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Abstract
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Vitamin D (VD) deficiency is associated with muscle weakness. A reduction in the incidence of falls in the elderly following VD
supplementation and identification of the VD receptor within muscle cells suggests a direct effect of VD on muscle, but little is
known about the underlying mechanisms. Here we systematically searched the literature to identify effects of active VD
(1,25(0H)2D3) on skeletal muscle myogenesis in vitro, with no restriction on year of publication. Eligibility was assessed by strict
inclusion/exclusion criteria and agreed by two independent investigators. Twelve relevant pa-pers were identified using four
different cell types (C2C12, primary mouse satellite cells, primary chick myoblasts and primary human myoblasts) and a range of
myogenic markers (myoD, myogenin, creatine kinase, myosin heavy chain and myotube size). A clear inhibitory effect of
1,25(0H)2D3 on proliferation was reported, while the effects on the different stages of differentiation were less consistent
probably due to variation in cell type, time points and doses of 1,25(0OH)2D3 used. However myotube size was consistently
increased by 1,25(0H)2D3. Overall, the evidence suggests that 1,25(0H)2D3 inhibits proliferation and promotes differentiation of
myoblasts, but future studies should use time courses to gain a clearer understanding.
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Vitamin D (VD) deficiency is associated with muscle weakness. A reduction in the incidence of falls in the elderly following VD
supplementation and identification of the VD receptor within muscle cells suggests a direct effect of VD on muscle, but little is
known about the underlying mechanisms. Here we have systeamtically search the literature and identified that vitamin D,

particularly the active form, has a direct effect by inhibiting proliferation and promoting differentiation of muscle cell in vitro,
however whether this leads to the strengthening the muscle requires further studies.
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Abstract: Vitamin D (VD) deficiency is associated with muscle weakness. A reduction in the
incidence of falsin the elderly following VD supplementation and identification of the VD receptor
within muscle cells suggests adirect effect of VD on muscle, but little is known about the underlying
mechanisms. Here we systematically searched the literature to identify effects of active VD
(1,25(CH)2D3) on skeletal muscle myogenesis in vitro, with no restriction on year of publication.
Eligibility was assessed by strict inclusion/exclusion criteria and agreed by two independent
investigators. Twelve relevant pa-pers wereidentified using four different cell types (C2C12, primary
mouse satellite cells, primary chick myoblasts and primary human myoblasts) and a range of
myogenic markers (myoD, myogenin, creatine kinase, myosin heavy chain and myotube size). A
clear inhibitory effect of 1,25(OH)2D3 on proliferation was reported, while the effects on the different
stages of differentiation were less consistent probably due to variation in cell type, time points and

doses of 1,25(0OH)2D3 used. However, myotube size was consistently increased by 1,25(0OH)2D3.
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Vitamin D deficiency and Muscle myogenesis
Overal, the evidence suggests that 1,25(0OH)2D3 inhibits proliferation and promotes differentiation

of myoblasts, but future studies should use time courses to gain a clearer understanding.

1. Introduction

Thelink between vitamin D (VD) and bone health has been studied extensively, but recent evidence
points towards arel ationship between VD and skeletal muscle function [1]. Muscle biopsiesfrom VD
deficient individuals show muscle wasting (mostly type Il fibre atrophy), large interfibrillar spaces
and fat infiltration within the muscle [2]. In general, deficiency occurs when levels of 25(OH)D3
(inactive vitamin D) fall below 25nmol/L, however this cut-off point can vary within the literature
[3]. Inthe elderly population, vitamin D deficiency has been linked to an increased risk of fallswhich

is thought to be partly due to muscle weakness and wasting [4].

Around 80-90% of VD isobtained viaUV-B induced synthesisin the skin in humans, whilst 10-20%
comes from dietary intake [3]. In the skin, 7-dehydrocholesterol is converted to pre-vitamin D upon
UV-B radiation. This is then converted to cholecalciferol which becomes bound to VD binding
globulin and this complex is transported to the liver where it undergoes hydroxylation by 25-
hydroxylase to form 25(OH)D3 or calcidiol [5]. 25(OH)D3 is the major circulating form of VD and
ismeasured as amarker of VD status[6]. A final step, to produce the biologically active form of VD,
involves hydroxylation by 1a-hydroxylase to produce 1,25(0OH)2D3 otherwise known as calcitriol
[5] (Figure 1). 1o-hydroxylase is expressed largely in the kidney, which contributes to active VD in
the circulation, however the enzyme is also expressed within other tissues such as muscle, which

allowslocal conversion of inactiveto active VD [2].

Studies in both chicken and human skeletal muscle have identified the presence of the vitamin D
receptor (VDR) within muscle cells thereby providing evidence for adirect effect of VD on muscle
[7,8]. This has since been supported by human studies which have found that low serum 25(OH)D3

concentrationsin elderly individualsis associated with reduced muscle strength and an increased risk

2
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Vitamin D deficiency and Muscle myogenesis
of fals[9]. These effects of VD deficiency on muscle appear to be reversible with supplementation
in the elderly population leading to beneficial outcomes such as increased strength, balance, and a
decreased risk of falls [10]. This effect is thought to be, at least in part, directly through the VDR
present in muscle cells. VDR knockout mice have been found to have muscle fibres which are 20%

smaller in size than controls as well as smaller body size, weight, and impaired motor co-ordination

[6].

Within the literature, VDRs have been described in different cell locations, one as a nuclear hormone
receptor and the other as a membrane receptor [2]. The origin of the membrane receptor is unclear,
some argue there is a distinct membrane receptor, however the majority of evidence points towards

one VDR with the ability to trans ocate between the nucleus and membrane [ 3].

It iswell known that the VDR has anuclear hormone receptor function, with the transcription of over
900 genes found to be affected upon treatment with active VD [11]. 1,25(0OH)2D3, binds to the VDR
which induces heterodimerisation with the retinoid X receptor (RXR). This complex is then able to
bind to VD response elements (VDRES) to activate or repress transcription of target genes [3].
Expression of genes involved in myogenic proliferation and differentiation have been shown to
change upon treatment with VD leading to the suggestion that VD may have a direct effect on

myogenesis [1].

The aim of this systematic review is to summarise the current body of evidence on the effects of
active VD on skeletal muscle cellsin culture. Thereis conflicting evidencein this area, therefore this
review aimsto summarise, assess, and interpret the current body of evidence and identify areas where

further investigation is required.
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Vitamin D deficiency and Muscle myogenesis
2. Materialsand Methods
This review was constructed in accordance with the Preferred Reporting Items for Systematic

Reviews and Meta-Anayses (PRISMA) guidelines[12].

