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ABSTRACT

Purpose: We sought to develop and characterize a model of human vitamin D nutritional
insufficiency/deficiency in the adult mouse, which could have broad utility in examining
health consequences of this common condition. Methods: Adult mice were fed diets contain-
ing cholecalciferol contents of 0.05 IU/g, 0.25 IU/g, 0.5 IU/g or 1.5 IU/g for four months. We
studied induction of steady-state vitamin D insufficiency, and its consequences on primary
cholecalciferol metabolite levels, calcium homeostasis, parathyroid physiology, and bone
morphology. Results: All diets were well tolerated, without adverse effects on body
weight. Diets containing 0.05 1U/g and 0.25 IU/g cholecalciferol significantly lowered serum
25-hydroxyvitamin D levels (median 250HD, 10.5 ng/ml, and 21.6 ng/ml, respectively), starting
as early as one month following initiation of the diets, maintained through the four-month
experimental period. The 0.05 IU/g diet significantly decreased 1,25-dihydroxyvitamin D
(1,250H,D) levels (median, 78 pg/ml). Despite these decreased 250HD and 1,250H,D levels,
the diets did not alter parathyroid gland morphology or parathyroid cell proliferation. There
were no statistical differences in the serum total calcium and serum PTH levels among the
various dietary groups. Furthermore, the 0.05 IU/g diet did not cause any alterations in the
cortical and trabecular bone morphology, as determined by microCT. Conclusions: The dietary
manipulations yielded states of vitamin D insufficiency or modest deficiency in adult mice,
with no overtly detectable impact on parathyroid and bone physiology, and calcium home-
ostasis. This model system may be of value to study health effects of vitamin D insufficiency/
deficiency especially on extraskeletal phenotypes such as cancer susceptibility or immune
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function.

Introduction

The secosteroidal hormone vitamin D plays an
important role in calcium homeostasis and is essen-
tial for skeletal health. In addition to its established
skeletal effects, there is growing evidence that vita-
min D has broader effects on a variety of cell types.
In particular, vitamin D’s role in cancer, immuno-
modulation, and wound healing are under intense
investigation (1-6). The term vitamin D broadly
refers to its two forms vitamin D, (ergocalciferol)
and vitamin D; (cholecalciferol), and its sources
include diet as well as dermal synthesis by ultravio-
let-radiation catalyzed conversion of 7-dehydro-
choestrol. Vitamin D is hydroxylated in the liver to

25-hydroxyvitamin D (250HD), which is the major
circulating, albeit inactive, form of vitamin D. It is
subsequently hydroxylated in the kidney by the
enzyme CYP27B1 into its active metabolite, 1,25-
dihydroxyvitamin D (1,250H,D). Circulating
250HD concentrations are used as markers of vita-
min D status, but defining the level deemed to be
adequate, insufficient and deficient has been contro-
versial. The Institute of Medicine defines vitamin D
deficiency when serum 250HD is less than 12 ng/ml,
with levels between 12-20 ng/ml considered insuffi-
cient (7). However, clinical practice guidelines from
The Endocrine Society recommend that 250HD
levels below 20 ng/ml be considered deficient, with
levels of 21-29 ng/ml categorized as insufficient (8).
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Thus, there is a need to critically examine and better
understand vitamin D’s pleotropic effects in these
ranges, and thereby guide future recommendations
regarding vitamin D status.

There is growing epidemiological evidence for
vitamin D’s role in a diverse group of human dis-
eases, including cancer, diabetes, cardiovascular
disease and Crohn’s disease (9,10). However, such
epidemiological studies demonstrate associations
between vitamin D status and disease and do not
firmly establish a causal relationship for vitamin D
nutrition in disease causation or prevention. Better
information will be especially important in estab-
lishing nutritional guidelines for vitamin D intake,
considering its roles beyond bone health. To this
end, superimposition of dietary vitamin D defi-
ciency on existing animal models of disease provide
an attractive experimental approach to evaluate this
hormone’s role in modulating disease in the context
of an intact animal (11-14). Typically, such studies
have used diets that are completely depleted of
cholecalciferol, thereby inducing severe vitamin D
deficiency. However, it is of crucial importance
to examine the effects of less severe vitamin D
deficiency or vitamin D insufficiency, a large and
growing clinical problem worldwide.

