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Serum calcium levels are tightly controlled by an integrated hormone-controlled system that involves active 
vitamin D [1,25(OH)2D], which can elicit calcium mobilization from bone when intestinal calcium absorption 
is decreased. The skeletal adaptations, however, are still poorly characterized. To gain insight into these issues, 
we analyzed the consequences of specific vitamin D receptor (Vdr) inactivation in the intestine and in mature 
osteoblasts on calcium and bone homeostasis. We report here that decreased intestinal calcium absorption in 
intestine-specific Vdr knockout mice resulted in severely reduced skeletal calcium levels so as to ensure normal 
levels of calcium in the serum. Furthermore, increased 1,25(OH)2D levels not only stimulated bone turnover, 
leading to osteopenia, but also suppressed bone matrix mineralization. This resulted in extensive hyperoste-
oidosis, also surrounding the osteocytes, and hypomineralization of the entire bone cortex, which may have 
contributed to the increase in bone fractures. Mechanistically, osteoblastic VDR signaling suppressed calcium 
incorporation in bone by directly stimulating the transcription of genes encoding mineralization inhibitors. 
Ablation of skeletal Vdr signaling precluded this calcium transfer from bone to serum, leading to better preser-
vation of bone mass and mineralization. These findings indicate that in mice, maintaining normocalcemia has 
priority over skeletal integrity, and that to minimize skeletal calcium storage, 1,25(OH)2D not only increases 
calcium release from bone, but also inhibits calcium incorporation in bone.

Introduction
Ionized serum calcium levels are critical for the correct function-
ing of multiple vital cellular processes. Accordingly, the regulation 
of calcium homeostasis is directed at maintaining serum calcium 
levels within a narrow physiological range. Briefly, hypocalcemia 
leads to increased parathyroid hormone (PTH) secretion, which 
stimulates renal calcium reabsorption and bone resorption. 
PTH also enhances production of the active form of vitamin D, 
1,25(OH)2 vitamin D [1,25(OH)2D], which activates the vitamin D  
receptor (VDR) in the intestine to increase calcium absorption, 
and in bone to induce bone resorption (1).

Because the diet is the only source of calcium to the body, dietary 
calcium content is critical for calcium homeostasis. At low dietary 
calcium intake, active calcium transport controlled by 1,25(OH)2D 
predominates, whereas at high calcium intake, calcium is absorbed 
via passive diffusion. This model is supported by the observation 
that intestinal calcium transport is reduced in systemic Vdr-null 
mice, leading to hypocalcemia, hypophosphatemia, and bone 
abnormalities that include rickets and hyperosteoidosis. The find-
ing that a high calcium/lactose diet prevents this phenotype con-

firms that VDR signaling in bone is not essential when sufficient 
dietary calcium is absorbed (2, 3).

A major disadvantage of the systemic Vdr-null mouse model is 
that the expected 1,25(OH)2D-mediated skeletal and renal adap-
tations to reduced intestinal calcium absorption do not occur, 
due to the lack of VDR activity in these tissues. Consequently, sys-
temic Vdr-null mice are not the appropriate model to unravel the 
physiological repercussions of negative calcium balance — or lack 
of intestinal 1,25(OH)2D activity — on serum calcium levels and 
bone homeostasis. The finding that the bone mass of Vdr-null mice 
receiving a normal diet is surprisingly well preserved and character-
ized by increased bone formation and normal bone resorption (3) 
instead points toward a defect in the transfer of calcium stored in 
bone to serum when skeletal VDR activity is lacking. The action of 
1,25(OH)2D therefore seems to be important in the normal skel-
etal responses that prevent hypocalcemia during a negative calcium 
balance. Previous dietary studies have shown that the amount of 
calcium stored in bone declines when dietary calcium supply is 
insufficient (4). However, the molecular skeletal adaptations that 
redirect calcium from bone to serum are still not identified. The 
question also remains whether the preservation of normal serum 
calcium levels is aimed for at all times, even when this adaptation 
damages skeletal integrity and eventually leads to bone fractures.
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Insight into these remaining issues is important for correct admin-
istration of calcium and vitamin D supplements. Elderly individuals 
are especially at risk for a negative calcium balance, because their diet 
is frequently calcium insufficient. Calcium supplements are there-
fore commonly used to reduce bone loss. Vitamin D is often added 
as a supplement, despite the ongoing debate on the efficacy and 
safety of several vitamin D therapeutic regimens. Indeed, a recent 
study reports that annual oral administration of high-dose vitamin 
D to older women results in an increased risk of fractures (5, 6).  
Because an explanation for this unexpected outcome is currently 
lacking, thorough insight into the mechanisms by which vitamin D 
regulates calcium homeostasis is warranted. An argument in favor 
of vitamin D supplementation is that correcting vitamin D deficien-
cy, which is frequently observed in the elderly, may improve intesti-
nal calcium absorption and thus indirectly increase bone mass. On 
the other hand, increased 1,25(OH)2D levels may be deleterious to 
the skeleton, as they stimulate osteoclast formation (7), and several 
case reports mention the observation of increased unmineralized 
bone matrix after occult vitamin D intoxication, but do not provide 
a molecular mechanism (8). Understanding the hierarchy of serum 
and skeletal calcium and the role of 1,25(OH)2D therein is needed to 
improve the current therapeutic strategies for osteoporosis.

To elucidate the consequences of insufficient [1,25(OH)2D-
mediated] intestinal calcium absorption on serum calcium levels, 
and how this negative calcium balance affects bone homeostasis, 
we compared calcium homeostasis in intestinal-specific Vdr-null 
mice with that in systemic and osteocyte-specific Vdr-null mice. 
Our study provided evidence that stimulation of intestinal calci-
um transport by 1,25(OH)2D is already important during normal 
calcium intake, and that when this process is hampered, a physio-
logical increase in 1,25(OH)2D levels affects bone negatively. These 
findings support the concept that maintaining normocalcemia has 
hierarchical priority over the preservation/accretion of bone mass, 
even when these adaptations result in osteopenia and fractures, 
and that 1,25(OH)2D regulates the shift of skeletal calcium toward 
serum by controlling the level of mineralization inhibitors.

Results
Intestinal Vdr deletion reduces calcium absorption, but not serum cal-
cium levels. To genetically assess the importance of 1,25(OH)2D-

mediated intestinal calcium absorption, Vdr was efficiently and 
specifically inactivated in the intestines of mice (referred to 
herein as Vdrint– mice; see Methods and Supplemental Figure 1, 
A and B; supplemental material available online with this article; 
doi:10.1172/JCI45890DS1). Vdrint– mice were born at the expected  
Mendelian ratio (data not shown) and showed normal body 
weight gain (Supplemental Figure 1C). As expected, loss of intes-
tinal Vdr decreased active intestinal 45Ca2+ absorption (Figure 1A) 
and reduced transcript levels of the intestinal calcium transport 
proteins (Supplemental Figure 1D).

