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A B S T R A C T

Trabecular bone (Tb) is used for rapid exchange of calcium (Ca) in times of physiologic need and the site-specific
characteristics of Tb may explain why certain sites are more vulnerable to osteoporosis. We hypothesized that
peak trabecular bone mass (PTBM) and Tb microarchitecture are differentially regulated by dietary Ca intake,
genetics, or Gene-by-Diet (GxD) interactions at the distal femur and the fifth lumbar (L5) vertebra. Male mice
from 62 genetically distinct lines were fed basal (0.5%) or low (0.25%) Ca diets from 4 to 12 wks of age.
Afterwards, the right femur and L5 vertebra were removed and trabecular bone was analyzed by μCT. In mice fed
the basal diet, bone volume fraction (BV/TV), trabecular number (Tb.N), and connectivity density (Conn.D)
were significantly higher in the L5 vertebra than femur. Femur Tb had a weaker, more rod-like structure than the
L5 vertebrae while mice fed the low Ca diet developed rod-like structures at both sites. Dietary Ca restriction also
caused a greater relative reduction of Tb.N and Conn.D in the femur than L5 vertebra, i.e. it was more harmful to
the integrity of Tb microarchitecture in femur. Genetics was a major determinant of Tb at both sites, e.g. her-
itability of BV/TV on the basal diet= 0.65 (femur) and 0.68 (L5 vertebra). However, while GxD interactions
altered the impact of dietary Ca restriction on Tb parameters at both sites, the effect was not uniform, e.g. some
lines had site-specific responses to Ca restriction. The significance of our work is that there are site-specific
effects of dietary Ca restriction and genetics that work independently and interactively to influence the at-
tainment of PTBM and Tb microarchitecture.

1. Introduction

Osteoporosis affects millions of individuals worldwide [1] and ap-
proximately 50% of osteoporotic fractures occur at trabecular bone-rich
sites like the lumbar vertebrae and at the ends of long bones [2].
Consistent with the idea that trabecular bone-rich sites are sensitive to
fracture, cadaver studies on the mechanical strength of trabecular bone
from proximal femur [3,4] or the thoracic ninth vertebrae [5] show that
bones with lower trabecular bone volume (BV/TV), fewer trabeculae,
and reduced connectivity are more susceptible to structural failure.
Trabecular bone may be more sensitive to fracture because it has a large
surface-to-volume ratio that provides a rapidly exchangeable calcium
(Ca) pool that is drawn upon in times of need [6]. For example, studies
have shown that Ca is liberated from trabecular bone resulting in a
decline in BV/TV during lactation [7,8] and in ovariectomized (OVX)
mice [9] despite the fact that no significant change was observed at
cortical bone-rich sites.

Previous studies suggest that some trabecular bone-rich sites are

more sensitive to physiologic challenges. For example, OVX-induced
bone loss in mature rats was greatest at the proximal tibia and distal
femur (~75%), moderate in lumbar vertebrae (36%), and negligible in
cranial and jaw bones (< 5%) [10]. In addition, while Shin et al. [11]
found similar OVX-induced loss of BV/TV at the L4 vertebra and femur
in rats, the main effect in the vertebra was reduced trabecular thickness
while in femur it was a 6-fold reduction of trabecular number (Tb.N).
Similarly, Liu et al. [12] found that lactation changed trabecular bone
microarchitecture in vertebra from plates into rods while it reduced
trabecular connectivity at the proximal tibia and distal femur. Thus,
physiologic changes known to influence bone mass and fracture risk can
have differential effects depending on the bone site examined.

Research shows that adequate dietary Ca intake is necessary for
maximizing bone mass accumulation and structural development
during growth [13]. However, some studies show that Ca supplements
increase BMD more at the femoral neck than at the lumbar vertebra
[14] and [15,16] others show that Ca fortified foods [17] increase BMC
at the humerus and radius-ulna but not lumbar vertebra, femur, or tibia.
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Inconsistencies regarding the impact of dietary Ca on bone in clinical
trials could result from a number of factors including the length of
treatment, the level of Ca intake, pubertal status, or race. Carefully
controlled studies in animal models over the whole growth period may
be able to clarify whether there are site-specific effects of dietary Ca on
trabecular bone.

In addition to environmental factors, previous studies have shown
that distinct genetic determinants define trabecular characteristics at
various skeletal sites [18–21]. We previously showed that the genetic
diversity in inbred mouse lines can be used to identify the role of ge-
netics in calcium and bone metabolism [22]. Using C57BL/6, C3H/
HeN, and BALB/c inbred mouse lines, Buie et al. [23] found that the
gain in L3 vertebral BV/TV from 6 to 12 wks of age was similar across
lines but that tibial BV/TV gains were low in C57BL/6, intermediate in
BALB/c, and high in C3H/HeN mice. In another study, C3H/HeJ mice
had higher distal femur bone volume but lower L5-6 vertebral BV/TV
and Tb.N than C57BL/6 mice [21]. Thus, in order to determine the site-
specific impact of dietary Ca restriction on bone, we also need to con-
sider the effect of genetics and gene x diet interactions on these re-
sponses.

