular clinical conditions
(malabsorption syndromes), oral adminis-
fration is preferable due to being superior
in terms of efficacy in raising serum 25(OH)
D concentration compared fo the intramus-
cular formulation 1718,

In the RCTs designed to identify the most
appropriate dosage and treatment regimen
for normalising and mainfaining optimal
25(OHID  concentration (30-50 ng/ml),
cholecalciferol has been used in broadly
varying dosages and administration regi-
mens, going from doses of 400-4,000 U
per day to doses of 25,000-50,000 U
per month, also utilising therapeutic “bo-
lus” doses of up to 600,000 IU (not rec-
ommended). In terms of increased 25(OH)
D concentration, the RCTs have generally
shown great heferogeneity in the response
fo supplementation with standard doses of
cholecalciferol. This significant heferogene-
ity, which makes the dose-response to freat-
ment less predictable, would appear to be
linked to numerous factors (some of which
are not fully elucidated), such as the basal
25(OH)D value, the Body Mass Index and
factors affecting intestinal absorption and
metabolism 1214.19.20,

Taking info account the interfering factors
illustrated and considering the results of
the main RCTs, however, it can be stated
that when used at appropriate dosages
and treatment regimens, cholecalciferol is
able to effectively normalise and maintain
concentrations of 25(OH|D within the op-
timal/desirable range (30-50 ng/ml). For
severe hypovitaminosis D (<10 ng/ml), the
most appropriate approach, being broad-
ly supported by the ltalian guidelines, re-
quires the administration of a therapeutic
dose of 3,000-10,000 IU per day for 1-2
months, followed by a maintenance dose
of approximately 2,000 IU per day 22!,
In subjects with less severe hypovitamino-
sis D and in patients who are candidates
for remineralising therapy (anti-resorptive
or osteoanabolic), the most recent ltalian
guidelines suggest daily doses (or cumula-
five equivalents) of between 800 IU and
2,000 IU per day (with a single maximum
dose not exceeding 100,000 IU) 2!

The main concern raised with respect to
the use of cholecalciferol and the treat-
ment regimes illustrated is the “relative
slowness” of cholecalciferol in normalising
25(OH|D concentration in absolute terms
and with respect to calcifediol "4, As we

shall see, this aspect is one of the main bat-
fle horses for advocates of the use of cal-
cifediol in clinical practice. In this context,
we thus feel it is important to emphasise
the results of a recent RCT, published by
Fassio ef al., which challenged the afore-
mentioned assumption ?2. The drug-kinet-
ics study by Fassio et al. 22, investigating
the effect of three different cholecalciferol
freatment regimens (10,000 U per day
for 8 weeks followed by 1,000 IU per
day for 4 weeks; 50,000 IU per week
for 12 weeks; 100,000 IU every 2 weeks
for 12 weeks), showed that supplementa-
fion with 10,000 IU cholecalciferol per
day for 8 weeks, followed by 1,000 IU
per day for 4 weeks in healthy subjects
with hypovitaminosis (baseline 25(OH)D
value averaging 14 ng/ml), was able to
result in achieving the farget concentration
of 25(OH)D >20 ng/ml in all subjects in
just two weeks. Similar results have been
described for the other two treatment reg-
imens. Furthermore, after four weeks of
freatment, almost all subjects had achieved
a value of 25(0OH)D >30 ng/ml. This
freatment regimen proved fo be safe since
there were no cases in which the concen-
tration of serum 25(OH)D exceeded the
safety limit of 100 ng/ml (Tab. 1.

In conclusion, based on the evidence de-
scribed, cholecalciferol must be considered
as the therapy of choice in the treatment and
prevention of hypovitaminosis D.

Calcifediol

Calcifediol [25(OH|D] is the hepatic me-
tabolite of vitamin D and can roughly be
said to differ from cholecalciferol due to the
presence of a hydroxyl group at position
C-25 "2, Thus, along the vitamin D metabo-
lism pathway, calcifediol is a step up from
cholecalciferol o the biologically-active
form (calcitriol) 2.