Despite the decreased intestinal calcium absorption, total and 
ionized serum calcium levels were normal in Vdrint– mice (ionized 
serum Ca2+, 5.33 ± 0.03 mg/dl in Vdrint+ control vs. 5.27 ± 0.06 
mg/dl in Vdrint–; n = 8; Figure 1B). This finding contrasts with 
the hypocalcemia observed in Vdr-null mice, although intestinal 
calcium absorption is similarly reduced (9). These data indicate 
that Vdrint– mice, but not Vdr–/– mice, can balance the reduced cal-
cium absorption by compensatory mechanisms in order to pre-
serve normocalcemia. Serum levels of the calciotropic hormones 
PTH and 1,25(OH)2D were indeed increased in Vdrint– mice from 
weaning onward, the time period at which active intestinal cal-
cium absorption becomes crucial (Figure 1, C and D, and Supple-
mental Figure 1, E and F). Of note, serum phosphate levels were 
comparable between genotypes (Figure 1E). These findings indi-
cated that intestinal Vdr expression is crucial for optimal calcium 
absorption and that the preservation of normocalcemia is the 
primary objective whenever increased 1,25(OH)2D levels can turn 
on compensatory mechanisms.

Impaired calcium absorption reduces bone mass accrual, but not bone 
growth. Most of the body’s calcium is stored in bone, where it 
provides strength to the skeleton, but skeletal calcium can also 
be transferred to serum when the calcium balance is negative. We 
therefore analyzed bone homeostasis in Vdrint– and Vdr–/– mice. The 
length and cross-sectional area of the tibiae of Vdrint– mice were 
indistinguishable from those of control littermates (Figure 2, A 
and B), which indicates that longitudinal and radial bone growth 
was not hampered. Vdr–/– mice, on the other hand, were growth 
retarded and showed decreased bone length at 8 weeks of age 
(Supplemental Figure 2A). The rachitic growth plate phenotype, 
typically associated with lack of vitamin D signaling, was only 

Figure 1
Effect of decreased intestinal calcium absorp-
tion on calcium homeostasis. (A) Intestinal cal-
cium absorption, assessed by serum levels of 
45Ca (Δμmol) after oral gavage. n = 5. (B–D) 
Serum levels of total calcium (B), PTH (C), and 
1,25(OH)2D (D). ND, not determined. n = 5–8. 
(E) Serum phosphate levels. n = 9. *P < 0.05, 
**P < 0.01.
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observed in Vdr–/– mice, not in Vdrint– mice (Figure 2C and Supple-
mental Figure 2B). These data confirmed that normal serum cal-
cium and phosphate levels are sufficient for normally structured 
growth plate and bone growth (7).

In contrast to normal bone growth, postweaning bone mass 
accrual was manifestly reduced in Vdrint– mice, leading to a decrease 
in trabecular bone volume (BV/TV) and cortical thickness (Ct.Th) 
as well as an increase in cortical porosity (Figure 2, D–F, and Sup-
plemental Figure 2, C–F). Not only the long bones were affected, 
but also the calvariae and vertebrae (Supplemental Figure 2, G and 
H). This low bone mass caused the long bones to be very fragile: 
spontaneous bone fractures and healing calluses were frequently 
observed in Vdrint– mice, but never in control mice (10% vs. 0% inci-
dence; n = 30; Figure 2G).

On the other hand, spontaneous bone fractures have not been 
reported in Vdr–/– mice fed a normal calcium diet, which suggests 

that bone mass and/or quality is better preserved in Vdr–/– than 
Vdrint– mice. Indeed, mineralized BV/TV was decreased in the 
metaphysis of the tibiae of Vdr–/– mice, but not in the proximity of 
the growth plate, where it was even increased (2). In addition, the 
Ct.Th in the diaphysis was reduced by 33% in Vdr–/– compared with 
Vdr+/+ mice (n = 6; P < 0.001), a reduction not as dramatic as the 
60% decrease in Vdrint– versus Vdrint+ mice (n = 9; P < 0.001). Thus, 
when only VDR-dependent calcium absorption is decreased, bone 
growth is secured, but the acquisition of mineralized bone mass is 
reduced, likely to avoid hypocalcemia.

Increased bone turnover contributes to normocalcemia. Bone mass 
accrual results from bone formation outpacing bone resorption, 
and an imbalance between these processes may explain the reduced 
bone mass in Vdrint– mice (7). As analyzed by serum CTx levels, bone 
resorption was increased in Vdrint– mice (Figure 3A). Accordingly, 
staining for tartrate-resistant acid phosphatase (TRAP) showed 

Figure 2
Normal skeletal growth, but reduced bone mass accrual, in Vdrint– mice. (A) Length of the tibia. n = 10. (B) Quantification of the cross-sectional 
area of the tibia (Tt.Ar) by μCT. n = 6–9. (C) Representative Goldner staining of the growth plate. Scale bar: 200 μm. (D–F) Cross-sectional 3D 
μCT images of the tibia (D) and quantification of BV/TV (E) and Ct.Th (F). n = 9. The boxed region in D is a magnified view (enlarged ×2.4-fold) 
showing cortical porosity in 8-week-old Vdrint– mice. (G) Representative image of spontaneous bone fractures in Vdrint– mice and subsequent 
callus formation (arrow). *P < 0.05, #P < 0.001 vs. Vdrint+.
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that osteoclasts were prominently present in the tibial cortex of 
Vdrint– mice, where they formed large resorption cavities, a feature 
not observed in Vdrint+ mice (Figure 3B). The osteoclast surface in 
the trabecular region was comparable between genotypes (Supple-
mental Figure 3A). The increased abundance of osteoclasts cor-
related with the upregulated mRNA ratio of Rankl (also known 
as Tnfsf11) to osteoprotegerin (Opg; also known as Tnfrsf11b) in 
the femora of Vdrint– mice (Figure 3C and Supplemental Figure 3, 
B and C). The number of osteoclast precursors, assessed by flow 
cytometry, and the in vitro differentiating capacity of hemato-
poietic precursors to mature osteoclasts was comparable between 
genotypes (Supplemental Figure 3, D and E). These data indicate 
that the high number of osteoclasts in Vdrint– mice results from 
increased levels of osteoclastogenic factors.

To verify that the increased bone resorption was a critical mech-
anism to preserve normocalcemia, we treated mice from 8 to 14 
weeks of age with the antiresorptive agent zoledronic acid. As 
expected, this treatment successfully inhibited bone resorption 
and increased bone volume in Vdrint+ mice, without influencing 
serum calcium levels. Although bone resorption was not fully nor-
malized in zoledronic acid–treated Vdrint– mice, BV/TV was clearly 
increased and serum calcium levels were significantly decreased 
compared with vehicle-treated Vdrint– mice (Figure 3D and Supple-
mental Figure 3, F and G). These observations indicated that bone 
resorption contributes to maintaining normocalcemia when intes-
tinal calcium absorption is decreased.

