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Abstract
Mice lacking 25-hydroxycholecalciferol [25(OH)D]-1α-hydroxylase (CYP27B1) are growth
retarded, hypocalcemic, and have poor bone mineralization. We tested whether high dietary
cholecalciferol (VD3) could exert effects in the absence of CYP27B1 in vivo. Weanling male wild-
type (WT) and CYP27B1 knockout (KO) mice were fed either a 2% calcium (Ca), 20% lactose rescue
diet or an AIN93G diet (0.5% Ca, 0.4% phosphorus) containing 1000 (1K, the rodent requirement,
25 μg), 10,000 (10K, 250 μg), or 20,000 (20K, 500 μg) IU VD3/kg diet until 12 wk when blood and
tissues were taken. Serum 25(OH)D was >90 nmol/L in the 1K diet group and increased >4-fold in
mice fed 10K and 20K diets. The 1K diet impaired growth and caused hypocalcemia in KO mice;
the 10K and 20K diets were as effective as the high Ca rescue diet in preventing these outcomes.
High VD3 restored expression of vitamin D-regulated genes in intestine (calbindin D9K) and kidney
(CYP27B1, 24-hydroxylase, calbindin D9K) of KO mice. Micro-computed tomography of femora
revealed complete recovery of cortical bone in KO mice fed either the rescue or 10K diets but only
partial recovery of trabecular bone measures (e.g. 40% lower bone volume, 20% lower trabecular
thickness, and 23% increase in trabecular separation). These data show that very high serum 25(OH)
D can influence Ca and bone metabolism independent of its conversion to 1,25
dihydroxycholecalciferol. However, neither high dietary Ca nor high dietary VD3 is sufficient to
fully recover the phenotype of CYP27B1 KO mice.

Introduction
The vitamin D endocrine system is indispensable for maintenance of systemic calcium
homeostasis and skeletal growth. Cholecalciferol, or vitamin D3 (VD3)5, can be obtained from
the diet and supplements or it can be generated in skin from 7-dehydrocholesterol upon
exposure to UV radiation. In either case, VD3 must be further metabolized to bind to the nuclear
vitamin D receptor (VDR) and exert its biological effects (1). Initial metabolism of VD3 in
liver generates 25-hydroxychole-calciferol [25(OH)D3], a metabolite that displays low affinity
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for the VDR and has traditionally been considered biologically inactive. 25(OH)D3 is further
metabolized by the renal 25(OH)D3-1α-hydroxylase (a mitochondrial cytochrome P450
enzyme also known as CYP27B1) to generate 1,25 dihydroxy-cholecalciferol [1,25(OH)2D3],
the high affinity VDR ligand (1). The control of calcium (Ca) and bone metabolism by the
VDR-1,25(OH)2D3 complex is mediated primarily via transcriptional regulation of genes in
the intestine and kidney, leading to regulation of Ca uptake and transport, as well as in bone,
leading to the regulation of bone formation and resorption (1).

The importance of VD3 metabolism and action for the regulation of calcium homeostasis has
been confirmed in humans with type I and type II genetic rickets where loss-of-function
mutations in either CYP27B1 or VDR, respectively, lead to severe hypocalcemia and
osteomalacia (2,3). Recently, mice with targeted ablation of CYP27B1 have been developed
as models for human vitamin D-dependent rickets type I. Mice with this disruption have
impaired postnatal weight gain, progressive hypocalcemia, and skeletal disturbances secondary
to the deficiency of 1,25(OH)2D3 (4,5). This phenotype can be completely prevented by
exogenous administration of 1,25(OH)2D3, which induces VDR target genes in intestine
(including calbindin D9K) to restore VD3-dependent Ca absorption (6). The rachitic phenotype
of CYP27B1 knockout (KO) mice can also be improved, but not completely corrected, by
feeding a high Ca/high lactose ‘‘rescue’’ diet from weaning (7,8). The inclusion of lactose
promotes vitamin D-independent intestinal Ca absorption and it normalizes serum Ca without
induction of VDR target genes such as calbindin D9K (6).

