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itamin D was initially identified as the cure for rickets.
Its metabolism and its action on bone and growth
plate are now well recognized. 1,25-Dihydroxyvitamin D5
(1,25(OH),D) probably has, however, a much wider spec-
trum of activities because the vitamin D receptor (VDR) is
expressed in virtually all nucleated cells, the activating
CYP27B1 or 1a-hydroxylase is expressed in at least 10
different tissues outside the kidney, and a very large num-
ber of genes (maybe even 3% of the whole mouse or hu-
man genome) are directly or indirectly regulated by this
hormone (1-3). This should not be a surprise because most
ligands for nuclear receptors, such as estrogens or andro-
gens, glucocorticoids, or peroxisome proliferator-acti-
vated receptor ligands, also regulate a large number of
genes and modify cell fate in many tissues. The muscle is
a special potential target for the vitamin D endocrine sys-
tem. Severe myopathy is well recognized as a major con-
sequence of severe rickets, as already described in the 17th
century, and is still a potential problem in patients with
severe vitamin D deficiency due to chronic renal failure or
in patients with a genetic deficiency of CYP27B1 (pseu-
dovitamin D deficiency). This myopathy can be rapidly
and impressively corrected by the appropriate vitamin D
therapy (2).

Sinha et al (4) report in this issue of the JCEM a ben-
eficial effect of vitamin D supplementation of severely de-
ficient but otherwise healthy adults on muscle weakness,
and they explain this by improved mitochondrial function
as measured in vivo using 31-phosphate nuclear magnetic
resonance (NMR) spectroscopy . Phospho-creatinine (P-
creatinine) is an important storage mechanism of energy in
muscle to satisfy rapid and extensive energy needs during
exercise. Three parameters, muscle content of inorganic
phosphate, P-creatinine, and the ratio of P-creatinine over
inorganic phosphate, were measured in vivo with state-
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of-the-art technology. All parameters did not differ be-
tween vitamin D-deficient subjects and controls and did
not change after vitamin D supplementation. The time
needed to recover P-creatinine stores after exercise (and
the disappearance rate of the substrate ADP), a parameter
of efficacy of ATP production and thus of oxidative func-
tion of mitochondria, however, was markedly better/
shorter after vitamin D repletion and correlated with se-
rum 25-hydroxyvitamin D (250HD) concentrations.
These data indicate that the energy production during the
recovery phase of modest exercise by muscle mitochondria
is impaired in subjects with severe vitamin D deficiency.
This situation is likely to be persistent throughout rest and
exercise, but this would be hard to measure in vivo because
of technical reasons. Such slower energy generation in
skeletal muscle mitochondria could likely contribute to
decreased muscle strength and a rapid feeling of fatigue
during moderate exercise. There are, however, several lim-
itations in this nonrandomized study because the number
of subjects is small, only a single dose (20 000 IU of vita-
min Dj every other day for 12 wk) was used, and the
control subjects were not fully vitamin D replete (mean
serum 250HD, 18 ng/ml) and were not studied again after
similar vitamin D supplementation. Moreover, the half-
life of recovery of P-creatinine after vitamin D supplemen-
tation was greater in the supplemented group than in the
baseline control group, but this may in fact be due to their
nonoptimal vitamin D status. Finally, a more direct com-
parison between changes in energy recovery and muscle
function or fatigue sensation is needed. The mitochondrial
dysfunction could be due to a wide variety of reasons such
as decreased vascular or oxygen supply (unlikely), de-
creased mitochondrial number (not observed in vitamin
D-deficient animal muscle), or deficient enzyme function
of the oxidative pathway (eg, by direct effect of the vitamin

Abbreviations: NMR, nuclear magnetic resonance; 1,25(0H),D, 1,25-dihydroxyvitamin Ds;
250HD, 25-hydroxyvitamin D; P-creatinine, phospho-creatinine; ROS, reactive oxygen spe-
cies; VDR, vitamin D receptor.
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D hormone on enzyme gene or protein expression). In-
tramitochondrial calcium deficiency is, however, a more
likely culprit. Indeed, cardiac muscle mitochondria ob-
tained from vitamin D-deficient chicks consume much less
oxygen (—30 to 40% depending on the choice of sub-
strate) and thus produce less energy when compared to
control chicks (5). This default was ascribed to lower cal-
cium content of cardiac muscle and cardiac muscle mito-
chondria (—48%).

The Sinha et al manuscript (4) generates two major
additional questions: what is the role of vitamin D for: 1)
mitochondria in general; and 2) muscle?