Bone formation was also increased in Vdrint– mice. Serum osteo-
calcin, a marker for bone formation, was elevated from weaning 
on (Figure 3E). This finding was in accord with the high num-
ber of cuboidal osteoblasts lining the cortex and trabeculae of 
Vdrint– mice (Figure 3F and Supplemental Figure 3H) and with 

the increased osteocalcin (Oc; also known as Bglap) mRNA levels 
in the femora (Figure 3G). The early osteoblastic differentiation 
stages were apparently not affected, as gene expression of the early 
differentiation marker runt related transcription factor 2 (Runx2) 
was comparable between genotypes (Figure 3G). The osteogenic 
differentiation of bone marrow stromal cells in vitro was also not 
altered in Vdrint– mice (Supplemental Figure 3I), which suggests 
that the increase in mature osteoblasts in vivo is caused by local or 
systemic factors. Taken together, these observations indicate that 
the impaired bone mass acquisition in Vdrint– mice results from 
increased bone turnover that permits skeletal growth but reduces 
calcium storage in bone.

Impaired mineralization contributes to the reduced skeletal calcium con-
tent in Vdrint– mice. The increased bone turnover and resulting low 
bone mass in Vdrint– mice promoted transfer of calcium from bone 
to serum. We next tested the hypothesis that a reduction in the 
degree of mineralization of the bone matrix additionally limits 
calcium storage in bone. The total calcium content of dry bone 
was reduced in Vdrint– mice (Figure 4A). Goldner staining revealed 
a manifest increase in the abundance of unmineralized matrix 
(osteoid) on the trabeculae of Vdrint– mice (Figure 4B). Notably, this 
increase in osteoid did not compensate for the decreased mineral-
ized bone mass (Figure 2E), and consequently, total bone mass was 
clearly reduced in Vdrint– compared with Vdrint+ mice (Supplemen-
tal Figure 4A). Moreover, the endocortical surface and the corti-
cal resorption cavities were covered with very thick osteoid seams 
(Figure 4C). Cortical Vdrint– osteocytes were surrounded by a hypo-
mineralized area, whereas osteocytes in Vdrint+ mice were closely 
encircled by mineralized bone (Figure 4C). Energy dispersive X-ray 
point analyses confirmed that in Vdrint– mice, the perilacunar area 
contained less calcium and phosphate than did the surrounding 

Figure 3
Increased bone remodeling in Vdrint– mice. (A) Serum CTx levels. n = 5–8. (B) Sections of the tibia cortex stained for TRAP reactivity, showing 
osteoclasts in red (arrow). Scale bar: 100 μm. (C) Ratio of RankL mRNA to Opg mRNA in the femur. n = 8. (D) Serum calcium levels in 14-week-
old mice after treatment with vehicle or zoledronic acid for 6 weeks. n = 4–8. (E) Serum osteocalcin levels. n = 7. (F) H&E staining demonstrated 
increased abundance of cuboidal active osteoblasts lining the cortex (arrows) in Vdrint– mice. Scale bar: 50 μm. (G) Gene expression by qRT-PCR 
in the femur. n = 8. *P < 0.05, #P < 0.001 vs. Vdrint+; §P < 0.05 as indicated by the bracket.
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fully mineralized bone (Figure 4, D–F). Thus, Vdrint– osteocytes are 
flanked by a transitional area that contains reduced amounts of 
calcium and phosphate.

In addition to the local hyperosteoidosis, the cortical bone was 
overall hypomineralized in Vdrint– mice. Micro-CT (μCT) analysis 
showed that the bone mineral density (BMD) was profoundly 
decreased, either measured across the cortex or in a defined region 
of interest (Figure 4, G and H, and Supplemental Figure 4B). These 
data were confirmed by backscattered electron microscopy (BSE), 
in which lighter gray levels reflect increased amounts of incor-
porated mineral. The gray level was darker at the periosteal site 
than at the endosteal site in Vdrint– mice, indicative of decreased 
mineral content at the site where new bone is formed. This fea-

ture was evident at 4.5 weeks of age (Supplemental Figure 4C), 
very prominent at 8 weeks of age (Figure 4I), and not observed in 
the other groups. Anomalous dynamic bone formation param-
eters, analyzed via sequential injection of calcein, confirmed the 
mineralization defects (Figure 4J and Supplemental Figure 4D). 
Vdrint+ mice showed a normal mineralization pattern, reflected by 
discernible double labels, whereas fluorochrome incorporation in 
the cortex and trabeculae of Vdrint– mice was aberrant and scat-
tered without clear double labeling. Thus, Vdrint– mice suffered 
from severe mineralization defects characterized by extensive 
hyperosteoidosis, even surrounding the osteocytes, and by global  
hypomineralization of the mineralized bone matrix, whereas 
serum calcium and phosphate levels were normal. This finding 

Figure 4
Decreased bone mineralization in Vdrint– mice. (A) Calcium amount, expressed as a percentage of tibial dry weight (both in milligrams). n = 10.  
(B and C) Goldner staining showing osteoid on the trabeculae (arrow; B), cortical surfaces (C), and resorption cavities (arrow; C) and surrounding 
the osteocytes (arrowhead; C, inset) in Vdrint– mice. Quantification of osteoid surface (OS/BS) and thickness (O.Th) is also shown in B. n = 8. Scale 
bars: 50 μm; 10 μm (insets). (D) BSE of a cortical osteocyte (oc), which was directly enclosed by the mineralized matrix (m) in Vdrint+ mice, but 
surrounded by a hypomineralized area (p) in Vdrint– mice. n = 3. Scale bar: 2 μm. (E and F) Semiquantification (counts per second [cps]) of Ca (E)  
and P (F) by energy dispersive X-ray point analysis in the regions indicated in D. n = 3. (G and H) Quantification of cortical BMD by μCT along a 
line from the endosteal to the periosteal side (G; note decreased Ct.Th in Vdrint– mice) and in a predefined region (H). n = 8. (I) BSE image of the 
diaphyseal cortex showing hypomineralization of the periosteal bone in Vdrint– mice, reflected by the darker gray starting from the black arrow up to 
the outer cortex (white arrow), but not in control mice. Scale bar: 50 μm. (J) Analysis of dynamic bone formation parameters by sequential injection 
with calcein showing normal double label formation (double-sided arrow) in Vdrint+ mice. Scale bar: 25 μm. **P < 0.01, #P < 0.001 vs. Vdrint+.
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implies that calcium storage in bone is reduced to maintain nor-
mocalcemia, not only by increased bone resorption, but also by 
inhibited mineral deposition.

