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Abstract: There is general agreement that optimal vitamin D status is necessary for bones, muscles,
and general health, particularly in older adults, who are at higher risk of negative consequences of
vitamin D deficiency, including sarcopenia; vitamin D supplementation is proposed as a potential
intervention to mitigate sarcopenia. Several RCTs have reported that calcifediol (25(OH)D) was
more potent than cholecalciferol in increasing plasma 25(OH)D. The present systematic review and
meta-analysis aimed to summarize the effects of calcifediol on physical performance and muscle
strength. We searched databases from inception to 1 January 2022 for studies investigating calcifediol
on physical performance or muscle strength parameters. We calculated the difference between the
means of follow-up vs. baseline data using standardized mean differences (SMD) and their 95%
confidence intervals (CIs); a random-effect model was considered for all of the analyses. Seven RCTs
were included in the meta-analysis. Calcifediol significantly improved gait speed (SMD = 2.500;
95%CI = 1.768–3.223; p < 0.0001); handgrip strength (n = 5446 participants, SMD = 0.532; 95%CI:
0.305–0.758; p < 0.0001; I2 = 20.2%); and leg extension (n = 4318 participants, SMD = 0.641; 95%CI:
0.346 to 0.935; p < 0.0001; I2 = 18.8%;) vs. baseline values. In conclusion, in this systematic review and
meta-analysis, we observed that calcifediol may have a positive effect on muscle strength parameters,
with less evidence on physical performance. These data further indicate the importance of vitamin D
and, in particular, of calcifediol, not only on bone metabolism but also on muscle parameters and
sarcopenia.

Keywords: vitamin D; calcifediol; sarcopenia; physical performance; muscle strength; meta-analysis

1. Introduction

The interest in vitamin D has increased in the last years, since growing literature has
reported that the deficit of vitamin D (i.e., hypovitaminosis D) could be associated with
several negative health outcomes [1]. Moreover, hypovitaminosis D is a highly frequent
condition, particularly in older populations [2].

Whilst the evidence regarding the effects of the vitamin D hormone on bone at all ages
is solid, the possible extra-skeletal benefits of vitamin D supplementation [1], for example,
on muscle, are still debated.

The potential association between hypovitaminosis D and sarcopenia, i.e., the loss
of muscle mass, poor physical performance, and low muscle strength, has been reported
by several epidemiological studies [3–5]. However, whether the supplementation with
vitamin D metabolites can prevent physical performance and muscle strength reduction is
still unclear [6]. In a former systematic review regarding vitamin D supplementation and
physical performance and muscle strength parameters, the authors found conflicting results:
for example, they found four intervention trials reporting a significant effect of vitamin D
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on muscle strength, but the effect was not observed in the other three studies [3]. It is worth
mentioning that the preparations available for vitamin D supplementation, i.e., vitamin D
of plant origin (D2, ergocalciferol), that of animal origin (D3, cholecalciferol), and calcifediol
(25 hydroxyvitamin D, 25(OH)D, also known as calcidiol) have different pharmacokinetic
characteristics and potency [2]. One possible limitation of this previous research [3] is
that almost all of the studies included in the systematic review used cholecalciferol or
ergocalciferol as vitamin D supplementation; only one used the active form calcitriol
(1,25(OH)2D), and none used calcifediol.

On the contrary, several randomized controlled trials (RCTs) on vitamin D supplemen-
tation have found that calcifediol was more potent in the correction of poor vitamin D status,
and this correction was achieved in a shorter time compared to cholecalciferol [2]. Indeed,
from a pharmacokinetic point of view, calcifediol is more potent than cholecalciferol [2,7].
However, the potential effect of calcifediol on physical performance and muscle strength
parameters is poorly known, even if sarcopenia is particularly frequent and relevant in
geriatric medicine [8], being associated with several negative outcomes [9].

Given this background, the present systematic review and meta-analysis aimed to
summarize the current state of the art of the effects of calcifediol on physical performance
and muscle strength parameters.

2. Materials and Methods
2.1. Registration Statement

This systematic review adhered to the PRISMA statement [10] and followed a pre-
planned protocol available at https://osf.io/9km7y/ (accessed on 20 April 2022) and in
the Supplementary Material.

2.2. Data Sources and Searches

Two investigators (NV and LJD) conducted a literature search using PubMed/Medline
and Scopus from database inception until 1 January 2022.

In PubMed, the following search strategy was used: “(Calcifediol OR Calcidiol OR
Dedrogyl OR Didrogyl) AND (physical performance OR gait speed OR walking speed
OR handgrip strength OR strength OR sarcopenia OR frailty OR muscle strength)”. Any
inconsistencies were resolved by consensus with a third senior author (MB).

2.3. Study Selection

We used the following PICOS question, as reported in the Supplementary Material:
in people with hypovitaminosis D (P), compared to baseline values (C), what is the effect
of calcifediol (I) on muscle strength and physical performance parameters (O), based on
evidence derived from intervention and observational studies (S)?

Inclusion criteria for this meta-analysis were: (i) use of oral calcifediol; (ii) reporting
information on physical performance (i.e., tests more depending on aerobic capacity than
muscle power) [11] or muscle strength (i.e., tests more depending on muscle power than
aerobic capacity) [11] outcomes; (iii) written in English. Studies were excluded if: (i) did
not include humans; (ii) lack of sufficient information for performing a meta-analysis.
In this later case, the corresponding/first author of the article was contacted through
e-mail. Study selection, at title/abstract and full-texts level, was made using Rayyan
(https://www.rayyan.ai/, accessed on 1 January 2022).