25-hydroxylation confers certain proper-
fies to calcifediol that underlie its different
pharmacokinetics and  pharmacodynam-
ics, being the prerequisite for proposing it
as an alternative fo cholecalciferol. Being
more hydrophilic, calcifediol is absorbed
directly into the portal system and not
through the lymphatic system, so does not
undergo ‘dilution’ in adipose tissue. Fur-
thermore, although with less affinity than
calcitriol, it is able to bind to the VDR and
pofentially have cellular effects that are
genomic (stimulation of gene franscription)
and non-genomic (formation of cellular
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second messengers, phosphorylation of
cerfain proteins) ',

Therefore, calcifediol would present some
strongly emphasised pharmacological and
clinical advantages, which can be summed
up in five points: 1) Greater rapidity and
pofency (compared to cholecalciferol) in
increasing serum 25(OH|D concentration;
2) More linear and predictable dose-re-
sponse curve compared to cholecalciferol,
independent of basal 25(OH|D concentro-
tion and other factors; 3) Efficacy even in
the presence of liver function impairment,
due fo not requiring hepatic hydroxylation;
4) Greater efficacy (compared to cholecal-
ciferol) in obese subjects, not being seques-
tered from adipose tissue; 5) Greater effica-
cy in subjects suffering from malabsorption
syndrome, in relation fo the different intes-
tinal absorption mechanism (compared to
cholecalciferol] 2. Overall, these aspects
— which can be summarised as the greater
pofency and speed of calcifediol — have
been corroborated by the results of several
RCTs comparing the efficacy of cholecal-
ciferol and calcifediol in normalising serum
25(OH)D concentration in subjects with hy-
povitaminosis D 714225,

As a whole, the studies would demonstrate
that at “defined comparable” doses, cal-
cifediol would be able to produce a faster
and greater increase in 25(OH)D concen-
tration than cholecalciferol. What's more,
calcifediol would have a relative potency
compared fo cholecalciferol that is around
2-8 times greater. The exireme variability
in the estimate of relafive potency would
be attributable to the doses used, the basal
value of the serum 25(OH|D concentration
(which can influence the cholecalciferol re-
sponse) and the nondinear dose-response
curve of cholecalciferol (higher 25(OH)D
increase for very low basal 25(OH|D val-
ves and viceversa) 12, Therefore, when
observing the growth curves of 25(OH)D
concentration during therapy with cholecal-
ciferol and calcifediol, the greater speed
and potency of calcifediol is evident. These
findings were also confirmed in studies
conducted in elderly or overweight/obese
subjects and in patients suffering from mal-
absorption syndrome 15142,

Based on these results, recent ltalian guide-
lines have included calcifediol in therapeu-
fic strategies for the management of hypovi-
taminosis D 2. In particular, in subjects with
osteomalacia or with a serum concentration
of 25(0OHID <10 ng/ml, calcifediol (as

an alternative to cholecalciferol) has been
suggested at a dose of 20-40 mcg per
day for 20-30 days, before switching to
a mainfenance dose ?'. This recommenda-
fion has been proposed limited to specific
conditions where a rapid normalisation of
serum 25(OH|D concentration is deemed
necessary. From the time of Aesop through
to “The Canterbury Tales” and “The Mer-
chant of Venice”, the proverb “all that glit
fers is not gold” has been a wellknown ex-
pression that takes on particular relevance
in this context.

Indeed, the interprefation of comparative
studies between cholecalciferol and cal-
cifediol deserves to be supplemented with
some considerations aimed at correcting
the narrative, as is also emphasised by
the ltalian guidelines and some literature
reviews 191121 The limited half-life of cal-
cifediol [12-18 days as opposed to sever-
al weeks for cholecalciferol) and the fact
that it is not able to lead to a repletion
of vitamin D sfores (depositing only in liv-
er and muscle] may be a problem in the
event of reduced adherence or persistence
fo treatment . Although there are few
published studies on the negative effects
of reduced adherence/persistence to
freatment, a very recent study conducted
in patients initially hypovitaminous with
calcifediol supplementation showed that
after discontinuation of calcifediol treat-
ment, there was already evidence of a
progressive and  significant reduction in
serum 25(OH)D concentration in the first
few weeks, which restabilised to within
the deficiency range between 8 and 12
months 2%, In relation fo hydroxylation, cal-
cifediol is a step up from cholecalciferol
towards the biologically-active form and
is thus partially released from the physi-
ological control mechanisms of vitamin D
metfabolism 192!, Although reports of in-
foxication (hypercalcaemia) are relatively
few and mostly related to inappropriately
high dosages due fo intake errors, the use
of calcifediol is strictly limited to defined
doses and may in some circumsfances re-
quire frequent monitoring of serum 25(OH)
D and calcium values in order to identify
intoxication and hypercalcaemia at an
early stage '92'?7. Based on literature
data, this risk is inexistent with cholecal-
ciferol, just as no serological monitoring is
deemed necessary during freatment with
vitamin D, 1921,