Increased skeletal VDR signaling suppresses skeletal calcium incorpora-
tion. To explain the mineralization defects in Vdrint– mice in light of 
the normocalcemia, we postulated that the high 1,25(OH)2D levels 
inhibit bone matrix mineralization. Arguments for this hypothesis 
are provided by the disparity of the skeletal findings between the 
Vdrint– and Vdr–/– phenotypes. The osteoid excess in Vdr–/– mice is 
considered to result from severe hypocalcemia and hypophospha-
temia, whereas the hyperosteoidosis in Vdrint– mice is associated 
with normal serum calcium and phosphate levels. These findings 
suggest that hormonal changes lead to the mineralization defects 
in Vdrint– mice. Serum PTH and 1,25(OH)2D levels are increased in 
Vdr–/– mice as well as Vdrint– mice, but skeletal VDR signaling is only 
possible in Vdrint– mice, whereas PTH can act in both genotypes. 
In addition, the mineralization defects were less pronounced in 
the Vdr–/– mice, as evidenced by the normal low calcium content 
in dry bone, the lack of hyperosteoidosis at the osteocyte lacunae, 
and the normal cortical BMD (Figure 5 and Supplemental Figure 
4E). These data suggest that skeletal VDR signaling may contrib-

ute to hypomineralization. In addition, 1,25(OH)2D3 treatment of  
7-week-old wild-type mice caused profound mineralization defects, 
an effect that was completely prevented when VDR signaling was 
inactivated in the mature osteoblastic lineage (see below). More-
over, 1,25(OH)2D3 treatment of in vitro–differentiated osteoblastic 
cells decreased matrix mineralization (Figure 6 and Supplemental 
Figure 5, A and B). Together, these observations suggest that high 
1,25(OH)2D levels suppress bone matrix mineralization.

Increased circulating 1,25(OH)2D levels impair mineralization by 
upregulating expression of mineralization inhibitors. Mineralization of 
the organic bone matrix is promoted by calcium and phosphate 
and the presence of matrix proteins like collagen I (COL1a1), 
but counteracted by mineralization inhibitors, including pyro-
phosphates (PPis) and small integrin binding ligand N-linked 
glycoprotein (SIBLING) proteins such as osteopontin (OPN; also 
known as SPP1) (10). Serum calcium and phosphate levels were 
normal in Vdrint– mice, and Col1a1 was abundantly expressed in 
bone (Supplemental Figure 5C), which indicates that these fac-
tors could not account for the mineralization defects. We there-
fore postulate that 1,25(OH)2D suppresses mineralization by 
regulating the levels of mineralization inhibitors.

Figure 5
Normal bone mineralization in Vdr–/– mice. (A) Calcium 
amount, expressed as a percentage of tibial dry weight (both 
in milligrams). n = 10. (B) Goldner-stained sections of the 
tibial cortex, with osteocytes (arrowhead) shown magnified 
(insets). Scale bars: 50 μm; 10 μm (insets). (C and D) Quan-
tification of cortical BMD by μCT in a predefined region (C) 
and along a line from the endosteal to the periosteal side 
(D). n = 8. (E) BSE image of the diaphyseal cortex. White 
arrows denote the periosteal side. Scale bar: 50 μm.

Figure 6
1,25(OH)2D suppresses min-
eralization in vitro by increas-
ing PPi levels. Quantification 
of PPi levels in conditioned 
medium corrected for DNA con-
tent, and visualization of the 
mineralization by Alizarin red 
staining, in differentiated Vdr+/+ 
osteoblasts after treatment for 4 
days with vehicle (veh), 10–8 M  
1,25(OH)2D3 (1,25D), 1 U/ml 
TNAP, and 5 × 10–6 M PPi as 
indicated. n = 6. *P < 0.05 as 
indicated by brackets, 1-way 
ANOVA followed by Fisher’s 
LSD multiple-comparison test.
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Hydroxyapatite crystal expansion is controlled by the PPi/inor-
ganic phosphate (PPi/Pi) balance, with PPi being the suppressor 
of crystal growth. We observed that 1,25(OH)2D3-mediated sup-
pression of mineralization was largely dependent on increased PPi 
levels. Addition of 1,25(OH)2D3 to cultured mature primary osteo-
blasts or an osteoblastic cell line suppressed their mineralization, 
and this effect was associated with increased PPi levels (Figure 6 
and Supplemental Figure 5, D and E). This 1,25(OH)2D3-mediated 
suppression of mineralization was rescued when PPi levels were 
lowered by cotreatment of the cells with tissue-nonspecific alka-
line phosphatase (TNAP; also known as ALPL) (Figure 6 and Sup-
plemental Figure 5F), which indicated that the inhibitory effect of 
1,25(OH)2D on mineralization results from increased PPi levels.

Extracellular PPi levels are regulated by multiple proteins: PPi 
is generated from NTP in matrix vesicles by ectonucleotide pyro-
phosphatase phosphodiesterase 1 (ENPP1) and in the lumen of 

the endoplasmic reticulum by ENPP3; progressive ankylosis (ANK) 
transports PPi to the extracellular environment; and TNAP hydro-
lyses, and thereby inactivates, PPi (11). 1,25(OH)2D regulated PPi 
levels by controlling the transcription of several of these genes. The 
1,25(OH)2D3-mediated increase in PPi levels in osteoblastic cells 
in vitro was associated with upregulated mRNA levels of Enpp1, 
Enpp3, and Ank and a tendency toward reduced Tnap mRNA lev-
els, but only when the VDR was functional (Figure 7, A–D). In 
addition, ChIP–deep sequencing (ChIP-seq) analysis revealed 
VDR/RXR binding +58 kb downstream of the Enpp3 promoter, 
which was confirmed by quantitative real-time RT-PCR (qRT-
PCR) analysis (Figure 7, E and F). A luciferase reporter assay con-
firmed that 1,25(OH)2D3 was able to activate transcription from 
this region (Supplemental Figure 5G). Together, these results sug-
gest that 1,25(OH)2D3 may stimulate gene transcription of Enpp3 
and/or the downstream Enpp1, possibly via a vitamin D respon-