2.1. Search and Selection Criteria

Relevant papers were identified through the computerised search databases (PubMed (MEDLINE),
Web of Science and Google Scholar). The search process followed the population (P), Intervention
(1), Comparison (C) and outcome (O, PICO). The review population was in vitro models of muscle
cells, theintervention was active VD treatment, comparison was controls not treated with VD and the
measuring outcomes were the effects of active VD on muscle proliferation and differentiation.
Specific search terms ‘vitamin D OR 1,25Dihydroxyvitamin D3 OR 1,25(0OH)2D3 OR calcitriol
AND myogenesis OR muscle differentiation’ were used to obtain relevant articles. To obtain the
relevant articles, two independent reviewers (KHA & SVK) assessed the titles, abstract and full
articles based on a strict inclusion and exclusion criteria and if any disagreements arose, these were

resolved by discussion. Finally, the referencelist of these were searched to find any additional papers.

2.2. Selected Articles Criteria

Articles were not restricted to any dates as there have been no previous systematic reviews conducted

investigating the literature relating to active VD and myogenesisin vitro.

Inclusion Criteria

e Studies must have been written in English to avoid any trandlation errors.

o All articles must have described an in vitro model of muscle cells (primary or cell line).

e Any form of active VD can be considered (1,25(0OH)2D3 or active VD anal ogues).

e Treatment of VD must be of known quantity and administered alone and not in combination with
other drugs/vitaming/minerals.

e Must determine effects on proliferation/differentiation of muscle cells.



90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

Vitamin D deficiency and Muscle myogenesis
Exclusion Criteria

Whole animal or human models.

Systematic reviews or critical reviews.

Studies investigating VD receptor and not VD.

Studies investigating cancer or ageing.

2.3. Measured Outcomes
The primary measured outcomes of this review are markers of myogenesis such as level of DNA
synthesis, mRNA and protein levels of myoD, myogenin, myosin/myosin heavy chain isoforms,

creatine kinase activity and myotube size. There were no secondary measured outcomes.

2.4. Data extraction

Using a standard extraction form, data from al studies were extracted and charted using Excel
(Microsoft Excel, Washington, USA). Data extracted included title, author, publication year, muscle
cell model used, exposureto VD and outcomes (DNA, myogenin, myoD, creatine kinase, myosin and

myotube size).

All key characteristics of the selected papers were expressed in tables. These included the study
design, model used, number of samples, outcome measures and doses of VD converted to moles for

consistency.

2.5. DataAnalysis

The significant effects (p<0.05) in response to VD were charted to compare across the articles
reviewed, however some values were read from graphs where raw data was not provided so are best
estimates. Changes in expression were used to generate bar graphs using Excel (Microsoft Excel,

Washington, USA), all changes were converted to fold-change for consistency.
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Vitamin D deficiency and Muscle myogenesis
Meta-analysis could not be carried out due to variation in methods between papers. Differences in
cell type, time points used and concentrations of VD used meant that direct comparisons in the form

of ameta-analysis was not possible.

2.6. Quality Assessment

The quality assessment method used in thisreview isamodified version of Risk of Bias (RoB) 2 tool
from the Cochrane database to assess risk of biasin randomised trials. This assessment tool has been
modified to be appropriate for cell culture experiments such as those included within this review
(Supplementary Table 1). Responsesin green indicate potential markersfor alow risk of bias, orange
indicates moderate risk and red indicates potential markers for a high risk of bias. (Y = yes, PY =
probably yes, PN = probably no, N = no, NI = no information given or not applicable). Questions
starting with 1 relate to risk of bias from treatment allocation. Questions starting with 2 relate to risk
of biasin measurement of the data. Questions starting with 3 relate to risk of biasin selection of the
reported result. Three or four questions were used to assess each section and an overall risk of bias
was decided upon. There are three options for overall risk of bias judgement: low risk, high risk or

some concerns.

3. Results

3.1. Eligibility of studies

Using electronic databases (PubMed (MEDLINE), Web of Science and Google Scholar), we
identified 349 articles between 1978 and 2020. The removal of duplicates and initial title screen left
301 articles for detailed assessment. Of these 25 were evaluated against the inclusion/exclusion
criteria. 10 of these were animal studies and 3 focused on cancer cells, ageing and VD receptor. This
left 12 articles eligible for inclusion within this review (Figure 2). A detailed list of excluded studies

with reasoning for exclusion can be found in Supplementary Table 2.
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Vitamin D deficiency and Muscle myogenesis
3.2. Quality Assessment
All 12 papers received a score of ‘low risk’ when assessed against the quality assessment criteria
previously outlined in Supplementary Table 1. For three of the studies [13-15] no information could
be found regarding replicates and/or repeats therefore it was assumed that this was adequate when

giving alow overall bias score (Table 1).

3.3. Sudy Characteristics

All studiesincluded within this review used the biologically active form of VD (1,25(OH)2D3) apart
from Saito et a, 2017 [16] where an analogue of the active form of VD called Eldecalcitol was used.
Four different cell types were used across the studies (C2C12, primary human myoblasts, primary
mouse satellite cells and primary chick myoblasts) and active VD concentration ranged from 10-5M

to 10-13M (Table 2).

3.4. Effects on Proliferation

From therelevant articles, eight [4,13-15,17-20] studied the effects of 1,25(0OH)2D3 on proliferation
and all reported an inhibitory effect. Of these, four [13,15,18,19] quantified DNA content as a marker
of proliferation (Figure 3). Interestingly, one study [13] reported an initial short stimulatory effect of
1,25(0OH)2D3 treatment on DNA synthesis on day 1 (1.5-fold increase) however, this was followed
by an inhibitory effect on day 4 (0.7-fold). The remaining three studies [15,18,19] all revealed a

decrease in DNA content of different magnitude (0.5 to 0.95-fold) (Figure 3).

The other four studies measured proliferation in various ways (Table 3). One study showed an
increase in p21 and p27 MRNA [17] whilst three studies revealed a decrease in cyclin mRNAs
[14,15,19]. Decreases in proliferation was aso shown by an increase in number of cells in the
quiescent phase [14,17,18], decreased levels of proliferating cell nuclear antigen (PCNA) at the

protein level [4] and decreases in DNA synthesis as previously reported. It isimportant to note that
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Vitamin D deficiency and Muscle myogenesis
only two out of eight of these studies checked for differencesin apoptosi s between treated and control

cells[14,15].

3.5. Effects on differentiation

Differentiation of muscle cellswas determined in all but one [19] of the final twelve studies. Markers
of differentiation included expression of mRNA or protein for myoD (early differentiation),
myogenin (early-mid stage), myosin/myosin heavy chain isoforms (late stage) or the measurement of
creatine kinase activity (mid-stage). However, it should be noted that the mRNA expression of
myogenin and myosin heavy chain isoforms have been shown to change during the time course of
differentiation in C2C12 cells[21] indicating that the time point at which these markers are measured

isimportant.