In addition to its central role in the vitamin D endocrine system, CYP27B1 is expressed at low
levels in extra-renal tissues, including skin, prostate, breast, and colon (9). It has been
hypothesized that extra-renal CYP27B1 generates 1,25(OH)2D3, which then acts locally to
regulate Ca metabolism [e.g. suppression of parathyroid hormone (PTH) (10) and activation
of Ca absorption (11)] and induce nonclassical vitamin D effects such as the regulation of cell
proliferation and differentiation (12). This hypothesis predicts that reduced availability of 25
(OH)D3 to the extra-renal CYP27B1 limits local vitamin D signaling and protection, whereas
high serum 25(OH)D3 maximizes local 1,25(OH)2D3 production and beneficial effects. This
model is supported by epidemiological studies that have linked indices of vitamin D status [i.e.
vitamin D intake, latitude, UV exposure, and/or circulating 25(OH)D3] with the risk for various
chronic diseases, including osteoporosis and cancer (13), as well as cell culture studies that
demonstrate the conversion of 25(OH)D3 to 1,25(OH)2D3 in cell types such as activated
immune cells and prostate epithelial cells (14,15). However, an alternative explanation for
these observations that has yet to be rigorously tested is that 25(OH)D3 can mediate effects in
the absence of conversion to 1,25(OH)2D3 by directly activating VDR. In this model, the high
serum concentration of 25(OH)D3 [500–1000 times higher than 1,25(OH)2D3] overcomes its
low affinity for the receptor [500 times lower than 1,25(OH)2D3]. In this study, we utilized
the CYP27B1 KO mouse model to test the possibility that 25(OH)D3 can exert biological
effects in the absence of CYP27B1 in vivo. As a straightforward proof of principle, we
examined whether chronic feeding of diets high in VD3 would elevate serum 25(OH)D3
sufficiently to activate VDR in CYP27B1 KO mice. Our data show that high VD3 status can
rescue the rachitic phenotype of CYP27B1 null mice and supports the hypothesis that high
serum 25(OH)D3 can induce VDR-mediated molecular events in vivo.

Methods
Animals and diets

The CYP27B1 KO mice utilized in these studies were derived from animals originally obtained
from Dr. René St. Arnaud (McGill University, Montreal, QC), who generated the CYP27B1
KO on the C57/BL6 background (4). In this model, exon 8, encoding the heme-binding region,
was deleted. Because heme binding is essential for the hydroxylase activity of this enzyme,

Rowling et al. Page 2

J Nutr. Author manuscript; available in PMC 2008 September 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



the altered gene produces a mutant protein lacking the ability to convert 25(OH)D3 to 1,25
(OH)2D3. Male CYP27B1 KO and wild-type (WT) C57/BL6 mice were randomized to rescue
diet [2% Ca, 1.25% phosphorus, and 20% lactose supplemented with 2200 IU (55 μg) VD3/
kg] or semipurified AIN 93G diets [0.5% Ca, 0.4% phosphorus, (16)] containing 1000 IU (1K;
25 μg), 10,000 IU (10K; 250 μg), or 20,000 (20K; 500 μg) IU VD3/kg diet (n = 9–10 mice per
dietary group for each genotype). The standard and modified AIN93G diets were prepared by
Research Diets; the 2% Ca, 20% lactose rescue diet was prepared by Teklad (Diet TD96348)
(Table 1). Mice consumed diets and water ad libitum. We recorded food intake and body
weights weekly. At 12 wk, mice were anesthetized, at which time serum and tissues were
collected for analysis and the mice were killed. The animal experiment was approved by the
Notre Dame Animal Care and Use Committee.

Serum Ca and vitamin D metabolite analysis
Serum 1,25(OH)2D3 (n = 8–10 replicates per group) and 25(OH)D3 (n = 4–5) were analyzed
via enzyme immunoassays using commercial kits (Immunodiagnostic Systems). The inter-
assay CV for each assay is 10 and 8%, respectively, and the intra-assay CV for each assay is
15 and 10%, respectively. The stated cross-reactivity of 25(OH)D3 in the 1,25(OH)2D3
enzyme immunoassay is 0.0092% and this was confirmed by analysis of serum from CYP27B1
KO mice that was spiked to a concentration of 500 nmol/L with 25(OH)D3 (data not shown).
Serum Ca (n = 4–5) was analyzed via a quantitative colorimetric assay using the QuantiChrom
Ca assay kit (BioAssay Systems).

