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Abstract This review discusses the clinical and labora-

tory studies that have examined a role of vitamin D in

skeletal muscle. Many observational studies, mainly in

older populations, indicate that vitamin D status is posi-

tively associated with muscle strength and physical per-

formance and inversely associated with risk of falling.

Clinical trials of vitamin D supplementation in older adults

with low vitamin D status mostly report improvements in

muscle performance and reductions in falls. The underlying

mechanisms are probably both indirect via calcium and

phosphate and direct via activation of the vitamin D

receptor (VDR) on muscle cells by 1,25-dihydroxyvitamin

D [1,25(OH)2D]. VDR activation at the genomic level

regulates transcription of genes involved in calcium han-

dling and muscle cell differentiation and proliferation. A

putative membrane-associated VDR activates intracellular

signaling pathways also involved in calcium handling and

signaling and myogenesis. Additional evidence comes

from VDR knockout mouse models with abnormal muscle

morphology and physical function, and VDR polymor-

phisms which are associated with differences in muscle

strength. Recent identification of CYP27B1 bioactivity in

skeletal muscle cells and in regenerating adult mouse

muscle lends support to the direct action of both

25-hydroxyvitamin D and 1,25(OH)2D in muscle. Despite

these research advances, many questions remain. Further

research is needed to fully characterize molecular mecha-

nisms of vitamin D action on muscle cells downstream of

the VDR, describe the effects on muscle morphology and

contractility, and determine whether these molecular and

cellular effects translate into clinical improvements in

physical function.
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Vitamin D is most classically known for its role in the

regulation of calcium and phosphate homeostasis [1]. Its

biologically active metabolite, 1,25-dihydroxyvitamin D

[1,25(OH)2D], stimulates calcium and phosphate absorp-

tion from the intestine, reabsorption from the kidney

tubules, and calcium and phosphate mobilization from the

skeleton [1]. Yet, over the last few decades, there is

growing evidence that vitamin D regulates many other cell

functions. Its receptor (VDR) has been identified in a large

number of human tissues [2], indicating the potential for

widespread effects. Furthermore, 1,25(OH)2D-VDR bind-

ing influences the expression of genes involved in cell

development, differentiation, and growth [3, 4].

The potential effect of vitamin D on skeletal muscle

structure and function is receiving a great deal of attention

on the basis of both clinical and basic science research.

Early clinical case reports of a reversible myopathy asso-

ciated with profound vitamin D deficiency and/or chronic

renal failure identified an association between vitamin D

and muscle [5]. There are reports of reduced muscle mass,

strength, and performance and an increased risk of falls in
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older individuals with low serum 25-hydroxyvitamin D

[25(OH)D] levels [6, 7]. Although indirect mechanisms

have been described [8], the localization of the VDR in

skeletal muscle cells [9, 10] has provided evidence for a

direct mechanism by which vitamin D acts in skeletal

muscle. Despite these recent investigations in cell culture

and animals, much remains to be characterized. This

review investigates the role of vitamin D in muscle phys-

iology, muscle strength, and physical performance and

considers the molecular mechanisms for its actions in

muscle tissue.

Vitamin D—Deficient Myopathy

Clinical Presentation

Muscle weakness or myopathy is a prominent feature

described in states of severe vitamin D inadequacy.

Case reports describe a link between hypovitaminosis

D–induced osteomalacia and a proximal myopathy that

could be reversed with vitamin D supplementation [11–14].

Some of these clinical descriptions reported that the

myopathy could be independent of metabolic abnormalities

such as hypocalcemia [13] and hypophosphatemia [15].

Others, however, reported a correlation between hypovi-

taminosis D–induced metabolic abnormalities and muscle

myopathy [16].

Clinical characteristics of the muscle syndrome include

muscle weakness and hypotonia in infants [13] and a

proximal myopathy with diffuse skeletal or muscle pain in

adults [17, 18]. Case reports describe difficulty in climbing

stairs, rising from a sitting or squatting position, and lifting

objects. Other features include a waddling gait and uniform

generalized muscle atrophy with preservation of sensation

or deep tendon reflexes. Electromyographic evaluation can

reveal abnormalities, such as polyphasic motor unit

potentials with shortened duration and decreased ampli-

tude, consistent with a myopathy [19]. One uncontrolled

study found that patients with hypovitaminosis D-induced

osteomalacia had improvement in their electromyogram

but not nerve conduction velocity during parenteral vitamin

D treatment for several months, suggesting that vitamin D

plays an etiological role [19].