2.4. Data Extraction

Five independent investigators (NV, ADP, FP, LC, ALC) extracted key data from the
included articles in a standardized Excel spreadsheet with two senior authors (LJD and MB)
checking the data. For each article, we extracted data on author names, year of publication,
country, condition, daily calcifediol supplementation (reported in microgram, µg), demo-
graphic information (mean age, females (%)), mean serum 25(OH)D levels reported for all
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studies in nmol/L (if originally reported in ng/mL, please multiply by 2.496) at baseline
and follow-up, follow-up in weeks.

2.5. Outcomes

The primary outcomes considered were the changes (between follow-up and baseline)
in physical performance tests. The included tests for physical performance were chair rise
time, gait/walking speed, short physical performance battery (SPPB), and timed up and
go. The tests of muscle strength included were leg extension, leg flexion, and handgrip
strength. Finally, the changes between follow-up and baseline values of 25(OH)D levels
were considered as outcomes.

2.6. Quality Assessment

For assessing the quality of the studies included, since studies reporting a pre-post
comparison without a control group were analyzed, we used a specific tool suggested by
the National Heart, Lung, Blood Institute (NHLBI) based on twelve different questions and
available at https://www.nhlbi.nih.gov/health-topics/study-quality-assessment-tools
(accessed on 1 January 2022).

2.7. Data Synthesis and Analysis

All analyses were performed using STATA version 14.0 (StataCorp, College Station,
TX, USA).

The primary analysis compared the changes in physical performance and muscle
strength parameters between follow-up vs. baseline values. We then calculated the differ-
ence between the means of follow-up vs. baseline data using standardized mean differences
(SMD) and their 95% confidence intervals (CIs). A random-effect model was considered
for all analyses, being the less conservative and hypothesizing several clinical differences
across the studies included [12].

Heterogeneity across works was assessed by the I2 metric and χ2 statistics. Given
significant heterogeneity (I2 ≥ 50%, p < 0.05), a series of meta-regression analyses was
planned, according to follow-up (weeks), mean age, percentage of females, serum 25(OH)D
levels (baseline, follow-up, changes), and dosages of calcifediol (10, 20, 30 µg/daily).

Publication bias was assessed by visually inspecting funnel plots and using the Begg–
Mazumdar Kendall tau [13] and the Egger bias test [14].

For all analyses, a p-value less than 0.05 was considered statistically significant.

3. Results
3.1. Search Results

As shown in Figure 1, among 344 records initially screened, ten were retrieved as full-
texts: of them, seven works were included in the systematic review and meta-analysis [15–21].

3.2. Study and Participants Characteristics

Overall, the seven works followed up 269 participants for a median of 24 weeks. The
mean age was 67.4 ± 7.1 years, and the participants were mainly females. The studies
were mostly conducted in Italy (n = 4) and the Netherlands (n = 2), whilst only one was
conducted in the USA. Among the seven studies included, five studies used calcifediol at
a dosage of 20 µg/daily, one of 30 µg, and the other two of 10 µg, in similar dosage form.
Considering all of the studies, we observed a significant increase in the mean serum levels
of 25(OH)D from 39 ± 11.4 at baseline to 132 ± 30 nmol/L at the follow-up.

The main characteristics of the studies included are depicted in Table 1.

https://www.nhlbi.nih.gov/health-topics/study-quality-assessment-tools
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Table 1. Descriptive findings of the studies included.

Author, Year Country Sample
Size Condition Daily Calcifediol

Supplementation Mean Age (SD) Females (%)

Mean Serum 25(OH)D
Levels (SD)

nmol/L
(Baseline vs. Follow-Up)

Follow-Up
(Weeks)

Bischoff-Ferrari,
2012 [17] USA 10 Healthy 20 µg 59.5

(6.3) 100 34.1 (9.1)
173.68 (11.9) 16

Corrado, 2021 [20] Italy 26 Post-menopausal 20 µg 60.9
(8.1) 100 37.93 (11.8)

167 (108.0) 24

Gonnelli, 2021
(20 µg/day) [16] Italy 25 Osteopenia/

osteoporosis 20 µg 62.4
(7.4) 100 40.5 (12.8)

148.3 (12.5) 24

Gonnelli, 2021
(30 µg/day) [16] Italy 25 Osteopenia/

osteoporosis 30 µg 61.5
(8.3) 100 30.7 (10.2)

180.8 (12.5) 24

Hangelbroek,
2019 [15]

The
Netherlands 10 Frailty 10 µg 71.8

(5.7) 40 69.9 (18.3)
87.3 (20.6) 24

Iolascon, 2017
(longitudinal) [18] Italy 113 Osteoporosis 20 µg 68.0

(9.1) 100 27.1 (18.3)
105.5 (27.6) 24

Ruggiero, 2019
[19] Italy 34 Hospitalized for any cause 20 µg 82.1

(5.7) 22 33.3 (1.3)
91.3 (42.3) 32

Vaes, 2018 [21] The
Netherlands 26 Frailty/

pre-frailty 10 µg 73.1
(6.0) 46 38.1 (2.9)

100 (5) 24

Total 269

Osteopenia/osteoporosis,
n = 3; frailty/pre-frailty,

n = 2; hospital, n = 1;
post-menopausal, n = 1;

healthy, n = 1

30 µg, n = 1; 20 µg,
n = 5; 10 µg, n = 2

67.4
(7.1)

Only females.
n = 5; mixed,

n = 3

39 (11.4)
132 (30) Median = 24

25(OH)D: hydroxyvitamin D; SD: standard deviation; USA: United States of America.
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3.3. Meta-Analysis of Calcifediol on Physical Performance and Muscle Strength Parameters

Table 2 shows the effect of calcifediol on physical performance and muscle strength
parameters.

Table 2. Effect of calcifediol oral supplementation on physical performance and muscle strength
parameters.