Real-time PCR
Total RNA was isolated from mucosal scrapings (collected from the first 2 cm of the
duodenum) and minced kidney tissue using the TriReagent procedure (Molecular Research
Center). The isolated RNA was reverse transcribed into cDNA as previously described (17).
Real-time PCR was conducted on samples using the Bio-Rad My iQ RT-PCR system
containing SYBR green (BioRad). Only samples whose gel pictures (0.5-μg sample on 1.5%
agarose gel) confirmed that RNA degradation had not occurred were used for PCR analysis.
Messenger RNA (mRNA) levels were normalized to the expression of glyceraldehyde 3-
phosphate dehydrogenase within the sample and are expressed as relative to the WT mouse
expression level. PCR conditions and primers for calbindin D9k, 25-hydroxy cholecalciferol,
24 hydroxylase (CYP24), and glyceraldehyde 3-phosphate dehydrogenase were previously
reported by our group (18). Renal CYP27B1 mRNA levels were analyzed via RT-PCR using
primer sets and conditions previously reported by Healy et al. (19). Six samples per group were
analyzed for renal gene expression and 3–4 samples were analyzed per group for duodenal
calbindin D9k mRNA levels.

Bone analyses
At the end of the experiment, the right and left femur from each mouse was stripped of all
muscle. The right femur was fixed in 10% buffered formalin for 24 h and stored in 70% ethanol
at 4°C until analysis. The left femur was examined using digital calipers for length and midshaft
thickness. Afterwards, the femur was dried, ashed, and Ca content was examined by atomic
absorption spectrometry as we have previously described (20).

Micro-computed tomography (μCT) was used to determine quantitative differences in bone
structure using conditions and procedures described by Judex et al. (21). Because our
assessment of bone Ca and ash showed that these parameters were not different in the WT
groups and because we did not detect a difference between KO mice fed the 10K and 20K IU
VD3/kg diets, only 4 representative groups were examined: WT fed the standard AIN93G diet
(0.5% Ca, 1000 IU VD3/kg; reference group), CYP27B1 KO mice fed the standard AIN93G
diet (negative control), and CYP27B1 KO mice fed either the rescue diet (partial recovery) or
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the AIN93G diet supplemented with 10K IU VD3/kg (test group). We scanned the midshaft
and the proximal femur using a desktop μCT instrument (Scanco Medical uCT 40). Data sets
were analyzed with Scanco μCT v.1.2 software. The distal point for the start of trabecular bone
quantification, i.e. the point were distal condyles merge, was determined for each femur
individually from reconstructed three-dimensional (3D) images. A manual contouring of 300
μm up the bone shaft from this point was performed to ensure that we included only trabecular
bone in the analysis (21). Total and trabecular bone volume (BV,TV); connectivity density
(Conn.D.; higher number = more connections between trabeculae); trabecular thickness
(Tb.Th), number (Tb.N), and separation (Tb.Sp), and structure model index (a measure
reflecting trabecular structure; 0 = plate-like to 3 = rod-like) were estimated using the direct
model. Cortical bone analysis was conducted on 2 150-μm sections flanking the femur
midpoint. We estimated midshaft BV and TV, bone surface, bone surface:BV ratio, and bone
thickness using the direct model. The optimum threshold levels were determined from a random
selection of bones from each group using an optimal threshold assessment program included
in the Scanco uCT v.1.2 software.

Statistical analysis
Prior to the study, power calculations were completed to determine the proper sample size for
the various analytical procedures. Based on the variability estimates from our previously
published work (18,20), we determined that a sample size of 3 to 4 mice was sufficient to detect
a 50% recovery of the KO phenotype for any of the analyses conducted. Data were analyzed
by 1- or 2-way ANOVA. When the plots of predicted values vs. residuals demonstrated that
the data were not normally distributed, a log transformation was conducted prior to statistical
analysis. Samples identified as outliers by the statistical packages were excluded from the
analysis. The analysis was conducted using the SYSTAT statistical analysis software (version
7.0, SAS Institute). Comparisons of multiple group means were conducted using Fisher’s
protected least significant difference. For all analyses, differences between means were
considered significant at P <0.05. Values in the text are reported as means ±SEM.