3.6. Effects of vitamin D on early-stage myogenic differentiation

Five studies measured myoD expression [4,15,16,20,22]. Three of these studies measured expression
on day 4 [4,16,20] whilst one measured expression on day 1 [15] and another on day 7 [22] (Figure
4). mRNA expression was measured in all cases except for one [22] where protein expression was
measured. Four out of five studies [4,16,20,22] reported an increase in expression of myoD which
ranged from 1.8-fold to 3-fold. However, one study [15] reported adecrease in expression of 0.5-fold
on day 1. These changes in myoD expression were in response to 10-7M 1,25(0OH)2D3 for all cases

apart from one [16] which used 10-7M Eldecalcitol, an analogue of the active form of VD.

3.7. Effects of vitamin D on early/mid-stage myogenic differentiation

Myogenin expression in response to 1,25(0H)2D3 was investigated by nine of the twelve studies
included within thisreview [4,14,15,17,18,20,22-24]. The time points at which myogenin expression
was measured varied from day 1 to day 7. For eight of the nine studies which measured myogenin,
the concentration of 1,25(0OH)2D3 used was 10-7M but one study [23] used 10-8M 1,25(0OH)2D3. In

most cases mMRNA expression was measured but in two studies [22,23] protein expression was

8
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Vitamin D deficiency and Muscle myogenesis
measured. Unlike myoD expression, the level of agreement between studies relating to myogenin
expression was low with five studies reporting a decrease in myogenin expression [14,15,17,20,24]

and four studies reporting an increase in expression [4,18,22,23] (Figure 5).

Three studies measured creatine kinase activity asamarker of differentiation [13,23,24]. Two of these
studies reported their results as a time course [13,23] whilst one reported results for day 4 only [24].
A variety of concentrations of 1,25(OH)2D3 were used across the studies (Table 4). One study [24]
reported results for cells grown in either myogenic media or adipogenic media, but only the results
for myogenic media have been used to allow comparison to the other studies. Two studies reported
an increase in creatine kinase activity which peaked on day 2 following 1,25(0OH)2D3 treatment
[13,23] whilst the other study found that creatine kinase activity decreased across al 1,25(0OH)2D3

concentrations on day 4 [24].

3.8. Effects of vitamin D on late-stage myogenic differentiation

A total of seven studies investigated the effects of 1,25(0OH)2D3 treatment on myosin protein or
MRNA/protein levelsof myosin heavy chain (MyHC) isoforms, with the majority measuring the latter
[15-18,20,23]. MyHC neonatal (MyHC neo) and type lla (MyHCIlla) were the most commonly
studied isoforms across the papers. Time points of expression varied greatly between studies. In some
cases, expression was measured as early as day 1 whereas others measured up to day 8 (Table 5).
Overal, one study found an increase in myosin protein [13], one study found and increase in MyHC
protein [23], three studies reported an increase in expression of at least one MyHC isoform
[16,17,20,23] and two studies reported a decrease in MyHC isoforms (MyHC neo, MyHC lla and

MyHCII subtype unspecified) [15,18].

Five studies measured the effects of 1,25(0OH)2D3 on myotube size [4,14,18,20,23] (Figure 6). This
was also measured at varying time points from day 2 to day 10. For one study 10-9M 1,25(0OH)2D3

was used [23] whilst 10-7M 1,25(0OH)2D3 was used in the other four [4,14,18,20]. All five studies

9
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Vitamin D deficiency and Muscle myogenesis

concluded that treatment with 1,25(OH)2D3 resulted in an increase in myotube size which ranged

from 1.1-fold to 2-fold.

4. Discussion

This review has shown good agreement across the different studies in terms of the active form of VD
inhibiting muscle cell proliferation. However, the effects on differentiation, as determined by various
markers, showed less consistency, probably due to a combination of different cell types and time

points being used.

4.1. Treatment with vitamin D inhibits proliferation.

Of the eight studies which investigated the effects of active VD on muscle cell proliferation
[4,13-15,17-20], all of them found an inhibitory effect. One study observed a stimulatory effect on
day 1, however thiswas followed by inhibition on day 4 [13]. It isworth noting that only two studies
[14,15] checked for differencesin apoptosis between treated and untreated groups therefore it cannot

be ruled out that the decreasein DNA observed in some of the other studies was not due to apoptosis.

Importantly, Okuno et al, 2012 [17] showed that active VD caused an increase in cell cycle arrest at
GO/G1 which occurred in parallel with increased expression of p21 and p27. Both p21 and p27 are
members of the Cip/Kip family and are able to bind to cyclin dependent kinases and inhibit their role
in cell cycle progression [25]. In order for a cell to proliferate, expression of p21 must decrease to a
level whereit nolonger formsacomplex with p53[26]. Additionally, cells must a so reduce/eliminate
p27 to progress through proliferation, which is achieved via translocation of p27 to the cytoplasm
whereit isdegraded [25]. Both Okuno et al, 2012 [17] and Olsson et al, 2016 [15] reported increased
expression of both p21 and p27 suggesting that active VD treatment leads to increased transcription

of these factors which likely contributes to the inhibition of cell proliferation.

10
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Vitamin D deficiency and Muscle myogenesis
Two studies reported that active VD decreased expression of both cyclin A2 and cyclin D3 [15,19].
Cyclin A2 isableto bind to and activate two cyclin dependent kinases (CDKs) required for cell cycle
progression: CDK4 as DNA synthesis begins during S phase and CDK1 during the transition from
G2to M phase [27]. The D cyclins activate CDK4/6 enabling entry into S phase and down-regulation
of cyclin D3 specifically inhibits G1 to S transition [28]. From this, it can be suggested that active
VD represses transcription of at least two cyclinswhich leadsto inhibition of cell cycle transition and

therefore cell cycle arrest and inhibition of proliferation.

Overall, decreasesin DNA synthesis, increases in expression of p21/p27 and decreases in expression
of cyclin A2/D3 suggest that treatment with active VD has a strong anti-proliferative effect on muscle
cellsin culture. Itislikely that the cumulative effect of al of these factorslead to an overall reduction
in muscle cell proliferation. The process of this anti-proliferative effect of active VD is shown in

figure7.