Parameter Number of
Comparisons

Number of
Participants SMD 95% CI p Value I2 Egger’s Test

(p-Value)

Chair rise time 2 72 0.759 −0.980 2.499 0.39 90.4 Not possible

Gait speed 1 52 2.500 1.768 3.232 <0.0001 − Not possible

SPPB 2 278 −0.012 −1.237 1.213 0.99 93.6 Not possible

Timed up and go 3 124 −0.264 −3.412 2.883 0.87 97.9 −35.8 (p = 0.63)

Handgrip strength 5 446 0.532 0.305 0.758 <0.0001 20.2 0.75 (p = 0.63)

Leg extension 4 318 0.641 0.346 0.935 <0.0001 18.8 0.75 (p = 0.69)

Leg flexion 3 92 0.304 −0.791 1.399 0.59 82.9 4.02 (p = 0.20)

CI: confidence interval; SMD: standardized mean differences; SPPB: short physical performance battery.

Calcifediol significantly improved gait speed in one study including 52 participants
(SMD = 2.500; 95%CI = 1.768–3.223; p < 0.0001), whilst no effect was observed for the other
physical performance tests included. On the contrary, calcifediol significantly improved
handgrip strength (n = 5446 participants, SMD = 0.532; 95%CI: 0.305–0.758; p < 0.0001;
I2 = 20.2%; Figure 2) and leg extension (n = 4318 participants, SMD = 0.641; 95%CI: 0.346 to
0.935; p < 0.0001; I2 = 18.8%; Figure 3) compared to the baseline values.
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No publication bias emerged for any test included.

3.4. Meta-Regression Analysis

Since no outcome having at least four studies—the minimum number of studies for
running a meta-regression analysis—had a high heterogeneity (I2 = 50%), meta-regression
analyses were not made.

3.5. Adverse Events

Adverse events were reported in some of the studies included. In the study of Bischoff-
Ferrari et al. [17], in the group treated with calcifediol, no cases of hypercalcemia were
observed, even if serum calcium was assessed several times during the follow-up. Similarly,
Iolascon et al. [18] did not report any side effects during six months of follow-up. Finally,
Vaes et al. [21] reported one or more mild adverse events in 39% of the patients treated with
calcifediol; however, no differences were reported compared to placebo.

3.6. Risk of Bias Assessment

As shown in Supplementary Table S1, the studies included suffer on some potential
biases, including the lack of a priori power assessment in almost all of the studies, the lack of
information in comparing the interventions before and after calcifediol administration, and
that the outcomes of interest were often taken only at baseline and at follow-up, without
intermediate evaluations.

4. Discussion

In this systematic review and meta-analysis of the literature regarding effects of
calcifediol on physical performance and muscle strength parameters, we found that, over
a median administration of 24 weeks, calcifediol significantly improved several muscle
strength parameters and some physical performance tests. Of importance, the studies were
not statistically heterogeneous and not affected by any publication bias. These findings
suggest that calcifediol, also independently from the dose given, is able to improve muscle
performance, potentially suggesting its use in the prevention and treatment of sarcopenia,
a relevant condition in older adults.

The term vitamin D is generic, as it refers to a group of fat-soluble compounds with
a main chain of cholesterol rings including vitamin D2 (ergocalciferol, of plant origin)
and vitamin D3 (cholecalciferol, of animal origin). Once vitamin D (D2 and D3) reaches
the circulation, it is metabolized into 25(OH)D (calcifediol), mainly in the liver, thanks
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to the action of various hydroxylases, but this can occur in a variety of tissues in au-
tocrine/paracrine modality [22]. Afterwards, hydroxylation occurs in the renal tubule to
produce the active molecule 1,25(OH)2D (calcitriol), which interacts with vitamin D recep-
tor (VDR), or the inactive metabolite 24,25(OH)2D [22]. Even if calcitriol is the active form
of the vitamin/hormone D, its use is indicated only in patients with decreased calcitriol
synthesis due to chronic renal failure or in genetic disease (i.e., type 1 vitamin D-dependent
rickets) [23–25]. Calcitriol is associated with a high incidence of hypercalcemia, and it is
not recommended for general vitamin D supplementation [2].

It is noteworthy that the rate of conversion of vitamin D (D2 and D3) to 25(OH)D
(calcifediol) may be slower in people receiving high doses of vitamin D (D2 and D3) [26],
which may help to explain why high loading doses of vitamin D (D2 and D3) are not
currently recommended and have been associated with significant adverse effects [27–29].

The available preparations for vitamin D supplementation, i.e., ergocalciferol (D2),
cholecalciferol (D3), and calcifediol (25(OH)D) have different pharmacokinetic character-
istics and potency. Cholecalciferol has a half-life of about two days, calcifediol of three
weeks, and calcitriol of a few hours [26]. Calcifediol has a faster absorption, which can be
explained, because it occurs through the portal vein circulation as opposed to the more
complex lymphatic pathway used by cholecalciferol. This transportation difference may
(at least in part) explain the greater bioavailability [30]. As opposed to cholecalciferol,
calcifediol has been reported to have a linear absorption when administered in daily or
weekly schedules. In a study of postmenopausal women receiving calcifediol for three
months, 25(OH)D serum levels were raised without modifications in other parameters of
mineral metabolism, and the magnitude of absolute percentage increase was similar for
those with baseline levels below or above 20 ng/mL [31].

The chief determinant of the length of time that a vitamin D metabolite remains in
the circulation is its affinity to vitamin D binding protein (DBP) [32]. The dissociation
constant of this binding, which is different in calcifediol and cholecalciferol [2], determines
the free concentrations, which allows the molecule’s diffusion across the cell membrane
and, thereby, the cellular activity. Thus, metabolite–DBP binding sustains stable levels of
vitamin D metabolites and regulates their bioavailability, activation, and reactivity of the
target organs [22].

