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The Biology and Pathology of Vitamin D Control in Bone
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ABSTRACT

Vitamin D is a steroid pro-hormone, whose active metabolite binds the vitamin D receptor (VDR) which, in turn, binds to DNA sequences on
target genes as a heterodimer with the retinoid-X receptor, resulting in regulation of gene expression. The vitamin D pro-hormone can be
synthesized in the skin, in response to ultraviolet radiation; however, dietary sources have become increasingly important as a result of
cultural changes over the past few centuries. Based on its initial discovery as an anti-rachitic factor, studies of the role of vitamin D and its
receptor have largely focused on the skeleton. Investigations into the pathophysiologic basis and therapeutic responses of skeletal disorders
associated with impaired vitamin D action have led to the identification of the molecular pathways involved in hormone activation and
regulation of gene expression by the liganded VDR. These studies have also demonstrated that the skeletal actions of the VDR and its ligand are
largely redundant if normal mineral ion homeostasis can be maintained by other means. However, investigations in animal models with
tissue-specific ablation of the VDR or the enzyme required for hormone activation have demonstrated novel actions in skeletal tissues. The
active vitamin D metabolite has been shown to have both paracrine and endocrine actions in other tissues as well. J. Cell. Biochem. 111:7-13,

2010. © 2010 Wiley-Liss, Inc.
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s ; itamin D is a steroid hormone that acts as a ligand for
the vitamin D receptor (VDR), a classic transcription factor,

which exerts its effects via the formation of a complex with the
retinoid X receptor (RXR). The VDR-RXR heterodimer then interacts
with DNA response elements on target genes [MacDonald et al.,
2001]. Vitamin D levels are a reflection of the synthesis of vitamin D
in response to ultraviolet B (UV-B) exposure of the skin and dietary
intake of vitamin D [Holick et al., 1980; Norman, 1998]. In the skin,
UV-B light converts 7-dehydrocholesterol to previtamin D5 [Holick
et al., 1980]; with adequate UV-B exposure the skin can synthesize as
much as 80-100% of the daily vitamin D requirement [Glerup et al.,
2000b]. There are two forms of dietary vitamin D: ergocalciferol,
which is plant based, and cholecalciferol, which is animal based.
Intestinal absorption of vitamin D occurs primarily in the small
intestine and is facilitated by the presence of bile salts [Greaves and
Schmidt, 1933]. Absorption efficiency is approximately 50%. After
its synthesis or absorption, vitamin D is metabolically activated by
an initial hydroxylation in the liver to form 25-hydroxvyitamin D
(250HD). 250HD, or calcidiol, is the more stable vitamin D
metabolite, thus evaluation of its circulating levels is used to assess
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vitamin D stores [Holick, 2007]. In the kidney, 250HD undergoes a
second hydroxylation step to produce 1,25-dihydroxyvitamin D
(1,25(0H),D), or calcitriol, the active circulating metabolite [Boyle
etal., 1972; Holick et al., 1972; Wong et al., 1972; Fraser et al., 1973].
Calcitriol can also be generated in non-renal tissue, including
macrophages and muscle [Liu et al., 2006]. This non-renal activation
of 250HD to 1,25(0H),D is thought to contribute to our increasing
recognition of a number of important actions of this steroid hormone
that are dependent on local activation. There is accumulating
evidence suggesting that vitamin D deficiency increases the risk
of diabetes mellitus [Hypponen et al., 2001; Pittas et al., 2007],
hypertension [Krause et al., 1998; Li et al., 2002; Judd et al., 2008],
malignancy [Martinez et al., 1996; Tangpricha et al., 2001; Chen
et al, 2009; Krishnan and Feldman, 2010], musculoskeletal
dysfunction [Glerup et al., 2000a; Pfeifer et al., 2002; Bischoff-
Ferrari et al., 2004a], infection [Wilkinson et al., 2000; Liu et al.,
2006], autoimmune disease [Munger et al., 2006], and all-cause
mortality [Dobnig et al., 2008; Melamed et al., 2008]. The first and
best characterized phenotype of vitamin D deficiency is the
development of skeletal disorders, notably rickets and osteomalacia.

Grant sponsor: National Institute of Health; Grant numbers: K23DK073356, RO1DK46974; Grant sponsor: MGH
Physician-Scientist Development Award; Grant sponsor: Boston Area Diabetes and Endocrinology Research Center.

*Correspondence to: Dr. Sherri-Ann M. Burnett-Bowie, MD, MPH, Endocrine Unit, Thier 1051, Massachusetts General
Hospital, 50 Blossom Street, Boston, MA 02114. E-mail: sburnett-bowie@partners.org

Received 7 April 2010; Accepted 12 April 2010 e DOI 10.1002/jcbh.22661 e © 2010 Wiley-Liss, Inc.
Published online 23 April 2010 in Wiley Online Library (wileyonlinelibrary.com).



As the skeleton matures, the epiphyses and metaphyses fuse
resulting in cessation of longitudinal bone growth. From this point,
mineralization and bone turnover are employed to maintain skeletal
strength and integrity. Vitamin D deficiency in the adult skeleton
manifests as osteomalacia. Histologically, osteomalacia is char-
acterized by areas of unmineralized osteoid, which may be apparent
radiologically as Looser’s zones (pseudofractures) [Pettifor, 2005b].
The earliest descriptions of bony deformities consistent with rickets
are found in the ancient texts of Homer (900 BC) and the Roman
physician Soranus Ephesius (130 AD). Soranus described the classic
deformities of rickets in infants residing in both Rome and Greece
[Pettifor, 2005a].