4.2. Vitamin D appears to stimulate early-stage differentiation.

Myogenesis is a highly ordered and sequential process, guided by several transcription factors at
various stages. This process of myogenic differentiation, and the proposed effect of active vitamin D
on this process, is shown in figure 8. Following withdrawa from the cell cycle, as described
previously, myoblast fusion occurs to form multinucleated myotubes [4]. MyoD is a transcription
factor involved in the early stages of differentiation [ 14]. When subjected to culture conditionswhich
should induce differentiation, myoD -/- cells have been shown to continue to proliferate suggesting
that expression of myoD is essential for withdrawal from the cell cycle [29]. However, we previously

observed no change in myoD mRNA over the time course of differentiation in C2C12 cells[21].

Four of the five studies which measured myoD reported an increase in expression following treatment

with active VD [4,16,20,22], although the increase in expression was not significant for one study

11
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Vitamin D deficiency and Muscle myogenesis
[20]. Interestingly, the only study which found a decreasein myoD expression was a so the only study
which used primary human cells [15]. This suggests that the effects of active VD on differentiation
may depend upon cell type and/or species. However, this study also measured myaD very early in
the process (day 1) [15] whereas the remaining four studies al reported increased myoD expression
on either day 4 [4,16,20] or day 7 [22]. The effects observed may depend on upon the cell type and/or

time point.

Evidence has shown that inhibition of IGFII resultsin adecrease in expression of myoD target genes,
suggesting that IGFII is a key regulator of myoD expression [30]. One of the studies which found a
1.8-fold increase in myoD expression [22] found that both IGFI and IGFII expression also increased
a the same time point. Additionally, increased expression of the IGFs has been shown to inhibit
Myostatin, the only known negative regul ator of muscle mass[31]. These findings suggest that active
VD may increase expression of myoD directly or possibly indirectly via effects on local expression

of IGFI and/or IGFII.

4.3. Effects of vitamin D on mid-stage differentiation are cell type and time dependent.

Induction of myogenin expression precedesthe fusion of myoblaststo form myotubes, then myogenin
switches on transcription of various muscle-specific genes (e.g. creatine kinase and MyHC isoforms)
expressed by myotubes and muscle fibres [32]. Myogenin expression is therefore used as a marker of
early to mid-stage differentiation and normally follows an increase in myoD expression [33]. Indeed,
myogenin knockout mice die immediately following birth, and whilst they have myaoblasts present
within the muscle, no muscle fibres are formed, resulting in the complete absence of functional
skeletal muscle [33]. Importantly, myogenin expression is completely blocked when the VD receptor
isknocked down in vitro suggesting that VD has adirect effect on myogenin expression viathe VDR

[23].

12



274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

Vitamin D deficiency and Muscle myogenesis
However, the nature of thiseffect iscontroversial. Asseenin Figure5, five studiesreported adecrease
in myogenin expression [14,15,17,20,24] whilst four reported an increase [4,18,22,23]. One possible
explanation for thisis the difference in methods between studies. Differentiation can be triggered via
two mechanisms in vitro: 1. Serum starvation which leads to a decrease in mitogenic stimuli,
withdrawal from the cell cycle and increase in myogenin expression. 2. Prolonged confluence leading
to a high cell density and more cell-cell contacts, which leads to increased IGF expression and an
increase in myogenin [14]. Garcia et al, 2011 [4], who used the latter method, found that myogenin
expression was increased at day 4 following active VD treatment of C2C12 cells. On the other hand,
Girgis et a, 2014 [14] used the serum deprivation method and reported a decrease in myogenin
expression in C2C12 cells at day 7. It isimportant to note that we previously showed [21,34] using
multiple time points, that myogenin mRNA initially increases upon induction of differentiation (via
serum starvation) of C2C12 cells, reaching a peak around day 2-3, then decreases again. Therefore,
induction of differentiation would be associated with an increase in myogenin mRNA at early time
points (days 0-3), but increased differentiation could also be associated with a more rapid declinein
expression at later time points. It is aso worth noting that C2C12 cells differentiate more rapidly than
primary human myoblasts [35] so are likely to have an earlier peak in myogenin expression. Hence,
the discrepancies in the observed effects of active VD on myogenin expression could be due to the
cell type used, the timepoints of measurement or a combination of the two. It isimportant that future
studies should include measurements at several time points in order to make clear interpretations. It
is also plausible that the two different methods of inducing differentiation may have different time
frames, such that the rates of increase and decrease in expression as well as the peak of myogenin
may be different. Certainly, there were large differences between studies in time points at which

myogenin expression was measured, which likely contributed to the conflicting results.

Creatine kinase (CK) is a mid-stage marker of differentiation reported to peak around day 4 to 6 in

both C2C12 [21] and primary chick myoblasts [13]. Two studies [13,23] reported an increase in CK
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activity following treatment with active VD both of which found expression to peak on day 2, earlier
than the expected window of 4-6 days. The remaining study which looked at CK activity [24] reported
adecreasein activity in C2C12 cellson day 4 across all active VD concentrations studied. Onceagain
this might relate to differencesin the timing relative to the expected peak in expression, with an early
increase and a later decrease in expression potentialy indicating an increase in the rate of

differentiation.

Overal, the datais conflicting for both markers of early to mid-stage differentiation (myogenin and
creatine kinase), but this may be due to the varying time points that each marker was measured, the

variation in cell type, the differing concentrations of active VD used or a combination of all three.

4.4, Vitamin D stimulates expression of |ate-stage markers of differentiation.

Myosin and the myosin heavy chain (MyHC) isoforms are muscle specific proteins that are often
used as markers of mature, differentiated muscle cells [23] and together they form a significant
proportion of the proteins present in differentiated muscle [36]. Five studies reported an increase in
myosin or MyHC isoforms following active VD treatment [13,16,17,20,23] whilst two studies
reported a decrease in expression [15,18]. We previously showed that the MyHC isoforms are
expressed in two distinct patterns during differentiation in C2C12 cells [21]. The first pattern is an
increase then decrease, peaking around day 2-4 of mMRNA for MyHC embryonic (MyHC emb), fetal
(MyHC neo) and slow type 1 (MyHC |) isoforms [21]. The fast type Il isoforms were all expressed
much later in differentiation, being induced at days 2-4 in the order 1la > IIx > Il1b [21]. Hence, an
increase in differentiation would always results in an increase in expression of the fast (type I1)
isoforms, but effects on the embryonic, fetal, and slow (type I) isoforms would be time dependent,

with an increase in expression at early time points, but a decrease in expression at later time points.
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Okuno et al, 2012 [17] found that MyHC type Ila expression in C2C12 cells was increased by active
VD at day 8 and they suggest that this indicated an anabolic effect in muscle. On the other hand,
Olsson et al, 2016 [15] found that both MyHC neonatal and MyHC |la expression were reduced in
C2C12 cells at day 1. Considering MyHC is a marker of late stage differentiation [23] it is unclear
why this study chose to measure MyHC expression during the earlier stages of differentiation,

possibly missing the timepoint where MyHC expression may have increased.