Supplementation with calcifediol has been reported to correct poor vitamin D status
in multiple studies in an efficient manner [2]. Several RCTs with different designs (six
double-blind RCTs and seven open-label RCTs) have compared the ability of calcifediol
with that of cholecalciferol to increase serum 25(OH)D concentrations. Even if the studies
used different dosages (single or multiple), were conducted in heterogeneous populations,
and in general included not a very high number of participants, all reported that calcifediol
was more potent than cholecalciferol (two- to eight-fold) and that its use resulted in a
faster increase of serum 25(OH)D [2]. A recent phase III-IV, double-blind, multicenter RCT
assessed the efficacy and safety of calcifediol 0.266 mg soft capsules in vitamin D-deficient
postmenopausal women (25(OH)D < 20 ng/mL) compared to cholecalciferol. Patients
with baseline levels of serum were randomized 1:1:1 to calcifediol 0.266 mg/month for
12 months, calcifediol 0.266 mg/month for four months followed by placebo for eight
months, and cholecalciferol 25,000 IU/month for 12 months. At month 4, 35% of post-
menopausal women treated with calcifediol and 8.2% of those treated with cholecalciferol
reached serum 25(OH)D levels above 30 ng/mL (p < 0.0001). No relevant treatment-related
safety issues were reported in any of the groups studied [33]. All these results confirm
that calcifediol is effective, faster, and more potent than cholecalciferol in raising serum
25(OH)D levels and is a valuable option for the treatment of vitamin D deficiency.

One pharmacokinetic study suggested that it takes approximately 68 days with
800 IU/day of cholecalciferol to achieve the optimal plateau level [34]. This time could be
reduced by increasing the dose or using a high bolus-loading dose, with the purpose of
reaching the recommended levels of serum 25(OH)D for skeletal and general health in a
relatively short period of time [35]. However, even if high doses of cholecalciferol seem
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to be safe regarding hypercalciuria and hypercalcemia [36], the most recent guidelines
recommend not to use them due to possible adverse effects [37]. In fact, some studies have
also shown that high-bolus doses ≥ 100,000 IU of cholecalciferol significantly increased
bone resorption markers in a dose-dependent manner [37,38].

From a pathophysiological point of view, research in animal models has reported that
treatment with vitamin D may increase the functional restoration of the injured muscle,
decrease cellular apoptosis, and increase cellular proliferation [39]. Moreover, in vitro
research has reported that the expression of the vitamin D receptor (VDR) linearly decreases
with age [40], probably attenuating the effect of vitamin D metabolites on muscle physiology.
Therefore, in order to have a positive effect on muscle, the circulating concentrations of
vitamin D should be adequate and probably higher than in younger people. Our study
clearly showed that in about six months of follow-up after calcifediol treatment, the mean
increase in plasma 25(OH)D was about 100 nmol/L, suggesting that calcifediol is highly
effective in raising this parameter, which is probably necessary for having a positive effect
on muscle metabolism [41]. This significantly more potent and faster increase in plasma
25(OH)D has been repeatedly demonstrated in various populations [2].

Regarding the possible mechanisms by which vitamin D is related to muscle function,
there is evidence in experimental studies indicating that vitamin D deficiency is associated
with lower VDR content, increased oxidative stress, and altered activity of antioxidant
enzymes in skeletal muscle [42]. Furthermore, it has been reported that vitamin D de-
ficiency may induce paraspinal muscle atrophy and reduction in intramyonuclear VDR
concentrations and VDR gene expression [43], while vitamin D plays a key role in the
regulation of mitochondrial oxygen consumption and dynamics [44]. Thus, deficiency of
vitamin D seems to decrease oxygen consumption rate and induce disruption of mitochon-
drial function, which renders it likely that vitamin D deficiency in the long run induces
VDR ablation, ROS generation, and consequent deleterious effects on the mitochondrial
function, possibly triggering muscle atrophy.

Among a number of factors that can increase the risk of sarcopenia in older adults,
vitamin D deficiency is a key one [5]. Furthermore, it is easy to reverse by means of
supplementation, even if several factors can limit the assumption and the metabolism
of this important hormone, including less sun exposure and difficulties in eating foods
containing vitamin D [21]; therefore, supplementation must be considered in many older
people for both the prevention and treatment of sarcopenia [2,21], especially with molecules
proven to be more potent in their ability to raise 25(OH)D levels with lower doses [2].

There is general agreement on the need for reaching and maintaining adequate levels
of vitamin D for bones and general health among various scientific societies and interna-
tional agencies. Nevertheless, the appropriate clinical ranges and method for restoring
optimal levels are not yet univocal. For example, some indicate recommended circulat-
ing 25(OH)D levels to be over 20 ng/mL, while others consider adequate levels as over
30 ng/mL. However, all agree that a level below 10 ng/mL should be considered severe
deficit [2]. A study examining 675 iliac crest biopsies from male and female patients did
not find pathologic accumulation of osteoid in any patient with circulating 25(OH)D above
30 ng/mL [45]; thus, it is reasonable to suggest that the prescribed dose of vitamin D sup-
plementation should ensure achieving this level of 25(OH)D in order to maintain skeletal
health. In addition, treatments are based on the clinician experience and the availability of
diverse vitamin D preparations.

A recent systematic review and meta-analysis of ten RCTs compared the effect of
vitamin D supplementation (as monotherapy) with placebo on indices of sarcopenia in
older (>50 years) adults. The authors reported that vitamin D supplementation conferred
no effect on diverse indices of sarcopenia, including handgrip strength, short physical
performance battery, timed up and go, and appendicular lean mass [46]. However, as
opposed to our meta-analysis, all of the studies included used cholecalciferol, and none
used calcifediol. This may reinforce the likelihood that a more potent molecule which
makes it possible to reach higher circulating concentrations of 25(OH)D in a shorter period
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of time may be more effective in influencing muscle strength indices. Nevertheless, further
studies are warranted with different molecules in order to make definitive conclusions.