The nutritional requirements for cholecalciferol
in laboratory mice are estimated at 1 IU/g of diet
(15). When modeling diet-induced vitamin D defi-
ciency/insufficiency in mice, it is essential to char-
acterize alterations in calcium homeostasis and
parathyroid function, as these parameters could
independently influence the endpoint under inves-
tigation. To this end, Fleet and colleagues deter-
mined vitamin D requirements in growing mice
and rats, and described diets to establish vitamin D
sufficiency and insufficiency in growing mice (16).
However, the minimal amount of dietary cholecal-
ciferol needed to maintain optimal vitamin D sta-
tus in adult mice, or to achieve defined target
levels of 250HD, especially in the controversial
insufficient range in adult mice, has not been
directly determined. This is particularly important
given that most of the diseases that are potentially
impacted by non-calcemic actions of vitamin D,
such as cancer, cardiovascular disease and dia-
betes, occur primarily in adulthood.

In general, most experimental rodent studies use
standard maintenance diets. The cholecalciferol

content of such standard diets varies considerably.
For example, standard maintenance diets from one
manufacturer (Lab Diets, St Louis, MO) have chole-
calciferol contents that range from 2.2 IU/g to as
high as 5 IU/g. Notably, unlike precision- and cus-
tom-formulated diets, the contents of key nutritional
components in standard diets are not tightly con-
trolled. Indeed, we found substantial batch-to-batch
variation (up to 50% more than labeled) of cholecal-
ciferol content in a standard, non-certified diet from
a major manufacturer (Table S1). Plausibly, such
variations in vitamin D content could affect biologi-
cal endpoints being examined.

Here we describe manipulation of dietary cho-
lecalciferol content to induce steady-state vitamin
D insufficiency in adult mice. We also characterize
the effects of these dietary manipulations on cho-
lecalciferol metabolites 250HD and 1,250H,D,
biochemical parameters of calcium homeostasis
and bone morphology.

Materials and methods
Diets

We designed four custom fabricated diets
containing varying amounts of cholecalciferol
(Table 1). The dietary design was based on a
review of several typical murine dietary formula-
tions as well as on the recommended daily
intake (RDI) for mice. The cholecalciferol con-
tent in commercially available standard diets
ranges from 1 IU/g to 5 IU/g. The RDI for
vitamin D in laboratory mice is estimated to be
1 IU/g of diet (15). To simulate a typical, stan-
dard mouse diet, we used a cholecalciferol con-
centration of 1.5 IU/g diet. In addition, we
designed three diets that had reduced cholecal-
ciferol concentrations relative to the murine
RDI, as described in Table 1. The composition

Table 1. Description and cholecalciferol content in the control
and test diets.

Cholecalciferol

Diet Description (1U/9)

1.5X  Typical cholecalciferol content in standard 1.5
rodent diets

0.5X  50% of murine RDI* 0.5

0.25X 25% of murine RDI* 0.25

0.05X 5% of murine RDI* 0.05

*The murine RDI for cholecalciferol is 1 1U/g of diet.
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of the diets is listed in Table S2. All diets were
custom formulated to our precise requirements
by Harlan Laboratories (Madison, WI). The
four diets differ only in their cholecalciferol
content. All diets contained 1.0% calcium and
0.3% phosphorous. All other ingredients,
including fat, protein, carbohydrate and caloric
content were identical (Table S2). During man-
ufacture, the vendor prepared the diets without
cholecalciferol, and then added an appropriate
amount of cholecalciferol stock (concentration
determined by HPLC) to achieve the designed
concentration. Following preparation, the diets
were subjected to analytical testing (AOAC
Official Method 982.29) by an independent
commercial laboratory (Covance, Madison,
WI) to ensure the levels of cholecalciferol
were consistent with the designed concentra-
tions. As expected, the cholecalciferol content
in 0.05X and 0.25X diets were below the detec-
tion levels, and the 0.5X and 1.5X diets were
consistent with the designed concentration.
None of the diets had any detectable
ergocalciferol.