The discovery of Vitamin D and its role in preventing rickets is
attributed to Elmer McCollum, a nutritional biologist at Johns
Hopkins, and John Howland, a pediatrician [McCollum et al., 1921;
Shipley et al., 1921; Howland, 1933]. The therapeutic use of cod liver
oil, early in the 20th century, led to a dramatic resolution of the
rachitic phenotype in affected individuals. With a decline in the
cases of rickets due to vitamin D deficiency, other forms of rickets
began to emerge; these were termed ‘“‘vitamin D resistant rickets.”
Characterization of the molecular basis for these disorders has
elucidated important steps in the regulation of vitamin D activation
and function. Pseudovitamin D deficiency rickets (PDDR) is an
autosomal recessive disorder characterized by impaired or absent
activity of the 250HD 1-a hydroxylase, leading to impaired
conversion of 250HD to 1,25(0H),D [St-Arnaud et al.,, 1997;
Kitanaka et al., 1998]. Hereditary vitamin D-Resistant rickets
(HVDRR) is due to mutations in the vitamin D receptor [Hughes et al.,
1988]. Circulating 1,25(0H),D levels are very high in this disease,
however they are essentially ineffective due to lack of a functional
VDR [Kristjansson et al., 1993]. X-linked hypophosphatemia (XLH)
is an X-linked genetic disorder that causes hypophosphatemia due
to decreased reabsorption of phosphate in the renal tubule
[DiMeglio, 2000]. Renal function is typically preserved and
1,25(0H),D levels are either low or inappropriately normal given
the degree of hypophosphatemia [DiMeglio, 2000]. These mineral
ion and hormonal abnormalities in XLH are due to elevated
circulating levels of the phosphaturic hormone, fibroblast growth
factor 23 (FGF23) [Jonsson et al., 2003]. The genetic mutation is that
of an endopeptidase, PHEX [HYP-Consortium, 1995]; however, the
link between this mutation and the resultant phenotype has eluded
molecular characterization. In spite of this dramatic increase in our
knowledge over the past century, which is based on important
clinical and physiological observations, the exact role of vitamin D,
its active metabolite, and its receptor in the skeleton is still being
elucidated.

The receptor-dependent actions of 1,25(0H),D regulate the expres-
sion of bone matrix proteins and promote osteoclast differentiation
by inducing the expression of the ligand for the receptor activator of
NF-kB (RANK). In addition, 1,25(0H),D has been shown to regulate
chondrocyte maturation and gene expression. While 1,25(0H),D has
several actions that contribute to the regulation of skeletal and

mineral ion homeostasis, identification of direct actions of
1,25(0H),D on the skeleton remains an area of active investigation.

As discussed, our understanding of the role of vitamin D in
skeletal growth and maturation has been largely based on studies
aimed at identifying the pathophysiological basis for rickets and
osteomalacia in human and animal models. The availability of
genetically engineered mice has permitted in depth analyses of the
molecular basis for the phenotypes observed when vitamin D action
is impaired. Mice lacking a functional VDR phenocopy the human
disorder, HVDRR [Li et al., 1997]. They are normal at birth, but
develop abnormalities in mineral ion homeostasis due to impaired
intestinal calcium absorption. The increase in parathyroid hormone
(PTH) that ensues, in an effort to maintain normal calcium levels,
leads to hypophosphatemia due to PTH-dependent urinary
phosphate losses. The skeletal manifestations observed in both
mice and humans with VDR mutations, mimic those seen in vitamin
D deficiency [Thomas and Demay, 2000]. Rickets, characterized by
an expanded and hypomineralized growth plate is observed, as is
osteomalacia. However, preventing the development of abnormal
mineral ion homeostasis results in a histologically and biomecha-
nically normal skeleton in growing mice [Amling et al., 1999].
Similarly, parenteral calcium administration has been shown to heal
osteomalacia and rickets in children with VDR mutations [Balsan
et al., 1986]. Thus, in the presence of normal mineral ions, the
receptor dependent effects of 1,25(0H),D are redundant. What other
factors are called in to play, to compensate for the absence of the
VDR, have not been completely elucidated. It has, however, been
demonstrated that in the absence of a functional VDR, osteoclas-
togenesis and RANK ligand synthesis in response to PTH is preserved
[Takeda et al., 1999].

Interestingly, when removed from potential endocrine and
paracrine signals and placed in culture, osteoblasts lacking the
VDR exhibit phenotypic differences from normal osteoblasts.
Calvarial osteoblasts lacking the VDR demonstrate an acceleration
in the onset of osteoblast differentiation in culture. This is
manifested by an earlier onset and increased magnitude of alkaline
phosphatase activity, as well as an increase in mineralized matrix
formation. In addition, the number of osteoblast colony forming
units is also increased [Sooy et al., 2005]. In contrast, bone marrow
stromal cells isolated from the VDR null mice demonstrate normal
osteoblast differentiation, but enhanced adipogenesis. When
cultured under adipogenic conditions, the expression of PPARYy is
enhanced in the absence of the VDR, leading to an increase in the
number and size of adipocytes compared to cultures from wildtype
mice. Absence of the VDR results in enhanced expression of two
inhibitors of canonical Wnt signaling, DKK1 and SFRP2. No in vivo
evidence of enhanced adipogenesis of bone marrow stromal cells is
observed in the VDR null mice, suggesting that other paracrine
factors compensate for the lack of VDR in vivo [Cianferotti and
Demay, 2007]. Studies in normal murine calvarial osteoblasts
demonstrate that the actions of 1,25(0H),D are dependent upon the
stage of osteoblast differentiation and duration of treatment [Owen
et al., 1990]. The expression of mRNAs encoding osteopontin
and matrix gla protein are induced by acute treatment with
1,25(0H),D at all stages. However, chronic treatment impairs both
proliferation and differentiation of osteoblasts.

8 VITAMIN D AND BONE

JOURNAL OF CELLULAR BIOCHEMISTRY



These studies raise the interesting question as to whether the
effects observed in VDR null mice are due to the absence of receptor
per se rather than lack of ligand-dependent receptor action. The
generation of mice lacking the enzyme that activates vitamin D by
1-a hydroxylation (Cyp27b1) revealed a skeletal phenotype that is
indistinguishable from that of mice lacking the VDR [Dardenne
et al,, 2001]. Although restoration of normal mineral ion home-
ostasis corrects the skeletal abnormalities, normal growth is
observed only when the mice are treated with 1,25(0H),D,
suggesting that the receptor dependent actions of this hormone
contribute to bone growth [Dardenne et al., 2004]. Interestingly,
overexpression of the VDR by mature osteoblasts leads to an
increase in both cortical and trabecular bone in vivo [Gardiner et al.,
2000].