Our systematic review shows that the effect of calcifediol is more evident for mus-
cle strength parameters than for physical performance. We can justify these findings
from a methodological point of view, since fewer studies regarding physical performance
tests were available compared to muscle strength parameters, but our data agree with
another classical meta-analysis showing the effects of vitamin D supplementation on mus-
cle strength [47]. From a pathophysiological point of view, we can argue that VDRs are
more present in type II muscular fibers (i.e., fibers that are important in muscle strength
parameters) than in type I (i.e., long duration contractile fibers found in abundance in elite
endurance athletes) [48,49].

Our systematic review has some strengths, such as being the first comprehensive
work to systematically investigate the effect of calcifediol on two important aspects of
older people, i.e., muscle strength and physical performance parameters. The results of
the present meta-analysis should be considered taking into account its limitations. First,
the RCTs included were small in sample size and used different dosages of calcifediol.
Second, we were able to compare only pre/post physical performance and muscle strength
parameters and not versus other interventions (such as cholecalciferol) or placebo, due to a
limited number of studies available. Moreover, the genetic susceptibility to calcifediol was
not explored, even if some recent works suggested that it is an important determinant of the
final effect of vitamin D metabolites on muscle and bone [50]. Finally, the studies included
had a limited follow-up time. Therefore, other larger studies with a longer follow-up are
needed to confirm our observations.

5. Conclusions

This systematic review and meta-analysis reported that calcifediol may have a positive
effect on muscle strength parameters and, with lesser evidence, on physical performance.
Overall, our study further encourages the use of calcifediol in people with muscle strength
weakness for improving this important aspect, often compromised in older people, and
indicates the importance of vitamin D and, in particular, of calcifediol, not only on bone
metabolism but also in sarcopenia.
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Author Contributions: Conceptualization, N.V., L.J.D. and M.B.; methodology, N.V., L.J.D., A.D.P.,
F.P., L.C., A.L.C. and M.B.; writing—original draft preparation, N.V. and L.J.D.; writing—review
and editing, N.V., L.J.D., A.D.P., F.P., L.C., A.L.C. and M.B. All authors have read and agreed to the
published version of the manuscript.

Funding: For the preparation of this review the authors have received funding from the Fundación
para la Investigación Biomédica de Córdoba (FIBICO) and FAES Farma, Bilbao Spain.

Institutional Review Board Statement: Ethical review and approval were waived for this study due
to the inclusion of already published works.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data and the databases are available upon reasonable request to
the corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

https://www.mdpi.com/article/10.3390/nu14091860/s1
https://www.mdpi.com/article/10.3390/nu14091860/s1


Nutrients 2022, 14, 1860 11 of 12

References
1. Charoenngam, N.; Holick, M.F. Immunologic effects of vitamin D on human health and disease. Nutrients 2020, 12, 2097.

[CrossRef] [PubMed]
2. Dominguez, L.J.; Farruggia, M.; Veronese, N.; Barbagallo, M. Vitamin D sources, metabolism, and deficiency: Available

compounds and guidelines for its treatment. Metabolites 2021, 11, 255. [CrossRef] [PubMed]
3. Annweiler, C.; Schott, A.-M.; Berrut, G.; Fantino, B.; Beauchet, O. Vitamin D-related changes in physical performance: A

systematic review. J. Nutr. Health Aging 2009, 13, 893–898. [CrossRef] [PubMed]
4. Visser, M.; Deeg, D.J.; Lips, P. Low vitamin D and high parathyroid hormone levels as determinants of loss of muscle strength and

muscle mass (sarcopenia): The Longitudinal Aging Study Amsterdam. J. Clin. Endocrinol. Metab. 2003, 88, 5766–5772. [CrossRef]
5. Remelli, F.; Vitali, A.; Zurlo, A.; Volpato, S. Vitamin D deficiency and sarcopenia in older persons. Nutrients 2019, 11, 2861.

[CrossRef]
6. Bischoff, H.; Stähelin, H.; Tyndall, A.; Theiler, R. Relationship between muscle strength and vitamin D metabolites: Are there

therapeutic possibilities in the elderly? Z. Für Rheumatol. 2000, 59, I39–I41. [CrossRef]
7. Quesada-Gomez, J.; Bouillon, R. Is calcifediol better than cholecalciferol for vitamin D supplementation? Osteoporos. Int. 2018,

29, 1697–1711. [CrossRef]
8. Ecarnot, F.; Rogoli, D.; Maggi, S. Epidemiology of Sarcopenia. In Sarcopenia; Springer: Berlin/Heidelberg, Germany, 2021;

pp. 1–16.
9. Veronese, N.; Demurtas, J.; Soysal, P.; Smith, L.; Torbahn, G.; Schoene, D.; Schwingshackl, L.; Sieber, C.; Bauer, J.; Cesari, M.

Sarcopenia and health-related outcomes: An umbrella review of observational studies. Eur. Geriatr. Med. 2019, 10, 853–862.
[CrossRef]

10. Liberati, A.; Altman, D.G.; Tetzlaff, J.; Mulrow, C.; Gøtzsche, P.C.; Ioannidis, J.P.; Clarke, M.; Devereaux, P.J.; Kleijnen, J.; Moher, D.
The PRISMA statement for reporting systematic reviews and meta-analyses of studies that evaluate health care interventions:
Explanation and elaboration. J. Clin. Epidemiol. 2009, 62, e1–e34. [CrossRef]

11. Veronese, N.; Stubbs, B.; Trevisan, C.; Bolzetta, F.; De Rui, M.; Solmi, M.; Sarton, L.; Musacchio, E.; Zambon, S.; Perissinotto, E.;
et al. Poor Physical Performance Predicts Future Onset of Depression in Elderly People: Pro.V.A. Longitudinal Study. Phys. Ther.
2017, 97, 659–668. [CrossRef]

12. DerSimonian, R.; Laird, N. Meta-analysis in clinical trials. Control. Clin. Trials 1986, 7, 177–188. [CrossRef]
13. Begg, C.B.; Mazumdar, M. Operating characteristics of a rank correlation test for publication bias. Biometrics 1994, 50, 1088–1101.

