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Abstract

Vitamin D status is determined mainly by its formation in skin by the photochemical action
of solar UVB light on precursor, 7-dehydrocholesterol. Because of seasonal variation in
intensity of solar ultraviolet light, vitamin D status falls in winter and rises in summer. It has
been presumed that there is no functional store of vitamin D. Thus, to avoid deficiency, a
nutritional supply would be required in winter. However, there is now evidence that the main
circulating metabolite of vitamin D, 25-hydroxyvitamin D, accumulates in skeletal muscle
cells which provide a functional store during the months of winter. The mechanism is
mediated by muscle cell uptake of circulating vitamin D-binding protein (DBP) through a
megalin-cubilin membrane transport process. DBP then binds to cytoplasmic actin to provide
an array of high affinity binding sites for 25-hydroxyvitamin D. The repeated passage of 25-
hydroxyvitamin D into and out of muscle cells would account for its long residence time in
blood.
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In 1918, Sir Edward Mellanby published his conclusion that there was a nutritional factor in
meat extracts, cod liver oil and butter, that prevented the development of experimental rickets
in beagle pups fed on a bizarre diet for carnivorous animals, of rice, oatmeal and milk(1) .
That study was undertaken during the years when micronutrients in general were being
discovered. It seemed therefore that this antirachitic factor, subsequently named vitamin D,
was one of several essential micronutrients to be obtained from food. But, if a 1921 report
(2) of sunlight exposure curing infantile rickets, had preceded Mellanby’s brief publication,
perhaps the concept that vitamin D was a nutrient might not have become so firmly

established.
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Later research established that vitamin D is produced in skin by the photochemical action of
solar UVB radiation (wavelengths 290-320 nm) on its precursor, 7-dehydrocholesterol (3) .
After transport in blood to the liver, vitamin D is converted to 25-hydroxyvitamin D
[25(OH)D] and then in the kidney, in a functionally regulated manner, to the hormone, 1,25-
dihydroxyvitamin D [1,25(OH),D]. This acts as a steroid hormone in calcium homeostasis
and in many other physiological processes (4).

In the 1970’s, a method of estimating the vitamin D status of individuals became available. It
was found that the concentration of the metabolite, 25(OH)D, in blood serum or plasma, was
positively related to the supply of vitamin D, either from exposure of skin to sunlight or to the
quantity consumed by mouth (5) . Although vitamin D is widely considered to be a nutrient,
natural foods contain only minute amounts of it, with fish, not just fatty fish (6) and eggs
from hens fed vitamin D-fortified diets, having nutritionally significant quantities. It became
apparent that for most terrestrial vertebrates, vitamin D is obtained by exposure of the skin to
solar UVB light. Measurement of 25(OH)D concentration in blood revealed a seasonal
variation with the highest levels being found in summer and the lowest in winter (7). This
seasonal variation in vitamin D status correlated well with the seasonal variation in the
intensity of solar UVB light (8, 9) . Despite the concept that vitamin D was a nutrient, it
became clear that vitamin D status of populations was largely determined by exposure to
solar UVB light rather than by dietary intake of vitamin D in food (10, 11) . Furthermore, it
became apparent that in winter the vitamin D status of many people was suboptimal or

deficient (12) .

For many vertebrates, living in temperate regions of the world, there is no solar UVB
radiation on their skin for part or all of winter. Therefore, for humans, the concept has

developed that a dietary source of vitamin D is needed in winter, to avoid deficiency when no
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vitamin D is being produced in skin (12) . Yet non-human vertebrates, in the same
environment, do not obtain supplementary dietary sources of vitamin D and in general do not
become functionally deficient. Could there be a storage mechanism which allows vitamin D
function to be maintained in winter and if so, why do so many humans become deficient in
winter? In comparison to the true fat-soluble micro-nutrients, vitamin D does not seem to
have a definable tissue storage site (13) . Unlike e.g. vitamin A, which is convincingly stored
in the liver, the vitamin D content of that organ is very low and represents only that which is
in the process of being metabolised to 25(OH)D or to breakdown products to be excreted in
bile (14) . In the search for a storage site, there have been many reports of vitamin D,
accumulating in adipose tissue, and this has therefore been assumed to be the tissue of storage
(e.g. (15, 16)). While vitamin D appears to be released when weight is lost and adipose tissue
volume decreases (17), vitamin D is highly lipophilic and to our knowledge, no specific
mechanism has been found that would make adipose tissue a functional store so that vitamin
D, trapped in the cytoplasmic lipid of adipocytes, could be mobilised when a deficiency of
vitamin D was developing. The highest tissue concentration of any molecular form of vitamin
D is that of 25(OH)D in blood. Thus, the blood circulation has also been assumed to be the
storage site of vitamin D, particularly because the residence time half-life of 25(OH)D ranges
from 15 to 60 days (18) and perhaps even as long as 120 days (19) . This is far longer than a
typical steroid in blood such as estradiol, with a half-life of only 2 to 3 days (20) or indeed of
the endocrine product of vitamin D, 1,25(0OH),D, with a half-life of only 5 to 8 hours (21)