The two most important enzymes responsible for acti-
vation or inactivation of 250OHD, CYP27B1 (1a-hydrox-
ylase) and CYP24A1 (24-hydroxylase), are located in the
mitochondria, but there are no data that isolated damage
to mitochondria apart from global cell damage or genetic
abnormalities are the cause of problems of vitamin D me-
tabolism. An intriguing observation is the constitutive
presence of abundant VDR and its heterodimer partner
retinoid X receptor in mitochondria of platelets and their
precursor megakaryocytes as well as in the proliferating
human keratinocytes cell line HaCaT (6). Two different
anti-VDR antibodies were used for VDR protein identi-
fication, and VDR gene silencing eliminated the presence
of mitochondrial VDR. Moreover, a specific mitochon-
drial import mechanism known to be involved in choles-
terol import or cytochrome C export is needed for VDR
localization in mitochondria. The functional conse-
quences of mitochondrial VDR are not yet clearly identi-
fied but could be related to mitochondrial gene expression,
cation regulation, oxidative function, or for tissue-specific
functions in platelet or muscle. The same, however, is also
true for the potential action of many other nuclear recep-
tors (estrogen receptor «, glucocorticoid receptor, and
thyroid hormone receptor) located in mitochondria (7). A
gene microarray analysis of MC3T3 cells after exposure to
1,25(OH),D revealed 3 up-regulated and 2 down-regu-
lated genes coding for proteins known to be located or
functional in mitochondria (our unpublished data). Mi-
tochondria are well known for their contribution to the
generation of reactive nitrogen species and reactive oxy-
gen species (ROS) and for the balance between the oxidant
and antioxidant system. In children with rickets, an in-
creased pretreatment oxidant and decreased antioxidant
defense mechanisms have been observed (8). Inducible ni-
tric oxide synthase production isinhibited by 1,25(OH),D
in mouse monocytes but enhanced in bovine monocytes,
whereas in human monocytes, 1,25(OH),D only up-reg-
ulates inducible nitric oxide synthase in combination with
phorbol 12-myristate 13-acetate (9). Oxidative stress is
associated with all major diseases of aging, including the
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metabolic syndrome or osteoporosis (10). 1,25(OH),D is
a well-known stimulator of the expression FoxO3a and of
sestrins (SESN1), which together are potent first-line de-
fense mechanisms against oxidative stress by inducing
ROS detoxifying proteins (11). A widely used vitamin D
analog, paricalcitol, has cytoprotective effects during ob-
structive or other types of nephropathy, and this effect is
mediated by antagonizing the angiotensin-mediated mi-
tochondrial oxidative stress (12, 13). In other circum-
stances, such as in the breast cancer cell line MCF7, how-
ever, 1,25(OH),D seems to increase ROS levels, and this
contributes to the proapoptotic action of 1,25(OH),D
(14). Therefore, depending on tissues and other stimuli,
1,25(OH),D can stimulate or suppress ROS production
while at the same time also enhancing defense mechanisms
against ROS.

There is an extensive literature on an association be-
tween poor vitamin D status and muscle function or
strength and the risks of falls. Proof of causality and iden-
tification of a clear mechanism, however, are less convinc-
ing. A Cochrane meta-analysis (15) and another system-
atic review (16) indicated that muscle strength in general
is not significantly improved, except for improvement of
proximal muscle strength in a subgroup of subjects with
very low vitamin D status at baseline. Therefore, it would
be highly relevant to perform in vivo 31-P NMR spectros-
copy studies in more proximal muscles by using adequate
NMR instruments with bigger coil diameter. There is al-
ready more evidence that the risk of falls in elderly subjects
and especially in nursing home residents can be reduced by
about 20% when given a vitamin D supplement of about
800 IU/d. The interpretation of these randomized con-
trolled trials is a matter of dispute because the inclusion of
more trials in the analysis of the Institute of Medicine (17)
generates a conclusion that differs from a meta-analysis of
“better” randomized controlled trials (18). The (poten-
tial) molecular or cellular mechanisms for these extraskel-
etal actions of vitamin D are even more disputed because
there is conflicting evidence about the shear presence of
VDR protein in mature skeletal muscle. Indeed, the VDR
protein could not be detected when highly specific rather
than less specific antibodies were used (19). VDR null
mice, however, develop a clear muscle phenotype with
smaller muscle fibers and prolonged expression of imma-
ture muscle genes. Mice with cardiomyocyte-specific de-
letion of VDR also develop a clear clinical phenotype of
cardiac hypertrophy (20).

Moreover, a large number of studies show clear
genomic and rapid signaling changes in response to
1,25(OH),D in in vitro myoblast or myocyte cultures. The
negative regulation of the major inhibitory myokine, myo-
statin, is a further indication of the positive effects of vi-
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tamin D on muscle (21). Because muscle tissue has a very
high turnover (1% per day) and probably needs even
greater repair mechanisms than bone microdamage re-
pair, it may well be that the expression of VDR in muscle
satellite cells and myoblasts is more important than its
presence in mature muscle cells to explain its potential
function. So, a phenotype can be observed in the absence
of VDR in skeletal or cardiac muscle, but smooth muscle
cells, the third type of muscle cells, are also well-known
targets of vitamin D action.

The manuscript of Sinha et al (4) is thus an interesting
human in vivo study that opens up more questions than
answers. If mitochondria would indeed be a direct target
of the vitamin D endocrine system, then it would help to
explain the large number of associations between poor
vitamin D status and age-related diseases because mito-
chondrial dysfunction may be an additional common
pathway. Moreover, in patients requiring intensive care,
vitamin D deficiency, clear mitochondrial dysfunction,
and rapid muscle loss are all present (22). Secondly, the
Sinha et al (4) manuscript provides ideas for studying the
in vivo consequences of vitamin D status on muscle func-
tion in patients with a variety of situations with abnormal
vitamin D supply, metabolism, or action.
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