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Abstract Vitamin D deficiency is associated with muscle

weakness, pain, and atrophy. Serum vitamin D predicts

muscle strength and age-related muscle changes. However,

precise mechanisms by which vitamin D affects skeletal

muscle are unclear. To address this question, this study

characterizes the muscle phenotype and gene expression of

mice with deletion of vitamin D receptor (VDRKO) or

diet-induced vitamin D deficiency. VDRKO and vitamin

D-deficient mice had significantly weaker grip strength

than their controls. Weakness progressed with age and

duration of vitamin D deficiency, respectively. Histological

assessment showed that VDRKO mice had muscle fibers

that were significantly smaller in size and displayed hyper-

nuclearity. Real-time PCR also indicated muscle develop-

mental changes in VDRKO mice with dysregulation of

myogenic regulatory factors (MRFs) and increased myo-

statin in quadriceps muscle ([2-fold). Vitamin D-deficient

mice also showed increases in myostatin and the atrophy

marker E3-ubiqutin ligase MuRF1. As a potential expla-

nation for grip strength weakness, both groups of mice had

down-regulation of genes encoding calcium-handling and

sarco-endoplasmic reticulum calcium transport ATPase

(Serca) channels. This is the first report of reduced

strength, morphological, and gene expression changes in

VDRKO and vitamin D-deficient mice where confounding

by calcium, magnesium, and phosphate have been exclu-

ded by direct testing. Although suggested in earlier in vitro

work, this study is the first to report an in vivo association

between vitamin D, myostatin, and the regulation of mus-

cle mass. These findings support a direct role for vitamin D

in muscle function and corroborate earlier work on the

presence of VDR in this tissue.

Keywords Vitamin D � Vitamin D receptor � Skeletal
muscle � Strength � Development � Aging

Introduction

In addition to established effects in bone and mineral

homeostasis, increasing evidence suggests that vitamin D

exerts effects in skeletal muscle [1]. Muscle weakness and

pain are prominent features of vitamin D deficiency that

respond to replacement [1]. Serum 25(OH)-vitamin D

(25OHD) levels correlate with muscle strength in healthy

individuals and predict the risk of functional decline and

sarcopenia in older populations [2, 3]. A cross-sectional
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observational study also reported an association between

serum levels of 25OHD and myostatin, a negative regulator

of muscle mass, in older men [4].

The biologically active form of vitamin D, 1,25(OH)2D,

relies on the photochemical conversion of 7-dehydroc-

holesterol to vitamin D in skin by ultraviolet type-B radi-

ation and subsequent hydroxylation steps. Active vitamin

D then binds to its cognate receptor: the vitamin D receptor

(VDR). VDR is a member of the nuclear receptor super-

family that regulates expression of many genes including

those involved in calcium/phosphate homeostasis and cel-

lular proliferation and differentiation [1]. The 1,25(OH)2D-

VDR complex also exerts rapid, non-genomic effects on

intracellular signaling, and calcium flux [1].

Precise mechanisms to explain vitamin D’s effects in

muscle are unclear. Biochemical abnormalities associated

with vitamin D deficiency, particularly altered serum

phosphate, and calcium levels, independently lead to

muscle disease [5]. Whether skeletal muscle expresses

VDR and may therefore be a direct target of 1,25(OH)2D

has been controversial [6–10]. We recently reported that

VDR is expressed in murine skeletal muscle and modulates

the uptake of vitamin D in this tissue [11]. In addition, a

study published in this journal recently demonstrated VDR

in human skeletal muscle and its activation following

vitamin D supplementation [12].

Upon entry into muscle cells, vitamin D alters calcium

flux by altering protein kinase C and rapid inositol

triphosphate (IP3)-dependent calcium shifts from the sar-

coplasmic reticulum to the cytosol, thereby potentially

influencing muscle contraction and relaxation [13, 14].

Vitamin D treatment of cultured muscle cells leads to

doubling in the size of differentiated myotubes [15] and

opposing effects are seen following VDR knockdown by

siRNA [16]. These in vitro effects rely on interaction

between vitamin D signals and myostatin, a member of the

TGF-b superfamily that negatively regulates muscle mass

[15, 17]. However, in vivo studies examining direct effects

of VDR in muscle function, fiber size, and TGF-b are

lacking. A pilot study of 21 older women recently reported

increases in muscle fiber size following vitamin D sup-

plementation [10], raising the intriguing possibility that

VDR-related mechanisms regulate muscle mass.

In this study, we examine the effect of vitamin D defi-

ciency and deletion of VDR on grip strength, muscle bulk,

fiber size, and gene expression. In the absence of altered

mineral levels following adequate dietary supplementation,

these mice displayed a distinct muscle phenotype with

morphological differences, reduced strength, and altered

gene expression. This provides further evidence in support

of a functional role of vitamin D signaling in muscle,

corroborating the presence of VDR in this tissue.