The VDR is also expressed in chondrocytes and 1,25(0H),D has
been shown to modulate gene expression and differentiation of
growth plate chondrocytes in vitro. However, studies in humans
with VDR mutations and in VDR null mice demonstrate that
normalization of mineral ion levels or prevention of abnormal
mineral ion homeostasis leads to a normal growth plate [Balsan
et al., 1986; Amling et al., 1999]. Investigations in VDR null mice
demonstrate that, within 2 days of the development of hyperpar-
athyroidism, an expansion in the hypertrophic chondrocyte layer is
observed [Donohue and Demay, 2002]. Although extracellular
calcium has been shown to promote expression of markers of
terminal chondrocyte differentiation [Chang et al., 2002], studies in
additional murine models of rickets, including the murine model for
the human disease XLH (hyp mouse), demonstrated that hypopho-
sphatemia is the underlying pathophysiologic basis for rickets
[Sabbagh et al., 2005]. Low circulating phosphate levels lead to
impaired apoptosis of hypertrophic chondrocytes, resulting in
expansion of the growth plate, characteristic of rickets. Phosphate
has been shown to induce apoptosis of avian chondrocytes in a dose
dependent manner [Mansfield et al., 1999; Adams et al., 2001;
Mansfield et al., 2001]. Further characterization of this programmed
cell death in primary murine chondrocyte cultures demonstrates
that phosphate treatment of hypertrophic chondrocytes activates
caspase-9, a mediator of the mitochondrial apoptotic pathway, in a
cell type and differentiation stage-specific manner. Analysis of the
growth plate phenotype of wildtype mice treated with a caspase-9
inhibitor confirms that activation of the mitochondrial apoptotic
pathway is critical for hypertrophic chondrocyte apoptosis in vivo,
demonstrating a role for the mitochondrial apoptotic pathway in
growth plate maturation in vivo.

While these investigations point to phosphate as a critical
regulator of growth plate maturation, the VDR also has important
paracrine effects in the growth plate. Targeted ablation of the VDR in
proliferating chondrocytes (using Col II-Cre) results in normal
growth plate morphology, associated with a transient increase in
bone volume prior to weaning. This latter observation was shown
to be secondary to a decrease in chondrocyte production of RANK
ligand, leading to a decrease in osteoclastogenesis, and was
accompanied by a decrease in VEGF expression, resulting in a
decrease in vascular invasion. An intriguing observation in these
mice was the presence of elevated circulating phosphate and
1,25(0H),D levels prior to weaning. This was thought to be due to a

decrease in FGF23 expression in osteoblasts, a direct consequence
of chondrocyte-specific VDR ablation, implicating an important
paracrine loop between the chondrocyte and the osteoblast/
osteocyte in the regulation of FGF23 expression as well as in the
regulation of vascular invasion [Masuyama et al., 2006]. Studies in
mice with chondrocyte-specific ablation of Cyp27b1, and thus
no local 1,25(0H),D production, demonstrate that paracrine and
endocrine actions of locally produced hormone play a role in
maturation of the growth plate. Similar to the mice with
chondrocyte specific ablation of the VDR, mice lacking Cyp27b1
in chondrocytes have a decrease in RANK ligand and VEGF
expression. This was associated with an increase in the hypertrophic
chondrocyte zone associated with a delay in vascular invasion
during embryonic development and an increase in bone volume in
neonatal long bones due to a decrease in osteoclastogenesis [Naja
et al., 2009]. Similar to the mice with chondrocyte-specific ablation
of the VDR, circulating levels of FGF23 were significantly decreased
in these mice.

Treatment of cells with 1,25(0H),D leads to rapid responses, such
as increases in intracellular calcium levels and activation of protein
kinase C. The former effects are not observed in osteoblasts lacking
the VDR, suggesting that they are receptor-dependent [Erben et al.,
2002]. In support of this hypothesis, VDR protein, as well as ligand
binding, has been shown in caveolae enriched plasma membranes
and is markedly reduced in membranes isolated from VDR knockout
mice [Huhtakangas et al., 2004]. These latter investigations
demonstrated co-localization of the VDR with caveolin-1; however,
other studies failed to show this co-localization. Rather, an
association between this latter protein and ERp60, a membrane
associated receptor implicated in the rapid actions of 1,25(0H),D
was found [Boyan et al., 2006]. Thus, the contribution of ERp60 to
the rapid actions of 1,25(0H),D, and the in vivo relevance of these
rapid effects have not yet been resolved.

In addition to its essential role in mineral ion absorption and skeletal
growth, vitamin D is critical for the maintenance of skeletal home-
ostasis. Vitamin D deficiency leads to decreased intestinal calcium
absorption, secondary hyperparathyroidism, hypophosphatemia
and increased bone turnover [Holick, 2007; Viljakainen et al.,
2009]. Altogether these alterations in mineral metabolism due to
vitamin D deficiency result in lower bone mineral density [Bischoff-
Ferrari et al., 2004b, 2009b] and an increased risk of bone loss or
fracture in both men and women [Bouillon et al., 2008; Cauley et al.,
2008; Ensrud et al., 2009; Cauley et al., 2010]. The serum 250HD
level defining sufficiency has increased to >75nmol/L (30 ng/ml)
[Adams and Hewison, 2010]. This is due to the association of
improved mineral absorption and bone mineral density with higher
circulating 250HD levels and the epidemiologic data that higher
250HD levels are associated with reduced risk of a number of
chronic illnesses and of overall mortality. Using this definition, both
children and adults are at high risk for vitamin D deficiency with
prevalence rates in the USA being as high as 72% [Looker et al.,
2002; Nesby-0'Dell et al., 2002; Gordon et al., 2004, 2008; Weng
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et al., 2007; Orwoll et al., 2009]. Populations that shield themselves
from solar exposure or who have pigmented skin are at increased
risk for vitamin D deficiency [Looker et al., 2002]. Some of these
groups may experience greater deleterious effects of low 250HD
levels on bone mineral density [Araujo et al., 2009]. In addition to
these aforementioned effects in children and adults, there is
increasing data that maternal vitamin D deficiency can affect in
utero skeletal development. In a prospective cohort of 424 pregnant
women in England, mothers with vitamin D deficiency were more
likely to have fetuses with femoral bones that had rachitic features
on high resolution three-dimensional ultrasound, based on an
increase in distal metaphyseal cross-sectional area and a higher
femoral splaying index [Mahon et al., 2010].