Muscle Histological Characteristics

Histological analysis of muscle biopsy specimens in adults

with profound vitamin D deficiency and proximal myopa-

thy report a predominance of type II (fast twitch) muscle

fiber atrophy [20, 21]. Type II fibers are efficient for short

bursts of speed and power, are quicker to fatigue, and are

also the first to be recruited to prevent a fall [22]. Muscle

cross-sections of vitamin D–deficient individuals have also

indicated enlarged interfibrillar spaces and infiltration of

fat, fibrosis, and glycogen granules [19, 20]. A recent cross-

sectional study in 90 young women reported a greater

degree of fat infiltration in muscle by computed tomogra-

phy scan in those with lower serum 25(OH)D levels [23].

Similar morphological features have been noted in the

vitamin D–deficient myopathy associated with chronic

renal failure [24, 25]. There are no human prospective

studies on the effect of vitamin D depletion on skeletal

muscle morphology. In a female ovariectomized Sprague

Dawley rat model, the depletion of vitamin D stores over a

4-week period failed to show atrophy of muscle fibers in

the hind limb compared to control [26]. Interestingly, this

study found that significant alterations in balance on the

basis of beam-walk test in animals with profound vitamin

D deficiency, indicating effects on neuromuscular function

independent of changes in muscle mass in this 4-week

study.

It has been hypothesized, however, that individuals with

low vitamin D status who are placed on supplementation

with vitamin D improve muscle strength and performance

in part by an increase in muscle mass. To date, there have

been two reports examining whether supplementation with

a form of vitamin D affects muscle fiber composition and

size. These studies appear to support a selective effect on

type II muscle fibers. More than three decades ago, a small

uncontrolled study obtained biopsy muscle samples from

11 older women after treatment with 1–2 lg of 1-a-hy-

droxyvitamin D (vitamin D analog) and 1 g of calcium

daily for 3–6 months [27]. These older women were noted

to have an increase in the relative number and in the cross-

sectional area of type IIa muscle fibers (a subtype of type II

fibers). About 25 years later, a randomized controlled study

in 96 older Japanese female stroke survivors found that

treatment with 1000 IU of vitamin D2 daily increased mean

type II muscle fiber diameter by over 96 % in the non-

paralyzed limb compared to placebo over a 2-year period

[28]. There was also a positive correlation between serum

25(OH)D level and type II muscle fiber diameter both at

baseline and after 2 years of follow-up. These surprisingly

exuberant findings have not been replicated. Further

research to investigate the effect of vitamin D supple-

mentation on muscle fiber area and muscle mass are

important to verify these earlier studies.

Vitamin D and Muscle Performance

Observational Studies

Several observational studies in community-dwelling older

adults show a positive association between vitamin D
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status and measures of physical performance [29–32]. A

cross-sectional analysis of men and women age 60 and

over who participated in the National Health and Nutrition

Examination Survey (NHANES) III survey found that

those individuals with higher serum 25(OH)D levels up to

94 nmol/L had faster gait speed and sit-to-stand speed than

subjects with lower levels [29], particularly in the subset

with 25(OH)D levels under 60 nmol/L. An analysis of the

Longitudinal Study of Aging Amsterdam (LASA) indi-

cated that lower serum 25(OH)D levels predicted

decreased grip strength and appendicular muscle mass in

older men and women over the subsequent 3 years [6]. The

LASA study also found that there was an increased risk of

a decline in physical performance over 3 years in those

with serum 25(OH)D below 50 nmol/L as compared to

those with levels of 75 nmol/L or greater [30]. A more

recent longitudinal study, the Cardiovascular Health Study

All Stars, corroborated these findings [32]. The study in

77–100-year-old adults reported that those with baseline

25(OH)D levels below 50 nmol/L had a greater risk of

developing mobility disability over 3 years of follow-up

than those with levels 75 nmol/L or greater [32]. Notably,

observational studies of adults with higher baseline

25(OH)D levels report no significant association with

muscle performance [33, 34]. Thus, a serum 25(OH)D

concentration of 60 nmol/L has been proposed by some as

the threshold level for improvement in physical perfor-

mance [31].

The association between vitamin D status and muscle

strength and performance may not be unique to older

individuals. A positive relationship between 25(OH)D

levels and muscle power, force, velocity, and jump height

was noted in 99 postmenarchal girls aged 12–14 years with

low 25(OH)D levels (mean 21.3 nmol/L) [35]. These

analyses, however, were not adjusted for physical activity

[35]. Serum 25(OH)D level was positively associated with

handgrip strength after adjusting for physical activity in

another study of 301 Chinese adolescent girls (mean age 15

years) with low serum 25(OH)D levels of 34 nmol/L [36].