Figure 7
Molecular mechanism of 1,25(OH)2D-induced suppression of mineralization. (A–D, H, and I) Gene expression analysis by qRT-PCR in in 
vitro–differentiated osteoblasts after treatment with vehicle, 10–8 M 1,25(OH)2D3, and 2.5 × 10–8 M PTH for 24 hours. Values denote mRNA copy 
number normalized to that of Hprt (see Methods). n = 6. (E) ChIP-seq tag density profiles for VDR (blue) and RXR (green) after treatment with 
vehicle or 10–7 M 1,25(OH)2D3 (1,25D) for 3 hours in MC3T3-E1 cells. Data centered around the Enpp3 and Ank peak genomic locus are shown, 
with arrows indicating the direction of gene transcription. ChIP-seq tag densities were normalized to 1 × 107 tags; tag maximum for the data is 
shown at top left of each track. (F) qRT-PCR quantification of ChIP-DNA, obtained from MC3T3-E1 cells treated with vehicle or 1,25(OH)2D3 
(10–7 M for 3 hours) prior to ChIP with VDR, RXR, and nonspecific IgG antibodies, with primers flanking the TSS of Enpp1 (1 TSS), the +58-kb 
peak in and the TSS of Enpp3 (3 +58kb and 3 TSS, respectively), the TSS of and the +63-kb peak in Ank, and a control sequence. Shown is 
1 representative experiment of 3. (G) Femoral mRNA levels analyzed by qRT-PCR. n = 8. *P < 0.05, **P < 0.01, #P < 0.001 vs. vehicle-treated 
Vdr+/+, 1-way ANOVA followed by Fisher’s LSD multiple-comparison test; §§P < 0.01, §§§P < 0.001 vs. Vdrint+.
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sive element (VDRE) within Enpp3. Similarly, ChIP-seq and qRT-
PCR data showed VDR/RXR binding +63 kb downstream of the 
transcriptional start site (TSS) of Ank, and this region mediated 
1,25(OH)2D3-responsive gene transcription. The TSS also showed 
a small amount of VDR/RXR binding by qRT-PCR, but we were 
unable to confirm its activity (Figure 7F and Supplemental Figure 
5G). Thus, 1,25(OH)2D3 increased PPi levels by regulating the pro-
teins involved in PPi metabolism, and this system played an impor-
tant role in the suppression of mineralization by 1,25(OH)2D3.

Consistent with the in vitro findings, the skeletal mineraliza-
tion defects of Vdrint– mice were associated with upregulated 
Ank and Enpp3 levels (Figure 7G) and an increased PPi/Pi ratio 
(Vdrint+, 0.54% ± 0.05%; Vdrint–, 0.70% ± 0.07%; n = 4). Conversely, 
in Vdr–/– bones, Enpp1 expression was decreased and Tnap levels 
were increased (Supplemental Figure 5H), suggestive of a reverse 
effect when VDR is lacking: reduced production and enhanced 
degradation of PPi.

In addition, 1,25(OH)2D3 is known to induce gene expression of 
the mineralization inhibitor Opn, via binding of the VDR to regula-
tory sequences directly upstream of the Opn promoter (ref. 12 and 
Figure 7H). Accordingly, Opn mRNA was significantly increased in 
femora of Vdrint– mice, whereas no significant change was observed 
in bones of Vdr–/– mice (Figure 7G and Supplemental Figure 5H). 
mRNA levels of phosphate-regulating gene with homologies to 
endopeptidases on the X chromosome (Phex; encoding a protein 
suggested to cleave and inactivate OPN; ref. 13) were decreased in 
Vdrint– femora; a similar trend was observed in osteoblastic cells 

treated with 1,25(OH)2D3 (Figure 7, G and I). These findings 
may suggest enhanced production and impaired degradation of 
OPN. The addition of 2.5 × 10–8 M PTH significantly decreased 
Phex levels (Figure 7I), which suggests that the high PTH levels in 
Vdrint– mice may also contribute to the reduced Phex levels. Notably, 
PTH tended to decrease Opn levels in cultured osteoblastic cells 
(Figure 7H), and therefore cannot account for the increased Opn 
levels observed in vivo. Thus, the 1,25(OH)2D3-induced increase 
of Opn gene expression may contribute to the 1,25(OH)2D-medi-
ated suppression of bone matrix mineralization. The expression of 
other known mineralization inhibitors, including Dmp1, Mgp, and  
Phospho1, was not altered in femora of Vdrint– mice (data not shown). 
Taken together, these observations suggest that impaired skeletal 
mineralization in Vdrint– mice results from increased abundance of 
mineralization inhibitors, mediated by excessive VDR signaling. 
More specifically, we conclude that 1,25(OH)2D directly controls 
the gene expression of the SIBLING protein Opn and of several 
enzymes involved in PPi metabolism, including Enpp3 and Ank.

Increased VDR signaling in mature osteoblasts/osteocytes is required to 
suppress bone mineralization and shift calcium from bone to serum. To 
confirm that osteoblastic VDR signaling is involved in mobiliz-
ing calcium from bone, we specifically and efficiently inactivated 
Vdr expression in the late osteoblastic lineage (Vdroc– mice; Supple-
mental Figure 6A). As expected, serum calcium, phosphate, and 
1,25(OH)2D levels; bone mass; bone remodeling; and osteoblast 
and osteocyte differentiation were not altered in Vdroc– mice fed a 
normal calcium diet (~1% calcium) (Figure 8 and Supplemental 

Figure 8
Normal bone homeostasis in Vdroc– mice. (A) Cross-sectional 3D μCT images of the tibia with quantification of BV/TV and Ct.Th. n = 8. (B) Serum 
osteocalcin levels. n = 8. (C) Goldner-stained trabeculae (arrows denote osteoids) with quantification of osteoid surface and thickness. n = 5. 
Scale bar: 50 μm. (D) Analysis of dynamic bone formation parameters by sequential calcein injections showing the presence of single (arrow) 
and double (double-sided arrow) labels and quantification of the mineral apposition rate (MAR), mineralizing surface (MS), and bone formation 
rate (BFR) in the trabecular area. n = 5. Scale bar: 20 μm. (E) Serum CTx levels. n = 4–6. (F) TRAP staining showing osteoclasts (arrow) on the 
trabeculae and quantification of the osteoclast surface (Oc.S/BS). n = 5. Scale bar: 50 μm.
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Figure 6, B–I). Thus, we concluded that VDR signaling in mature 
osteoblasts/osteocytes is redundant for calcium and bone homeo-
stasis when sufficient dietary calcium is absorbed.

To address the consequences of increased 1,25(OH)2D action on 
the skeleton, Vdroc+ and Vdroc– mice were treated with 1,25(OH)2D3 
for 1 week. 1,25(OH)2D3-induced hypercalcemia was markedly less 
pronounced in Vdroc– mice, with a clear tendency for better preser-
vation of bone mass compared with Vdroc+ mice (Figure 9, A–C). As 
we postulated, 1,25(OH)2D shifted calcium from bone to serum 
by stimulating bone resorption, as evidenced by a nonsignificant 
increase in serum CTx levels and a profound increase in the abun-
dance of osteoclasts compared with untreated mice (Figure 8F). 
Surprisingly, the increase in these parameters was not different 
between genotypes (Figure 9, D and E). A possible explanation is 
that VDR signaling in the early osteoblasts is sufficient to account 
for the 1,25(OH)2D-induced bone resorption.