Vitamin D has been studied as a potential treatment for
osteoporosis in both men and women [Chapuy et al., 1992; Ooms
et al., 1995; Dawson-Hughes et al., 1997; Vieth, 2004]. Since
treatment of vitamin D deficiency is associated with an increase in
bone mineral density due to mineralization of osteoid, it remains
unclear whether vitamin D has any effect on osteoporotic bone, or if
its benefits are a reflection of resolution of osteomalacia and
secondary hyperparathyroidism. Meta-analysis by Bischoff-Ferrari
et al. [2005] of seven clinical trials that included 9,820 patients,
suggests that a higher daily dose of vitamin D (700-800
international units (IU)), than that recommended by the Institute
of Medicine as of 2009, is required to achieve the serum 250HD level
of 100 nmol/L (40 ng/ml), which is associated with 26% and 23%
reduction in hip and non-vertebral fracture risk, respectively. This
threshold 250HD level and the daily vitamin D intake needed
to achieve fracture reduction may explain the overall lack of
anti-fracture efficacy of vitamin D observed in the Randomized
Evaluation of Calcium or Vitamin D (RECORD), Women'’s Health
Initiative (WHI), and vitamin D Individual Patient Analysis of
Randomized Trials (DIPART) trials [Grant et al., 2005; Jackson et al.,
2006; DIPART-Group, 2010]. In the RECORD trial, 5,292 participants
were randomized to vitamin 800 IU, calcium 1,000 mg, vitamin D
plus calcium, or placebo for 3 years. The groups did not differ in
incidence of new fracture, however, the study vitamin D dose
resulted in a post-treatment mean 250HD level of only 62 nmol/L
(25 ng/ml); based on the Bischoff-Ferrari et al. meta-analysis this
post-treatment 250HD level may have been too low to achieve anti-
fracture efficacy [Bischoff-Ferrari et al., 2005; Grant et al., 2005]. In
the WHI, 36,282 women were randomized to calcium 1,000 mg with
vitamin D 400 IU or placebo for 7 years. While there was no overall
benefit in the treatment group, there was a 29% reduction in risk of
hip fracture in those individuals who adhered to the calcium
and vitamin D supplementation regimen [Jackson et al., 2006].
Consistent with this, the DIPART study, which examined data
from 68,517 patients in seven trials, demonstrated that vitamin D
given in doses of 400-8001U/day is only effective in fracture
prevention when combined with calcium, and not when given as
monotherapy [DIPART-Group, 2010].

Low vitamin D levels may prevent patients from achieving the
maximal beneficial response to anti-resorptive medications used
to treat or prevent osteoporosis, although this detrimental effect is
not seen with the currently available anabolic agent, teriparatide
[Dawson-Hughes et al., 2007; Adami et al., 2009]. In one study that

assessed 1,515 postmenopausal women receiving anti-resorptives
(alendronate, risedronate, and raloxifene), those patients with
250HD below 50 nmol/L (20 ng/ml) were more likely to have smaller
annualized gains in bone mineral density and 1.7 times more likely
to have new fractures [Adami et al., 2009]. This potential negative
effect of vitamin D deficiency on anti-osteoporosis therapy is further
compounded by the high prevalence of low 250HD levels in these
patients. Prevalence of 250HD levels <50 nmol/L (20 ng/ml) and
<75nmol/L (30ng/ml) in patients either receiving osteoporosis
therapy or advice is as high as 30% and 70%, respectively [Holick
et al., 2005; Guardia et al., 2008].

Understanding the clinical benefits of vitamin D on the skeleton is
made more difficult by the following issues. Isolating the direct
effects of vitamin D on fracture reduction is challenging due to the
fact that vitamin D is often combined with calcium in clinical trials
[Chapuy et al., 1992; Dawson-Hughes et al., 1997; Bischoff-Ferrari
et al., 2005; Grant et al., 2005; Jackson et al., 2006; Avenell et al.,
2009]. Furthermore, it is difficult to distinguish the direct effects of
vitamin D on bone from its beneficial effects on muscle that result in
decreased falls, and thereby, fracture risk [Bischoff-Ferrari et al.,
2009a). While, initially there was concern that plant-based
ergocalciferol was not as effective at increasing 250HD levels as
animal-based cholecalciferol [Trang et al., 1998; Houghton and
Vieth, 2006], subsequent studies have shown that both formulations
are effective at treating vitamin D deficiency [Holick et al., 2008;
Pietras et al., 2009].

Investigations into the pathophysiological basis for rickets and
osteomalacia have led to a number of seminal discoveries in the past
century. The observation that rickets could be cured by sunlight and
by ingestion of fish oils led to the identification of the vitamin D pro-
hormone as a critical regulator of mineral ion homeostasis. While
supplementation with vitamin D effected a cure in the vast majority
of affected individuals, the identification and characterization of the
molecular defects in those resistant to this treatment elucidated the
molecular pathway involved in hormone activation and receptor-
dependent hormone action. Further investigations into the
pathophysiologic basis of rickets and osteomalacia associated with
renal phosphate wasting led to the identification of FGF23, an
important phosphaturic hormone secreted by osteocytes, special
cells of the osteoblast lineage which are thought to function as
skeletal mechanosensors. While studies in humans and animals with
impaired vitamin D action have demonstrated that the effect of
1,25(0H),D and the VDR in the skeleton are largely redundant,
investigations in tissue-specific knockout and transgenic mice
continue to identify novel actions of the VDR and its ligand in the
skeleton. The increasing awareness of the ability of peripheral
tissues to activate 250HD has led to a number of new fields
of investigation into the role of vitamin D and its receptor in
these “non-traditional” target tissues. In addition, it has led to the
development of guidelines for repletion of, not only the active
vitamin D metabolite, but also its pro-hormone, in patients with
chronic kidney disease [K/DOQI-Work-Group, 2003]. Lastly, the
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data generated by clinical trials, examining the vitamin D intake and
circulating levels that are required for optimal skeletal health have
led to a reevaluation of the recommended daily intake of vitamin D
by the Institute of Medicine, which will likely result in the revision of
the current guidelines [National-Academy-of-Sciences, 2009].

ACKNOWLEDGMENTS

This work was supported by National Institute of Health grants
K23DK073356 (to S.M.B.) and R01DK46974 (to M.B.D.), MGH
Physician-Scientist Development Award (to S.M.B.), and Boston
Area Diabetes and Endocrinology Research Center Grant (to
S.M.B.).

REFERENCES

Adami S, Giannini S, Bianchi G, Sinigaglia L, Di Munno O, Fiore CE, Minisola
S, Rossini M. 2009. Vitamin D status and response to treatment in post-
menopausal osteoporosis. Osteoporos Int 20:239-244.

Adams JS, Hewison M. 2010. Update in vitamin D. J Clin Endocrinol Metab
95:471-478.

Adams CS, Mansfield K, Perlot RL, Shapiro IM. 2001. Matrix regulation of
skeletal cell apoptosis. Role of calcium and phosphate ions. J Biol Chem
276:20316-20322.