Studies in a mixed-age population of younger and older

women with higher baseline 25(OH)D levels *50 nmol/L

[37] and in younger postmenopausal women (early 60s)

with 25(OH)D levels\50 nmol/L did not find a correlation

between vitamin D status and tests of muscle performance

[38].

Randomized Controlled Studies

A large number of randomized clinical trials have exam-

ined the effect of vitamin D supplementation on upper and

lower extremity muscle strength, balance, and physical

function. Several intervention trials in older individuals

with low baseline vitamin D status have reported that

vitamin D supplementation improved measures of muscle

strength, balance, and/or physical function [28, 32, 39–42].

The positive studies found that treated individuals achieved

mean serum 25(OH)D levels of at least 66 nmol/L. How-

ever, not all studies have shown positive results [43–46]. In

a healthy and highly fit sample of older adults with

25(OH)D levels below 50 nmol/L, vitamin D3 8400 IU

weekly, compared to placebo, did not show improvement

in body sway or the short physical performance battery

over 4 months [46]. One explanation for this null effect was

that the study subjects had little room for improvement in

physical function. A large multicenter study in New Zea-

land reported that a single oral dose of vitamin D3 300,000

IU, compared with placebo, did not alter physical perfor-

mance measures in adults age 65 and older over 6 months

[44]. Yet, this study included older individuals in unstable

health after a recent hospitalization for hip fracture. In

addition, it did not report 25(OH)D levels achieved at 6

months, which would raise the question of whether levels

were trending back down by the 6-month mark in light of

the single dose given.

A meta-analysis of 17 randomized, controlled trials

involving over 5000 individuals over the age of 18 years

found that only in a subgroup analysis of studies in indi-

viduals with starting serum 25(OH)D levels of B25 nmol/L

was vitamin D found to benefit lower and upper extremity

muscle strength [47]. Muir and Montero-Odasso performed

a more recent meta-analysis in adults age 60 and over [48].

This analysis considered vitamin D dose administered and

type of muscle performance evaluated (i.e., balance, Timed

Up & Go testing, and muscle strength); thus, each meta-

analysis had just three studies in each category [48]. The

analysis revealed that tests of balance and muscle strength

improved with daily supplemental vitamin D doses of 800

to 1000 IU daily although the magnitude of the effect

appeared to be small (standardized mean differences of

approximately 0.20). No significant effect of vitamin D on

gait speed was noted [48].

Vitamin D and Falls

Observational Studies

Muscle strength and physical performance are linked with

risk of falls in older individuals. In view of substantial data

demonstrating a positive association between serum

25(OH)D concentrations and physical performance in older

vitamin D–deficient adults, a similar relationship between

vitamin D status and fall risk would be expected in this

population. In the LASA study, low 25(OH)D levels (less

than 25 nmol/L) were associated with an increased risk of

repeated falling over the subsequent year, particularly in
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persons under 75 years of age [7]. A similar finding was

shown in a large cohort study of older community-dwelling

women where higher 25(OH)D levels were associated with

a lower rate of falls over a 4-year period [49]. Other

observational data in older adults have demonstrated sim-

ilar results [50–53].

Randomized Controlled Studies

A recent meta-analysis by the U.S. Preventive Services

Task Force reviewed 9 randomized controlled trials in

community-dwelling elders and found a 17 % risk reduc-

tion in falling in the vitamin D compared with placebo

group [54]. Another recent meta-analysis of 26 randomized

controlled trials in over 45,000 participants mostly older

and female, reported a similar 14 % reduction in fall risk

with vitamin D compared with placebo [55]. Yet, not all

meta-analyses have shown a beneficial effect. A Cochrane

review noted that overall vitamin D did not reduce falls in

111 trials of over 55,000 participants; however, there was a

probable beneficial effect in those with low vitamin D

status [56]. On the other hand, the recent Institute of

Medicine report reported no benefit on falls [57]. Another

recent meta-analysis brought up concerns in variability in

vitamin D dosing regimens in different trials as one key

factor influencing falls risk. In this analysis, doses of

vitamin D that ranged from 700 to 1000 IU/day reduced

risk of falling by about 19 %, whereas lower doses showed

no risk reduction [58].

The minimum level of 25(OH)D required for maximal

fall-risk reduction remains uncertain. Concerning studies at

higher levels of 25(OH)D above the 50 to 60 nmol/L, there

may not be additional benefit as suggested by the Cochrane

review [56] and a recent study comparing the effect of

vitamin D3 800 IU/d vs. 2000 IU/d on fall risk in hip

fracture patients [59]. In the latter study, individuals on

vitamin D3 800 IU/d achieved 25(OH)D levels of 90 nmol/

L and those on 2000 IU/d achieved levels of 118 nmol/L

and first falls were similar in the two groups [59].