However, the similar increase in bone resorption cannot 
explain the less-profound hypercalcemia in Vdroc– mice, which 
strengthens the concept that 1,25(OH)2D can increase blood cal-
cium levels by suppressing bone matrix mineralization. Indeed, 

1,25(OH)2D3 treatment induced marked hyperosteoidosis 
and impaired matrix mineralization in Vdroc+ mice only, not in 
Vdroc– mice, as evidenced by Goldner staining and defective cal-
cein incorporation (Figure 9, F and G, and Supplemental Fig-
ure 6, J and K). Accordingly, femoral mRNA levels of Opn and 
Ank were increased in 1,25(OH)2D3-treated Vdroc+ mice. Impor-
tantly, Vdr inactivation in the osteoblastic lineage completely 
prevented the mineralization defects and the increase in miner-
alization inhibitors (Figure 9, H and I, and Supplemental Figure 
6L). Notably, we did not detect a genotype-related differential 
effect of 1,25(OH)2D3 action on serum osteocalcin levels and 
markers for osteoblast differentiation (Supplemental Figure 6, 
M and N). The comparable intestinal calcium absorption and 
urinary calcium loss between genotypes, evidenced by similar 
mRNA levels of intestinal calcium transporters and urinary cal-
cium levels (Supplemental Figure 6, O–Q), could also not explain 
why 1,25(OH)2D3 treatment primarily induced hypercalcemia 
in Vdroc+ mice. Together, these data showed that mineralization 
defects developed only in 1,25(OH)2D3-treated Vdroc+ mice, which 
indicates that increased VDR signaling in the late osteoblastic 

Figure 9
Vdroc– mice are protected against 1,25(OH)2D3-induced mineralization defects. Vdroc+ and Vdroc– mice were treated with vehicle or 1,25(OH)2D3 
for 1 week. (A) Serum calcium levels. n = 4–6. (B and C) μCT analysis of BV/TV (B) and Ct.Th (C). n = 8. (D) Serum CTx levels. n = 4–6. (E) 
TRAP staining showing osteoclasts (arrows) on the trabeculae and quantification of the osteoclast surface. n = 5. Scale bar: 50 μm. (F) Gold-
ner-stained trabeculae (arrows denote osteoids) with quantification of osteoid surface and thickness. n = 5. Scale bar: 50 μm. (G) Analysis of 
dynamic bone formation parameters by sequential calcein injections showing a normal mineralization pattern in Vdroc– mice with the formation 
of single (arrow) and double (double-sided arrow) labels. Scale bar: 20 μm. (H and I) mRNA expression in the femur analyzed by qRT-PCR.  
n = 5–8. Values denote mRNA copy number normalized to that of Hprt (see Methods). #P < 0.05, 1,25(OH)2D3 vs. vehicle, §P < 0.05, Vdroc– vs. 
Vdroc+, 2-way ANOVA followed by Fisher’s LSD multiple-comparison test. 
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lineage impairs bone matrix mineralization by increasing the 
expression of mineralization inhibitors.

1,25(OH)2D-mediated intestinal calcium absorption is crucial for surviv-
ing calcium restriction. The 1,25(OH)2D-mediated pathway of intes-
tinal calcium transport gains importance when dietary calcium 
levels decline. As our findings revealed that intestinal VDR activity 
was already crucial to preserve skeletal integrity during normal cal-
cium intake (~1%), we wondered how calcium and bone homeostasis 
would adapt during calcium restriction, when intestinal VDR activity 
is lacking. Vdrint– mice were therefore fed a low-calcium diet (~0.02%) 
from weaning on. Within 14 days of starting the diet, 8 of 16 Vdrint– 
mice (50%) died. The surviving Vdrint– mice (4.5 weeks old) were hypo-
calcemic (serum calcium, 7.0 ± 0.3 mg/dl; n = 6) and developed even 
more pronounced osteopenia compared with age-matched Vdrint– 
mice on the normal calcium diet (low calcium, 1.55% ± 0.4% BV/TV, 
43 ± 2.0 μm Ct.Th; normal calcium, 2.6% ± 0.4% BV/TV, 70.0 ± 6.4 
μm Ct.Th; P < 0.05 for BV/TV, P < 0.001 for Ct.Th; n = 6). Thus, when 
calcium malabsorption was extreme, the skeletal responses became 
insufficient, resulting in hypocalcemia and early lethality.

As expected, Vdrint+ littermates fed the low-calcium diet survived 
normally and mimicked the Vdrint– phenotype. More precisely, nor-
mal serum calcium levels were maintained, serum levels of the calcio-
tropic hormones were increased, and bone mass accrual was reduced 
and characterized by increased bone remodeling and decreased bone 
mineralization. Bone growth, on the other hand, was normal (Figure 
10 and Supplemental Figure 7, A–C). These observations indicated 
that both intestinal Vdr deletion and dietary calcium restriction, as 
means of compromising active intestinal calcium absorption, have 
similar effects on calcium and bone homeostasis.

Intestinal calcium absorption is less dependent on 1,25(OH)2D 
action when the diet is rich in calcium. Consequently, we found 
that feeding Vdrint– mice a high-calcium rescue diet prevented the 
Vdrint– phenotype completely, including the changes in calciotro-
pic hormones, urinary calcium excretion, and skeletal phenotype 
(Supplemental Figure 7, D–L).

We conclude from the present studies that the hormonal and 
skeletal abnormalities associated with intestinal Vdr deletion 
are caused by reduced intestinal calcium absorption. Moreover, 

Figure 10
Dietary calcium restriction after weaning mimics the Vdrint– phenotype. Vdrint+ mice were fed a normal (Nml) or low-calcium (Low) diet. (A–C, 
E, and F) Serum calcium (A), PTH (B), 1,25(OH)2D (C), CTx (E), and osteocalcin (F) levels. n = 6–8. (D) Quantitative μCT analysis of the tibia.  
n = 6–8. (G) Histological image of the diaphyseal cortices after sequential calcein injection showing a normal mineralization pattern in Vdrint+ 
mice fed a normal diet, demonstrated by the double label formation (double-sided arrow). Scale bar: 10 μm. (H and I) Visualization of osteoid 
(arrows) on the trabeculae (H) and cortical surfaces (I) by Goldner staining. Quantification of osteoid surface and thickness is also shown in H. 
n = 6. Scale bar: 50 μm. (J) Goldner staining of the growth plate. Scale bar: 200 μm. (K) Length of the tibia. n = 6–7. (L) Quantification of the 
cross-sectional area of the tibia by μCT. n = 6–8. *P < 0.05, **P < 0.01, ***P < 0.001 vs. normal diet.
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1,25(OH)2D-mediated intestinal calcium transport is already 
essential for the preservation of skeletal integrity during normal 
calcium intake, and it becomes indispensible to guarantee survival 
during calcium restriction.