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 histomorpho-
metric and biomechanical analyses. Endocrinology 140:4982-4987.

Araujo AB, Travison TG, Esche GR, Holick MF, Chen TC, McKinlay JB. 2009.
Serum 25-hydroxyvitamin D and bone mineral density among Hispanic men.
Osteoporos Int 20:245-255.

Avenell A, Gillespie WJ, Gillespie LD, O’Connell D. 2009. Vitamin D and
vitamin D analogues for preventing fractures associated with involutional
and post-menopausal osteoporosis. Cochrane Database Syst Rev CD000227.

Balsan S, Garabedian M, Larchet M, Gorski A-M, Cournot G, Tau C, Bourdeau
A, Silve C, Ricour C. 1986. Long-term nocturnal calcium infusions can cure
rickets and promote normal mineralization in hereditary resistance to 1,25-
dihydroxyvitamin D. J Clin Invest 77:1661-1667.

Bischoff-Ferrari HA, Dawson-Hughes B, Willett WC, Staehelin HB, Bazemore
MG, Zee RY, Wong JB. 2004a. Effect of Vitamin D on falls: A meta-analysis.
JAMA 291:1999-2006.

Bischoff-Ferrari HA, Dietrich T, Orav EJ, Dawson-Hughes B. 2004b. Positive
association between 25-hydroxy vitamin D levels and bone mineral density:
A population-based study of younger and older adults. Am J Med 116:634-
639.

Bischoff-Ferrari HA, Willett WC, Wong JB, Giovannucci E, Dietrich T,
Dawson-Hughes B. 2005. Fracture prevention with vitamin D supplementa-
tion: A meta-analysis of randomized controlled trials. JAMA 293:2257-
2264.

Bischoff-Ferrari HA, Dawson-Hughes B, Staehelin HB, Orav JE, Stuck AE,
Theiler R, Wong JB, Egli A, Kiel DP, Henschkowski J. 2009a. Fall prevention
with supplemental and active forms of vitamin D: A meta-analysis of
randomised controlled trials. Br Med J 339:b3692.

Bischoff-Ferrari HA, Kiel DP, Dawson-Hughes B, Orav JE, Li R, Spiegelman D,
Dietrich T, Willett WC. 2009b. Dietary calcium and serum 25-hydroxyvita-
min D status in relation to BMD among U.S. adults. J Bone Miner Res 24:935-
942.

Bouillon R, Bischoff-Ferrari H, Willett W. 2008. Vitamin D and health:
Perspectives from mice and man. J Bone Miner Res 23:974-979.

Boyan BD, Wong KL, Wang L, Yao H, Guldberg RE, Drab M, Jo H, Schwartz Z.
2006. Regulation of growth plate chondrocytes by 1,25-dihydroxyvitamin
D3 requires caveolae and caveolin-1. J Bone Miner Res 21:1637-1647.

Boyle IT, Miravet L, Gray RW, Holick MF, Deluca HF. 1972. The response of
intestinal calcium transport to 25-hydroxy and 1,25-dihydroxy vitamin D in
nephrectomized rats. Endocrinology 90:605-608.

Cauley JA, Lacroix AZ, Wu L, Horwitz M, Danielson ME, Bauer DC, Lee JS,
Jackson RD, Robbins JA, Wu C, Stanczyk FZ, LeBoff MS, Wactawski-Wende
J, Sarto G, Ockene J, Cummings SR. 2008. Serum 25-hydroxyvitamin D
concentrations and risk for hip fractures. Ann Intern Med 149:242-250.

Cauley JA, Parimi N, Ensrud KE, Bauer DC, Cawthon PM, Cummings SR,
Hoffman AR, Shikany JM, Barrett-Connor E, Orwoll E. 2010. Serum 25
hydroxyvitamin D and the risk of hip and non-spine fractures in older men.
J Bone Miner Res 25:545-553.

Chang W, Tu C, Pratt S, Chen TH, Shoback D. 2002. Extracellular Ca(2+)-
sensing receptors modulate matrix production and mineralization in chon-
drogenic RCJ3.1C5.18 cells. Endocrinology 143:1467-1474.

Chapuy MC, Arlot ME, Duboeuf F, Brun J, Crouzet B, Arnaud S, Delmas PD,
Meunier PJ. 1992. Vitamin D3 and calcium to prevent hip fractures in the
elderly women. N Engl J Med 327:1637-1642.

Chen P, Hu P, Xie D, Qin Y, Wang F, Wang H. 2009. Meta-analysis of vitamin
D, calcium and the prevention of breast cancer. Breast Cancer Res Treat.

Cianferotti L, Demay MB. 2007. VDR-mediated inhibition of DKK1 and
SFRP2 suppresses adipogenic differentiation of murine bone marrow stromal
cells. J Cell Biochem 101:80-88.

Dardenne O, Prud’homme J, Arabian A, Glorieux FH, St-Arnaud R. 2001.
Targeted inactivation of the 25-hydroxyvitamin D(3)-1(alpha)-hydroxylase
gene (CYP27B1) creates an animal model of pseudovitamin D-deficiency
rickets. Endocrinology 142:3135-3141.

Dardenne O, Prud’homme J, Glorieux FH, St-Arnaud R. 2004. Rescue of the
phenotype of CYP27B1 (1alpha-hydroxylase)-deficient mice. J Steroid Bio-
chem Mol Biol 89-90:327-330.

Dawson-Hughes B, Harris SS, Krall EA, Dallal GE. 1997. Effect of calcium and
vitamin D supplementation on bone density in men and women 65 years of
age or older. N Engl J Med 337:670-676.

Dawson-Hughes B, Chen P, Krege JH. 2007. Response to teriparatide in
patients with baseline 25-hydroxyvitamin D insufficiency or sufficiency.
J Clin Endocrinol Metab 92:4630-4636.

DiMeglio LA. 2000. Disorders of phosphate metabolism. Endocrinol Metab
Clin North Amer 29:591-609.

DIPART-Group. 2010. Patient level pooled analysis of 68 500 patients from
seven major vitamin D fracture trials in US and Europe. Br Med J 340:b5463.

Dobnig H, Pilz S, Scharnagl H, Renner W, Seelhorst U, Wellnitz B, Kinkeldei J,
Boehm BO, Weihrauch G, Maerz W. 2008. Independent association of
low serum 25-hydroxyvitamin d and 1,25-dihydroxyvitamin d levels
with all-cause and cardiovascular mortality. Arch Intern Med 168:1340-
1349.