[CrossRef] [PubMed]
14. Egger, M.; Smith, G.D.; Schneider, M.; Minder, C. Bias in meta-analysis detected by a simple, graphical test. BMJ 1997, 315, 629–634.

[CrossRef] [PubMed]
15. Hangelbroek, R.W.; Vaes, A.M.; Boekschoten, M.V.; Verdijk, L.B.; Hooiveld, G.J.; van Loon, L.J.; De Groot, L.C.; Kersten, S. No

effect of 25-hydroxyvitamin D supplementation on the skeletal muscle transcriptome in vitamin D deficient frail older adults.
BMC Geriatr. 2019, 19, 151. [CrossRef]

16. Gonnelli, S.; Tomai Pitinca, M.D.; Camarri, S.; Lucani, B.; Franci, B.; Nuti, R.; Caffarelli, C. Pharmacokinetic profile and effect
on bone markers and muscle strength of two daily dosage regimens of calcifediol in osteopenic/osteoporotic postmenopausal
women. Aging Clin. Exp. Res. 2021, 33, 2539–2547. [CrossRef] [PubMed]

17. Bischoff-Ferrari, H.A.; Dawson-Hughes, B.; Stöcklin, E.; Sidelnikov, E.; Willett, W.C.; Edel, J.O.; Stähelin, H.B.; Wolfram, S.; Jetter,
A.; Schwager, J. Oral supplementation with 25 (OH) D3 versus vitamin D3: Effects on 25 (OH) D levels, lower extremity function,
blood pressure, and markers of innate immunity. J. Bone Miner. Res. 2012, 27, 160–169. [CrossRef] [PubMed]

18. Iolascon, G.; Moretti, A.; de Sire, A.; Calafiore, D.; Gimigliano, F. Effectiveness of calcifediol in improving muscle function in
post-menopausal women: A prospective cohort study. Adv. Ther. 2017, 34, 744–752. [CrossRef]

19. Ruggiero, C.; Baroni, M.; Bini, V.; Brozzetti, A.; Parretti, L.; Zengarini, E.; Lapenna, M.; Antinolfi, P.; Falorni, A.; Mecocci, P.
Effects of weekly supplementation of cholecalciferol and calcifediol among the oldest-old people: Findings from a randomized
pragmatic clinical trial. Nutrients 2019, 11, 2778. [CrossRef]

20. Corrado, A.; Rotondo, C.; Cici, D.; Berardi, S.; Cantatore, F.P. Effects of Different Vitamin D Supplementation Schemes in
Post-Menopausal Women: A Monocentric Open-Label Randomized Study. Nutrients 2021, 13, 380. [CrossRef]

21. Vaes, A.M.; Tieland, M.; Toussaint, N.; Nilwik, R.; Verdijk, L.B.; van Loon, L.J.; de Groot, L.C. Cholecalciferol or 25-
hydroxycholecalciferol supplementation does not affect muscle strength and physical performance in prefrail and frail older
adults. J. Nutr. 2018, 148, 712–720. [CrossRef]

22. Christakos, S.; Dhawan, P.; Verstuyf, A.; Verlinden, L.; Carmeliet, G. Vitamin D: Metabolism, molecular mechanism of action, and
pleiotropic effects. Physiol. Rev. 2016, 96, 365–408. [CrossRef] [PubMed]

23. Levine, M.A. Diagnosis and management of vitamin D dependent rickets. Front. Pediatrics 2020, 8, 315. [CrossRef] [PubMed]
24. Michaud, J.; Naud, J.; Ouimet, D.; Demers, C.; Petit, J.-L.; Leblond, F.A.; Bonnardeaux, A.; Gascon-Barré, M.; Pichette, V. Reduced

hepatic synthesis of calcidiol in uremia. J. Am. Soc. Nephrol. 2010, 21, 1488–1497. [CrossRef] [PubMed]
25. Takeyama, K.I.; Kitanaka, S.; Sato, T.; Kobori, M.; Yanagisawa, J.; Kato, S. 25-Hydroxyvitamin D3 1α-hydroxylase and vitamin D

synthesis. Science 1997, 277, 1827–1830. [CrossRef] [PubMed]
26. Smith, J.E.; Goodman, D.S. The turnover and transport of vitamin D and of a polar metabolite with the properties of 25-

hydroxycholecalciferol in human plasma. J. Clin. Investig. 1971, 50, 2159–2167. [CrossRef]

http://doi.org/10.3390/nu12072097
http://www.ncbi.nlm.nih.gov/pubmed/32679784
http://doi.org/10.3390/metabo11040255
http://www.ncbi.nlm.nih.gov/pubmed/33924215
http://doi.org/10.1007/s12603-009-0248-x
http://www.ncbi.nlm.nih.gov/pubmed/19924350
http://doi.org/10.1210/jc.2003-030604
http://doi.org/10.3390/nu11122861
http://doi.org/10.1007/s003930070037
http://doi.org/10.1007/s00198-018-4520-y
http://doi.org/10.1007/s41999-019-00233-w
http://doi.org/10.1016/j.jclinepi.2009.06.006
http://doi.org/10.1093/ptj/pzx017
http://doi.org/10.1016/0197-2456(86)90046-2
http://doi.org/10.2307/2533446
http://www.ncbi.nlm.nih.gov/pubmed/7786990
http://doi.org/10.1136/bmj.315.7109.629
http://www.ncbi.nlm.nih.gov/pubmed/9310563
http://doi.org/10.1186/s12877-019-1156-5
http://doi.org/10.1007/s40520-020-01779-7
http://www.ncbi.nlm.nih.gov/pubmed/33506314
http://doi.org/10.1002/jbmr.551
http://www.ncbi.nlm.nih.gov/pubmed/22028071
http://doi.org/10.1007/s12325-017-0492-0
http://doi.org/10.3390/nu11112778
http://doi.org/10.3390/nu13020380
http://doi.org/10.1093/jn/nxy024
http://doi.org/10.1152/physrev.00014.2015
http://www.ncbi.nlm.nih.gov/pubmed/26681795
http://doi.org/10.3389/fped.2020.00315
http://www.ncbi.nlm.nih.gov/pubmed/32596195
http://doi.org/10.1681/ASN.2009080815
http://www.ncbi.nlm.nih.gov/pubmed/20595682
http://doi.org/10.1126/science.277.5333.1827
http://www.ncbi.nlm.nih.gov/pubmed/9295274
http://doi.org/10.1172/JCI106710