Uncertainty over the optimal 25(OH)D level is further

highlighted by a recent study testing the effect of an annual

oral dose of 500,000 IU of vitamin D3 vs. placebo on falls

in older Australians [60]. This single high dose of vitamin

D actually increased risk of falling in the first 3 months

after its administration. Although the reasons for these

findings were not clear, it emphasizes the need for more

studies to define the optimal levels for muscle outcomes.

Proposed Mechanisms for Vitamin D Effects in Muscle

More than 3 decades ago, attempts were made to investi-

gate the underlying pathophysiology of proximal myopathy

in vitamin D-deficient experimental animals. Rodman and

Baker [61] used an in situ rat soleus neuromuscular prep-

aration to study changes in muscle contraction kinetics in

response to profound vitamin D depletion. Muscle analyses

revealed prolongation of the relaxation phase of contrac-

tion. This research suggested that vitamin D affects cal-

cium handling in muscle sarcoplasmic reticulum. Another

study of the muscles of rabbits fed a vitamin D-deficient

diet showed that their sarcoplasmic reticulum had

decreased ability to bind calcium compared to that from

vitamin D-replete animals [62]. Matthews et al. [63] pro-

vided evidence that 1,25(OH)2D potentiates the ability of

uremic rabbit sarcoplasmic reticulum to bind and store

calcium. These studies suggested that an effect of vitamin

D on muscle is to increase calcium accumulation in the

sarcoplasmic reticulum either by increasing the number of

calcium-binding sites or altering the efficiency of these

sites for calcium uptake.

Other studies have investigated vitamin D’s impact on

muscle protein metabolism. Birge and Haddad [64] found

that isolated diaphragm muscles from vitamin D-deficient

rats given vitamin D3 and 25(OH)D3 had increases in ATP

content and leucine incorporation—changes consistent

with net increases in muscle protein synthesis.

These early studies provide important preliminary con-

tributions to the growing body of evidence that vitamin D

status affects skeletal muscle metabolism and function;

however, the mechanism of these effects is not entirely

elucidated. Studies have shown effects of hypocalcemia,

hypophosphatemia, and hyperparathyroidism on skeletal

muscle strength and function [8, 12, 16]. Yet, there is also

strong evidence for a direct effect on muscle with the

localization of the VDR in skeletal muscle cells in vitro

and in vivo [9, 10, 65–67].

Indirect Effects

A study in rachitic rats with vitamin D deficiency and

phosphate deficiency found muscle weakness reversible

when vitamin D treatment significantly raised serum

phosphorus levels to the normal range [8]. However,

rachitic rats with vitamin D deficiency but on a phospho-

rus-containing diet did not have muscle weakness sug-

gesting that the muscle impairment was being mediated by

phosphate imbalance rather than vitamin D status. Inter-

estingly, rats with both calcium deficiency and vitamin D

deficiency demonstrated no measureable change in muscle

strength.

Direct Effect Via the VDR

1,25(OH)2D exerts its principal actions by binding to the

VDR, which has been identified in many human tissues [2].
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As described with other steroid receptors, VDR acts as a

nuclear receptor and appears to also have a nonnuclear

receptor mediating nongenomic actions [68]. The nuclear

VDR is a ligand-dependent transcription factor, which

belongs to the steroid–thyroid hormone receptor gene

superfamily [69–72]. Once transported to the nucleus by an

intracellular binding protein, 1,25(OH)2D binds to its

nuclear receptor which results in gene transcription and

subsequent de novo protein synthesis [73]. At the nuclear

level, the activation of VDR induces the heterodimeriza-

tion between the active VDR and the retinoic receptor

(RXR). The formation of this heterodimer facilitates the

interaction between the receptor’s zinc finger region with

DNA activating the transcription process [74].

Rapid, nongenomic actions of 1,25(OH)2D have been

reported in several target tissues through a nonnuclear

VDR. It has been proposed that 1,25(OH)2D binds to the

nonnuclear receptor and initiates the formation of a second-

messenger or phosphorylation of intracellular proteins

resulting in cellular effects within seconds to minutes. The

characterization and mechanism of action of this putative

nonnuclear receptor have not been definitively established.