Animals and housing

Four-month old adult FVB male and female
mice were obtained from Jackson Laboratories.
The animals were initially maintained on the
standard house chow, containing approximately
2.4 IU/g of cholecalciferol and 1% calcium. After
a two-week acclimatization period, mice were
switched to the custom test or control diets
(n = 10 mice per dietary group). During the
entire experimental period mice were housed
with ad libitum access to water and food in a
controlled-temperature room. Mice were housed
in standard cages without shielding from ultra-
violet B radiation (UVB) and maintained on a
standard 12-h-light/-dark cycle. Mice were main-
tained on the custom diets for a period of four
months. This study was carried out in strict
accordance with the recommendations in the
Guide for the Care and Use of Laboratory
Animals of the National Institutes of Health.
The protocol was approved by the Institutional
Animal Care and Use Committee of the
University of Connecticut Health Center.
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Biochemical measurements

At monthly intervals following initiation of the test
and control diets, blood was collected by facial
vein puncture. At termination of the experiment,
blood was collected by cardiac puncture under
isoflurane anesthesia. Following collection, blood
was separated into plasma or serum and used for
biochemical assays as described below.

To measure 250HD;, we used a commercial
ELISA kit (Immunodiagnostic Systems Inc,
Fountain Hills, AZ, sensitivity 5 ng/ml, inter-
assay variation 6.4-8.7%). Total serum calcium
was measured using the Cresolphthalein complex-
one method using a commercial kit (Stanbio
Laboratory, Boerne, TX). PTH concentrations
were measured using a commercially available
ELISA kit (Immutopics International, San
Clemente, CA). 1,250H,D was measured using a
commercially available RIA kit (DiaSorin Inc.,
Stillwater, MN).

PCNA immunohistochemistry

At the end of the four-month experimental period,
mice were euthanized as described above. The
thyro-parathyroid tissue was dissected, fixed in
4% formaldehyde overnight and then saturated
with 30% sucrose prior to embedding in freezing
medium. The embedded tissue was sectioned in a
cryotome and processed for histology and immu-
nohistochemistry to detect PCNA, using a com-
mercially available PCNA kit (Invitrogen,
Carlsbad, CA) as described previously (17). This
kit uses a biotinylated mouse monoclonal anti-
PCNA antibody (Clone PC10).

Micro computed tomography analyses

Following euthanasia, femurs were harvested, the
attached soft tissues carefully removed, and the
bones were stored in 70% ethanol at 4°C. Femurs
from mice in the 1.5X and 0.05X dietary groups (10/
group) were analyzed for length, BMC, BMD, cortical
area, and cortical thickness by micro-computed
tomography (uCT; Skyscan 1172, Aartselaar,
Belgium). The pCT images were acquired at 55 kVp
and 72 pA at a resolution of 12 pm. Volumetric
analysis was performed using the Skyscan software.
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For cortical analysis at the mid-diaphysis, the length
of each femur bone was determined, and 40 mid-
diaphyseal slices were used. For trabecular bone ana-
lysis, 200 slices per femur were measured, covering a
total of 2.4 mm from the proximal growth plate to the
shaft distally. The analysis of the secondary spongiosa
begins at 0.048 mm below the most distal point of the
primary spongiosa, which was defined as directly dis-
tal to the most distal portion of the growth plate. A
hydroxyapatite phantom was used for BMD calibra-
tion. Nomenclature for the bone morphology para-
meters is as described (18).

Statistical analysis

All statistical analyses were performed using the
Prism software program (GraphPad Software Inc.,
LaJolla, CA). Serum 250HD, serum 1,250H,D;,
serum calcium, and serum PTH levels of mice
from the 4 dietary groups were compared using
the Kruskal-Wallis test, followed by Dunn’s multi-
ple comparison test. MicroCT bone parameters
from mice on the 1.5X and 0.05X diets were com-
pared using the Mann-Whitney test.