Donohue MM, Demay MB. 2002. Rickets in VDR null mice is secondary
to decreased apoptosis of hypertrophic chondrocytes. Endocrinology 143:
3691-3694.

Ensrud KE, Taylor BC, Paudel ML, Cauley JA, Cawthon PM, Cummings SR,
Fink HA, Barrett-Connor E, Zmuda JM, Shikany JM, Orwoll ES. 2009. Serum
25-hydroxyvitamin D levels and rate of hip bone loss in older men. J Clin
Endocrinol Metab 94:2773-2780.

Erben RG, Soegiarto DW, Weber K, Zeitz U, Lieberherr M, Gniadecki R, Moller
G, Adamski J, Balling R. 2002. Deletion of deoxyribonucleic acid binding
domain of the vitamin D receptor abrogates genomic and nongenomic
functions of vitamin D. Mol Endocrinol 16:1524-1537.

Fraser D, Kooh SW, Kind HP, Holick MF, Tanaka Y, DeLuca HF. 1973.
Pathogenesis of hereditary vitamin-D-dependent rickets. An inborn error
of vitamin D metabolism involving defective conversion of 25-hydroxyvi-
tamin D to 1 alpha,25-dihydroxyvitamin D. N Engl J Med 289:817-822.

JOURNAL OF CELLULAR BIOCHEMISTRY

VITAMIN D AND BONE 1 1



Gardiner E, Baldock P, Thomas G, Sims N, Henderson N, Hollis B, White C,
Sunn K, Morrison N, Walsh W, Eisman J. 2000. Increased formation and
decreased resorption of bone in mice with elevated vitamin D receptor in
mature cells of the osteoblastic lineage. FASEB J 14:1908-1916.

Glerup H, Mikkelsen K, Poulsen L, Hass E, Overbeck S, Andersen H, Charles P,
Eriksen EF. 2000a. Hypovitaminosis D myopathy without biochemical signs
of osteomalacic bone involvement. Calcif Tissue Int 66:419-424.

Glerup H, Mikkelsen K, Poulsen L, Hass E, Overbeck S, Thomsen J, Charles P,
Eriksen EF. 2000b. Commonly recommended daily intake of vitamin D is not
sufficient if sunlight exposure is limited. J Intern Med 247:260-268.

Gordon CM, DePeter KC, Feldman HA, Grace E, Emans SJ. 2004. Prevalence
of vitamin D deficiency among healthy adolescents. Arch Pediatr Adolesc
Med 158:531-537.

Gordon CM, Feldman HA, Sinclair L, Williams AL, Kleinman PK, Perez-
Rossello J, Cox JE. 2008. Prevalence of vitamin D deficiency among healthy
infants and toddlers. Arch Pediatr Adolesc Med 162:505-512.

Grant AM, Avenell A, Campbell MK, McDonald AM, MacLennan GS,
McPherson GC, Anderson FH, Cooper C, Francis RM, Donaldson C, Gillespie
WJ, Robinson CM, Torgerson DJ, Wallace WA. 2005. Oral vitamin D3 and
calcium for secondary prevention of low-trauma fractures in elderly people
(Randomised Evaluation of Calcium Or vitamin D, RECORD): A randomised
placebo-controlled trial. Lancet 365:1621-1628.

Greaves J, Schmidt C. 1933. The role played by bile in the absorption of
vitamin D in the rat. J Biol Chem 102:101-112.

Guardia G, Parikh N, Eskridge T, Phillips E, Divine G, Rao DS. 2008.
Prevalence of vitamin D depletion among subjects seeking advice on
osteoporosis: A five-year cross-sectional study with public health implica-
tions. Osteoporos Int 19:13-19.

Holick MF. 2007. Vitamin D deficiency. N Engl J Med 357:266-281.

Holick MF, Garabedian M, DeLuca HF. 1972. 1,25-dihydroxycholecalciferol:
Metabolite of vitamin D3 active on bone in anephric rats. Science 176:1146-
1147.

Holick MF, MacLaughlin JA, Clark MB, Holick SA, Potts JT, Jr., Anderson RR,
Blank IH, Parrish JA, Elias P. 1980. Photosynthesis of previtamin D3 in
human skin and the physiologic consequences. Science 210:203-205.

Holick MF, Siris ES, Binkley N, Beard MK, Khan A, Katzer JT, Petruschke RA,
Chen E, de Papp AE. 2005. Prevalence of Vitamin D inadequacy among
postmenopausal North American women receiving osteoporosis therapy.
J Clin Endocrinol Metab 90:3215-3224.

Holick MF, Biancuzzo RM, Chen TC, Klein EK, Young A, Bibuld D,
Reitz R, Salameh W, Ameri A, Tannenbaum AD. 2008. Vitamin D2 is as
effective as vitamin D3 in maintaining circulating concentrations of 25-
hydroxyvitamin D. J Clin Endocrinol Metab 93:677-681.

Houghton LA, Vieth R. 2006. The case against ergocalciferol (vitamin D2) as
a vitamin supplement. Am J Clin Nutr 84:694-697.

Howland J. 1933. The etiology and pathogenesis of rickets. Medicine 2:349-
374.

Hughes MR, Malloy PJ, Kieback DG, Kesterson RA, Pike JW, Feldman D,
0’Malley BW. 1988. Point mutations in the human vitamin D receptor gene
associated with hypocalcemic rickets. Science 242:1702-1705.

Huhtakangas JA, Olivera CJ, Bishop JE, Zanello LP, Norman AW. 2004. The
vitamin D receptor is present in caveolae-enriched plasma membranes and
binds 1 alpha,25(0H)2-vitamin D3 in vivo and in vitro. Mol Endocrinol
18:2660-2671.

HYP-Consortium. 1995. A gene (PEX) with homologies to endopeptidases is
mutated in patients with X-linked hypophosphatemic rickets. Nat Genet
11:130-136.

Hypponen E, Laara E, Reunanen A, Jarvelin MR, Virtanen SM. 2001. Intake of
vitamin D and risk of type 1 diabetes: A birth-cohort study. Lancet 358:1500-
1503.