Some have proposed that the initiation of the fast

1,25(OH)2D signal may involve binding to a novel mem-

brane receptor [75], while others have suggested a mem-

brane-associated calcium-binding protein that functions as

a calcium-specific ion channel [76]. However, more recent

studies have suggested that the nonnuclear receptor is the

intranuclear VDR itself, which translocates from the

nucleus to the plasma membrane [77]. More recent data

from the same laboratory suggest that caveolae microdo-

mains are involved [78]. Caveolae are cholesterol- and

sphingolipid-rich microdomains or lipid rafts of the plasma

membrane that concentrate components of certain signal

transduction pathways. Caveolae microdomains are rich in

its principle structural protein, caveolin, that functions both

in protein trafficking and signal transduction, as well as in

cholesterol homeostasis [79, 80].

More than 2 decades ago, VDR was identified in two

established rodent skeletal myoblast cell lines and excised

muscle cells rinsed of serum contamination [9]. Shortly

thereafter, other investigators demonstrated evidence of the

VDR in chick monolayers of myoblasts [81], and in cloned

human skeletal muscle cells [65]. In 2001, by means of

immunohistochemical methods to analyze tissue from adult

females, Bischoff et al. reported the first in situ detection of

the VDR in human skeletal muscle tissue [10]. The data

demonstrated intranuclear staining for the VDR using VDR

antibody 97A (Affinity BioReagents). A recent study has

questioned the selectivity of this VDR antibody because it

was reacting with proteins on Western blot not related to

the VDR, even in a VDR knockout mouse model [82]. A

monoclonal VDR antibody D-6 (Santa Cruz

Biotechnology), which is reported to have the best speci-

ficity for VDR protein, was not detected in muscle of VDR

knockout mice and C57BL/6 mice by immunohistochem-

istry and Western blot [82], thus calling into question the

presence of the VDR in muscle. Yet, there have been two

additional recent studies providing support for the presence

of VDR in skeletal myocytes. First, a study in older women

detected VDR by Western blot using multiple commercial

antibodies to the VDR including the D-6 antibody in vastus

lateralis muscle biopsies [83]. Most recently, a study by

Srikuea et al. [67] combined the use of Western blot,

immunocytochemistry, PCR cloning, and DNA sequencing

to validate expression of the VDR in the C2C12 mouse cell

line. Of note, this study found VDR protein primarily

expressed in the nucleus of C2C12 myoblasts, and in the

cytoplasm of C2C12 myotubes. In summary, this last

study, which used multiple techniques, provides strong

evidence for the presence of VDR in skeletal muscle cells.

VDR Knockout Mouse Model

The VDR knockout mouse model, in which animals are

placed on normal or rescue diets, provides evidence that

vitamin D has a direct effect on skeletal muscle mass,

morphology and performance via its receptor [84]. The

VDR null mutant mice are characterized by alopecia,

reductions in both body size and weight and impaired

motor coordination [85]. Studies in VDR null mutant mice

show that these animals can grow normally until weaning

and thereafter develop various metabolic abnormalities

including hypocalcemia, hypophosphatemia, secondary

hyperparathyroidism, and bone deformities similar to those

features typical of rickets [86]. Independent of the systemic

metabolic changes, VDR null mutant mice have muscle

fiber diameters that are approximately 20 % smaller and

more variable in size than those of the wild type mice at 3

weeks of age (before weaning) [84]. By 8 weeks of age,

these muscle fiber changes are more prominent in the VDR

null mutant mice on rescue diet, as compared to the wild

type, suggesting either that these abnormalities progress

over time or that as these mice age, the metabolic altera-

tions that occur contribute to the morphological changes

[84]. The muscle fiber abnormalities are noted diffusely

without any preference for type I or II fibers, differing from

the human hypovitaminosis D myopathy that is character-

ized by type II muscle fiber atrophy on histological sec-

tions. Interestingly, there is no evidence of degeneration or

necrosis in the VDR null mice [84]. Such morphological

changes indicate that the VDR plays an important role in

skeletal muscle fiber development and its maturation.

Studies in VDR null mutant mice at 3 weeks of age have

also demonstrated abnormally high expression of myogenic

differentiation factors compared to wild type mice [84].
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Thus, Myf5, E2A, and myogenin, factors minimally

expressed in wild type mice, were found to be increased in

the VDR null mutant mice. Embryonic and neonatal

myosin heavy chain (MHC) isoforms were also noted to

have increased expression, whereas the type II (adult fast

twitch) MHC expression was similar to the wild type mice

[84]. The abnormal levels in these differentiation factors

may explain, in part, some of the morphological abnor-

malities seen in the VDR null mutant mice. As the dif-

ferentiation pathways are altered, so are muscle fiber

development and maturation.