The mgority of in vitro evidence suggests that active VD stimulates the expression of MyHC
isoforms, suggesting that active VD stimulates differentiation. Additionally, one study showed that
injection of active VD increased expression of MyHC type llain vivo [37]. However, this could be
due to effects on muscle fibre type rather than muscle cell differentiation. It is known that 1GFI can
alter MyHC isoform expression [16] so active VD may impact on muscle fibre type indirectly via
induction of local 1GFI expression. Supporting this, Braga et al, 2017 [22] reported an increase in
expression of both IGFI and IGFII following active VD treatment in primary mouse cells in vitro.
However, some argue that non-genomic actions of active VD, such as increases in intracellular

Calcium concentrations, may be responsible for its effects on MyHC mRNA expression [38].

4.5, Vitamin D increases myotube size

Of the five studies which measured myotube size, al five reported an increase in myotube size
[4,14,18,20,23], which suggests a stimulatory effect of active VD on differentiation. In addition,
Garcia et al, 2011 [4] found an increase in expression of Follistatin (Fst). Fst is an antagonist of
Myostatin (Mstn) a known negative regulator of muscle mass [31], including both muscle cell
proliferation and differentiation. Therefore, active VD might increase myotube size directly and/or
indirectly via increasing IFG1 or Fst expression, the latter then inhibits Mstn (an inhibitor of

differentiation) but both result in increased differentiation. Supporting this, Girgis et a 2014 [14]
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found myotube size was increased 1.8-fold on day 10 following a 10-fold decrease in Myostatin

expression on day 7.

5. Conclusions

There isreasonably strong evidence to suggest that active VD inhibits proliferation of myoblasts, and
stimulates differentiation and increases myotube size, athough the effects on each stage of
differentiation are not entirely consistent. These inconsistencies may relate to the use of different cell
types and measurements at variable time points which makes interpretation more difficult. However,
understanding the normal time course of expression during differentiation alows for some
consistency across studies, but it clearly indicates that future studies should involve multiple time
points. Also, only one study [24] used concentrations of active VD within the physiological serum
range (around 10-10M) [39] so future studies should also consider using concentrations of active VD
which are more physiologically relevant. However, it is worth noting that muscle cells do express 1a-
hydroxylase and therefore can locally convert inactive VD to the activeform [40]. Asitisnot possible
to measure these transient, local fluctuations in active VD, it cannot be ruled out that it may be
possible for intracellular physiological concentrations to reach levels used within some of the studies

in thisreview (10-7M).

Due to the presence of lo-hydroxylase within skeletal muscle [40] future studies should also
investigate the effects of inactive VD on muscle cells to see whether this resultsin similar effects to

the active form.

It does appear that active VD has effects on skeletal muscle, particularly muscle cell proliferation and
differentiation, indicating potential effects during embryonic development; when these processes
mainly take place. VD deficiency has been shown to increase the risk of poor muscle strength and

thereforefalls, particularly in the elderly population [4,9], but thisreview suggeststhat VD deficiency
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during embryonic and fetal development (i.e. during pregnancy) may aso impact upon muscle
development and function. Whilst VD supplementation in deficient individuals appears effective in
increasing muscle strength and therefore decreasing fall risk in the elderly [24], more research is
needed to determine the impacts of supplementation during pregnancy/lactation or in the young

offspring on muscle cell differentiation.

Author Contributions:

KHA and JM B contributed to the conception and interpretation of the dataand reviewing of the drafts.
KHA contributed to writing the original draft, acquisition, and analysis of the data, SVK contributed
to the data acquisition, TP and PHJ contributed to the revising and contributing intellectual content

writing. JMB had final approval of the version to be published.

Funding:
The work was supported by the BBSRC-DTP studentships to K.H.A and S.V.K [grant number

BB/M008770/1].

Acknowledgments:. Figure 1 was created using Microsoft PowerPoint. Images used within thisfigure

were obtained from smart servier medical art and can be found at https.//smart.servier.com

Conflicts of Interest: The authors of this review report that there were no conflicts of interest.

References

1. Wicinski, M.; Adamkiewicz, D.; Adamkiewicz, M.; Sniegocki, M.; Podhorecka, M.; Szychta,

P.; Malinowski, B. Impact of Vitamin D on Physical Efficiency and Exercise Performance-A Review.

Nutrients 2019, 11, doi:10.3390/nu11112826.

17



Vitamin D deficiency and Muscle myogenesis
2. Ceglig, L. Vitamin D and skeletal muscle tissue and function. Mol Aspects Med 2008, 29,
407-414, doi:10.1016/j.mam.2008.07.002.
3. Halfon, M.; Phan, O.; Teta, D. Vitamin D: areview on its effects on muscle strength, the risk
of fall, and frailty. Biomed Res Int 2015, 2015, 953241, doi:10.1155/2015/953241.
4, Garcia, L.A.; King, K.K.; Ferrini, M.G.; Norris, K.C.; Artaza, J.N. 1,25(0OH)2vitamin D3
stimulates myogenic differentiation by inhibiting cell proliferation and modulating the expression of
promyogeni c growth factors and myostatin in C2C12 skeletal muscle cells. Endocrinology 2011, 152,
2976-2986, doi:10.1210/en.2011-0159.
5. Hamilton. Vitamin D and Human Skeletal Muscle. Scandinavian Journal of Medicine and
Science in Sports. Qatar, 2010; Vol. 20, pp 192-190.
6. Pojednic, R.M.; Ceglia, L. The emerging biomolecular role of vitamin D in skeletal muscle.
Exerc Sport Sci Rev 2014, 42, 76-81, doi:10.1249/JES.0000000000000013.
7. Bischoff, H.; Borchers, M.; Gudat, F.; Duermueller, U.; Theiler, R.; Stahelin, H.B.; Dick, W.
In situ detection of 1,25diydroxyvitamin D3 receptor in human skeletal muscle tissue. The
Histochemical Journal: Switzerland, 2001; Vol. 33, pp 19-24.
8. Zanello, S.B.; Callins, E.D.; Marinissen, M.J.; Norman, A.W.; Boland, R.L. Vitamin D
receptor expression in chicken muscl e tissue and cultured myoblasts. Horm Metab Res 1997, 29, 231-
236, doi:10.1055/s-2007-979027.
0. Ceglig, L.; Harris, S.S. Vitamin D and itsrole in skeletal muscle. Calcif Tissue Int 2013, 92,
151-162, doi:10.1007/500223-012-9645-y.
10. Harwood, R.H.; Sahota, O.; Gaynor, K.; Masud, T.; Hosking, D.J.; Study, N.N.o.F.N. A
randomised, controlled comparison of different calcium and vitamin D supplementation regimens in
elderly women after hip fracture: The Nottingham Neck of Femur (NONOF) Study. Age Ageing
2004, 33, 45-51, doi:10.1093/ageing/afh002.
11. Wang, T.; TaveraMendoza, L.; Laperriere, D.; Libby, E.; MacLeod, N.; Nagai, Y .; Bourdeau,