Discussion
Calcium stored in bone can be redistributed to serum when the 
calcium balance is negative, but to date, the skeletal adaptations 
and molecular mediators were still largely unknown. Here, we 
found that the shift of calcium from bone to serum depended 
on the control of calcium incorporation into the bone matrix as 
well as calcium release from bone, and that 1,25(OH)2D was a 
prime regulator of both processes. These data suggest that the 
cellular processes regulated by serum calcium will be guaranteed 
at the expense of skeletal integrity, even when these adaptations 
result in bone fractures.

Insufficient intestinal calcium absorption caused by dietary 
restriction or intestinal-specific Vdr inactivation (Vdrint– mice) 
resulted in a negative calcium balance. Increased renal calcium 
reabsorption, mediated by the high levels of PTH and 1,25(OH)2D 
(data not shown), may partially counterbalance the impaired 
intestinal calcium absorption in Vdrint– mice. In addition, skeletal 
calcium can supply the serum calcium pool by 2 distinct, comple-
mentary mechanisms. As generally accepted, calcium is released 
by an increase in bone resorption in response to elevated PTH 

and 1,25(OH)2D levels, leading to decreased bone mass. In theory, 
inhibiting bone matrix mineralization may represent an addition-
al beneficial process to safeguard normocalcemia. We here provide 
evidence that both processes constitute the skeletal response to 
inadequate intestinal calcium absorption.

Shortly after weaning, when 1,25(OH)2D-mediated intestinal 
calcium transport becomes important, PTH and 1,25(OH)2D lev-
els increased in Vdrint– mice. These hormonal changes likely caused 
the extensive cortical remodeling and high bone turnover that are 
present from that moment on (14). An argument against PTH 
being involved is our observation that PTH was also increased in 
Vdr–/– mice, but that bone mass was better preserved and corti-
cal remodeling was less pronounced in Vdr–/– than in Vdrint– mice. 
However, it is possible that Vdr–/– mice develop skeletal resistance 
to PTH, as is often observed in response to prolonged exposure 
to extremely high PTH levels (14). This unresponsiveness to 
PTH may also be present in Vdrint– mice, although probably less 
prominent, because the PTH levels are only modestly increased  
(1.3-fold vs. 10-fold in Vdr–/– mice; ref. 9). In addition, the PTH 
and VDR signaling pathways are regarded to be interdependent, 
and the lack of VDR expression in bone cells of Vdr–/– mice may 
thus hinder the response to PTH (15). Further studies are required 
to investigate the interaction between PTH and VDR signaling in 
these settings. Together, our findings indicate that a reduction in 
mineralized bone mass, via increased bone remodeling by PTH 
and/or 1,25(OH)2D, is a first mechanism to transfer calcium from 
bone to serum.

We argue that the inhibition of calcium incorporation in bone 
is equally important to preserve serum calcium levels and that the 
increased 1,25(OH)2D levels are critical to redirect skeletal calcium 
toward serum. Indeed, only when increased 1,25(OH)2D levels 
could elicit a skeletal response [i.e., in Vdrint– mice, 1,25(OH)2D-
treated Vdroc+ mice, and Vdrint+ mice receiving a low-calcium diet, 
but not in Vdr–/– or Vdroc– mice] was bone matrix mineralization 
inhibited, and was a profound shift of calcium from bone to serum 
observed. In agreement with this finding, bone fractures that are 
associated with dietary calcium restriction in growing rats are pre-
vented when the low-calcium diet is combined with vitamin D defi-
ciency, but the latter condition is associated with more pronounced 
hypocalcemia (4). Several lines of evidence support our finding that 
increased 1,25(OH)2D serum levels suppresses bone matrix miner-
alization. Supraphysiological vitamin D levels in humans (8) and 
animals (present study and ref. 16) result in osteoid excess, which 
we prevented here by inactivating osteoblastic Vdr signaling in 
mice. Other mouse models, including Cyp24-null (17) and Fgf23-
null (18) mice, show deregulated vitamin D homeostasis, character-
ized by inappropriately high 1,25(OH)2D levels with consequently 
low PTH and hypercalcemia, and display reduced mineralized bone 
mass and hyperosteoidosis. The inhibitory effects of 1,25(OH)2D 
on mineralization were also confirmed by in vitro experiments on 
several mouse and rat osteoblastic cell lines and by the increased 
mineralization observed in Vdr–/– osteoblasts (present study and 
ref. 7). Here, we provide evidence that increased 1,25(OH)2D levels 
restrained bone mineral incorporation, which led to the observed 
mineralization defects. This system contributes to the physiologi-
cal adaptations that compensate for calcium malabsorption and 
are directed at maintaining normocalcemia.

Mechanistically, 1,25(OH)2D suppressed mineralization by 
regulating gene transcription of several mineralization inhibitors. 
It is well documented that the mineralization inhibitor Opn is a 

Figure 11
1,25(OH)2D induces skeletal hypomineralization and osteopenia to 
preserve serum calcium. During normal calcium intake, stimulation of 
intestinal calcium absorption by 1,25(OH)2D is important to prevent 
a negative calcium balance. When dietary calcium supply is low or 
intestinal calcium absorption is hampered, 1,25(OH)2D levels increase 
and preserve normocalcemia by stimulating, together with PTH, bone 
resorption and by upregulating mineralization inhibitors, thus reducing 
bone matrix mineralization. These skeletal adaptations are essential 
to secure the processes that depend on normal serum calcium levels, 
but are deleterious for skeletal integrity.
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1,25(OH)2D-responsive gene (12). Another important mineraliza-
tion inhibitor is PPi, which is generated by ENPP1 and ENPP3, 
transported extracellularly by ANK, and inactivated by TNAP. The 
physiological relevance of abnormal PPi metabolism in mineraliza-
tion is underscored by the soft tissue calcifications and hypermin-
eralized bone abnormalities in mice lacking Ank and Enpp1 activ-
ity; the in vivo significance of ENPP3 remains to be determined 
(19). However, it was still unknown how PPi levels are fine-tuned 
to regulate mineralization in bone and which factors control PPi 
levels. Our data showed that 1,25(OH)2D increased PPi levels via 
the transcriptional control of especially Ank and Enpp3 expression 
and that this mechanism played a crucial role in the 1,25(OH)2D-
mediated suppression of mineral incorporation. Together, these 
data suggest that regulation of PPi levels by 1,25(OH)2D is 
involved in the physiological response of the skeleton to a negative 
calcium balance. However, we recognize that the control of bone 
matrix mineralization in vivo is extremely complex (10) and that 
the described 1,25(OH)2D-mediated regulation of several mineral-
ization inhibitors does not exclude that other modulators and/or 
posttranslational modifications may also be involved.