Results
High dietary VD3 does not fully normalize postnatal growth of CYP27B1 KO mice

Neither diet nor genotype affected food intake during the 12-wk study (data not shown).
CYP27B1 KO mice fed the AIN 93G diet containing 1K VD3 were growth arrested compared
with WT mice fed the same diet (Fig. 1). Final body weights of CYP27B1 KO mice fed this
diet (20.7 ± 0.6 g) were 31% lower than that of WT controls (30.1 ± 1 g). CYP27B1 KO mice
grew when fed the rescue diet, but final body weights (23.7 ± 0.4 g) remained lower than those
of WT mice fed the rescue diet (30.0 ± 0.7 g). Consumption of the 10K or 20K diet did not
adversely affect weight gain of WT mice and promoted postnatal growth of CYP27B1 KO
mice. However, similar to the rescue diet, final body weights of CYP27B1 KO mice fed the
high VD3 diets were significantly lower (25.5 ± 0.8 g) than those of WT mice fed the same
diets (29.7 ± 0.6 g).

High dietary VD3 normalizes serum Ca
Consistent with previous reports (7), CYP27B1 KO mice fed the standard 0.5% Ca diet were
severely hypocalcemic and the high Ca/high lactose rescue diet prevented this effect (Fig.
2A). Similarly, CYP27B1 KO mice fed 0.5% Ca diets containing 10K or 20K IU/kg VD3 were
normocalcemic. Chronic feeding of high dietary VD3 did not influence serum calcium in WT
mice.

As expected, both WT and CYP27B1 KO mice fed the 10K or 20K diet exhibited significantly
increased serum 25(OH)D3 (Fig. 2B). Circulating levels of 25(OH)D3 in mice fed the 20K
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diet were ~500 nmol/L, a 4-fold elevation compared with mice fed the standard AIN93G diet
or the rescue diet.

In WT mice, chronic feeding of the 2% Ca rescue diet suppressed serum 1,25(OH)2D3 by 93%
relative to the other diets, which all contained 0.5% Ca (Fig. 2C). WT mice fed the 20K diet
also exhibited low serum 1,25(OH)2D3 (73% lower than mice fed the 1K diet) that was
accompanied by a 70% reduction in renal CYP27B1 mRNA expression (data not shown). In
CYP27B1 KO mice fed the 1K diet, 1,25(OH)2D3 was extremely low (5% of levels seen in
WT mice fed the 1K diet) and consistent with the published assay cross-reactivity between 25
(OH)D3 and 1,25(OH)2D3 (i.e. when 25(OH)D3 level is 100 nmol/L, serum 1,25(OH)2D3
level is predicted to be 9.2 pmol/L based upon the assay cross-reactivity). The absence of 1,25
(OH)2D3 in the serum of these mice is consistent with the inability of these mice to produce
the hormone.

In KO mice fed the high VD3 diets, serum 1,25(OH)2D3 levels were increased ~100% (e.g.
to 35 pmol/L in KO mice fed the 10K diet, or just 16% of the level present in WT mice fed the
same diet). The small increase in serum 1,25(OH)2D3 level detected in KO mice fed high
dietary VD3, although significant, was equivalent to the calculated 1,25(OH)2D3 level
expected from cross-reactivity of the assay for 25(OH)2D3 [400 nmol/L 25(OH)2D3 ×
0.0092% = 37 pmol/L 1,25(OH)2D3 due to cross-reactivity].

Effect of diet and genotype on intestinal and renal gene expression
As another indicator of phenotypic rescue, we measured expression of CYP27B1 itself.
Normally, hypocalcemia leads to elevated PTH levels and a strong stimulation of CYP27B1
gene expression. Using PCR primers designed to detect the 5′ end of the transcript produced
from both the WT and mutant CYP27B1 allele, we found that CYP27B1 transcript levels were
highly induced in CYP27B1 KO mice fed the 1K diet who were severely hypocalcemic (Table
2). This elevation in CYP27B1 expression was prevented in CYP27B1 KO mice fed either the
rescue diet or the high dietary VD3 diets, reflecting the normalization of serum Ca levels in
these groups.