Materials and Methods

Animals and Ethics

Whole-body VDR knockout (VDRKO) mice were main-

tained on a c-irradiated ‘‘rescue chow’’ (SF08-002, Spe-

cialty Feeds, Glen Forest, NSW) containing 2 % calcium,

1.2 % phosphorus, 0.2 g/g lactose, and 1 IU vitamin D/g

from weaning. WT littermates were used as controls for the

VDRKO mice. Rescue chow is essential to normalize the

blood mineral ion levels of VDRKO mice [18]. In a second

group of C57BL6 mice, regular chow was given from 0 to

3 weeks of age following which mice received either a

vitamin D-deplete diet or a vitamin D-control diet. The

vitamin D-deplete diet contains no vitamin D but increased

calcium (2 %), magnesium (0.2 %) and phosphorus (1.2 %)

to prevent abnormal mineral levels in association with

vitamin D deficiency (SF085-003, Specialty Feeds, Glen

Forest, NSW). The vitamin D-control diet contains vitamin

D (cholecalciferol) 2.2 IU/g, 1 % calcium, 0.2 % magne-

sium, and 0.7 % phosphorus (SF085-034, Specialty Feeds,

Glen Forest, NSW). Serum levels of vitamin D and related

minerals were tested at various time-points following the

commencement of vitamin D-free and control diets. In each

group of mice (VDRKO vs WT littermates, Vitamin D

deficiency vs replete), grip strength, muscle mass, histol-

ogy, and gene expression were examined. Study time-points

differed between these models. Muscle parameters were

examined at 6 months of age in vitamin D-deficient mice to

assess effects of prolonged deficiency, as an earlier study in

rats had shown modest phenotypic changes following just

4 months of vitamin D deficiency [19]. Due to their reduced

life span and increased morbidity with aging, muscles from

VDRKO mice were culled at an earlier time point (i.e.,

3 months of age) [18]. Sequential changes in grip strength

were examined at earlier time points in both models prior to

sacrifice. Use of animals was approved by the Animals

Ethics Committee of the Garvan Institute of Medical

Research (AEC 12/26). All animals were sacrificed by

general anesthesia followed by cervical dislocation.

Serum Parameters

Serum calcium, phosphate, and magnesium levels were

measured usingRoche reagents on aRocheModular analyser.

Serum 25OHD levels were measured by Diasorin Liaison

assay (Royal North Shore Hospital, Sydney, Australia).

Grip Strength Measurement

A grip strength meter (Columbus Instruments, OH, USA)

was used to test mouse forearm grip strength as recorded in
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Newtons (N). Mice were held by the base of the tail and

allowed to grip the trapeze with their front paws and then

pulled with their body parallel to the floor. Each mouse was

trialed 15 times in sets of 3 with a short rest in between

sets. The highest and lowest readings were excluded for

each mouse and the remaining readings were averaged and

corrected for individual body weight.

Muscle Histology

Quadriceps muscles were isolated from VDRKO mice and

their WT littermates, vitamin D-deficient mice and their

controls. Upon isolation, muscles were rapidly frozen in

isopentane (2-methylbutane) cooled with liquid nitrogen.

Frozen 8 lm muscle sections were cut using a Cryostat

(Leica). Sections were incubated with Mayer’s hematoxylin

solution for 4 min, washed in deionized water, and then

incubated with eosin solution for 4 min. Sections were then

washed in deionized water, dehydrated in ethanol, and then

mounted. Using ImageJ (National Institutes of Health),

diameters ofmuscle fibers and nuclei per fiber weremeasured

in * 150 fibers per mouse (fibers selected randomly). Fiber

quantification was performed blinded for genotype and diet.

Real-Time PCR (RT-PCR)

Total RNA was isolated from whole quadriceps muscle

using TRIZOL Reagent (Sigma-Aldrich, Australia), as

previously described [20]. cDNAwas synthesized from 1 lg
of total RNA using theMaxima First Strand cDNA synthesis

kit (Thermo Scientific). RT-PCR was performed in 10 ul

reactions using the SYBR Green master mix (Promega)

within 384-well plates (ABI Prism 7900HT Sequence

Detection System). The amplification protocol included

10 min at 95 �C and 40 cycles of two-step PCR including

melting for 15 s at 95 �C and annealing for 1 min at 60 �C.
Triplicates were used for each sample. Primers were

designed using Primer 3 and BLAST (National Library of

Medicine) and obtained from Invitrogen. Every plate

included house-keeping genes (TATA-box binding protein

(Tbp), cyclophilin) for every sample. For each experiment, a

house-keeping gene that did not differ significantly between

groups was used to normalize CT (cycle threshold) values.