An additional feature of the VDR knockout behavioral

phenotype is poor swimming ability (as assessed by the

forced swimming test) [87]. This is a well-known method

to assess motor and balance functions in rodents. This

finding has been attributed to muscular or motor impair-

ment in the mouse; however, a recent study [88] considers

whether impaired vestibular function in these VDR null

mutant mice may be an important contributor to this find-

ing. Via immunohistochemical analysis, Minasyan et al.

[88] localized VDR-positive nuclei in epithelium of dif-

ferent structures in the vestibular system in wild-type mice

and a significantly reduced expression of VDR in these

same structures in the VDR null mutant animals. To further

support the presence of a vestibular impairment in the VDR

knockout mouse, measurement of postural control on bal-

ance tests, such as the accelerating rotarod and tilting

platform, revealed significantly greater abnormal results in

the VDR knockout than wild type mouse.

1,25(OH)2D and Genomic Effects

1,25(OH)2D via intranuclear VDR activates gene tran-

scription which results in the synthesis of specific proteins

believed to influence muscle calcium handling, phosphate

transport across the cell membrane, and muscle cell dif-

ferentiation and proliferation. In vitro and in vivo experi-

ments in chick skeletal muscle have shown that

1,25(OH)2D regulates muscle calcium uptake by modu-

lating the activity of calcium pumps in sarcoplasmic

reticulum and sarcolemma. Modifications in intracellular

calcium levels control contraction and relaxation of muscle

[89, 90]. In vitro studies have suggested that 1,25(OH)2D

modulates intracellular calcium levels by stimulating the

expression of a calcium-binding protein called calbindin-

D9K. This finding was shown via different techniques

including Western blot in chick embryo myoblasts [91, 92],

Northern blot in chick muscle cells, and in combined

reverse transcription and polymerase chain reaction in

chicken muscle cells [93].

Prolonged treatment with 1,25(OH)2D affects the syn-

thesis of certain muscle cytoskeletal proteins which are

important in controlling muscle cell surface properties [89].

One of these 1,25(OH)2D-dependent proteins has been

described as a calmodulin-binding component of the

myoblast cytoskeleton [94]. Calmodulin is a calcium-

binding protein that regulates several cellular processes

including muscle contraction. Experiments in mitotic

myoblasts treated with 1,25(OH)2D revealed increased

synthesis of calmodulin [95].

1,25(OH)2D appears to play a role in the regulation of

phosphate metabolism in myoblasts [89]. In skeletal mus-

cle cells as in other cell types, phosphate in the form of

ATP or inorganic phosphate is necessary for structural and

metabolic needs of the cell. The clinical manifestations of

hypophosphatemia can include a proximal myopathy.

Exposure to 1,25(OH)2D stimulates accelerated phosphate

uptake and accumulation in cells. As mentioned earlier,

studies by Birge and Haddad [64] were the first to show

that 25(OH)D3 increased the rate of accumulation of

inorganic phosphate by diaphragmatic muscle tissue of

vitamin D–deficient rats. In cultured chick embryonic

muscle cells, preincubation with physiological levels of

1,25(OH)2D3 resulted in a significant accumulation of

phosphate by the cells [96]. These effects may occur

through 1,25(OH)2D’s reported effects on the expression of

fibroblast growth factor-23 (FGF-23), a key hormone reg-

ulating phosphate homeostasis and effects on phosphate

transporters. These 1,25(OH)2D effects in muscle are

hypothesized to be mediated through the nuclear VDR

given abnormalities in FGF-23 and phosphate transporters

in VDR null mice [97].

Finally, via its genomic pathway, 1,25(OH)2D appears

to have a role in the regulation of muscle cell proliferation

and differentiation. Studies in cultured chick embryo

myoblasts demonstrated that up to 40 h of treatment with

1,25(OH)2D at physiological levels increased both cell

density and fusion [98]. 1,25(OH)2D was found to exert a

biphasic effect on DNA synthesis [99]. Specifically, the

hormone had a mitogenic effect in proliferating myoblasts

followed by an inhibitory effect during the subsequent

differentiation phase. Additionally, expression of cell cycle

genes, such as c-myc and c-fos, and other skeletal muscle

cell proteins were altered during 1,25(OH)2D’s stimulatory

and inhibitory effects on proliferation. Overall, the regu-

lation of gene products via the genomic pathway occurs

over hours to days.

However, more recent studies in C2C12 skeletal muscle

cells have demonstrated that 1,25(OH)2D actually inhibits

proliferation and modulates cell differentiation [67, 100].