V.; Konstorum, A.; Lalemant, B.; Zhang, R., et a. Large-scale in silico and microarray-based

18



Vitamin D deficiency and Muscle myogenesis
identification of direct 1,25-dihydroxyvitamin D3 target genes. Endocrine Society: Canada, 2005;
Vol. 19, pp 2685-2695.
12. Moher, D.; Liberati, A.; Tetzlaff, J.; Altman, D.; Group, T.P. Preferred Reporting Items for
Systematic Reviews and Meta-Anayses. The PRISMA Statemen. 2009.
13.  Capiati, D.A.; Tdlez-Ifiidon, M.T.; Boland, R.L. Participation of protein kinase C aphain 1,25-
dihydroxy-vitamin D3 regulation of chick myoblast proliferation and differentiation. Mol Cell
Endocrinol 1999, 153, 39-45, doi:10.1016/s0303-7207(99)00093-3.
14.  Girgis, C.M.; Clifton-Bligh, R.J.; Mokbel, N.; Cheng, K.; Gunton, J.E. Vitamin D signaling
regulates proliferation, differentiation, and myotube size in C2C12 skeleta muscle cells.
Endocrinology 2014, 155, 347-357, doi:10.1210/en.2013-1205.
15. Olsson, K.; Saini, A.; Stromberg, A.; Alam, S,; Lilja, M.; Rullman, E.; Gustafsson, T.
Evidence for Vitamin D Receptor Expression and Direct Effects of 10,25(OH)2D3 in Human Skeletal
Muscle Precursor Cells. Endocrinology 2016, 157, 98-111, doi:10.1210/en.2015-1685.
16.  Saito, H.; Kishimoto, K.N.; Mori, Y.; Okuno, H.; Tanaka, M.; Itai, E. A vitamin D analogue,
eldecalcitol, enhances expression of fast myosin heavy chain subtypes in differentiated C2C12
myoblasts. J Orthop Sci 2017, 22, 345-350, doi:10.1016/j.j0s.2016.12.005.
17. Okuno, H.; Kishimoto, K.N.; Hatori, M.; Itoi, E. 1a,25-dihydroxyvitamin Ds enhances fast-
myosin heavy chain expression in differentiated C2C12 myoblasts. Cell Biol Int 2012, 36, 441-447,
doi:10.1042/CB120100782.
18. Romeu Montenegro, K.; Carlessi, R.; Cruzat, V.; Newsholme, P. Effects of vitamin D on
primary human skeletal muscle cell proliferation, differentiation, protein synthesis and bioenergetics.
J Steroid Biochem Mol Biol 2019, 193, 105423, doi:10.1016/j.jsbmb.2019.105423.
19.  Saini, A.; Bjérkhem-Bergman, L.; Bostrom, J.; Lilja, M.; Méelin, M.; Olsson, K.; Ekstrém, L.;
Bergman, P.; Altun, M.; Rullman, E., et a. Impact of vitamin D and vitamin D receptor Tag|
polymorphism in primary human myoblasts. Endocr Connect 2019, 8, 1070-1081, doi:10.1530/EC-

19-0194.

19



Vitamin D deficiency and Muscle myogenesis
20.  van der Meijden, K.; Bravenboer, N.; Dirks, N.F.; Heijboer, A.C.; den Heijer, M.; de Wit,
G.M.; Offringa, C.; Lips, P.; Jaspers, R.T. Effects of 1,25(0OH)2 D3 and 25(OH)D3 on C2C12
Myoblast Proliferation, Differentiation, and Myotube Hypertrophy. J Cell Physiol 2016, 231, 2517-
2528, doi:10.1002/jcp.25388.
21. Brown, D.M.; Parr, T.; Brameld, J.M. Myosin heavy chain mRNA isoforms are expressed in
two distinct cohorts during C2C12 myogenesis. J Muscle Res Cell Motil 2012, 32, 383-390,
doi:10.1007/s10974-011-9267-4.
22. Braga, M.; Simmons, Z.; Norris, K.C.; Ferrini, M.G.; Artaza, J.N. Vitamin D induces
myogenic differentiation in skeletal muscle derived stem cells. Endocr Connect 2017, 6, 139-150,
doi:10.1530/EC-17-0008.
23.  Gili, V.; Pardo, V.G.; Ronda, A.C.; De Genaro, P.; Bachmann, H.; Boland, R.; de Boland,
A.R. In vitro effects of 1a,25(OH).Ds-glycosides from Solbone A (Solanum glaucophyllum leaves
extract; Herbonis AG) compared to synthetic 1a,25(OH)2Ds on myogenesis. Steroids 2016, 109, 7-
15, doi:10.1016/j.steroids.2016.03.002.
24. Ryan, K.J.; Danidl, Z.C.; Craggs, L.J.; Parr, T.; Brameld, J.M. Dose-dependent effects of
vitamin D on transdifferentiation of skeletal muscle cells to adipose cells. J Endocrinol 2013, 217,
45-58, doi:10.1530/JOE-12-0234.
25. Bachs, O.; Gallastegui, E.; Orlando, S.; Bigas, A.; Morante-Redolat, J.M.; Serratosa, J.;
Farifias, 1.; Aligué, R.; Pujol, M.J. Role of p27. Oncotarget 2018, 9, 26259-26278,
doi:10.18632/oncotarget.25447.
26. Terzi, M.Y.; Izmirli, M.; Gogebakan, B. The cell fate: senescence or quiescence. Molecular
biology reports, 2016; Vol. 43, pp 1213-1220.
27. Pagano, M.; Pepperkok, R.; Verde, F.; Ansorge, W.; Dragtta, G. Cyclin A isrequired at two

points in the human cell cycle. EMBO J 1992, 11, 961-971.