To assess whether the recovery of growth and calcemia by high dietary VD3 in CYP27B1 KO
mice was associated with activation of VDR, we measured expression of renal CYP24 mRNA
as well as intestinal and renal calbindin D9K. Renal CYP24 mRNA levels were absent in
CYP27B1 KO mice fed either the 1K diet or the rescue diet, consistent with the lack of hormone
and no VDR activation in these mice (Table 2). Feeding the 10K or 20K diets caused a dose-
dependent increase in renal CYP24 mRNA levels. There was a trend toward reduced renal
calbindin D9K mRNA in CYP27B1 KO mice fed the normal VD3 diet (P = 0.062) and the
rescue diet (P = 0.098) (Table 2). However, feeding the 10K or 20K diets significantly increased
renal calbindin D9k mRNA 2- to 3-fold in CYP27B1 KO mice compared with KO mice fed
the 1K diet. Duodenal calbindin D9K gene expression was largely unaffected by diet in WT
mice and it tended to be reduced in CYP27B1 KO mice fed the 1K diet relative to WT mice
(40%; P < 0.1; Fig. 3). When CYP27B1 KO mice were fed the high VD3 diets, duodenal
calbindin D9K mRNA levels were significantly induced 4- to 6-fold.

Effect of high dietary VD3 on skeletal parameters in CYP27B1 KO mice
Only minor changes were detected in the percent bone ash and Ca content of the WT mice fed
the rescue or the highest vitamin D-containing diet (data not shown). The critical hallmarks of
rickets are: abnormal growth plate structure, excess osteoid surface and thickness, and
markedly decreased mineralization (4). The dry weight, length, and mineral content of femur
were all significantly reduced in CYP27B1 KO mice fed the 1K diet, reflecting the smaller,
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less mineralized bones characteristic of rickets. Both the high Ca rescue diet and high VD3
diets prevented this phenotype (Table 3).

Based on the changes observed in femur mineral content, a subset of groups was selected for
a more comprehensive assessment of skeletal architecture using μCT scanning of cortical and
trabecular sites (Table 4). This analysis is visually represented as 3D reconstructions of
representative bones from each of the 4 groups examined (Fig. 4).

For cortical bone, all of the parameters measured were reduced in CYP27B1 KO mice fed the
1K diet. Feeding KO mice the 2% Ca rescue diet or the 10K diet restored midshaft femur
cortical bone properties to normal.

Trabecular bone quality measures were significantly reduced in CYP27B1 KO mice fed the
1K diet. In particular, the 3D structure of the entire proximal femur was missing (reflecting
undermineralization of the growth plate) and disruption of the trabecular structure was evident
(Fig. 4). The rescue and high VD3 diets resulted in only a partial rescue of these phenotypes
(presented visually in Fig. 4 and quantitatively in Table 4). The ratio of BV:TV (–40%), the
Conn.D (–35%), Tb.N (–14%), and Tb.Th (–20%) were all significantly lower than WT levels
in KO mice fed either the high VD3 or 2% Ca rescue diets. Similarly, the structural model
index (+38%) and Tb.Sp (+23%) were both significantly higher than WT values in KO mice
fed either the high VD3 or rescue diets.