CT is the number of PCR cycles at which fluorescence above

background crosses a set threshold. Relative expression

levels were calculated by comparing the logarithm of the

difference of total cycle number and CT for specific groups

(i.e., DDCT). Primer sequences are presented in Table 1.

Statistical Analyses

Data are presented as mean ± SEM. Statistical tests are

Student’s paired t tests conducted at a significance level of

5 % unless otherwise stated. Statistical tests and graphs

were performed using Excel and/or Prism (GraphPad Prism

Version 6 for Windows; GraphPad Software, San Diego,

CA, USA).

Results

Serum Values

Serum calcium, magnesium, and phosphate levels were

measured in a subgroup of mice (Fig. 1a, b). Due to ade-

quate dietary supplementation, VDRKO and vitamin

D-deficient mice did not display differences in mineral

levels compared to their respective controls. Vitamin D

deficiency was initially noted at 1 month following the

commencement of the vitamin D-free diet and by

3 months, these mice had no detectable 25OHD (Fig. 1c).

Table 1 Primer sequences

Gene Primer

Calbindin D-28 K F: gccagccaatagagttgctc

R: ttcctcgcaggacttcagtt

Cyclophylin F: tggaccaaacacaaacggttcc

R: acattgcgagcagatggggtag

MAFbx F: ctctgctgtgagtgccacat

R: caatgagcctgggtaccact

MuRF1 F: tggaaacgctatggagaacc

R: aacgacctccagacatggac

Myf5 F: aggaaaagaagccctgaagc

R: gcaaaaagaacaggcagagg

MyoD F: agtgaatgaggccttcgaga

R: gcatctgagtcgccactgta

Myogenin F: ccttgctcagctccctca

R: tgggagttgcattcactgg

Myostatin F: ctgtaaccttcccaggacca

R: tcttttgggtgcgataatcc

Serca 1 F: ctgtccatgtccctccactt

R: gggtggttatccctccagat

Serca 2A F: gatcctctacgtggaacctttg

R: ggtagatgtgttgctaacaacg

Serca 2B F: gatcctctacgtggaacctttg

R: ccacagggagcaggaagat

Serca 3 F: gcattttcttatcctcctggtg

R: tctgctcccaggaacctttg

TBP F: tatcactcctgccacaccag

R: atgatgactgcagcaaatcg

TGF-B1 F: ttgcttcagctccacagaga

R: tggttgtagagggcaaggac
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Grip Strength

VDRKO were significantly weaker than WT controls with

43 % reduction in grip strength at 2 months of age

(Fig. 2a). At 3 months of age, the difference was greater at

48 % reduction in grip strength (p\ 0.005, Fig. 2a). There

were also differences in vitamin D-deficient versus replete

mice. At 2 months of age, vitamin D-deficient mice were

15 % weaker than controls (p\ 0.05, Fig. 2b). At

3 months, vitamin D-deficient mice were 25 % weaker

than controls (p\ 0.05, Fig. 2b).

Muscle Mass and Histology

VDRKO mice had significantly lighter quadriceps muscles

even after adjustment for total body mass (Fig. 3c). They

displayed smaller quadriceps muscle fibers (Fig. 3a–d) and a

higher nuclei to fiber ratio compared to WT littermates

(Fig. 4). These changes imply defects in the regulation of

muscle fiber size and myocyte proliferation in the absence of

VDR, respectively. Similar changes were seen in tibialis

anterior muscles (data not shown), suggesting diffuse mus-

cle defects in VDRKO mice. There were no histologic

changes to indicate necrosis in muscle from VDRKO mice,

nor was there any increase in the proportion of central nuclei

in fibers from VDRKO mice (i.e., an indication of fiber

remodeling/regeneration). By contrast, quadriceps muscle

mass proportionate to total body mass did not differ in mice

Fig. 1 Serum mineral and vitamin D levels. a Due to rescue diet,

serum calcium, magnesium, and phosphate levels were not signifi-

cantly different between WT and VDRKO mice at 2 months age.

b After being on vitamin D-free and replete diets for 3 months, serum

calcium, magnesium, and phosphate levels were not significantly

different between these mice, owing to increased supplementation of

these minerals. c Serum 25(OH)Vitamin D levels dropped signifi-

cantly after 1 month of the diet and was undetectable at 3 months

(n = 4 mice per group, error bars SEM, **p\ 0.005)

Fig. 2 Grip strength analysis. a At 2 and 3 months age, VDRKO

mice displayed significantly reduced grip strength corrected for body

weight (reported as fold-difference compared to grip strength of WT

mice at 2 months). Age-related decline over this period was also more

prominent in VDRKO mice compared to WT littermates (18 vs. 12 %

decline in grip strength, respectively). b At 2 months, vitamin

D-deficient mice were significantly weaker than replete mice and this

difference increased by 3 months (n = 6–12 mice per group, error

bars SEM, *p\ 0.05, **p\ 0.005)
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with vitamin D deficiency (Fig. 5c). Muscle fiber size did

not differ between vitamin D-deficient and replete mice

(Fig. 5). These parameters were not adjusted for physical

activity, which was not measured in this cohort of mice.