20



Vitamin D deficiency and Muscle myogenesis
28. Bartkova, J.; Lukas, J.; Strauss, M.; Bartek, J. Cyclin D3: requirement for G1/S transition and
high abundance in quiescent tissues suggest adual rolein proliferation and differentiation. Oncogene
1998, 17, 1027-1037, doi:10.1038/g.0nc.1202016.
29.  Sabourin, L.A.; GirgisGabardo, A.; Sedle, P.; Asakura, A.; Rudnicki, M.A. Reduced
differentiation potential of primary My-oD-/- myogenic cells derived from adult skeletal muscle. J
Cell Biol 1999, 144, 631-643, doi:10.1083/jcb.144.4.631.
30. Wilson, EMM.; Rotwein, P. Control of MyoD function during initiation of muscle
differentiation by an autocrine signaling pathway activated by insulin-like growth factor-I1. J Biol
Chem 2006, 281, 29962-29971, doi:10.1074/jbc.M605445200.
31 Retamales, A.; Zuloaga, R.; Vaenzuela, C.A.; Gallardo-Escarate, C.; Molina, A.; Valdés, JA.
Insulin-like growth factor-1 suppresses the Myostatin signaling pathway during myogenic
differentiation. Biochem Biophys Res Commun 2015, 464, 596-602, doi:10.1016/j.bbrc.2015.07.018.
32. Bentzinger, C.F.; Wang, Y.X.; Rudnicki, M.A. Building muscle: molecular regulation of
myogenesis. Cold Spring Harb Perspect Biol 2012, 4, doi:10.1101/cshperspect.a008342.
33.  Hernandez-Hernandez, JM.; GarciaGonzdlez, E.G.; Brun, C.E.; Rudnicki, M.A. The
myogenic regulatory factors, determinants of muscle development, cell identity and regeneration.
Semin Cell Dev Biol 2017, 72, 10-18, doi:10.1016/j.semcdb.2017.11.010.
34. Brearley, M.C.; Li, C.; Daniel, Z.C.T.R.; Loughna, P.T.; Parr, T.; Brameld, J.M. Changesin
expression of serine biosynthesis and integrated stress response genes during myogenic
differentiation of C2Cl12 cells. Biochem Biophys Rep 2019, 20, 100694,
doi:10.1016/j.bbrep.2019.100694.
35. Cheng, C.S.; EI-Abd, Y.; Bui, K.; Hyun, Y.E.; Hughes, R.H.; Kraus, W.E.; Truskey, G.A.
Conditions that promote primary human skeletal myoblast culture and muscle differentiation in vitro.

Am J Physiol Cell Physiol 2014, 306, C385-395, doi:10.1152/gjpcell.00179.2013.

21



Vitamin D deficiency and Muscle myogenesis
36. Zammit, P.S. Function of the myogenic regulatory factors Myf5, MyoD, Myogenin and
MRF4 in skeletal muscle, satellite cells and regenerative myogenesis. Semin Cell Dev Biol 2017, 72,
19-32, doi:10.1016/j.semcdb.2017.11.011.
37. Korn, K.T.; Lemenager, R.P.; Clagys, M.C.; Waddell, J.N.; Engstrom, M.; Schoonmaker, J.P.
Supplemental vitamin D3 and zilpaterol hydrochloride. 11. Effect on calcium concentration, muscle
fiber type, and calpain gene expression of feedlot steers. J Anim Sci 2013, 91, 3332-3340,
doi:10.2527/jas.2012-5962.
38. deBoland AR ; RL, B. Rapid Changes in Skeletal Muscle Calcium Uptake Induced in Vitro
by 1,25-dihydroxyvitamin D3 Are Suppressed by Calcium Channel Blockers. Endocrinology: 1987;
Vol. 120, pp 1858-1864.
39.  Yi-ChouHou; ChiaaChao Wu ; Min-Tser Liao ; JiaaFwu Shyu ; Chi-Feng Hung ; Tzung-Hai
Yen ; Chien-Lin Lu ; Lu, K.-C. Role of nutritional vitamin D in osteoporosis treatment. Clinica
Chimica Acta: 2018; VVol. 484, pp 179-191.
40. Mori, R.; Yokokawa, T.; Fujita, S. Modified expression of vitamin D receptor and CY P27B1
in denervation-induced muscle atrophy. Biochem Biophys Res Commun 2020, 529, 733-739,

doi:10.1016/j.bbrc.2020.05.205.

22



Vitamin D deficiency and Muscle myogenesis
Captions
Figure 1: Vitamin D synthesis within the body including precursors, enzymes, and body site. Images
used within this figure were obtained from smart servier medical art and can be found at

https://smart.servier.com.

Figure 2. Selection and exclusion of studies in accordance with PRISMA guidelines (Moher et al.,

2015).

Figure 3. Effect of 1,25(0OH)2Ds on DNA synthesis compared to untreated cells. The active form of

vitamin D (1,25(0H)2D3) at 10’M was used in all studies. *p<0.05, ** p<0.01, ***p<0.001.

Figure 4. Effect of 1,25(OH).D3 or analogue on MyoD mRNA expression. The active form of
vitamin D (1,25(0OH)2D3) at 10’M was used in all studies apart from Saito et al, 2017 where
Eldecalcitol (an analogue of the active form of vitamin D) was used. Black bars indicate mRNA

expression whilst grey indicates protein expression. *p<0.05, ***p<0.001.

Figure 5. Effect of 1,25(0OH).Dz of Myogenin expression. The active form of vitamin D
(1,25(0OH)2D3) at 10'M was used in all studies apart from Gili et al, 2016 where 108M was used.
Black bars indicate MRNA expression whilst grey indicates protein expression. *p<0.05, **p<0.01,

***p<0.001

Figure 6: Effect of 1,25(0OH)2Ds on myotube size. 5 studies investigated the effect of 1,25(0OH)2D3
on myotube size. Myotube size was measured at varying time points which ranged from day 3 to day
10. 1,25(0OH).D3 concentration was 10'M for all cases apart from Gili et al, 2016 where 10°M was

used. **p<0.01, ***p<0.001.

23



Vitamin D deficiency and Muscle myogenesis

Figure 7: Effect of active vitamin D (1,25(OH).D3z on myoblast proliferation. Images used within

thisfigure were obtained from smart servier medical art and can befound at https.//smart.servier.com.

Figure 8. Process of myogenic differentiation from myoblasts to multinucleated muscle fibers
showing the effect of high/sufficient active vitamin D (VD) on various transcription factors within
the process compared to low/deficient level s. Images used within thisfigure were obtained from smart

servier medical art and can be found at https://smart.servier.com.
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Table 1. Summary of quality assessment of included studies.