Discussion
In these studies, we show that high dietary VD3 intake has biological effects in the absence of
CYP27B1, the enzyme required for generation of the most potent VDR ligand, 1,25(OH)2D3.
The question is whether this is due to direct activation of VDR by the elevated 25(OH)D3
levels resulting from high dietary VD3 intake. Serum 25(OH)D3 levels increased from ~90
nmol/L to >400 nmol/L in response to chronic feeding of the high VD3 diets. Thus, mice fed
a standard AIN93G diet containing 1000 IU VD3/kg have serum 25(OH)D3 levels that are
considered optimal for humans (22), whereas the high dietary VD3 levels we used raised serum
25(OH)D3 levels to ranges that have been reported to cause hypercalcemia in humans (23).
However, in growing WT mice, high dietary VD3 did not negatively influence either serum
Ca or growth. In CYP27B1 KO mice, the high level of 25(OH)D3 resulting from high dietary
VD3 intake restored normal growth, prevented hypocalcemia, and limited osteomalacia in
CYP27B1 KO mice and is consistent with what others have reported for ergocalciferol
supplementation in humans with genetic pseudovitamin D-deficiency rickets (PDDR) (24). In
these patients, daily oral doses of 20,000–100,000 IU ergocalciferol (0.52–1.3 IU/g body
weight) are needed to heal rickets and 10,000–50,000 IU ergocalciferol (0.25–0.67 IU·g body
weight−1·d−1) maintains normal Ca homeostasis. These doses are comparable to the VD3 levels
that we found to be protective in the CYP27B1 KO mice (10K diet = 0.2 IU·g body
weight−1·d−1). An argument against the direct activation of VDR by elevated 25(OH)D3 is that
we observed a small increase in serum 1,25(OH)2D3 following consumption of the high VD3
diets in CYP27B1 KO mice [i.e. similar to findings previously reported in patients with PDDR
given high daily doses of ergocalciferol (24)]. This level (35 pmol/L) is far below the normal
serum 1,25(OH)2D3 levels observed in growing mice (150–220 pmol/L) and could reflect the
ability of other enzymes to convert a small amount of prohormone to active hormone. However,
we believe that the increase in serum 1,25(OH)2D3 we observed after high dietary VD3 feeding
is due to cross-reactivity of the 1,25(OH)2D3 assay for 25(OH)D3. The increased serum 1,25
(OH)2D3 is almost exactly the amount expected based on the observed increased serum 25
(OH)D3 and the published cross-reactivity of the assay for 25(OH)D3. As a result, we do not
think that there is any production of 1,25(OH)2D3 in CYP27B1 KO mice and that the role of
enzymes other than CYP27B1 in the production of 1,25(OH)2D3 is negligible.
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With this in mind, and despite the low affinity of 25(OH)D3 for the VDR, the direct activation
of VDR by supraphysiologic serum levels of 25(OH)D3 mice fed high vitamin D diets is
supported by several lines of evidence. First, WT mice fed the 20K diet had reduced serum
1,25(OH)2D3 (Fig. 2C) and reduced renal CYP27B1 mRNA (data not shown), suggesting there
is suppression of the renal vitamin D endocrine system in normal mice when 25(OH)D3 is
dramatically elevated (but serum Ca is not). Second, high serum 25(OH)D3 levels are also
associated with suppression of the CYP27B1 gene in the kidney of CYP27B1 KO mice. The
CYP27B1 gene promoter is normally upregulated by PTH through a cAMP-dependent
mechanism (25) and inhibited by activation of VDR and binding of VDR to a negative vitamin
D response element (26). Thus, our findings are consistent with enhanced 25(OH)D3-mediated
gene repression. Finally, feeding the high VD3 diets strongly enhanced expression of the high
vitamin D-responsive VDR target gene CYP24 in the kidney as well as calbindin-D9K levels
in the intestine and kidney of CYP27B1 KO mice. This demonstrates that classical VDR target
genes are activated when serum 25(OH)D3 is greatly elevated but serum 1,25(OH)2D3 is absent
or well below normal levels.

Although we did not directly measure intestinal calcium absorption, our data are also consistent
with an activation of this process in CYP27B1 mice fed the high VD3 diets. The loss of vitamin
D-dependent active Ca absorption is responsible for the hypocalcemic, rachitic phenotype in
VDR null mice (20), but low Ca absorption efficiency can be overcome in both VDR null and
CYP27B1 null mice by feeding a highly bioavailable 2% Ca/high lactose rescue diet that is
absorbed through a nonregulated diffusional pathway that does not require stimulation of
intestinal gene expression through the VDR (7,27). However, here we found that calcium
metabolism in the CYP27B1 KO mouse can be normalized by high VD3 intake in the context
of a 0.5% Ca diet that is normally rachitogenic in these mice. Coupled with the enhanced
expression of intestinal calbindin D9k that we observed [a marker for vitamin D-regulated Ca
absorption (28,29)], our data indicate that VDR-mediated Ca absorption was activated by the
high VD3 diets.