Gene Expression

Differential expression of several groups of mRNAs was

examined in the quadriceps muscles of VDRKO, vitamin

D-deficient mice and their controls (Fig. 6). Myogenic

regulatory factors MyoD and Myf5 were significantly

upregulated in VDRKO mice (Fig. 6a, p\ 0.05), consis-

tent with impaired muscle development and maturity.

Expression of Myostatin mRNA was greater than twofold

in VDRKO mice compared to WT littermates (Fig. 6a,

p\ 0.005), explaining the substantial reduction in fiber

size and muscle mass seen in these mice. To a lesser extent,

vitamin D-deficient mice also displayed a significant

Fig. 3 Muscle Histology in

VDRKO mice. a, b On H&E

stain, VDRKO mice showed

smaller muscle fibers than WT

counterparts (quadriceps,

3-month-old male mice, n = 5

per group). c After correction

for body mass, muscles

remained significantly lighter in

VDRKO mice. d On ImageJ

quantification, VDRKO muscles

displayed * 30 % reduction in

fiber diameter (n = 5 mice per

group, 150 fibers analyzed per

mouse, scale bars 200 lm,

error bars SEM, *p\ 0.05,

**p\ 0.005)

Fig. 4 Muscle histology in

VDRKO mice. a–c Muscle

fibers from VDRKO mice

displayed a significant increase

in nuclear number compared to

WT mice. (n = 5 mice per

group, 150 fibers analyzed per

mouse, scale bars 50 lm, error

bars SEM, *p\ 0.05,

**p\ 0.005)
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Fig. 5 Muscle histology in

vitamin D-deficient mice. a,
b On H/E stain, there was no

significant difference in muscle

fiber size in vitamin D-deficient

versus replete mice.

c Quadriceps muscle mass,

normalized to total body mass,

did not differ between vitamin

D-deficient and replete mice.

d On Image-J analysis, muscle

fiber size was not significantly

different (quadriceps, 6-month-

old mice, n = 5 mice per group,

150 fibers analyzed per mouse,

scale bars 100 lm)

Fig. 6 Gene expression in muscle from VDRKO and vitamin

D-deficient mice. a VDRKO mice showed significant upregulation

of mRNAs for myogenic regulatory factors, [2-fold increase in

Myostatin mRNA and significant reduction in Calbindin-28 K, and

genes encoding Serca2a and 2b mRNAs. b Vitamin D-deficient mice

showed upregulation of the atrophy marker MuRF1, modest increase

in Myostatin mRNA and down-regulation of Calbindin-28 K, Ser-

ca2a, 2b and 3 mRNAs. (n = 6 mice per group, error bars SEM,

*p\ 0.05, **p\ 0.005)

C. M. Girgis et al.: Vitamin D Receptor Ablation and Vitamin D Deficiency Result in Reduced… 607

123



increase in Myostatin mRNA (Fig. 6b, p\ 0.05). This was

associated with increase in the E3-ubiqutin ligase MuRF1

(Fig. 6b, p\ 0.005), suggesting upregulation of proteoly-

sis and atrophy pathways in the muscles of these mice.

Both vitamin D-deficient and VDRKO mice showed sig-

nificant down-regulation of calcium-handling genes,

specifically genes encoding for Calbindin and sarcoendo-

plasmic reticulum calcium transport ATPase (Serca)

channels (Fig. 6, p\ 0.05). This supports a critical role for

vitamin D in intramuscular calcium handling via genomic

mechanisms in skeletal muscle.

Discussion

This is the first study to examine muscle strength, histol-

ogy, and gene expression in VDRKO and vitamin D-defi-

cient mice whilst correcting serum calcium, phosphate and

magnesium levels. By assessing function, morphology, and

mRNAs in these mouse models, we addressed the impor-

tant question: how does vitamin D signaling alter muscle

strength and morphology?

Previous studies reported functional differences in

VDRKO mice such as impaired swimming, motor coordi-

nation, and reduced stride length compared to WT litter-

mates [21–23]. Other studies reported impaired muscle

contraction and recovery in vitamin D-deficient rats and

chicks compared to their vitamin D-replete counterparts

[24–26]. With the exception of one study [27], these

studies did not correct for associated biochemical abnor-

malities and could therefore not conclude direct effects of

vitamin D. These studies also did not associate functional

differences in vitamin D-deficient or VDRKO mice with

specific morphologic changes in their skeletal muscle.