(22)

However, there is a problem with this strange concept that blood acts as a storage site for
vitamin D as its metabolite, 25(OH)D. In the circulation, 25(OH)D is transported, bound with

high affinity to a specific vitamin D-binding protein (DBP) with a single binding site per
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molecule of protein. The same protein is also the vehicle in blood for transporting parent
vitamin D and the hormonal product, 1,25(0OH),D (23) . Whereas 25(OH)D has a residence
half-life of many days, the half-life of DBP is much shorter at 1 to 4 days (24). Furthermore,
with the normal concentration of 25(OH)D of 50 to 100 nmol/L, only 1-3% of DBP
molecules, at a concentration of 5-7 pmol/L (25) would have 25(OH)D attached to the
specific binding site. Therefore, each 25(OH)D molecule, to maintain its long half-life in
blood, would have to transfer many times from one DBP to another. No mechanism has yet

been found to explain how such a process could operate.

Alternatively, to account for its long residence half-life, each molecule of 25(OH)D could
repeatedly passage to and from some extravascular site, before ultimately either being
converted to the active hormone, 1,25(0OH),D, or else being metabolically destroyed in the
liver. Vitamin D metabolites clearly have a functional role in muscle, though this is poorly
understood at a molecular level (26). As part of this functional role or in addition to this role,
various studies in vivo have suggested that skeletal muscle might be the extravascular tissue
into which 25(OH)D in blood passes and then after some time, returns to the circulation. It is
possible to speculate that the muscle storage of 25(OH)D evolved secondary to a function for
25(OH)D in muscle, since an actin binding site on DBP is not present in fish, and perhaps not

in amphibians, but is present in reptiles, birds and mammals (27).

When radioactively-labelled vitamin D was administered to pregnant rats, most of the
radioactivity recovered in the newborn pups was found in skeletal muscle as 25(OH)D (28) .
This could be a reserve to meet requirements in early neonatal life, when vitamin D supply
from the environment would be minimal. It was also possible that regular physical exercise

might have an influence on maintaining an adequate concentration of 25(OH)D in blood. A
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cross-sectional survey of 323 adolescent girls, living at a latitude of 40° N, found that the
concentration of 25(OH)D in blood plasma at the end of winter was significantly higher in
those undertaking regular physical exercise compared to those who led a more sedentary
lifestyle (29) . This finding might suggest that the extent of physical exercise was simply an
indicator of the time outdoors exposed to solar UVB light which could account for the
positive association between exercise and vitamin D status. However, physical exercise
indoors was also reported to be associated with higher 25(OH)D serum levels (30) and this

was shown to be independent of the amount of sun exposure (31) .

These results (28-31) suggested that muscle cells had the ability to take up 25(OH)D from
blood and that the capacity to do so was increased by some change associated with regular
physical exercise. DBP in the circulation is synthesised and secreted by the liver. This
protein has two specific, high- affinity binding sites. One is for vitamin D and its metabolites,
with the highest affinity being for 25(OH)D (Kd < 1 nM). One of the curious features of DBP
is that it has an additional binding site for actin (32) . Various investigators have proposed
that this functions as a scavenger of actin which might be released into the circulation when
there is cellular injury (33, 34). A commonly-held theory postulates that the actin-binding site
of DBP, functions to bind actin if released into blood from damaged cells and thus protects
against intravascular coagulation. Yet it was known over 30 years ago that DBP becomes
tightly bound to actin in skeletal muscle. (35). This raised the question as to whether DBP
might be incorporated into muscle cells via a cell membrane megalin-mediated process, in a
similar fashion to the incorporation of DBP into hepatic stellate cells and its subsequent
binding to intracellular actin (36) . We proposed that the plasma membrane of skeletal muscle
cells contains the proteins megalin and cubulin and that these function to transfer

