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Abstract

Targeted deletion of genes encoding the 1,25-dihydroxyVitamin D [1,25(OH)2D]-synthesizing enzyme, 25 hydroxyVitamin D-1�-
hydroxylase [1�(OH)ase or CYP27B1], and of the nuclear receptor for 1,25(OH)2D, the Vitamin D receptor (VDR), have provided useful
mouse models of the inherited human diseases, Vitamin D-dependent rickets types I and II. We employed these models and double null
mutants to examine the effects of calcium and of the 1,25(OH)2D/VDR system on skeletal and calcium homeostasis. Optimal dietary
calcium absorption required both 1,25(OH)2D and the VDR. Skeletal mineralization was dependent on adequate ambient calcium but
did not directly require the 1,25(OH)2D/VDR system. Parathyroid hormone (PTH) secretion was also modulated primarily by ambient
serum calcium but the enlarged parathyroid glands which the mutants exhibited and the widened cartilaginous growth plates could only be
normalized by the combination of calcium and 1,25(OH)2D, apparently independently of the VDR. Optimal osteoclastic bone resorption
and osteoblastic bone formation both required an intact 1,25(OH)2D/VDR apparatus. The results indicate that calcium cannot entirely
substitute for Vitamin D in skeletal and mineral homeostasis but that the two agents have discrete and overlapping functions.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

The Vitamin D metabolite 1�,25-dihydroxyVitamin D
[1,25(OH)2D] remains the most potent active form of Vita-
min D known to date. It is synthesized by the mitochondrial
enzyme 25-hydroxyVitamin D-1�-hydroxylase [1�(OH)ase
or CYP27B1] which is expressed in several fetal and adult
tissues[1–3]. The circulating concentrations of 1,25(OH)2D
are determined, however, by the activity of the renal en-
zyme. Parathyroid hormone (PTH) and hypocalcemia are
potent activators of the renal 1�(OH)ase enzyme, whereas
1,25(OH)2D itself, as well as hypercalcemia, have been
shown to be potent inhibitors. The 25-hydroxyVitamin
D-24-hydroxylase enzyme [24(OH)ase or CYP24] can 24
hydroxylate either the substrate for 1,25(OH)2D production,
that is 25-hydroxyVitamin D, or 1,25(OH)2D itself, thereby
limiting the circulating concentration of the active metabo-
lite [1–3]. This enzyme is upregulated by 1,25(OH)2D
and downregulated by PTH. The genomic actions of
1,25(OH)2D occur by binding of the ligand to the Vitamin
D receptor (VDR), a member of the nuclear receptor su-
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perfamily, which then heterodimerizes with the retinoid X
receptor (RXR), and this dimer binds to response elements
(VDREs) on target genes. Co–regulators are then mobilized
to alter gene transcription[4]. A number of non-genomic
rapid effects of 1,25(OH)2D have been described. These
may involve interaction with a putative membrane receptor,
stimulation of protein kinase C, and increase in intracellular
calcium, and activation of mitogen activated protein-kinase
(MAP-kinase)[5]. The Vitamin D system has been impli-
cated in the modulation of growth and differentiation of a
variety of cells and tissues, however, its major association
has been with skeletal function and mineral metabolism[3].

Recently several groups have developed mouse models of
targeted deletion of the 1�(OH)ase [1�(OH)ase−/−] [6,7]
and of the VDR (VDR−/−) [8–10] and in doing so have
provided mouse models of the inherited human disorders,
Vitamin D dependent rickets (VDDR) type I[11] and type II
[12], respectively. Studies in these models have focused pri-
marily on examining the consequences to skeletal and min-
eral metabolism. We previously noted the reproductive and
immune defects of the animals with 1�(OH)ase deficiency
[6] and others have also reported reproductive abnormalities
in mice with genetic ablation of the VDR[8,9]. The inter-
pretation of the mechanisms underlying the phenotypes in
these mouse mutants has been greatly influenced by reports
of the normalization of the skeletal abnormalities if serum
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calcium is normalized by a rescue diet containing high
concentrations of calcium, phosphorus, and lactose[13,14].
These murine studies apparently confirm the reports of the
healing of human rickets using intravenous calcium to raise
serum calcium, an approach which was used in patients with
VDDR II [15]. Nevertheless, VDR−/− mice have elevated
1,25(OH)2D levels[16] which could confound the interpre-
tation of the role of calcium in modulating skeletal home-
ostasis. We therefore examined 1�(OH)ase−/−VDR−/−
mice obtained by cross-breeding 1�(OH)ase+/− and
VDR+/− mice to determine the consequences of 1�(OH)ase
deficiency on the VDR−/− phenotype[27]. We also com-
pared the phenotypes of the 1�(OH)ase−/−, the VDR−/−
and the 1�(OH)ase−/−VDR−/− when exposed to different
calcium diets and after receiving exogenous 1,25(OH)2D3
treatment[27]. All mice were maintained on a high calcium
intake (without lactose) until weaning in order to facilitate
reproduction. After weaning, mice received either a high
calcium intake on which they remained hypocalcemic, a
high calcium intake with injections of 1,25(OH)2D3 in-
traperitoneally three times per week, or a “rescue” diet
containing high calcium and lactose. Animals were ex-
amined at 4 months of age. We wished to determine if
1,25(OH)2D and the VDR are both necessary and sufficient
for VDR action and if extracellular calcium could substitute
for the 1,25(OH)2D/VDR system in modulating skeletal
and mineral metabolism.