Nutrients 2022, 14, 1860 12 of 12

27. Sanders, K.M.; Stuart, A.L.; Williamson, E.J.; Simpson, J.A.; Kotowicz, M.A.; Young, D.; Nicholson, G.C. Annual high-dose oral
vitamin D and falls and fractures in older women: A randomized controlled trial. JAMA 2010, 303, 1815–1822. [CrossRef]

28. Burt, L.A.; Billington, E.O.; Rose, M.S.; Raymond, D.A.; Hanley, D.A.; Boyd, S.K. Effect of high-dose vitamin D supplementation
on volumetric bone density and bone strength: A randomized clinical trial. JAMA 2019, 322, 736–745. [CrossRef]

29. Smith, L.M.; Gallagher, J.C.; Suiter, C. Medium doses of daily vitamin D decrease falls and higher doses of daily vitamin D3
increase falls: A randomized clinical trial. J. Steroid Biochem. Mol. Biol. 2017, 173, 317–322. [CrossRef]

30. Heaney, R.P.; Horst, R.L.; Cullen, D.M.; Armas, L.A. Vitamin D3 distribution and status in the body. J. Am. Coll. Nutr. 2009,
28, 252–256. [CrossRef]

31. Minisola, S.; Cianferotti, L.; Biondi, P.; Cipriani, C.; Fossi, C.; Franceschelli, F.; Giusti, F.; Leoncini, G.; Pepe, J.; Bischoff-Ferrari,
H. Correction of vitamin D status by calcidiol: Pharmacokinetic profile, safety, and biochemical effects on bone and mineral
metabolism of daily and weekly dosage regimens. Osteoporos. Int. 2017, 28, 3239–3249. [CrossRef]

32. Hollis, B.W. Comparison of equilibrium and disequilibrium assay conditions for ergocalciferol, cholecalciferol and their major
metabolites. J. Steroid Biochem. 1984, 21, 81–86. [CrossRef]

33. Pérez-Castrillón, J.L.; Dueñas-Laita, A.; Brandi, M.L.; Jódar, E.; del Pino-Montes, J.; Quesada-Gómez, J.M.; Cereto Castro, F.;
Gómez-Alonso, C.; Gallego Lopez, L.; Olmos Martinez, J.M. Calcifediol is superior to cholecalciferol in improving vitamin D
status in postmenopausal women: A randomized trial. J. Bone Miner. Res. 2021, 36, 1967–1978. [CrossRef] [PubMed]

34. Jetter, A.; Egli, A.; Dawson-Hughes, B.; Staehelin, H.B.; Stoecklin, E.; Goessl, R.; Henschkowski, J.; Bischoff-Ferrari, H.A.
Pharmacokinetics of oral vitamin D3 and calcifediol. Bone 2014, 59, 14–19. [CrossRef]

35. Cipriani, C.; Romagnoli, E.; Pepe, J.; Russo, S.; Carlucci, L.; Piemonte, S.; Nieddu, L.; McMahon, D.J.; Singh, R.; Minisola, S.
Long-term bioavailability after a single oral or intramuscular administration of 600,000 IU of ergocalciferol or cholecalciferol:
Implications for treatment and prophylaxis. J. Clin. Endocrinol. Metab. 2013, 98, 2709–2715. [CrossRef] [PubMed]

36. Bischoff-Ferrari, H.A.; Shao, A.; Dawson-Hughes, B.; Hathcock, J.; Giovannucci, E.; Willett, W.C. Benefit–risk assessment of
vitamin D supplementation. Osteoporos. Int. 2010, 21, 1121–1132. [CrossRef] [PubMed]

37. Rossini, M.; Adami, S.; Viapiana, O.; Fracassi, E.; Idolazzi, L.; Povino, M.R.; Gatti, D. Dose-dependent short-term effects of single
high doses of oral vitamin D3 on bone turnover markers. Calcif. Tissue Int. 2012, 91, 365–369. [CrossRef] [PubMed]

38. Rossini, M.; Gatti, D.; Viapiana, O.; Fracassi, E.; Idolazzi, L.; Zanoni, S.; Adami, S. Short-term effects on bone turnover markers of
a single high dose of oral vitamin D3. J. Clin. Endocrinol. Metab. 2012, 97, E622–E626. [CrossRef]

39. Garcia, M.; Seelaender, M.; Sotiropoulos, A.; Coletti, D.; Lancha Jr, A.H. Vitamin D, muscle recovery, sarcopenia, cachexia, and
muscle atrophy. Nutrition 2019, 60, 66–69. [CrossRef]

40. Bischoff-Ferrari, H.; Borchers, M.; Gudat, F.; Dürmüller, U.; Stähelin, H.; Dick, W. Vitamin D receptor expression in human muscle
tissue decreases with age. J. Bone Miner. Res. 2004, 19, 265–269. [CrossRef]

41. Girgis, C.M.; Clifton-Bligh, R.J.; Hamrick, M.W.; Holick, M.F.; Gunton, J.E. The roles of vitamin D in skeletal muscle: Form,
function, and metabolism. Endocr. Rev. 2013, 34, 33–83. [CrossRef]