Results

Dietary modulation induced a steady state of
vitamin insufficiency/deficiency

The animals tolerated all diets, and there were no
deaths or evident adverse effects attributed to the
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Figure 1. Body weight changes during the experimental period.
Mice were fed with the indicated diets starting at age 4.5
months. Symbols and error bars represent mean + SD.

dietary manipulations. Through the experimental
period there was modest weight gain, with no
significant difference between the four dietary
groups (Figure 1).

Prior to initiation of the control and test
diets, all animals were maintained on a stan-
dard rodent chow, containing 2.4 IU/g of cho-
lecalciferol. At the start of the dietary
manipulation period, the median serum
250HD concentration was 38 ng/ml (interquar-
tile range: 34-42 ng/ml, Figure 2). One month
after initiation of the experimental diets, the
median serum 250HD concentrations in mice
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Figure 2. Effect of dietary cholecalciferol content on (A) serum
250HD concentrations and (B) serum 1,250H,D concentrations.
Mice were fed with the indicated diets and blood was collected
at monthly intervals. Symbols and error bars represent median
+ interquartile range, *p < 0.05, *p < 0.001, compared with
1.5X and 0.5X diets. For the 250HD levels, n = 27 for 0 months,
and 8-10 mice per dietary group for months 1-4. For the
1,250H,D levels, n = 12 for 0 months, and 9 mice per dietary
group for months 1-3.
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ted with the 1.5X diet was 29 ng/ml (interquar-
tile range: 28-31 ng/ml, Figure 1). These con-
centrations remained steady and did not
significantly vary during the four-month
experimental diet period (Figure 2). Over the
four-month period, the median serum 250HD
concentrations in individual mice fed with the
0.5X diet ranged from 30 to 33 ng/ml, and were
not significantly different than those in mice
ted with the 1.5X diet (median 27-30 ng/ml).
In contrast, the 0.25X and 0.05X diets markedly
reduced serum 250HD concentrations. Within
one month after beginning the 0.25X and 0.05X
diets, the median serum 250HD concentrations
decreased to 21.6 ng/ml (interquartile range:
18.0-22.1 ng/ml), and 10.5 ng/ml (interquartile
range: 10-13.2 ng/ml), respectively, and were
significantly lower than those in mice fed with
the vitamin D replete 1.5X diet (p < 0.05 and p
< 0.001, respectively). Feeding mice with these
cholecalciferol deficient diets for longer time
periods did not yield further decreases in
250HD concentrations, further emphasizing
the point that a steady state had been achieved,
and these 250HD levels were maintained
throughout the four-month experimental per-
iod. Notably, there was a dose-dependent
decrease in the 250HD levels with decreasing
cholecalciferol concentrations, most noticeable
over the diet range of 0.05-0.5 IU/g.

We also examined the effects of these diets on
the concentrations of vitamin D’s active meta-
bolite, 1,250H,D in a subset of these mice. For
these studies we analyzed 1,250H,D concentra-
tions over a three-month period in all dietary
groups. Within each dietary group, there was no
variation in the 1,250H,D concentrations with
time. The 1,250H,D concentrations in mice fed
with the control (1.5X) diet was 101 + 12 pg/ml.
This was not significantly changed by the 0.5X
diet (111 + 16 pg/ml). The 0.25X yielded a slight
decrease in these concentrations to 91 = 5 pg/ml,
although the difference was not statistically dif-
ferent. In contrast, 1,250H,D concentrations
were significantly lower in mice fed with the
0.05X diet (78 = 3 pg/ml, p < 0.0001 compared
with control diet).
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Dietary modulation did not alter calcium
homeostasis or parathyroid physiology

Vitamin D plays an important role in intestinal
calcium absorption. To examine whether our
dietary modulations disturbed calcium homeos-
tasis, we examined the serum total calcium and
PTH concentrations. The median serum cal-
cium in mice at the start of the experiment
was 9.3 mg/dl (interquartile range: 9.1-9.7 mg/
dl). None of the diets significantly altered
serum calcium concentrations. Throughout the
experimental period there was no significant
difference in the total serum calcium concen-
trations between the four dietary groups
(Figure 3). At the end of the four-month
experimental period, the median serum calcium
concentrations for the 1.5X, 0.5X, 0.25X and
0.05X dietary groups were 9.5 mg/dl, 9.5 mg/
dl, 9.5 mg/dl, and 9.1 mg/dl, respectively.