The mechanism by which 25(OH)D3 gains access to cellular VDR in mice fed high dietary
VD3 remains an open question. 25(OH)D3 has a high affinity for the serum vitamin D-binding
protein [DBP; >600-fold >1,25(OH)2D3] (30) that has been assumed to deliver vitamin D
metabolites to tissues. However, uptake of DBP-bound vitamin D metabolites from the
circulation into cells through a cubulin/megalin-dependent mechanism has been shown only
for renal and mammary epithelial cells (31,32). Alternately, the high circulating concentrations
of 25(OH)D3 achieved could theoretically have saturated serum DBP, increasing free 25(OH)
D3 sufficiently to allow passive entry across cellular membranes. However, Rojanasathit and
Haddad (33) estimated that only 1–2% of the serum binding sites for this sterol are occupied
under physiological conditions, so the 4-fold increase in serum 25(OH)D3 that we observed
with high vitamin D diets would not be enough to saturate serum DBP. Clearly, further studies
are needed to determine the relative contribution of free, DBP-bound, lipid-bound, or albumin-
bound 25(OH)D3 to the normalization of Ca metabolism in CYP27B1 KO mice fed high
dietary VD3.

Dardenne et al. (7) previously showed that the rickets and osteomalacia in CYP27B1 KO mice
was recovered by a high Ca/high lactose rescue diet but that femur size was still smaller in
these mice. In our study, we extend these findings by showing that although overall mineral
content was restored, bone microstructure is only partly recovered in CP27B1 KO mice fed
either a high Ca/high lactose rescue diet or high VD3-containing diets. The mechanism
underlying this incomplete rescue is unclear. At weaning, body weight was similar between
WT and KO mice. However, although the high VD3-fed mice grew normally for the first 2 wk
after weaning, they started to clearly diverge from WT mice after this point, which suggests
several possibilities. First, the level of 25(OH)D3 reached by feeding the high VD3 diets may
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be inadequate for full recovery. This hypothesis seems unlikely given the fact that the 20K diet
did not cause a further improvement of the phenotype even though serum 25(OH)D3 levels
were 27–38% higher than in mice fed the 10K diet. Alternately, incomplete recovery with
elevated 25(OH)D3 could reflect the fact that the prohormone is only a partial agonist for the
VDR, leading to incomplete activation of vitamin D-responsive genes or selective activation
of a subset of vitamin D-responsive genes. Finally, the partial recovery due to the prohormone
may be revealing a unique role of 1,25(OH)2D3 that cannot be met by 25(OH)D3. It is tempting
to speculate that this function may be a membrane-initiated action of vitamin D mediated
through the membrane associated rapid response steroid-binding (MARRS) protein (34) or a
unique function of the VDR at the membrane surface that requires an alternate ligand-binding
pocket (35), as has been demonstrated for chondrocyte function in the growth plate (36).
However, further studies using dynamic histomorphometry and cells isolated from CYP27B1
null cells will be necessary to determine whether the 25(OH)D3-mediated functions of bone
cells are blunted relative to the effects of 1,25(OH)2D3.

In summary, semipurified AIN diets supplemented with high levels of VD3 supported postnatal
growth, prevented hypocalcemia, and permitted nearly normal skeletal growth in CYP27B1
KO mice independent of elevated serum 1,25(OH)2D3. This dietary vitamin D-based recovery
is associated with increased levels of the prohormone, 25(OH)D3, from those thought to be
optimal in humans (>90 nmol/L) to supraphysiologic levels (>400 nmol/L). In CYP27B1 KO
mice, the beneficial effects of VD3 supplementation were as good as or better than those
obtained with the high Ca/high lactose rescue diet routinely used for maintenance of these
mice. Thus, using a standard diet (0.5% Ca, 0.4% P) supplemented with VD3 appears to be an
effective alternative approach for maintenance of CYP27B1 KO mice. However, although Ca
metabolism appears to be normalized in these mice and others have shown that normalization
of Ca metabolism is sufficient to restore reproductive vigor in the mice (5), we have not
examined the impact of the diets in female mice nor have we formally examined reproductive
performance in the mice fed the high vitamin D diets. Further studies should examine the
benefits of high vitamin D intake under these conditions. Finally, although previous studies
demonstrate that VD3 supplements would be an inexpensive treatment for human PDDR,
clinicians have expressed concerns over the potential toxicity of the vitamin at therapeutic
levels due to progressive accumulation of the vitamin in fat and muscle (24). Our data suggest
that high VD3 treatment in CYP27B1 KO mice could be exploited to directly test the validity
of those concerns.
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FIGURE 1.
The effect of high calcium and high VD3 diets on growth of WT and KO mice. Values are
means ± SEM, n = 9–10. Groups without a common letter differ, P < 0.05.
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FIGURE 2.
The effect of high Ca and high VD3 diets on serum Ca (A), (25(OH)D) (B), and 1,25(OH)2D
(C) in WT and KO mice. Bars represent the mean ± SEM, 4 = 4–5 (A,B) or 8–10 (C). *Different
from all other groups, P < 0.05 (A). Means without a common letter differ, P < 0.05 (B,C).
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FIGURE 3.
The effect of high Ca and high VD3 diets on duodenal calbindin D9k mRNA level in WT and
KO mice. Bars represent the mean ±SEM, n = 3–4. Means without a common letter differ, P
< 0.05.
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FIGURE 4.
Representative μCT scans demonstrating the effect of high Ca and high VD3 diets on bone
architecture in KO mice. Femora were harvest, fixed in formalin, and stored in ethanol. μCT
scanning was conducted and 3D images were reconstructed for visualization. Exterior and
interior views are presented for representative bones.
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TABLE 1
Composition of the diets used in the experiment