extracellular DBP into the cytoplasm of muscle cells where it binds to actin filaments. In this
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way skeletal muscle cells can contain an array of high affinity binding sites for 25(OH)D in
the form of DBP bound to actin. Small amounts of unbound 25(OH)D in the extracellular
fluid can, like other hormonal steroids, diffuse through the lipid bilayer of the plasma
membrane, into and out of muscle cells. Intracellular DBP, bound to actin thus would provide
a mechanism for the accumulation and retention of 25(OH)D in skeletal muscle. However, it
has been shown in vivo in rabbits, that DBP in muscle has a short residence time and
undergoes proteolytic degradation. When DBP is thus destroyed, any bound 25(OH)D would
be released and can then diffuse from the cell and eventually back into the circulation. This
process of 25(OH)D passaging into and out of muscle cells therefore would explain the long

residence time for this metabolite in the circulation. (Figure 1).

This process has been investigated with cells in culture (37). When the uptake and retention
of labelled 25(OH)D was measured in (a) undifferentiated C2C12 murine myoblasts, (b)
these cells after differentiation into myotubes, and (c) MG63 osteoblasts as a non-muscle cell
control, the myotubes were the only cell type to accumulate 25(0OH)D (Figure 2). A similar
result was obtained with isolated primary mouse muscle cells (37). The specific affinity for
25(0OH)D by the differentiated muscle cells was also revealed by their ability to retain
labelled 25(OH)D when placed in a medium devoid of 25(OH)D. In contrast, the control
osteoblasts and undifferentiated myoblasts, under these conditions, rapidly released into the

medium, most of the small amount of previously acquired 25(OH)D.

The mechanism of uptake and accumulation of 25(OH)D by muscle cells became apparent
when immunohistochemistry revealed megalin, and its associated protein cubulin, in the cell
membrane, and DBP was visualised in the cell cytoplasm (37). Furthermore, when

Alexafluor-488-labeled DBP was added to the medium, differentiated muscle cells took up
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this protein by endocytosis and confocal microscopy showed it to be in close association with
the cytoplasmic actin filaments. The specific role of megalin in trans-membrane uptake of
extracellular DBP to provide intracellular binding sites for 25(OH)D was also demonstrated
when myotubes, treated with receptor-associated protein (RAP), an inhibitor of megalin
function, showed diminished ability to accumulate labelled 25(OH)D (37) . From these
results it is concluded that mature muscle cells have a specific mechanism for taking up DBP
which then, when bound to actin, acts as an intracellular retention site for 25(OH)D that

diffuses into the cells from the extracellular fluid.

For muscle cells to act as either a storage site or an extravascular recycling site for 25(OH)D,
there would need to be some regulating factor or factors that would enhance either its uptake
or release from these cells. One candidate for such a regulator could be parathyroid hormone
(PTH), because the serum concentration of this hormone increases slightly when serum
25(0OH)D declines below 50-60 nmol/L (29) . The PTH receptor was identified in the cell
membrane of myotubes (Figure 3A) and low concentrations of PTH (0.1-10 pM) in the
medium of myotubes that had accumulated labelled 25(OH)D, provoked its release. After 4h
in vehicle, approximately 74% of tritium was retained in the cells and 61% after 8h. In
contrast, retention of tritiated-25(OH)D3 by myotubes, in the presence of PTH, decreased
with time in a concentration-dependent manner. (Figure 3B) (4) . Paradoxically, 1,25(0OH),D
also modified both 25(OH)D uptake and its release from both myotubes and primary
myotubes in vitro (38). It is suggested that proteolysis of the intracellular DBP allows the
released 25(OH)D to diffuse out of the cell where it would be readily bound again by DBP in

the extracellular fluid.
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Identification of the physiological mechanism that allows uptake and release of 25(OH)D by
skeletal muscle cells awaits further studies in vivo. But there is evidence in sheep that muscle
accumulates 25(OH)D in winter as vitamin D status is falling and that this higher
concentration of 25(OH)D declines to the levels of summer, when the circulating
concentration of 25(OH)D rises. In preliminary studies, two sheep grazing on pasture
throughout the year, had 25(OH)D concentrations in blood in the range of 25-30 nmol/L at
the end of winter, compared to the typical concentration in sheep in summer of about 50
nmol/L (4). However, in contrast to the low concentration of 0.1-0.2 pg 25(OH)D per 100 g
wet weight of muscle in summer , analysis of biopsies of skeletal muscle of these sheep in
winter,/ revealed that the concentration of 25(OH)D was 30 to 70 times greater at 6.8 — 7
ug/100g. When these sheep were each given an oral dose of 1.25 mg 25(OH)D (at Day 0), the
plasma concentration predictably rose to values, 5 days later, of about 150 nmol/L.
Surprisingly, however, this elevation of vitamin D status resulted in a gradual fall in the
concentration of 25(OH)D in muscle biopsies so that after 40 days, the 25(OH)D
concentrations in both muscle and plasma had declined to the usual levels found in summer.
It seems therefore, that when vitamin D status improves, the ability of muscle cells to

accumulate large quantities of 25(OH)D is lost (Figure 4) (4, 39).