Jackson RD, LaCroix AZ, Gass M, Wallace RB, Robbins J, Lewis CE, Bassford
T, Beresford SA, Black HR, Blanchette P, Bonds DE, Brunner RL, Brzyski RG,
Caan B, Cauley JA, Chlebowski RT, Cummings SR, Granek I, Hays J, Heiss G,
Hendrix SL, Howard BV, Hsia J, Hubbell FA, Johnson KC, Judd H, Kotchen
JM, Kuller LH, Langer RD, Lasser NL, Limacher MC, Ludlam S, Manson JE,
Margolis KL, McGowan J, Ockene JK, O’Sullivan MJ, Phillips L, Prentice RL,
Sarto GE, Stefanick ML, Van Horn L, Wactawski-Wende J, Whitlock E,
Anderson GL, Assaf AR, Barad D. 2006. Calcium plus vitamin D supple-
mentation and the risk of fractures. N Engl J Med 354:669-683.

Jonsson KB, Zahradnik R, Larsson T, White KE, Sugimoto T, Imanishi Y,
Yamamoto T, Hampson G, Koshiyama H, Ljunggren O, Oba K, Yang IM,
Miyauchi A, Econs MJ, Lavigne J, Juppner H. 2003. Fibroblast growth factor
23 in oncogenic osteomalacia and X-linked hypophosphatemia. N Engl J
Med 348:1656-1663.

Judd SE, Nanes MS, Ziegler TR, Wilson PW, Tangpricha V. 2008. Optimal
vitamin D status attenuates the age-associated increase in systolic blood
pressure in white Americans: Results from the third National Health and
Nutrition Examination Survey. Am J Clin. Nutr 87:136-141.

K/DOQI-Work-Group. 2003. K/DOQI clinical practice guidelines for bone
metabolism and disease in chronic kidney disease. Am J Kidney Dis 42:S1-
201.

Kitanaka STK, Murayama A, Sato T, Okumura K, Nogami M, Hasegawa Y,
Niimi H, Yanagisawa J, Tanaka T, Kato S. 1998. Inactivating mutations in the
25-hydroxyvitamin D 1 alpha hydroxylase gene in patients with pseudovi-
tamin D-deficiency rickets. N Engl J Med 338:653-661.

Krause R, Buhring M, Hopfenmuller W, Holick MF, Sharma AM. 1998.
Ultraviolet B and blood pressure. Lancet 352:709-710.

Krishnan AV, Feldman D. 2010. Molecular pathways mediating the anti-
inflammatory effects of calcitriol: Implications for prostate cancer chemo-
prevention and treatment. Endocr Relat Cancer 17:R19-38.

Kristjansson K, Rut AR, Hewison M, O'Riordan JL, Hughes MR. 1993.
Two mutations in the hormone binding domain of the vitamin D receptor
cause tissue resistance to 1,25 dihydroxyvitamin D3. J Clin Invest 92:
12-16.

Li YC, Pirro AE, Amling M, Delling G, Baron R, Bronson R, Demay MB. 1997.
Targeted ablation of the vitamin D receptor: An animal model of vitamin D-
dependent rickets type II with alopecia. Proc Natl Acad Sci USA 94:9831-
9835.

Li YC, Kong J, Wei M, Chen ZF, Liu SQ, Cao LP. 2002. 1,25-Dihydroxyvitamin
D(3) is a negative endocrine regulator of the renin-angiotensin system. J Clin
Invest 110:229-238.

Liu PT, Stenger S, Li H, Wenzel L, Tan BH, Krutzik SR, Ochoa MT, Schauber J,
Wu K, Meinken C, Kamen DL, Wagner M, Bals R, Steinmeyer A, Zugel U,
Gallo RL, Eisenberg D, Hewison M, Hollis BW, Adams JS, Bloom BR, Modlin
RL. 2006. Toll-like receptor triggering of a vitamin D-mediated human
antimicrobial response. Science 311:1770-1773.

Looker AC, Dawson-Hughes B, Calvo MS, Gunter EW, Sahyoun NR. 2002.
Serum 25-hydroxyvitamin D status of adolescents and adults in two seasonal
subpopulations from NHANES III. Bone 30:771-777.

MacDonald PN, Baudino TA, Tokumaru H, Dowd DR, Zhang C. 2001. Vitamin
D receptor and nuclear receptor coactivators: Crucial interactions in vitamin
D-mediated transcription. Steroids 66:171-176.

Mahon P, Harvey N, Crozier S, Inskip H, Robinson S, Arden N, Swaminathan
R, Cooper C, Godfrey K. 2010. Low Maternal Vitamin D Status and Fetal Bone
Development: Cohort Study. J Bone Miner Res 25:14-19.

Mansfield K, Rajpurohit R, Shapiro I. 1999. Extracellular phosphate ions
cause apoptosis of terminally differenitatied epiphyseal chondrocytes. J Cell
Physiol 179:276-286.

Mansfield K, Teixeira C, Adams C, Shapiro 1. 2001. Phosphate ions mediate
chondrocyte apoptosis through a plasma membrane transporter mechanism.
Bone 28:1-8.

1 2 VITAMIN D AND BONE

JOURNAL OF CELLULAR BIOCHEMISTRY



Martinez ME, Giovannucci EL, Colditz GA, Stampfer MJ, Hunter DJ, Speizer
FE, Wing A, Willett WC. 1996. Calcium, vitamin D, and the occurrence of
colorectal cancer among women. J Natl Cancer Inst 88:1375-1382.

Masuyama R, Stockmans I, Torrekens S, Van Looveren R, Maes C, Carmeliet
P, Bouillon R, Carmeliet G. 2006. Vitamin D receptor in chondrocytes
promotes osteoclastogenesis and regulates FGF23 production in osteoblasts.
J Clin Invest 116:3150-3159.

McCollum EV, Simmonds N, Parsons HT, Shipley PG, Park EA. 1921. Studies
on experimental rickets: I. The production of rachitis and similar diseases in
the rat by deficient diets. J Biol Chem 45:333-341.

Melamed ML, Michos ED, Post W, Astor B. 2008. 25-hydroxyvitamin D levels
and the risk of mortality in the general population. Arch Intern Med
168:1629-1637.

Munger KL, Levin LI, Hollis BW, Howard NS, Ascherio A. 2006. Serum 25-
hydroxyvitamin D levels and risk of multiple sclerosis. JAMA 296:2832-
2838.

Naja RP, Dardenne O, Arabian A, St Arnaud R. 2009. Chondrocyte-specific
modulation of Cyp27b1 expression supports a role for local synthesis of 1,25-
dihydroxyvitamin D3 in growth plate development. Endocrinology 150:
4024-4032.