We also examined the effects of the dietary
manipulations on the circulating PTH concen-
trations. For these analyses, we assayed the
PTH concentrations in mice after three months
of dietary manipulation. Given the rapid
decrease in 250HDj; levels as described above,
we considered that the three-month period
would be sufficient to induce any secondary
increase in PTH secretion. The median PTH
concentrations for the 1.5X, 0.5X, 0.25X and

v 15X 0O 025X e 05X o 0.05X
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Figure 3. Effect of dietary cholecalciferol content on serum
calcium concentrations. Mice were fed with the indicated
diets for four months. Blood was collected at monthly intervals
and analyzed for total serum calcium. Symbols represent med-
ians + interquartile range.
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Figure 4. Representative PCNA immunoreactivity in the parathyroid glands of mice fed with the (A) 1.5X diet, or (B) 0.05X diet. Note
sparse PCNA immunoreactivity with both diet types. (C) Positive PCNA immunoreactivity in esophagi on the same sections served as

positive controls. Magnification bars = 250 pum.

Table 2. Cortical bone parameters in femurs from mice fed with
the 1.5X and 0.05X diets.

1.5X diet 0.05X diet
Tt.Ar. 1.75 £ 0.05 1.77 £ 0.06
Cs.Th 0.190 £ 0.005 0.188 + 0.002
Cortical.Th. 0.127 £+ 0.003 0.126 £+ 0.001

0.05X dietary groups were 252, 167, 362 and
265 pg/ml, respectively. Comparison between
the four dietary groups did not reveal any sta-
tistical difference in the PTH concentrations.
To further confirm absence of any effect on
the parathyroid gland, we examined the glands
from these mice by histology and immunohis-
tochemistry. On gross histology there was no
evidence of parathyroid hyperplasia or neopla-
sia. Furthermore, we also examined parathyroid
cell proliferation in a subset of the mice. For
these analyses, we compared parathyroid glands
from mice maintained on the control diet or
the 0.05X diet, the latter having yielded the
lowest 250HD concentrations. Parathyroid
glands from mice treated with the replete diet
showed minimal cell proliferation, consistent
with previous reports. A similar low level of
PCNA immunoreactivity was observed in the
parathyroid glands from mice fed with the
0.05X diets (Figure 4).

Table 3. Trabecular bone parameters in femurs from mice fed
with the 1.5X and 0.05X diets.

1.5X diet 0.05X diet
TV (mm3) 3.80 + 0.21 3.95 + 0.20
BV (mm°) 0.27 + 0.09 0.27 + 0.02
BV/TV (%) 7.1 +0.03 6.8 + 0.50
Tb.Th. (mm) 0.068 + 0.002 0.066 + 0.001
Tbh.N. (mm™) 1.05 + 0.08 1.10 £ 0.07
Tb.Sp. (mm) 0.40 + 0.02 0.35 + 0.01

Dietary modulation did not alter bone
morphology

Vitamin D plays an important role in skeletal
health. Thus, we examined whether the decreased
250HD levels caused by dietary manipulation
resulted in alterations in the trabecular and corti-
cal bone morphology. For these studies, we used
microCT to analyze the vertebrae and femurs from
mice fed with the control and 0.05X diets, the
latter representing the group with the lowest
250HD concentrations. No differences in cortical
or trabecular bone parameters were observed
between the 2 dietary groups (Tables 2 and 3).