At a pharmaco-dynamic level, few studies

have investigated the effect of cholecalcif-
erol and calcifediol on vitamin D metabo-
lites, regulafors of calcium and phosphorus
homeostasis, markers of bone removal and
inhibitors of the Whnt system 28, Without
going into foo much defail, it should be
pointed out that with respect fo the effects
on parathyroid hormone (decrease] or
bone remodelling markers, the results of the
comparison studies are not univocal in es-
fablishing a superiority of calcifediol over
cholecalciferol (Fig. 1) 222426 In this con-
text, however, the most critical issue with
respect fo the use of calcifediol is the ab-
sence of evidence in ferms of antifracture
efficacy 101121,

CHOLECALCIFEROL AND CALCIFEDIOL
IN FRACTURE PREVENTION

In the infroduction to our review, we men-
tioned the importance of narrative in setiling
the matter of whether cholecalciferol is su-
perior fo calcifediol or viceversa. Indeed,
reviewing the literature makes it extremely
clear that the RCTs have only focused on
the cerfainly imporfant outcome of normal-
ising the serum concentration of 25(OH)D,
whilst systematically failing to investigate
one of the most important endpoints of vi-
tamin D treatment, namely a reduction in
the incidence of fragility fractures, not to
mention the effect on falls and potential ex-
fra-skeletal impacts.

No extensive literature research is required
fo support the anti-fracture efficacy of chole-
calciferol in atrisk, vitamin D-deficient pop-
ulations when used in appropriate doses
(and in combination with calcium supple-
mentation) '0.11.29,

In view of overwhelming evidence in sup-
port of the anti-fracture efficacy of chole-
calciferol supplementation, the contribution
of the RCTs conducted with calcifediol is
decidedly limited. A recent Cochrane me-
ta-analysis, which reviewed RCTs of thera-
peutic intervention (fracture risk reduction)
conducted with vitamin D and its mefabo-
lites, identified only two studies with cal-
cifediol, which were deemed pertinent on
the basis of the quality of the experimental
design #. It should be noted that in both
studies, the risk of 'bias’ could not be as-
sessed. On the basis of the results of these
two studies, it can be said that there is cur-
rently insufficient scientific evidence to sup-
port the anti-fracture efficacy of calcifediol
2930 |n the most recent RCT published by
Peacock et al., for example, the incidence
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FIGURE 1.

Basal

Basal

12 month

12 month

The baseline and 12-month mean value of 25(OH|D (a), PTH (b), PTNP (c) and CTX (d) concentrations in patients treated with cholecalcif-
erol [blue solid line) or calcifediol (orange dashed line) (PérezCastrillén ef al., 2023, mod.) 2.

of new vertebral and non-vertebral fractures
was similar in subjects treated for 4 years
with calcium (750 mg daily), calcifediol
(15 ug daily) or a placebo *°.

To support the correct narrative referring to
a reduction in fracture risk, what is perhaps
the most relevant aspect of this narrative,
namely the fact that in all of the most suc-
cessful RCTs registering pharmaceuticals
for fracture prevention, it should be not-
ed that patients were supplemented with
cholecalciferol (and calcium) in varying
dosages. Therefore, the anfifracturing ef-
ficacy of bisphosphonates, teriparatide,
denosumab and romosozumab has been
demonstrated in the presence of supple-
mentation with cholecalciferol and calcium
101121 "It can be concluded, therefore, that
robust evidence unequivocally demonstrat-
ing an effect of calcifediol on fracture re-
duction is lacking.
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CONCLUSIONS

In conclusion, in daily clinical practice,
cholecalciferol should be considered the
therapy of choice in the prevention and
freatment of vitamin D deficiency, as well
as in the primary and secondary preven-
tion of fragility fractures in osteoporotic
individuals in combination with an anti-re-
sorptive or osteoanabolic drug. Calcifediol
may offer some advantages in terms of its
possible increased speed and potency in
raising and normalising serum 25(OH|D
concentration, although this claim needs
further investigation in view of the recent
work published by Fassio et al. 22. In this
regard, it is also worth emphasising that
the extent that this different drug-kinetics
may lead to greater clinical benefits (such
as a reduction in the risk of fracture) has
not been clarified, in view of a lack of clin-
ical data from RCTs.

It thus seems inappropriate, as is also stated

in the ltalian guidelines, to recommend cal-
cifediol, a drug of choice and alternative
to cholecalciferol in the prevention/treat-
ment of hypovitaminosis D and/or in the
prevention of fragility fractures in osteopo-
rotic patients in combination with an antire-
sorptive or osteoanabolic 122!, As recently
suggested, calcifediol may be considered
as a therapy of choice in particular clin-
ical situations such as obesity, advanced
chronic hepatopathy and  malabsorption
syndrome 122,

Randomised, controlled clinical trials will
be necessary to define the efficacy of cal-
cifediol in different clinical seftings, in terms
of skeletal and exira-skeletal benefits.
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