National-Academy-of-Sciences. 2009. National Academy of Sciences web
based press release. Institute of Medicine of the National Academies: Dietary
Reference Intakes for Vitamin D and Calcium Committee National Academy
of Sciences.

Nesby-0'Dell S, Scanlon KS, Cogswell ME, Gillespie C, Hollis BW, Looker AC,
Allen C, Doughertly C, Gunter EW, Bowman BA. 2002. Hypovitaminosis D
prevalence and determinants among African American and white women of
reproductive age: Third National Health and Nutrition Examination Survey,
1988-1994. Am J Clin Nutr 76:187-192.

Norman AW. 1998. Sunlight, season, skin pigmentation, vitamin D, and 25-
hydroxyvitamin D: Integral components of the vitamin D endocrine system.
Am J Clin Nutr 67:1108-1110.

Ooms ME, Roos JC, Bezemer PD, van der Vijgh WJ, Bouter LM, Lips P. 1995.
Prevention of bone loss by vitamin D supplementation in elderly women: A
randomized double-blind trial. J Clin Endocrinol Metab 80:1052-1058.

Orwoll E, Nielson CM, Marshall LM, Lambert L, Holton KF, Hoffman AR,
Barrett-Connor E, Shikany JM, Dam T, Cauley JA. 2009. Vitamin D deficiency
in older men. J Clin Endocrinol Metab 94:1214-1222.

Owen TA, Bortell R, Yocum SA, Smock SL, Zhang M, Abate C, Shalhoub V,
Aronin N, Wright KL, van Wijnen AJ, Stein JL, Curran T, Lian JB, Stein GS.
1990. Coordinate occupancy of AP-1 sites in the vitamin D-responsive
and CCAAT box elements by Fos-Jun in the osteocalcin gene: Model for
phenotype suppression of transcription. Proc Natl Acad Sci USA 87:9990-
9994.

Pettifor JM. 2005a. Vitamin D deficiency and nutritional rickets in children.
In: Feldman D, Pike JW, Glorieux FH, editors. Vitamin D. London: Elsevier
Academic Press. pp. 1065-1067.
Pettifor JM. 2005b. Vitamin D deficiency and nutritional rickets in children.
In: Feldman D, Pike JW, Glorieux FH, editors. Vitamin D. London: Elsevier
Academic Press. pp. 1070-1071.

Pfeifer M, Begerow B, Minne HW. 2002. Vitamin D and muscle function.
Osteoporos Int 13:187-194.

Pietras SM, Obayan BK, Cai MH, Holick MF. 2009. Vitamin D2 treatment for
vitamin D deficiency and insufficiency for up to 6 years. Arch Intern Med
169:1806-1808.

Pittas AG, Lau J, Hu FB, Dawson-Hughes B. 2007. The role of vitamin D and
calcium in type 2 diabetes. A systematic review and meta-analysis. J Clin
Endocrinol Metab 92:2017-2029.

Sabbagh Y, Carpenter TO, Demay M. 2005. Hypophosphatemia leads to
rickets by impairing caspase-mediated apoptosis of hypertrophic chondro-
cytes. Proc Natl Acad Sci 102:9637-9642.

Shipley PG, Park EA, McCollum EV, Simmonds N, Parsons HT. 1921. Studies
on experimental rickets: II. The effect of cod liver oil administered to rats with
experimental rickets. J Biol Chem 45:343-348.

Sooy K, Sabbagh Y, Demay MB. 2005. Osteoblasts lacking the vitamin D
receptor display enhanced osteogenic potential in vitro. J Cell Biochem 94:
81-87.

St-Arnaud R, Messerlian S, Moir JM, Omdahl JL, Glorieux FH. 1997. The
25-hydroxyvitamin D 1-alpha-hydroxylase gene maps to the pseudovitamin
D-deficiency rickets (PDDR) disease locus. J Bone Miner Res 12:1552-1559.

Takeda S, Yoshizawa T, Nagai Y, Yamato H, Fukumoto S, Sekine K, Kato S,
Matsumoto T, Fujita T. 1999. Stimulation of Osteoclast Formation by 1,25-
dihydroxyvitamin D requires its binding to Vitamin D receptor (VDR) in
osteoblastic cells: Studies using VDR Knockout mice. Endocrinology 140:
1005-1008.

Tangpricha V, Flanagan JN, Whitlatch LW, Tseng CC, Chen TC, Holt PR,
Lipkin MS, Holick MF. 2001. 25-hydroxyvitamin D-1alpha-hydroxylase in
normal and malignant colon tissue. Lancet 357:1673-1674.

Thomas M, Demay M. 2000. Vitamin D Deficiency and disorders of Vitamin D
metabolism. Endocrinol Metab Clin North Am 29:611-627.

Trang HM, Cole DE, Rubin LA, Pierratos A, Siu S, Vieth R. 1998. Evidence that
vitamin D3 increases serum 25-hydroxyvitamin D more efficiently than does
vitamin D2. Am J Clin Nutr 68:854-858.

Vieth R. 2004. Why the optimal requirement for Vitamin D3 is probably
much higher than what is officially recommended for adults. J Steroid
Biochem Mol Biol 89-90:575-579.

Viljakainen HT, Vaisanen M, Kemi V, Rikkonen T, Kroger H, Laitinen EK, Rita
H, Lamberg-Allardt C. 2009. Wintertime vitamin D supplementation inhibits
seasonal variation of calcitropic hormones and maintains bone turnover in
healthy men. J Bone Miner Res 24:346-352.

Weng FL, Shults J, Leonard MB, Stallings VA, Zemel BS. 2007. Risk factors
for low serum 25-hydroxyvitamin D concentrations in otherwise healthy
children and adolescents. Am J Clin Nutr 86:150-158.

Wilkinson RJ, Llewelyn M, Toossi Z, Patel P, Pasvol G, Lalvani A, Wright D,
Latif M, Davidson RN. 2000. Influence of vitamin D deficiency and vitamin D
receptor polymorphisms on tuberculosis among Gujarati Asians in west
London: A case-control study. Lancet 355:618-621.

Wong RG, Norman AW, Reddy CR, Coburn JW. 1972. Biologic effects of
1,25-dihydroxycholecalciferol (a highly active vitamin D metabolite) in
acutely uremic rats. J Clin Invest 51:1287-1291.

JOURNAL OF CELLULAR BIOCHEMISTRY

VITAMIN D AND BONE 1 3