2. Calcium absorption

The development of hypocalcemia after weaning, in mice
with targeted deletion of the 1�(OH)ase and of the VDR, is
well documented to occur on a normal calcium diet. It also
was seen, although to a lesser extent, on the high calcium diet
we employed, in both 1�(OH)ase−/− and VDR−/− mice.
This points to the important role of the Vitamin D system in
enhancing intestinal calcium absorption. Indeed recent stud-
ies have demonstrated the Vitamin D-dependency of novel
duodenal calcium channel proteins such as calcium transport
protein 1[17]. Nevertheless several studies[13,14,18], in-
cluding our own[27] have documented the capacity of a res-
cue diet containing lactose to eliminate this hypocalcemia.
This points to the important role of dietary lactose in increas-
ing transport of calcium at least in the rodent intestine, inde-
pendent of the 1,25(OH)2D/VDR system and may account
for the apparent absence of hypocalcemia in these mouse
models which ingest lactose-containing maternal milk prior
to weaning. The precise mechanism of the lactose effect re-
mains to be determined. The presence of hypocalcemia in
both the 1�(OH)ase−/− mice with intact VDR but deficient
1,25(OH)2D production and in the VDR−/− mice with ele-
vated endogenous levels of 1,25(OH)2D but deficient VDR
suggests that both 1,25(OH)2D and the VDR are necessary
for optimal intestinal absorption of calcium. In our studies
we employed a VDR−/− model (generously provided by Dr.

Marie Demay of Mass. General Hospital, Boston, MA) in
which a 5 kb fragment of genomic DNA encoding the second
zinc finger of the receptor DNA-binding domain was deleted.
The presence of hypocalcemia in these VDR−/− animals on
the normal calcium or a lactose-free high calcium diet there-
fore confirms the loss of function of this VDR deletion. This
loss of function of the VDR was further confirmed in stud-
ies in which VDR−/− mice were fed a diet which causes
hypocalcemia and hypocalcemia could not be normalized
despite treatment with exogenous 1,25(OH)2D3. In contrast,
1�(OH)ase−/− mice on the same diet, treated with the same
dose of 1,25(OH)2D3 did normalize serum calcium both in
our studies and others[19]. Intestinal calcium absorption,
therefore, appears to require both 1,25(OH)2D and the VDR.

3. Effect on the 1�(OH)ase and on the 24(OH)ase
enzymes

We assessed, in our models, the genetic regulation
of the 1�(OH)ase and of the 24-hydroxyVitamin D-24-
hydroxylase [24(OH)ase], two key enzymes involved
in 1,25(OH)2D metabolism Gene expression of renal
1�(OH)ase was elevated and 24(OH)ase was suppressed in
VDR−/− mice, resulting in high circulating 1,25(OH)2D
concentrations. Thus in the absence of VDR, 1�(OH)ase
could not be suppressed or 24(OH)ase stimulated by en-
dogenous (or exogenous) 1,25(OH)2D. Treatment with ex-
ogenous 1,25(OH)2D3 of the 1�(OH)ase−/− mouse which
retained a normal VDR, enhanced 24(OH)ase expression.
This effect of 1,25(OH)2D3 was not seen in the mutants
lacking a VDR. These studies, therefore, suggest that both
1,25(OH)2D and the VDR are required for regulation of
gene expression of both the 1�(OH)ase and 24(OH)ase in
vivo [1–3]. However, the actions of the 1,25(OH)2D/VDR
system also normalized serum calcium, and elimination of
hypocalcemia with a rescue diet normalized 1�(OH)ase
levels and 24(OH)ase in mutant mice despite the persistant
defects in the 1,25(OH)2D/VDR system. This, therefore,
demonstrates a calcium effect on gene expression of these
enzymes independent of the 1,25(OH)2D/VDR system.
Whether this effect of calcium is entirely indirect, by sup-
pressing ambient PTH concentrations[1–3], or is partly
direct, remains to be determined.