On grip strength testing, vitamin D-deficient and

VDRKO mice were significantly weaker than their controls

and this difference increased with duration of vitamin D

deficiency and age. Interestingly, differences in grip

strength were greater in VDRKO versus WT than vitamin

D-deficient versus replete mice, perhaps explained by

complete ablation of vitamin D signaling in the former. We

hypothesized that muscle weakness in these mice may be

related to defects in Ca2? flux and intracellular handling

during excitation–contraction coupling. Indeed, rapid non-

genomic effects of vitamin D on calcium handling in cul-

tured muscle cells have been reported by the Boland group

for over 30 years [13, 28, 29]. In this study, we report that

vitamin D also exerts genomic effects in the calcium-han-

dling apparatus within skeletal muscle. Although this has

been previously reported in tissues with classic vitamin D

responses, namely intestine and kidney [30], this is the first

time such an effect has been shown in skeletal muscle.

Muscle from VDRKO and vitamin D-deficient mice

showed reduced mRNAs for the calcium-binding gene,

Calbindin-28 K, and SERCAs, potentially resulting in

defective Ca2? flux from sarcoplasmic reticulum (SR) into

cytosol following excitation, impaired muscle contraction

and reduced strength. An association between SERCA

expression and muscle strength in obese mice has been

reported [31] and the same may apply to vitamin D models

used in this study. To shed further light on the matter,

in vivo contractile studies are needed to examine effects of

vitamin D in muscle force, fatigue and recovery, all of

which are intrinsically related to calcium signals. In vitro

calcium flux studies may also inform on functional dif-

ferences of reduced expression of calcium-handling genes

in these models. It is also possible that non-genomic

mechanisms related vitamin D availability, and unrelated

to VDR activity, may be responsible for changes seen in

the deficiency model.

Muscles from VDRKO mice were significantly lighter,

even after correction for lower body weight, than WT mice.

On histology, VDRKO mice displayed smaller and hyper-

nuclear muscle fibers. A role for VDR in the regulation of

muscle fiber size is supported by anabolic effects of

1,25(OH)2D in C2C12 myotubes and opposing growth-in-

hibitory effects following VDR knockdown in these cells

[16]. Similarly, muscle hyper-nuclearity in the absence of

VDR concurs with anti-proliferative effects of VDR in

cultured muscle cells [8, 15]. In the notable study by Endo

and colleagues, smaller muscle fibers were seen in mice

with a different model of VDR deficiency (exon 2 deletion)

and this progressed in the absence of a high-calcium/

phosphorus rescue diet [32]. Our study is the first to

demonstrate an in vivo role for VDR in muscle fiber size

that is independent of phosphate or calcium levels.

Increased expression of myogenic regulatory factors

(MRFs) Myf5 and MyoD was also seen in adult VDRKO

mice, supporting defects in myogenesis and post-natal

muscle maturation in these mice. Most strikingly, Myo-

statin mRNA was greater than twofold higher in muscle

from VDRKO mice, offering a potential explanation for the

reduced muscle mass and fiber size seen in these mice.

Mice with vitamin D deficiency showed increased

expression in the atrophy-related gene MuRF1. This

ubiquitin ligase triggers muscle protein degradation and is

considered to play a role in pathological muscle wasting

[33]. However, muscle fiber size and MAFBx, another

ubiquitin ligase, were not significantly altered by dietary

vitamin D deficiency. Interestingly, a modest increase in

Myostatin mRNA was also seen, favoring the activation of

atrophy-related mechanisms in vitamin D-deficient mice

despite the absence of morphologic changes. Possible

explanations for this discrepancy are that a longer duration

of vitamin D deficiency ([6 months) may be necessary for

atrophy-related mechanisms to lead to overt atrophy.
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Alternatively, normal mineral levels in these mice may

have muted the overt development of muscle wasting in

vitamin D deficiency. In support of this, the use of a high-

calcium diet in Sprague–Dawley rats with vitamin D

deficiency led to partial reversal in increased ubiquitin

proteosomal activity in muscle [19]. However, this study

showed no change in the expression of myostatin and this

may be related to the shorter duration of vitamin D defi-

ciency in this study (i.e., 4 months). It is therefore possible

that vitamin D deficiency and associated calcium defects

exert overlapping, interconnected effects in muscle atrophy

via activation of the ubiquitin-proteosome and myostatin.