Discussion

Vitamin D plays an important role in calcium home-
ostasis. In addition to its established role in bone
health, it is now recognized that vitamin D has
roles in cell proliferation, cell differentiation and
immunomodulation (19). There is increasing inter-
est in these non-calcemic effects of vitamin D, espe-
cially its involvement in cancer, immune function
and cardiovascular disease. Animal models provide
an attractive approach to study the effects of vitamin
D on these processes in a manner that simulates
human pathophysiology—manipulation of the diet-
ary vitamin D content will permit direct examination
of the influence of vitamin D deficiency on specific
endpoints. However, given vitamin D’s calcemic
effects, these dietary manipulations could result in
altered calcium homeostasis or skeletal effects and
these latter effects could potentially confound the
endpoint under investigation. Mice fed with vitamin
D-depleted diets, without any added cholecalciferol,
manifest severe vitamin D deficiency (20). However,
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the precise vitamin D content in murine diets that
can be reliably used to induce various states of vita-
min D deficiency and insufficiency in adult mice has
not been adequately described. Importantly, the
minimum dietary requirement of vitamin D for
adult mice with regards to maintaining a normal
250HD; concentration has not been scientifically
validated.

We wish to emphasize the rigor in the fabri-
cation and testing of the diets that we found to
be necessary. This included independent labora-
tory assays to confirm the concentration of the
cholecalciferol stock premixes to ensure that the
prepared deficient and insufficient diets con-
tained the appropriate cholecalciferol content.
An important contribution of our study is the
definition of dietary formulations that rapidly
and reliably decrease the serum 250HD; con-
centrations into the targeted ranges. Within one
month of initiating the experimental dietary for-
mulations, the median 250HD; concentrations
decreased to 21.6 ng/ml with the 0.25X diet, and
to 10.5 ng/ml with the 0.05X diet. Importantly,
these decreases are at the thresholds for the
insufficiency/optimal, and the deficiency/insuffi-
ciency ranges, respectively. Notably, these
decreased levels remained consistent for the
entire four-month experimental period suggest-
ing that the dietary manipulations induce a
steady-state decrease of 250HD; levels. It is
noteworthy that the serum 250HD; levels
yielded by the 0.05X diets parallel the 250HD;
levels in human vitamin D moderate deficiency/
insufficiency. Such 250HD levels have also been
observed by Fleet et al. following dietary chole-
calciferol restriction in growing mice (16). Many
rodent studies evaluating the effects of vitamin
D have used diets devoid of any vitamin D,
which result in severe vitamin D deficiency. Of
note, during the entire experimental period, the
mice were housed under standard conditions
and we did not attempt to restrict exposure to
UVB lighting. The rapid dietary-induced
decrease in 250HD suggests that dermal vitamin
D synthesis does not contribute significantly to
the 250HD levels in mice. Thus, our data sug-
gest that efforts to shield against UVB radiation
are not essential, at least to achieve the clinically
relevant degrees of vitamin D deficiency and
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insufficiency, as demonstrated in our study.
Strikingly, we also observed a linear trend
between 250HD levels and dietary cholecalci-
ferol contents, at least between the dietary cho-
lecalciferol contents of 0.05-0.5 IU/g. The new
information from our study provides guidance
to fabricate diets that would simulate various
degrees of vitamin D deficiency/insufficiency in
adult mice over a range of levels that are similar
to that often found in human populations. This
would facilitate future studies to examine the
role of such states of vitamin D inadequacy in
a variety of disease conditions, including cancer
and immune response, and provide guidance to
the optimal vitamin D status required to main-
tain health of specific physiological systems.

Importantly, we show that although these diets
reduced 250HD; to insufficient and marginally-defi-
cient levels, the lowered 250HDj5 levels did not result
in hypocalcemia or secondary hyperparathyroidism,
as determined by biochemical analyses, and by histo-
logical and immunohistochemical examination of the
parathyroid glands from these mice. Furthermore,
microCT examination of the bones from mice with
such lowered 250HD; levels did not demonstrate any
abnormalities in the cortical and trabecular bone
parameters. Thus, these dietary formulations will
enable experimental investigation of vitamin D’s
effects without potential confounding effects from
hypocalcemia and hyperparathyroidism.