Question
Study, year 1.1 12 13 21 22 23 31 32 33 34 Rating
Braga, 2017 e o L ® ® ® ] ] ] ® Low
Capiati, 1999 e o ° ° ° o o o ° ° Low
Garcia, 2011 e o ° [ ° [ () o ° ° Low
Gili, 2016 o o o o o o o o o o Low
Girgis, 2014 e o ° o o o ° ° ° o Low
Okuno, 2012 e o () o o ) ) ) () [ ) Low
Olsson, 2016 e o °® o o o o o ° ° Low
Romeu Montenegro, 2019 @ ] ® ® ® ] ] ] ® Low
Ryan, 2013 e o ° ° ° ° ° ° ° ° Low
Saini, 2019 e o ° ° ° ° ° ° ° ° Low
Saito, 2017 e o () o o () ) ) ) ) Low
Van der Meijden, 2016 @ @ ° L L o ° ° ° o Low

®|ow risk of bias, ®moderate risk of bias, ®high risk of bias, ®no information given/not applicable
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383 Table2. Summary of study characteristics

Author, year Cédl type Form of Concentration Outcomes measur ed
vitamin D
Bragaet al, 2017 Mouse skeletal muscle satellite cells 1,25(0H)2Ds 10'M MyoD, myogenin
Capiati et al, 1999 Chick myoblasts (obtained from 12-day- 1,25(0OH)2Ds 10°M Proliferation, creatine Kkinase,
old embryo breast tissue myosin
Garciaet al, 2011 C2C12 1,25(0H)2Ds 10'M MyoD, myogenin, myotube size
Gili et al, 2016 C2C12 1,25(0H)2Ds 10°M Myogenin,  creatine  Kkinase,
myosin, myotube size
Girgiset al, 2014 C2C12 1,25(0OH)2Ds3 10'M Myogenin, myotube size
Okuno et al, 2012 C2C12 1,25(0H)2D3 107'M, 108M and 100  Myogenin, myosin
™M
Olsson et al, 2016 Human skeletal muscle myaoblasts 1,25(0H)2Ds 10'M Proliferation, myoD, myogenin,
myosin
Romeu Montenegro et Human skeletal muscle myoblasts 1,25(0H)2Ds 10'M Proliferation, myogenin, myosin,
al, 2019 myotube size
Ryan et al, 2013 C2C12 1,25(0OH)2D3 10°M, 10'M, Myogenin, creatine kinase
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10°M, 10™M and

1013m
Saini et al, 2019 Human skeletal muscle myoblasts 1,25(0OH)2D3 10'M, 10°M and 10" Proliferation
11M
Saito et al, 2017 C2C12 Eldecalcitol 10'M, 108M and 100 MyoD, myosin
™M
Van der Meijden et al, C2C12 1,25(0H)2Ds 10'M MyoD,  myogenin,  myosin,
2016 myotube size

384

27



Vitamin D deficiency and Muscle myogenesis

Table 3: Effects of 1,25(0OH)2D3 on proliferation

Reference VitD form and concentration Effect on proliferation Checked for
(Cdll type) apoptosis?
Capiati et al, 2019 10°M 1,25(0H).D3 [*H]thymide incorporation 1.5-fold on day 1, then 0.7-fold
(Primary chick) on day 4
Garciaet al, 2011 10'M 1,25(0OH).D3 Proliferating cell nuclear antigen (PCNA) protein 0.25-fold
(C2C12) onday 7
Girgiset al, 2014 10'M 1,25(0OH)2D3 Proliferation 0.4-fold on day 2 v
(C2C12) 23% increase in cellsin Go/G1 quiescent phase on day 2

Cyclin D1 mRNA 0.75-fold on day 2
Okuno et al, 2012 10'M 1,25(0OH).D3 17% increasein cellsin Go/G1 quiescent phase on day 3
(C2C12) P21 mRNA 2-fold on day 3

P27 mRNA 3-fold on day 3
Olsson et al, 2016 10'M 1,25(0H)2D3 BrdU incorporation 0.5-fold on day 2 v
(Primary human) Cyclin D2 mRNA down regul ated 3-fold
Romeu Montenegro et al, 2019  10'M 1,25(0OH).D3 BrdU incorporation 0.7-fold on day 2
(Primary human) Decrease in number of cellsin Go/M phase on day 2
Saini et al, 2019 107'M 1,25(0OH).D3 EdU incorporation 0.95-fold on day 2
(Primary human) Down regulation of cyclin A2 and D1 mRNA after 24hr
Van der Meijden et al, 2016 10'M 1,25(0H)2D3 27.6% fewer viable cells on day 4
(C2C12)

All values reported are significant (p<0.05)
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Table 4. Effects of 1,25(0OH)2D3 on Creatine Kinase Activity.

Reference VitD form and concentration CK activity Significance
(Cdll type)
Capiati et al, 1999 10°M 1,25(0H)2D3 -45% on day 1 p<0.01
(Primary chick) +55% on day 2 P<0.01
+30% on day 3 p<0.05
+ 15% on day 6 p<0.05
Gili et al, 2016 10'M 1,25(0H)2Ds 1.7-foldonday 1 Individual p vaues not given.
(C2C12) 1.8-fold on day 2 ANOVA interaction p<0.05
1.3-fold on day 4
Ryan et al, 2013 1,25(OH)2Dsfor all: Day 4 for all: Individual p values not given.
(C2C12) 103m Same as control ANOVA interaction p<0.001
101 6% decrease
10°M 12.5% decrease
10'M 25% decrease
10°M 62.5% decrease
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Reference VitD concentration and form Factor measured Effect Significance
(Cdl type)

Capiati et al, 1999 10°M 1,25(0H).D3 Myosin protein +88% on day 2 p<0.01

(Primary chick) + 31.5% on day 6 p<0.01

Gili et al, 2016 10°M 1,25(0OH).D3 MyHC protein 1.2-fold on day 2 p values not given
(C2C12) 1.4-fold on day 4

Okuno et al, 2012 10'M 1,25(0OH)2D3 MyHC neo mRNA 0.4-fold on day 4 p<0.05

(C2C12) MyHCIlla mRNA 2.5-fold onday 8 p<0.01

Olsson et al, 2016 10'M 1,25(0H)2D3 MyHC neo mRNA  0.66-fold on day 1 No p vaues given
(Primary human) MyHCIllamRNA 0.73-fold on day 1

Romeu Montenegro et al, 2019 10'M 1,25(0OH).D3 MyHCII mRNA 0.4-foldonday 5 p<0.01

(Primary human)

Saito et al, 2017 10°M eldecalcitol MyHC neo mRNA 1.4-fold on day 4 Not significant
(C2C12) MyHCllamRNA 1.8-fold on day 4 p<0.01

Van der Meijden et al, 2016 10'M 1,25(0OH).D3 MyHCllamRNA 2.5-foldonday 3 p value not given

(C2C12)

Note: 1,25(0OH)2D3, 1,25 dihydroxyvitamin D; MyHC, myosin heavy chain,
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