Importantly, both models showed significant increases

in myostatin expression. Myostatin, a member of the TGF-

b superfamily which negatively regulates muscle mass,

was first discovered in 1997 [34]. A great deal of research

has examined the immense potential of targeting myostatin

or its receptor (ActRIIB) in the treatment of muscle wast-

ing and sarcopenia [35, 36]. We have previously shown

that treatment of cultured muscle cells with vitamin D

results in pronounced inhibition of myostatin and subse-

quent doubling in myotube size [15]. The STRAMBO

study also displayed a significant correlation between

serum myostatin and 25OHD levels in older human sub-

jects [4]. The current work advances the in vivo link

between vitamin D signaling and myostatin in muscle and

raises the pertinent question: may vitamin D present

another pathway for myostatin inhibition and the reversal

of muscle wasting?

Differences in the muscle phenotypes of VDRKO versus

vitamin D-deficient mice reflect diverse effects of aberrant

vitamin D signaling. Reduced muscle mass and smaller

muscle fibers in mice with congenital ablation of VDR

highlight the developmental role of vitamin D signaling. By

contrast, changes seen in 6-month-old mice with vitamin D

deficiency may relate to the muscle effects of aging, as

supported by the activation of the atrophy-related gene

MuRF1 in this model. Conversely, VDR deficiency may

also play a role in muscle aging as suggested by down-

regulation of VDR in muscles of older subjects [37]. Vita-

min Dmay also exert effects in muscle development. This is

supported by the association of Vitamin D deficiency during

pregnancy with reduced muscle fiber size in newborn off-

spring [38, 39]. These observations suggest that vitamin D

signaling plays concerted roles in skeletal muscle at

opposing ends of the age spectrum. However, comparison

between the mouse models used in this study is limited by

distinct differences in their genotype, diet, and alteration in

vitamin D biology (i.e., genetic ablation of VDR versus

acquired deficiency of 25OHD via altered diet).

Although calcium and phosphorus levels were normal-

ized in mice with abnormal vitamin D signaling, other

variables such as FGF23 and parathyroid hormone (PTH)

could not be adjusted in these models. Nevertheless, this

study indicates coordinated effects of vitamin D and VDR

in muscle strength, morphology, and gene expression,

independent of calcium and phosphorus levels. This study

indicates that skeletal muscle may be a direct target of

vitamin D, a point of heated contention, and lays the

foundation for further enquiry such as the generation of a

skeletal muscle-specific VDRKO model. The precise

delineation of vitamin D’s effects, namely in muscle

development and aging, and its potential interactions with

myostatin, will be the subject of future research.

Acknowledgments CMG received salary support from the

NHMRC (National Health Medical and Research Council, Australia)

as a post-doctoral early career fellow. JEG and RJC-B are also sup-

ported by NHMRC.

Compliance with Ethical Standards

Conflict of Interest Christian M. Girgis, Kuan Minn Cha, Peter J.

Houweling, Renuka Rao, Nancy Mokbel, Mike Lin, Roderick J.

Clifton-Bligh and Jenny E. Gunton have no conflicts of interest or

disclosures to report.

Human and Animal Rights and Informed Consent All applicable

international, national, and/or institutional guidelines for the care and

use of animals were followed. All procedures performed in studies

involving animals were in accordance with the ethical standards of the

institution or practice at which the studies were conducted.

References

1. Girgis CM, Clifton-Bligh RJ, Hamrick MW, Holick MF, Gunton

JE (2013) The roles of vitamin D in skeletal muscle: form,

function, and metabolism. Endocr Rev 34:33–83

2. Visser M, Deeg DJ, Lips P (2003) 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 88:5766–5772

3. Ward KA, Das G, Roberts SA, Berry JL, Adams JE, Rawer R,

Mughal MZ (2010) A randomized, controlled trial of vitamin D

supplementation upon musculoskeletal health in postmenarchal

females. J Clin Endocrinol Metab 95:4643–4651

4. Szulc P, Schoppet M, Goettsch C, Rauner M, Dschietzig T,

Chapurlat R, Hofbauer LC (2012) Endocrine and clinical corre-

lates of myostatin serum concentration in men—the STRAMBO

study. J Clin Endocrinol Metab 97:3700–3708

5. Girgis CM, Clifton-Bligh RJ, Turner N, Lau SL, Gunton JE

(2014) Effects of vitamin D in skeletal muscle: falls, strength,

athletic performance and insulin sensitivity. Clin Endocrinol

(Oxf) 80:169–181

6. Wang Y, DeLuca HF (2011) Is the vitamin D receptor found in

muscle? Endocrinology 152:354–363

7. Bischoff HA, Borchers M, Gudat F, Duermueller U, Theiler R,

Stahelin HB, Dick W (2001) In situ detection of 1,25-dihydrox-

yvitamin D3 receptor in human skeletal muscle tissue. Histochem

J 33:19–24

8. Srikuea R, Zhang X, Park-Sarge OK, Esser KA (2012) VDR and

CYP27B1 are expressed in C2C12 cells and regenerating skeletal

muscle: potential role in suppression of myoblast proliferation.