4. Parathyroid gland function

Calcium is known to inhibit parathyroid hormone se-
cretion via the calcium sensing receptor (CaSR) and also
to decrease parathyroid cell growth[20]. 1,25(OH)2D has
also been shown to inhibit PTH synthesis[21] and secre-
tion [22] and has been reported to inhibit parathyroid cell
growth in vitro [23]. On a normal or lactose-free high cal-
cium diet, when hypocalcemia is present, increased circu-
lating PTH concentrations and enlarged parathyroid glands
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have been described in the 1�(OH)ase−/− mice[6,27], and
the VDR−/− [8,27] mice, and we found similar increases
in the 1�(OH)ase−/−VDR−/− double mutants[27]. Serum
PTH levels were lower in the hypocalcemic VDR−/− mice
which had elevated endogenous 1,25(OH)2D levels than in
the 1�(OH)ase−/− mice or double mutants and treatment of
1�(OH)ase−/− mice with exogenous 1,25(OH)2D3 reduced
PTH into the low normal range even in the presence of nor-
mocalcemia. Nevertheless on the rescue diet, serum PTH
concentrations fell in all mutants suggesting that raising the
ambient calcium could alone normalize PTH secretion al-
though 1,25(OH)2D even in the absence of VDR could have
an additive effect.

Parathyroid gland size was smaller in the VDR deleted
(VDR−/−) mice with elevated endogenous 1,25(OH)2D than
in the 1�(OH)ase−/− and the 1�(OH)ase−/−VDR−/− mice
[27]. The glands remained moderately enlarged in these
latter mutants which lacked endogenous 1,25(OH)2D even
when hypocalcemia was rectified by the rescue diet. Treat-
ment of 1�(OH)ase−/− mice with exogenous 1,25(OH)2D3
normalized serum calcium and also normalized parathyroid
gland size. Exogenous 1,25(OH)2D3 could not, however,
normalize parathyroid gland size in mutants deficient in
VDR who remained hypocalcemic. Consequently both cal-
cium and 1,25(OH)2D appear to act co-operatively to dimin-
ish PTH production and parathyroid gland size. The results
in the VDR−/− mice we employed suggest that 1,25(OH)2D
may act independently of the VDR in these particular roles
with respect to parathyroid function.

5. Development of the cartilaginous growth plate

On a normal or high calcium lactose-free intake, all three
hypocalcemic mutant mouse models, i.e., 1�(OH)ase−/−,
VDR−/−, and 1�(OH)ase−/−VDR−/− mice, develop char-
acteristic rachitic changes in long bones, i.e., enlarged
and distorted cartilaginous growth plates with widened
hypertrophic zones[6–9,27]. These abnormalities appear
less severe in VDR−/− mice with elevated endogenous
1,25(OH)2D levels than in the other two mutants again sug-
gesting that 1,25(OH)2D may modulate cartilage function
independent of the VDR. Indeed non-genomic effects of
1,25(OH)2D have been reported in cartilage cells[5]. Nev-
ertheless, 1,25(OH)2D per se cannot normalize the growth
plate if hypocalcemia is not normalized, i.e., in the VDR−/−
and 1�(OH)ase−/−VDR−/− where intestinal calcium ab-
sorption is defective. Furthermore, elimination of hypocal-
cemia with the rescue diet does not completely normalize
the growth plate in the mouse models that have deficient
endogenous 1,25(OH)2D, i.e., in the 1�(OH)ase−/− and
1�(OH)ase−/−VDR−/− mice. Consequently both calcium
and 1,25(OH)2D together appear necessary for normal de-
velopment of the cartilaginous growth plate, however, the
effect of 1,25(OH)2D appears independent of the VDR.
Previous studies in double null mutants of the VDR and

of retinoid X receptor gamma (RXR gamma) have sug-
gested the existence of a unique VDR in the cartilaginous
growth plate with which 1,25(OH)2D3 may interact[24].
Our findings are consistent with this observation.

6. Skeletal mineralization

Mineralization of both cartilage and bone is severely im-
paired in all mutants, i.e., 1�(OH)ase−/−, VDR−/− and
1�(OH)ase−/−VDR−/− models, that are hypocalcemic on
either a lactose-free, normal or high calcium intake[27].
The extent of demineralization is similar whether animals
have high endogenous 1,25(OH)2D levels or not. Further-
more cartilage and bone mineralization is normalized in all
models when hypocalcemia is eliminated by the rescue diet
[14,18,27]. Administration of exogenous 1,25(OH)2D3 nor-
malizes mineralization only when serum calcium is normal-
ized, i.e., in the 1�(OH)ase−/− model[19,27]. Consequently
the major determinant of skeletal mineralization appears to
be the ambient concentration of extracellular calcium and
the 1,25(OH)2D/VDR system appears to play no direct role
in this process.