Given vitamin D’s role in intestinal calcium
absorption, the lowered 250HDj; concentrations
could have been expected to induce hypocalcemia
and subsequent increase in PTH secretion,
in turn enhancing renal 1,250H,D; synthesis.
Accordingly, the notable absence of hypocalcemia
and hyperparathyroidism observed in our mice
with lowered 250HD; is intriguing. A potential
explanation lies in the calcium concentration of
our experimental diets. Although a calcium con-
centration of 1% is used in several standard
laboratory rodent diets, it is considerably higher
than the estimated murine RDI for calcium
(0.5%). It is likely that the abundant dietary sup-
plementation of calcium in our study may have
been sufficient to compensate for any decrease in
calcium absorption resulting from the lowered
vitamin D status. Similar findings have been
observed in rat models, where a dietary calcium
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level of as low as 0.4% was sufficient to maintain
normocalcemia without severe secondary HPT
even when the mice were fed with a vitamin D
deplete diet (21). Likewise, high dietary calcium
rescues the skeletal phenotype of VDR-null mice,
where vitamin D signaling is ablated (22). Our
data are consistent with prior observations
emphasizing the importance of dietary calcium,
and its ability to compensate for vitamin D defi-
ciency in maintenance of skeletal health in adult
mice (23,24). This suggests that even a 0.4%
calcium dietary content may be in excess of the
minimum level required for the maintenance of
calcium homeostasis. Indeed, in vitamin D replete
rats normocalcemia can be maintained with a
diet containing as low as 0.1% Ca (25).

Decrease in the circulating concentrations
250HDj; levels may lead to enhanced renal 1,25
(OH),D; synthesis. Thus, it is intriguing that we
found a decrease in 1,25(OH),D; even in mice fed
with deficient levels of vitamin D. Possibly, sub-
strate limitation may in part contribute to this
decreased 1,25(OH),D; level. Additionally, these
effects may represent the higher calcium content
in the diets used. For example in one study using a
rat model, increasing dietary calcium from 0.4% to
1% reduced 1,25D levels even in rats fed a vitamin
D deplete diet (25), and has been attributed to
upregulation of renal CYP24Al. Overall, these
findings emphasize the complex regulation of
1,25(0H),Ds.

Our finding of a lack of skeletal effects is espe-
cially significant given that bone health is often
considered the sole parameter to evaluate the
nutritional vitamin D requirement. Clearly our
dietary interventions did not induce any skeletal
effects, but did dramatically reduce 250HDj3 con-
centrations, maintaining the potential to investi-
gate adverse extraskeletal consequences from
vitamin D nutritional deficiency. Indeed, in
ongoing studies in our laboratory, we have applied
these dietary manipulations in transgenic mice to
study the effects of vitamin D nutrition on para-
thyroid pathophysiology and oral cancer develop-
ment. In these studies, we have maintained mice
on these diets for almost seven months, and con-
tinue to observe steady-state decreases in 250HD3.
Importantly, the general well-being of the mice
maintained on these various diets underscores

that such dietary manipulations do not yield any
overt health effects, and thus will allow investiga-
tors to study the contribution of vitamin D defi-
ciency/insufficiency in mice, closely simulating the
context of vitamin D deficiency/insufficiency in
humans.

Currently, the RDI of cholecalciferol in mice is
estimated to be 1 IU/g. However, it has not been
scientifically validated that this is the minimal cho-
lecalciferol intake needed to maintain normal
250HD; levels or skeletal health in mice. Our
study demonstrates that decreasing dietary cholecal-
ciferol content to 0.5 IU/g did not adversely impact
250HD and 1,250H,D levels in mice. This lack of
deterioration in primary cholecalciferol metabolites
underscores that a dietary cholecalciferol content of
0.5 IU/g can be sufficient to maintain normal vita-
min D status for maintenance of calcium home-
ostasis in mice. Our data therefore, suggest the
need to redefine the RDI for cholecalciferol in
mice, at least for the FVB strain, and to investigate
this issue for other commonly used strains.

In summary, we report on a comprehensive
evaluation of the effect of dietary cholecalciferol
restriction on the primary metabolites of cholecal-
ciferol, and its impact on calcium/bone homeosta-
sis in adult mice. These data provide important
guidance to designing studies that aim to evaluate
the effects of vitamin D nutrition in preclinical
mouse models of human disease.
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