The study by Garcia et al. [100] found that administration

of 1,25(OH)2D to C2C12 myoblasts up-regulated gene

pathways responsible for myogenic differentiation

including insulin growth factor 2 (IGF-2) expression. It

down-regulated IGF-1 expression. Other myogenic

differentiation genes affected by 1,25(OH)2D included
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down-regulated myostatin expression (a negative regulator

of muscle mass), and up-regulated follistatin expression (an

inhibitor of myostatin). Furthermore, 1,25(OH)2D stimu-

lated expression myogenic factors such as MyoD, myoge-

nin, and desmin, in the C2C12 myoblasts at different stages

of differentiation resulting in significantly increased mean

diameter and size of the muscle fibers [100]. Overall, these

findings indicated an up-regulation of myogenesis in

C2C12 muscle cells exposed to 1,25(OH)2D.

1,25(OH)2D and Nongenomic Effects

Activation of rapid, nontranscriptional signal transduction

pathways have been reported with administration of

1,25(OH)2D [101]. These actions are probably occurring

via nongenomic mechanisms as the timing of these events

is within seconds to minutes and thus via a nonnuclear or

membrane-associated VDR. Although its characterization

remains incomplete, the nonnuclear VDR is thought to be

associated with caveolae microdomains [77, 78]. Caveolin-

associated proteins include the Src-tyrosine kinases which

are stimulated by IGF-1 and result in activation of mitogen-

activated protein kinase (MAPK) and phosphoinositol-3

kinase (PI3K)/Akt cascades [102]—pathways that regulate

cell differentiation and growth. Caveolin holds these signal

transducers in the sensitive or inactive conformation until

activation by an appropriate stimulus, such as 1,25(OH)2D.

Experiments in cell culture suggest that the nonnuclear

VDR interacts with caveolins by affecting caveolin-asso-

ciated signal transduction pathways. A study that used

murine cell lines of myoblasts and myotubes found that

administration of 1,25(OH)2D rapidly (within 1 min) acti-

vates Src and the MAPK cascade [78]. Another study by

the same authors found that 1,25(OH)2D activated the

PI3K/Akt pathway over a 60-min period and that these

effects were mediated by caveolae [103]. Although the

latter study did not address whether these effects occurred

via a nonnuclear VDR, a study in osteoblasts found that

PI3K/Akt signaling was indeed VDR-dependent [104].

Nongenomic mechanisms also mediate the actions of

1,25(OH)2D on calcium influx and muscle contractility.

In vitro studies in vitamin D-deficient chicks and rat soleus

muscle showed that administration of 1,25(OH)2D had a

rapid (1–15 min) effect on calcium uptake [105, 106].

Inhibitors of RNA and protein synthesis did not inhibit

these rapid effects suggesting no involvement of the

nuclear VDR. However, calcium channel blockers did

suppress these effects indicating that 1,25(OH)2D was

acting at the membrane level affecting calcium entry into

the cell. These nongenomic responses consist of G-protein-

mediated activation of both phospholipase C (PLC) [107]

and adenylyl cyclase, which generates diacylglycerol

(DAG) and inositol 1,4,5-trisphosphatase (IP3) and

adenylyl cyclase with the simultaneous acute increase in

cyclic AMP levels [108], leading to the activation of pro-

tein kinase A and C [109–111], release of calcium from

intracellular stores [112], and activation of voltage-gated

and store-operated calcium channels [113, 114].

VDR Polymorphisms

VDR polymorphisms, which are defined as subtle varia-

tions in DNA sequence of the VDR gene, have been

associated with a wide range of biological characteristics

including muscle strength and falls. One well-described

single nucleotide polymorphism, FokI, is a polymorphism

involving the translation start site resulting in a VDR

protein shortened by three amino acids and not linked to

any of the other VDR polymorphisms [115, 116]. Indi-

viduals with the C allele (‘‘F’’) have a shorter 424-amino

acid VDR than do those with the T (‘‘f’’) allele, the former

having been associated with enhanced VDR transactivation

capacity as a transcription factor [117]. In light of the

clinical data reporting a positive association between

vitamin D status and muscle strength, this would suggest

that greater VDR activity could result in improved muscle

strength. On the contrary, the C allele has been associated

with reduced fat-free mass and quadriceps strength in

healthy elderly men [118], healthy middle-aged women

[119], and older individuals with chronic obstructive pul-

monary disease [120].

There are several studies examining potential associa-

tions between restriction fragment length polymorphisms

in VDR gene and muscle mass and strength. BsmI is a

restriction fragment length polymorphism in intron 8 at the

30 end of the VDR gene, where B allele indicates absence

and the b allele the presence of the restriction site. In

nonobese older women aged 70 and older, those with the

bb genotype were found to have a 7 % higher grip strength

and a 23 % higher quadriceps strength than those with BB

genotype [121]. TaqI is another restriction fragment length

polymorphism at the 30 end of the VDR gene in a silent site

in exon 9. In men, Bt/Bt homozygotes for the BsmI–TaqI

haplotype outperformed bT carriers in both isometric and

concentric quadriceps torques at different contraction

velocities [119].