7. Bone and cartilage remodeling

Osteoblast numbers, bone formation, and bone vol-
ume are markedly increased in all hypocalcemic an-
imals, i.e., 1�(OH)ase−/− mice, VDR−/− mice, and
1�(OH)ase−/−VDR−/− double mutants, on either a
lactose-free, normal calcium intake[6–8,27]or a lactose-free,
high calcium intake. This appears to be due to the “anabolic”
effect of PTH which is markedly elevated in association
with the severe secondary hyperparathyroidism in these
animals. Increased serum alkaline phosphatase reflects the
increased osteoblastic stimulation by PTH and is normal-
ized when PTH is normalized by eliminating the secondary
hyperparathyroidism. The increased bone volume is largely
due to increased osteoid as a result of the ambient hypocal-
cemia. Interestingly, a sustained elevation of increased PTH
is generally associated with increased osteoclastic bone re-
sorption as well as increased bone formation. Nevertheless,
osteoclast number and resorbing surface are not elevated
in these models compared to wild-type animals suggesting
an “inappropriate” response to the increased PTH. Fur-
thermore, in our studies[27] a decrease in the average
osteoclast size was seen in the 1,25(OH)2D and/or VDR de-
ficient mutant animals with secondary hyperparathyroidism.
This suggests, therefore, that there is uncoupling of bone
turnover in the presence of a defective 1,25(OH)2D/VDR
system and the relatively low resorption may contribute,
with increased osteoblast activity, to the increased bone
volume. Indeed, previous studies with osteoclast-generating
models in vitro have shown that osteoblastic cells from
VDR−/− mice in co-culture with normal spleen cells,
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Fig. 1. PTH and 1,25(OH)2D both stimulate bone formation and re-
sorption. PTH enhances production of 1,25(OH)2D and 1,25(OH)2D in-
hibits parathyroid gland size. PTH, via the PTH receptor (PTHR), and
1,25(OH)2D via the VDR, act on osteoblastic cells to increase osteoblas-
tic bone formation and also to increase bone resorption.

cannot sustain 1,25(OH)2D3-stimulated osteoclast produc-
tion although PTH could[25]. Therefore, although PTH and
local modulators of bone resorption may sustain a “normal”
level of osteoclastic resorption in these models an intact
1,25(OH)2D/VDR system is required for an appropriate
osteoclastic response to increased PTH.

In view of the fact that osteoclast/chondroclast produc-
tion at the chondro–osseous junction may also be defective,
diminished removal of hypertrophic chondrocytes may oc-
cur in this region leading to altered cartilage growth plate
remodeling. Therefore the enlargement of the cartilaginous
growth plate, and notably the hypertrophic zone, may also
be in part due to reduced activity of the 1,25(OH)2D/VDR
system on the chondroclast/osteoclast system[14].

In our studies we also found that in all mutant models,
[1�(OH)ase−/−, VDR−/− and 1�(OH)ase−/−VDR−/−]
when hypocalcemia and secondary hyperparathyroidism
were prevented by the rescue diet, osteoblast numbers,
mineral apposition rate and bone volume were suppressed
below levels seen in wild-type mice[27]. This suggests
that the 1,25(OH)2D/VDR system may exert an “anabolic”
effect which is necessary to sustain basal bone form-
ing activity and which is unmasked when the defective
1,25(OH)2D/VDR system exists in the presence of normal
PTH. This inhibition of bone formation was not previously
observed in either VDR−/− or 1�(OH)ase−/− mice on the
rescue diet and may reflect the older age of our mice at
the time of analysis. Nevertheless, previous studies have
pointed to an anabolic effect of 1,25(OH)2D [26]. Our stud-
ies suggest therefore that 1,25(OH)2D may exert effects on
bone turnover analogous to those of PTH (Fig. 1).

8. Conclusions

In summary, genetic models of the Vitamin D/VDR sys-
tem have provided powerful probes for dissecting in vivo

Table 1
Influence of calcium (Ca) 1,25(OH)2D and the VDR on skeletal and
mineral homeostatic functions

Functions Effectors

1,25(OH)2D/VDR Ca Ca+ 1,25(OH)2D

Calcium absorption ↑
Osteoblast activity ↑
Osteoclast activity ↑
Mineralization of bone ↑
PTH Secretion ↓
Parathyroid gland size ↓
Cartilaginous growth

plate development
↑

↑ means increases and↓ means decreases.

actions of components of this endocrine system on skele-
tal and mineral metabolism. When coupled with controlled
environmental exposure to specific diets and Vitamin D,
distinctions between the actions of the Vitamin D system
and the actions of the calcium ion may be revealed. The
studies have shown discrete effects of calcium and of the
1,25(OH)2D/VDR system on calcium absorption, on miner-
alization of bone, on parathyroid growth and hormone pro-
duction, on cartilage development and remodeling, and on
bone turnover (Table 1).
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