Rescue1 AIN93G2

Ingredient g/kg
 Casein, VFT 192 200
 DL-Methionine 3
 Cysteine 0 3
 Sucrose, cane 264.78 100
 Lactose, monohydrate 200
 Dextrinized cornstarch 132
 Corn starch 150 397.49
 Corn oil 50
 Soybean oil 0 70
 Cellulose (fiber) 50
 Solka Floc (fiber) 50
 Choline bitrate 2.50
 t-Butylhydroquinone 0.014
 AIN93 vitamin mix3 10
 AIN93 mineral mix4 35
 Teklad 40060 vitamin mix5 10
 AIN-76 mineral mix4 35
 Calcium phosphate dibasic 31.17
 Calcium carbonate 14.05
Composition
 Protein, % 17.74 19.30
 Carbohydrate, % 59.82 64
 Fat, % 5.05 16.70
 Ca, % 2 0.50
 P, % 1.25 0.40
 VD3, IU/kg 2203 1000
 Energy density, kJ/kg 1489 1576

1
Rescue diet = 2% Ca, 20% lactose diet from Teklad (TD 96348).

2
To make the 10,000 VD3/kg diets and 20,000 IU VD3/kg diets, the basal AIN93G diet was supplemented with 0.1 g/kg and 0.2 g/kg, respectively, of a

100,000 IU VD3/g stock solution.

3
AIN93G-MX and AIN93-VX (16).

4
AIN76 mineral mix (37).

5
Teklad 40060 vitamin mix (38).
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TABLE 2
The effect of high Ca and high VD3 diets on renal CYP27B1, calbindin D9k, and CYP24 mRNA levels in WT and KO
mice

Group CYP27B11 Calbindin D9k CYP24

WT 1K 9.7 ± 3.5a 86.3 ± 10.4ab 8.2 ± 3.0c

KO 1K 1769.1 ± 73.8c 56.3 ± 8.5a 0.1 ± 0.1a

KO 10K 59.3 ± 18.5b 143.5 ± 14.0c 1.8 ± 0.7b

KO 20K 7.2 ± 3.0a 101.4 ± 13.4b 4.9 ± 1.7c

KO R 44.1 ± 32.7a 59.1 ± 14.3a 0.1 ± 0.1a

1
Values are means ± SEM, n = 6. Means in a column without a common letter differ, P < 0.05.
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TABLE 3
The effect of high calcium and high VD3 diets on bone length, weight, and mineralization in WT and KO mice1

Group Dry weight Ash Ca Femur length

mg2 ——% dry bone weight —— mm
WT 1K 49.5 ± 1.9c 56.1 ± 1.4b 23.0 ± 0.5b 16.5 ± 0.2b

KO 1K 24.4 ± 1.5a 44.6 ± 1.9a 19.7 ± 0.4a 11.9 ± 0.6a

KO 10K 48.1 ± 2.0c 55.6 ± 1.0b 23.7 ± 0.5b 15.8 ± 0.2b

KO 20K 46.1 ± 3.6c 55.8 ± 0.8b 23.3 ± 0.3b 15.5 ± 0.3b

KO R 38.5 ± 1.3b 57.6 ± 1.3b 24.0 ± 0.4b 15.8 ± 0.2b

1
Values are means ± SEM, n = 6; means in a column without a common letter differ, P < 0.05.
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