42. Dzik, K.P.; Kaczor, J.J. Mechanisms of vitamin D on skeletal muscle function: Oxidative stress, energy metabolism and anabolic
state. Eur. J. Appl. Physiol. 2019, 119, 825–839. [CrossRef] [PubMed]

43. Bang, W.-S.; Lee, D.-H.; Kim, K.-T.; Cho, D.-C.; Sung, J.-K.; Han, I.-B.; Kim, D.-H.; Kwon, B.K.; Kim, C.H.; Park, K.-S. Relationships
between vitamin D and paraspinal muscle: Human data and experimental rat model analysis. Spine J. 2018, 18, 1053–1061.
[CrossRef] [PubMed]

44. Ryan, Z.C.; Craig, T.A.; Folmes, C.D.; Wang, X.; Lanza, I.R.; Schaible, N.S.; Salisbury, J.L.; Nair, K.S.; Terzic, A.; Sieck, G.C. 1α,
25-dihydroxyvitamin D3 regulates mitochondrial oxygen consumption and dynamics in human skeletal muscle cells. J. Biol.
Chem. 2016, 291, 1514–1528. [CrossRef] [PubMed]

45. Priemel, M.; von Domarus, C.; Klatte, T.O.; Kessler, S.; Schlie, J.; Meier, S.; Proksch, N.; Pastor, F.; Netter, C.; Streichert, T.
Bone mineralization defects and vitamin D deficiency: Histomorphometric analysis of iliac crest bone biopsies and circulating
25-hydroxyvitamin D in 675 patients. J. Bone Miner. Res. 2010, 25, 305–312. [CrossRef]

46. Prokopidis, K.; Giannos, P.; Katsikas Triantafyllidis, K.; Kechagias, K.S.; Mesinovic, J.; Witard, O.C.; Scott, D. Effect of vitamin D
monotherapy on indices of sarcopenia in community-dwelling older adults: A systematic review and meta-analysis. J. Cachexia
Sarcopenia Muscle 2022. [CrossRef]

47. Stockton, K.A.; Mengersen, K.; Paratz, J.D.; Kandiah, D.; Bennell, K.L. Effect of vitamin D supplementation on muscle strength: A
systematic review and meta-analysis. Osteoporos. Int. 2011, 22, 859–871. [CrossRef]

48. Wilson, J.M.; Loenneke, J.P.; Jo, E.; Wilson, G.J.; Zourdos, M.C.; Kim, J.-S. The effects of endurance, strength, and power training
on muscle fiber type shifting. J. Strength Cond. Res. 2012, 26, 1724–1729. [CrossRef]

49. Ceglia, L.; Niramitmahapanya, S.; da Silva Morais, M.; Rivas, D.A.; Harris, S.S.; Bischoff-Ferrari, H.; Fielding, R.A.; Dawson-
Hughes, B. A randomized study on the effect of vitamin D3 supplementation on skeletal muscle morphology and vitamin D
receptor concentration in older women. J. Clin. Endocrinol. Metab. 2013, 98, E1927–E1935. [CrossRef]

50. Bouillon, R.; Manousaki, D.; Rosen, C.; Trajanoska, K.; Rivadeneira, F.; Richards, J.B. The health effects of vitamin D supplementa-
tion: Evidence from human studies. Nat. Rev. Endocrinol. 2021, 18, 96–110. [CrossRef]

http://doi.org/10.1001/jama.2010.594
http://doi.org/10.1001/jama.2019.11889
http://doi.org/10.1016/j.jsbmb.2017.03.015
http://doi.org/10.1080/07315724.2009.10719779
http://doi.org/10.1007/s00198-017-4180-3
http://doi.org/10.1016/0022-4731(84)90063-3
http://doi.org/10.1002/jbmr.4387
http://www.ncbi.nlm.nih.gov/pubmed/34101900
http://doi.org/10.1016/j.bone.2013.10.014
http://doi.org/10.1210/jc.2013-1586
http://www.ncbi.nlm.nih.gov/pubmed/23766519
http://doi.org/10.1007/s00198-009-1119-3
http://www.ncbi.nlm.nih.gov/pubmed/19957164
http://doi.org/10.1007/s00223-012-9637-y
http://www.ncbi.nlm.nih.gov/pubmed/23052222
http://doi.org/10.1210/jc.2011-2448
http://doi.org/10.1016/j.nut.2018.09.031
http://doi.org/10.1359/jbmr.2004.19.2.265
http://doi.org/10.1210/er.2012-1012
http://doi.org/10.1007/s00421-019-04104-x
http://www.ncbi.nlm.nih.gov/pubmed/30830277
http://doi.org/10.1016/j.spinee.2018.01.007
http://www.ncbi.nlm.nih.gov/pubmed/29355791
http://doi.org/10.1074/jbc.M115.684399
http://www.ncbi.nlm.nih.gov/pubmed/26601949
http://doi.org/10.1359/jbmr.090728
http://doi.org/10.1002/jcsm.12976
http://doi.org/10.1007/s00198-010-1407-y
http://doi.org/10.1519/JSC.0b013e318234eb6f
http://doi.org/10.1210/jc.2013-2820
http://doi.org/10.1038/s41574-021-00593-z

	Introduction 
	Materials and Methods 
	Registration Statement 
	Data Sources and Searches 
	Study Selection 
	Data Extraction 
	Outcomes 
	Quality Assessment 
	Data Synthesis and Analysis 

	Results 
	Search Results 
	Study and Participants Characteristics 
	Meta-Analysis of Calcifediol on Physical Performance and Muscle Strength Parameters 
	Meta-Regression Analysis 
	Adverse Events 
	Risk of Bias Assessment 

	Discussion 
	Conclusions 
	References