Am J Physiol Cell Physiol 303:C396–C405

C. M. Girgis et al.: Vitamin D Receptor Ablation and Vitamin D Deficiency Result in Reduced… 609

123



9. Ceglia L, da Silva Morais M, Park LK, Morris E, Harris SS,

Bischoff-Ferrari HA, Fielding RA, Dawson-Hughes B (2010)

Multi-step immunofluorescent analysis of vitamin D receptor loci

and myosin heavy chain isoforms in human skeletal muscle.

J Mol Histol 41:137–142

10. Ceglia L, Niramitmahapanya S, Morais MD, Rivas DA, Harris

SS, Bischoff-Ferrari H, Fielding RA, Dawson-Hughes B (2013) A

randomized study on the effect of vitamin D3 supplementation on

skeletal muscle morphology and vitamin D receptor concentra-

tion in older women. J Clin Endocrinol Metab 98:E1927–E1935

11. Girgis CM, Mokbel N, Minn Cha K, Houweling PJ, Abboud M,

Fraser DR, Mason RS, Clifton-Bligh RJ, Gunton JE (2014) The

vitamin D receptor (VDR) is expressed in skeletal muscle of male

mice and modulates 25-hydroxyvitamin D (25OHD) uptake in

myofibers. Endocrinology 155:3227–3237

12. Pojednic RM, Ceglia L, Olsson K, Gustafsson T, Lichtenstein

AH, Dawson-Hughes B, Fielding RA (2014) Effects of 1,25-

dihydroxyvitamin D and vitamin D on the expression of the

vitamin D receptor in human skeletal muscle cells. Calcif Tissue

Int 96:256–263

13. Boland RL (2011) VDR activation of intracellular signaling

pathways in skeletal muscle. Mol Cell Endocrinol 347:11–16

14. Abboud M, Puglisi DA, Davies BN, Rybchyn M, Whitehead NP,

Brock KE, Cole L, Gordon-Thomson C, Fraser DR, Mason RS

(2013) Evidence for a specific uptake and retention mechanism

for 25-hydroxyvitamin D (25OHD) in skeletal muscle cells.

Endocrinology 154:3022–3030

15. Girgis CM, Clifton-Bligh RJ, Mokbel N, Cheng K, Gunton JE

(2014) Vitamin D signaling regulates proliferation, differentia-

tion, and myotube size in C2C12 skeletal muscle cells.

Endocrinology 155:347–357

16. Tanaka M, Kishimoto KN, Okuno H, Saito H, Itoi E (2014)

Vitamin D receptor gene silencing effects on differentiation of

myogenic cell lines. Muscle Nerve 49:700–708

17. Garcia LA, King KK, Ferrini MG, Norris KC, Artaza JN (2011)

1,25(OH)2vitamin D3 stimulates myogenic differentiation by

inhibiting cell proliferation and modulating the expression of

promyogenic growth factors and myostatin in C2C12 skeletal

muscle cells. Endocrinology 152:2976–2986

18. Amling M, Priemel M, Holzmann T, Chapin K, Rueger JM,

Baron R, Demay MB (1999) Rescue of the skeletal phenotype of

vitamin D receptor-ablated mice in the setting of normal mineral

ion homeostasis: formal histomorphometric and biomechanical

analyses. Endocrinology 140:4982–4987

19. Bhat M, Kalam R, Qadri SS, Madabushi S, Ismail A (2013)

Vitamin D deficiency induced muscle wasting occurs through the

ubiquitin proteasome pathway and is partially corrected by cal-

cium in male rats. Endocrinology 154:4018–4029

20. Mokbel N, Hoffman NJ, Girgis CM, Small L, Turner N, Daly RJ,

Cooney GJ, Holt LJ (2014) Grb10 deletion enhances muscle cell

proliferation, differentiation and GLUT4 plasma membrane

translocation. J Cell Physiol 229:1753–1764

21. Burne TH, Johnston AN, McGrath JJ, Mackay-Sim A (2006)

Swimming behaviour and post-swimming activity in vitamin D

receptor knockout mice. Brain Res Bull 69:74–78

22. Kalueff AV, Lou YR, Laaksi I, Tuohimaa P (2004) Impaired

motor performance in mice lacking neurosteroid vitamin D

receptors. Brain Res Bull 64:25–29

23. Minasyan A, Keisala T, Zou J, Zhang Y, Toppila E, Syvala H,

Lou YR, Kalueff AV, Pyykko I, Tuohimaa P (2009) Vestibular

dysfunction in vitamin D receptor mutant mice. J Steroid Bio-

chem Mol Biol 114:161–166

24. Rodman JS, Baker T (1978) Changes in the kinetics of muscle

contraction in vitamin D-depleted rats. Kidney Int 13:189–193

25. Tague SE, Clarke GL, Winter MK, McCarson KE, Wright DE,

Smith PG (2011) Vitamin D deficiency promotes skeletal muscle

hypersensitivity and sensory hyperinnervation. J Neurosci

31:13728–13738

26. Pleasure D, Wyszynski B, Sumner A, Schotland D, Feldman B,

Nugent N, Hitz K, Goodman DB (1979) Skeletal muscle calcium

metabolism and contractile force in vitamin D-deficient chicks.