There are two recent studies examining a relationship

between VDR polymorphisms and the risk of falls in older

individuals. A study in a small group (n = 259) of very

elderly (over 80 years) women [122] found an association

between Bsm1 and falls within 90 days of assessment, with

a reduction in falls for those carrying the bb genotype,

while no association was found for Fok1. Another recent

study in two separate population cohorts (the Aberdeen

Prospective Osteoporosis Screening Study and the Osteo-

porosis and Ultrasound study) also found an association
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between falls and polymorphisms in Bsm1. In this analysis,

postmenopausal women carrying the B allele were at

higher risk of falls in both cohorts [123] compared to those

not carrying the B allele. The study also showed that the

association was independent of serum 25(OH)D levels.

However, across these and several other [119, 120, 124,

125] observational studies on specific VDR polymorphisms

and skeletal muscle outcomes, the findings are not con-

sistent. Explanations for at least some of this variability

may be found in a better understanding of how these

polymorphisms are linked to and interact with other genetic

variations and environmental factors.

C27B1 in Skeletal Muscle

The kidney has been described as the predominant site

expressing CYP27B1, the gene encoding the mitochondrial

enzyme 1a-hydroxylase that hydroxylates 25(OH)D to

1,25(OH)2D [126]. Previous studies have been unsuccess-

ful at isolating this gene in skeletal muscle [127, 128]; yet,

the study by Srikuea et al. [67] has demonstrated CYP27B1

expression in C2C12 myoblasts and myotubes and in

regenerating mouse skeletal muscle in vivo. In this study,

administration of vitamin D3 and 25(OH)D3 led to an

up-regulation in VDR protein expression and decrease in

proliferation of the myoblasts. A knockdown of the

CYP27B1 resulted in no response in VDR expression or

proliferation in response to 25(OH)D3 administration,

suggesting that the muscle-specific CYP27B1 may mediate

the effects of 25(OH)D3 in muscle. Yet, the possibility of a

direct interaction between 25(OH)D3 and the VDR has

been proposed in CYP27B1-/- cells [129].

Conclusion

An association between vitamin D status and skeletal

muscle health has been described in case reports of a

reversible proximal myopathy, in many large population-

based studies, and in several well-designed randomized

clinical trials. Much of the published data on this associ-

ation are in older individuals, who often have low vitamin

D status, are at risk for sarcopenia, and have an increased

risk of falls and disability. Not all trials have shown sig-

nificantly positive improvements in muscle performance or

reductions in the risk of falls; however, in those individuals

with low serum levels of 25(OH)D at baseline, supple-

mentation with various forms of vitamin D has generally

shown beneficial effects on muscle strength, tests of

physical performance, and rate of falls. Thus, replenishing

vitamin D stores in an aging population may be important

for the preservation of physical function and the reduction

in falls risk and its sequelae. Additional research is needed

to determine optimal serum 25(OH)D concentration for

muscle benefits.

Regarding research delving into the underlying actions

of vitamin D in human skeletal muscle, some important

advances have been made. A small body of evidence sug-

gests that improvements in muscle strength and perfor-

mance are mediated through an increase in muscle fibers

(size and number). Underlying mechanisms by which

vitamin D acts on skeletal muscle appear to be both indirect

via alterations in calcium and phosphate balance and direct

via the VDR. Several experimental studies in cell culture,

animals, and humans in the last two decades have identified

the VDR in skeletal muscle using different antibodies and

techniques. Details on genomic effects of 1,25(OH)2D via

the nuclear VDR in muscle tissue need further elucidation,

but thus far, they involve synthesis of proteins involved in

muscle cell contractility, proliferation, and differentiation.

Mainly in vitro experiments demonstrate nongenomic

pathways of 1,25(OH)2D activity in muscle cells via a

nonnuclear VDR, and these rapid actions alter calcium

handling and muscle cell development and growth.

However, there are still many gaps in knowledge that need

further investigation. First, evidence is scarce on whether

vitamin D supplementation affects muscle mass, muscle

contraction, or both. Research is needed to fully characterize

molecular mechanisms of vitamin D action on muscle cells

downstream of the VDR. And finally, it is important to study

whether the molecular and cellular effects seen at the level of

the tissue translate into clinical improvements in muscle

performance. Progress in these areas of investigation will

provide important direction for future clinical research to

improve functional outcomes in older adults.
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