In contrast to the severe reduction in bone mass and mineral-
ization, skeletal growth was not hampered by calcium restriction. 
This finding supports the importance of normal serum calcium 
and especially phosphate levels for normal growth plate morphol-
ogy and skeletal growth, but also implies that these processes are 
not negatively affected by hyperparathyroidism and increased 
1,25(OH)2D levels (7). Bone growth and bone mass accrual are thus 
separately — although interdependently — regulated: 1,25(OH)2D 
(and PTH) ensure the preservation of serum calcium by minimiz-
ing calcium deposition in bone matrix, and the normocalcemia 
guarantees normal bone growth.

The phenotype of the Vdrint– mice underscores the importance of 
intestinal calcium absorption for bone homeostasis, a process that 
is often defective in patients with osteoporosis. This mouse model 
differs from the human situation in several aspects, namely, (a) 
the human diet will likely be less deficient in calcium; (b) elderly 
people are usually vitamin D deficient, and the high 1,25(OH)2D 
levels will therefore not occur unless vitamin D supplements are 
given without correction of the calcium deficiency; and (c) the 
effects on bone may be more pronounced in the mouse models as 
they were analyzed during growth. Based on our findings, we sug-
gest caution with vitamin D supplementation without giving extra 
calcium, because this strategy may result in hypervitaminosis D  
that negatively affects bone quality. Our study may explain the 
surprising finding that vitamin D monotherapy increased fracture 
risk in 2 clinical trials; this outcome was associated with increased 
1,25(OH)2D levels in the Smith study (6, 20). Together, these data 
advocate combined calcium–vitamin D therapy in the manage-
ment of osteoporosis to optimize calcium acquisition and to pre-
vent vitamin D toxicity that may develop, especially when calcium 
is insufficiently available.

In summary, our results showed that adequate intestinal cal-
cium absorption is essential for normal bone mass accrual and 
that 1,25(OH)2D signaling is crucial to secure this process, even 
during normal calcium intake. When intestinal calcium trans-
port is impaired, normocalcemia can be preserved by reducing the 
total amount of calcium stored in the skeleton, via a PTH- and 
VDR-mediated increase in bone remodeling, but equally well via 
a 1,25(OH)2D-mediated reduction in bone mineralization (Figure 
11). Conservation of normocalcemia is thus preferred over calcium 

storage in bone, a finding that should be kept in mind in the pre-
vention and treatment of osteoporosis.

Methods
Animals. Generation of Vdrfl/fl and Vdr-null mice was reported previously 
(9). Vdrfl/fl mice were crossed with transgenic mice expressing Cre recom-
binase under the control of the Villin gene promoter (21), generating Vil-
lin-Cre+/–Vdrfl/fl (Vdrint–) mice, and with mice expressing the Cre recombinase 
controlled by the 10-kb fragment of the Dmp1 promoter (22), generating 
Dmp1-Cre+/–Vdrfl/fl (Vdroc–) mice. Vdr+/+, Villin-Cre–/–Vdrfl/fl (Vdrint+), and Dmp1-
Cre–/–Vdrfl/fl (Vdroc+) littermates served as respective controls for Vdr–/–, Vdrint–,  
and Vdroc– animals. Mice had unlimited access to water and a standard 
rodent diet (1.0% calcium, 0.7% phosphate; Ssniff R/M-H) and were exam-
ined at 8 weeks of age unless otherwise indicated (see Supplemental Meth-
ods for details). The following treatment regimens were used: (a) 8-week-old 
mice were s.c. injected with zoledronic acid (100 μg/kg BW/wk; provided 
by Novartis) for 6 weeks and sacrificed at 14 weeks of age. (b) 7-week-old 
mice were i.p. injected with 1,25(OH)2D3 (0.5 μg/kg BW/d) for 1 week and 
sacrificed 20 hours after the last injection. (c) Weanling mice received a low-
calcium diet (0.02% calcium, 0.7% phosphorus; 4403.06 custom-made diet; 
ABDiets) and were compared with littermates on an isoenergetic control 
diet (1% calcium, 0.7% phosphorus; 4403.05 custom-made diet; ABDiets). 
Vdrint+ mice were sacrificed at 8 weeks of age, and surviving Vdrint– mice at 4.5 
weeks of age. (d) Weanling mice received a rescue diet (2% calcium, 1.25% 
phosphorus, 20% lactose; TD96348; Harlan) for 5 weeks. Intestinal Ca2+ 
absorption was assessed in 8-week-old mice by measuring serum 45Ca2+ at 
early time points after oral gavage, as described previously (9).

Molecular analysis. Gene expression was analyzed with the primers and 
probes listed in Supplemental Table 1 and normalized for hypoxanthine-
guanine phosphoribosyltransferase (Hprt) expression. To determine 
genomic binding of VDR and RXR, MC3T3-E1 cells were treated with 
vehicle or 10–7 M 1,25(OH)2D3 for 3 hours prior to ChIP using VDR, RXR, 
and nonspecific IgG antibodies, as described previously (23), followed by 
ChIP-seq or qRT-PCR. See Supplemental Methods for details.

In vitro osteoblast cultures. Primary osteoblasts were isolated as described 
previously (24). After osteoblastic differentiation (50 μg/ml ascorbic 
acid and 10 mM β-glycerophosphate [Sigma-Aldrich, osteogenic medi-
um]) for 6 days, cells were treated with 10–8 M 1,25(OH)2D3, 2.5 × 10–8 M  
hPTH(1-34) (Bachem), 5 × 10–6 M PPi (Sigma-Aldrich), and 1 U/ml 
TNAP (Sigma-Aldrich). Medium was collected to quantify PPi levels and 
normalized to the amount of DNA; cells were used for RNA and DNA 
extraction or were stained for Alizarin red. All quantifications were per-
formed on 2–3 wells per condition and repeated 2–4 times.

Quantification of PPi levels. PPi levels in conditioned medium were deter-
mined as previously described (25). The PPi/Pi ratio in bone was quantified 
using a method adapted from that of Cho et al. (26). Briefly, the metaphy-
seal cortex of 8-week-old mice was isolated, cleaned, and immersed in  
0.5 M EDTA (pH 7.5) for 2 weeks. High-resolution 31-P nuclear magnetic 
resonance spectroscopy in a 9.4T vertical magnet (Bruker) at 188 Mhz was 
performed on the EDTA solution, and the PPi/Pi signal intensity ratio was 
quantified using Topspin 2.1 (Bruker) without correction for saturation.

Statistics. Data are expressed as mean ± SEM. To assess the effect of geno-
type or treatment, data were compared using 2-tailed Student’s t test. For 
multiple comparisons, Fisher’s least significant difference (LSD) test was 
performed after ANOVA. Differences were considered significant for P val-
ues less than 0.05.

Study approval. All animals were treated according to the National Insti-
tutes of Health Guide for the Care and Use of Laboratory Animals, and all 
experiments were approved by the Ethical Committee Animal Tests of the 
University of Leuven.
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