J Clin Invest 64:1157–1167

27. Schubert L, DeLuca HF (2010) Hypophosphatemia is responsible

for skeletal muscle weakness of vitamin D deficiency. Arch

Biochem Biophys 500:157–161

28. Boland R, de Boland AR, Ritz E, Hasselbach W (1983) Effect of

1,25-dihydroxycholecalciferol on sarcoplasmic reticulum calcium

transport in strontium-fed chicks. Calcif Tissue Int 35:190–194

29. Boland R, Matthews C, de Boland AR, Ritz E, Hasselbach W

(1983) Reversal of decreased phosphorylation of sarcoplasmic

reticulum calcium transport ATPase by 1,25-dihydroxycholecal-

ciferol in experimental uremia. Calcif Tissue Int 35:195–201

30. Li YC, Pirro AE, Demay MB (1998) Analysis of vitamin D-de-

pendent calcium-binding protein messenger ribonucleic acid

expression in mice lacking the vitamin D receptor. Endocrinology

139:847–851

31. Funai K, Song H, Yin L, Lodhi IJ, Wei X, Yoshino J, Coleman T,

Semenkovich CF (2013) Muscle lipogenesis balances insulin

sensitivity and strength through calcium signaling. J Clin Invest

123:1229–1240

32. Endo I, Inoue D, Mitsui T, Umaki Y, Akaike M, Yoshizawa T,

Kato S, Matsumoto T (2003) Deletion of vitamin D receptor gene

in mice results in abnormal skeletal muscle development with

deregulated expression of myoregulatory transcription factors.

Endocrinology 144:5138–5144

33. Koyama S, Hata S, Witt CC, Ono Y, Lerche S, Ojima K, Chiba T,

Doi N, Kitamura F, Tanaka K, Abe K, Witt SH, Rybin V, Gasch

A, Franz T, Labeit S, Sorimachi H (2008) Muscle RING-finger

protein-1 (MuRF1) as a connector of muscle energy metabolism

and protein synthesis. J Mol Biol 376:1224–1236

34. McPherron AC, Lawler AM, Lee SJ (1997) Regulation of skeletal

muscle mass in mice by a new TGF-beta superfamily member.

Nature 387:83–90

35. Girgis C, Mokbel N, Digirolamo DJ (2014) Therapies for mus-

culoskeletal disease: can we treat two birds with one stone? Curr

Osteoporos Rep 12:142–153

36. Grossmann M (2014) Myostatin inhibition: a new treatment for

androgen deprivation-induced sarcopenia? J Clin Endocrinol

Metab 99:3625–3628

37. Bischoff-Ferrari HA, Borchers M, Gudat F, Durmuller U, Sta-

helin HB, Dick W (2004) Vitamin D receptor expression in

human muscle tissue decreases with age. J Bone Miner Res

19:265–269

38. Max D, Brandsch C, Schumann S, Kuhne H, Frommhagen M,

Schutkowski A, Hirche F, Staege MS, Stangl GI (2013) Maternal

vitamin D deficiency causes smaller muscle fibers and altered

transcript levels of genes involved in protein degradation, myo-

genesis, and cytoskeleton organization in the newborn rat. Mol

Nutr Food Res 48:973–984

39. Krishnaveni GV, Veena SR, Winder NR, Hill JC, Noonan K,

Boucher BJ, Karat SC, Fall CH (2011) Maternal vitamin D status

during pregnancy and body composition and cardiovascular risk

markers in Indian children: the Mysore Parthenon Study. Am J

Clin Nutr 93:628–635

610 C. M. Girgis et al.: Vitamin D Receptor Ablation and Vitamin D Deficiency Result in Reduced…

123


	Vitamin D Receptor Ablation and Vitamin D Deficiency Result in Reduced Grip Strength, Altered Muscle Fibers, and Increased Myostatin in Mice
	Abstract
	Introduction
	Materials and Methods
	Animals and Ethics
	Serum Parameters
	Grip Strength Measurement
	Muscle Histology
	Real-Time PCR (RT-PCR)
	Statistical Analyses

	Results
	Serum Values
	Grip Strength
	Muscle Mass and Histology
	Gene Expression

	Discussion
	Acknowledgments
	References