If skeletal muscle has the function of conserving 25(OH)D and regulating its concentration in
blood, why then is vitamin D deficiency so frequently found in people during the winter
months, while animals in the same environment have apparently adequate vitamin D status?
One obvious reason would be that many humans have an indoor lifestyle and do not build up
adequate levels of vitamin D during summer, by exposure of their skin to solar UVB
radiation. However, in comparison to non-domestic animals, many humans also lead a rather

sedentary life. Epidemiological studies suggest that regular physical exercise is positively
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associated with the concentrations of 25(OH)D in blood (29-31), thus indicating that muscle
energy metabolism may be important for its role in maintaining adequate vitamin D status.
Epidemics of vitamin D-deficiency rickets have been reported in young children who are
afflicted with protein and energy malnutrition because of restricted food supply (39) or from
poverty (40) . Because of the severe effect of protein/energy malnutrition on skeletal muscle
function (41) , this again suggests that defective muscle energy metabolism leads to a defect
in the role of skeletal muscle in conserving 25(OH)D when vitamin D supply from the

environment ceases in winter.

General Conclusion;

The research summarised here, explores the hypothesis that 25-hydroxyvitamin D has an
apparently long residence time in the circulation because it passages into and out of muscle
cells under the influence of regulated internalisation of DBP. There is evidence that this
process is enhanced in winter which could enable adequate vitamin D status to be maintained
in the seasonal cessation of vitamin D supply from solar irradiation of skin. It is proposed
that such a mechanism may become defective when muscle function declines with lack of
exercise or malnutrition. Future research could explore in vivo the endocrine mechanism
regulating the uptake and release of 25(OH)D from muscle cells as well as the mechanism by
which disturbances of muscle energy metabolism appear to be associated with an inability to

maintain adequate vitamin D status in winter.
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Figure 1: The mechanism by which DBP from blood may be internalised into skeletal
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muscle cells to provide high affinity intracellular binding sites for 25(OH)D. It is
postulated that this intracellular DBP enables 25(OH)D, which diffuses into muscle cells, to
be bound and retained until the DBP undergoes proteolysis. The released 25(OH)D then
diffuses from the cell and is immediately bound by extracellular DBP and then returns to the

circulation..
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Figure 2: Uptake of 25(OH)D3 by cells in culture. A. Phase contrast microscopy images of
i) C2C12 myoblasts ii) C2C12 myotubes iii) primary muscle fibers. Scale bar 50 microns. B.
Uptake of trititated 25(OH)D3 by myotubes, osteoblasts and myoblasts over time. Cells were
incubated with trititated 25(OH)D3 for the times indicated. The cells were then washed,
lysed and subjected to analysis of radioactivity by liquid scintillation counting and protein
analysis by BCA assay. Figure 2A reproduced from Figure 2a, b, ¢ from (37) by permission

of Oxford University Press. Figure 2B from replicate data to that shown in (37).
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Figure 3: Parathyroid hormone response in muscle cells. A. Western blot detection of the
PTH receptor at the expected molecular weight of slightly less than 70kD (unglycosylated),
in myotubes, but not myoblasts. B. C2C12 myotubes were incubated with media containing
tritiated 25(OH)D3 for 16h, then washed to remove excess tritiated material. Time zero
refers to the time the radioactive treatment was replaced with PTH or vehicle-containing

solutions. Means + 1 SD. Figure from replicate data to that shown in (4).
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Figure 4. High concentrations of 25(OH)D in skeletal muscle of sheep at the end of
winter decline as vitamin D status rises. Plasma concentrations of 25(OH)D in two sheep
on pasture at the end of winter and after an oral dose of 1.25 mg 25(OH)D (at Day 0).
Concentrations of 25(OH)D in muscle biopsies taken at the same time. Figure redrawn from

data shown in (4).
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