Here we conducted a study to systematically examine how dietary
Ca restriction affected the accumulation of trabecular bone mass at the
femur and L5 vertebra of growing mice. In addition, we used a large
population of inbred and recombinant inbred mouse lines to interrogate
whether genetics affects how trabecular bone responds to low Ca intake
at each site. We hypothesized that peak trabecular bone mass and mi-
croarchitecture at the distal femur and L5 vertebra are differentially
regulated by dietary Ca restriction and the site-specific response to low
Ca intake is regulated by genetics.

2. Materials and methods

2.1. Experimental design

To model the genetic diversity present in humans, we used a large,
genetically-diverse population of mice for our experiment. This popu-
lation included 11 common laboratory inbred mouse lines (129S1/
SV1mJ (129S), A/J, AKR/J (AKR), C3H/HeJ (C3H),C57BL/6J (B6),
CAST/EiJ (CAST), CBA/J (CBA), DBA/2J (DBA), PWK/PhJ (PWK),
SWR/J (SWR), and WSB/EiJ (WSB)) and 51 BXD recombinant inbred
(RI) mouse lines that are defined by a fixed recombination pattern of
alleles from the B6 and DBA inbred mouse lines [24]. This population of
mice encompasses three mouse subspecies (Mus musculus domesticus,
M.m. musculus, and M.m. castaneus), includes classical inbred strains as
well as more genetically divergent wild-derived inbred lines, and re-
presents the parental strains of available genetic mapping resources
[25]. Four-week-old male mice from the 62 lines were obtained from
the Jackson Laboratory (Bar Harbor, ME, USA). An equal number of
mice from each line (n=8 for all lines except BXD36 where n=4)
were randomly assigned to either a 0.5% (basal) Ca or 0.25% (low) Ca
diet (AIN93G base with 200 IU vitamin D3/kg diet, Research Diets, New
Brunswick, NJ, USA). The dietary Ca levels were chosen to meet the
rodent dietary Ca requirement (0.5% Ca) [26] or to model the low level
of dietary Ca intake seen in the U.S. population (0.25% Ca) [27,28].
Mice were group-housed (2–4 mice/cage) at the Purdue University
animal facilities in conventional shoebox cages, maintained in rooms
with UV-blocking filters over lights and a 12-hour light/dark cycle, and
provided food and distilled water ad libitum. At 12 wks of age, at a
point where Buie et al. have shown that mice reach peak trabecular
bone mass [23], mice were fasted overnight. Right femora and L5
vertebrae were harvested and prepared for analysis as previously de-
scribed [29]. Investigators were blinded to genotype and dietary
treatment during allocation, animal handling, bone sample collection
and endpoint measurements. All animal experiments complied with the
ARRIVE guidelines and the Purdue Animal Care and Use Committee
approved the experimental protocol.

2.2. Micro-computed tomography (μCT) evaluation

Femora and L5 vertebrae were analyzed using μCT (μCT 40, Scanco
Medical AG, Bassersdorf, Switzerland) using settings reported else-
where [22] with one exception. For all samples, the regions of interest
were binarized using a global threshold (474.3 mg HA/cm3 for femur
and 559.6 mg HA/cm3 for L5 vertebra). For the femur, the region of
interest was defined as 56 slices starting from the first slice containing
no evidence of distal growth plate. The L5 vertebra was selected for
evaluation over the other lumbar vertebrae because it is the most
common vertebra reported in the literature, particularly in genetic
studies [30–32]. The entire L5 vertebra was scanned at a voxel size of
16 μm and trabecular bone was evaluated in a 50-slice region distal to
the cranial growth plate. This region was chosen as it correlates well
with the trabecular bone parameters of the entire L5 vertebra [33,34].
For both sites, we manually contoured trabecular bone every 10 slices
with the outline 2–3 pixels away from the cortical bone, and the in-
termediate slices were interpolated with the contouring algorithm in
the Scanco's 3D analysis software to create a volume of interest. We
reported the measurements for bone volume fraction (BV/TV), trabe-
cular number (Tb.N, mm−1), trabecular thickness (Tb.Th, mm), trabe-
cular separation (Tb.Sp, mm), connectivity density (Conn.D, 1/mm3)
and structure model index (SMI) as recommended elsewhere [35]. SMI
is an indicator of the shape of trabeculae; a value of 0 reflects trabe-
culae shaped like plates while a value of 3 reflects trabeculae shaped
like cylindrical rods [35].

2.3. Statistical analysis

Statistical analysis was conducted using SAS Enterprise Guide 6.1
(SAS Institute Inc., Cary, NC). Data points with a Z-score in the extreme
2.5% of either end of a line/diet group distribution were removed as
outliers. Supplemental Table S1 reports the number of mice in each
genotype and dietary treatment group for each μCT parameter after
outlier removal. In addition to the data obtained from each mouse on
each diet, a parameter reflecting the response to dietary Ca restriction
(RCR) was calculated as the percentage difference between the phe-
notypic value for an individual fed the 0.25% Ca diet and the line mean
from the 0.5% Ca diet, standardized to the line mean from the 0.5% Ca
diet [22]. Analysis of covariance (ANCOVA) was used to test the main
effects and interaction effects on each parameter and their RCR while
controlling for the covariate effects of body weight (BW) and/or femur
length (FL) [36]. Repeated measure ANCOVA was used when site was a
main effect in the model to account for within-subject covariance.
When the residuals from ANCOVA were not normally distributed, the
following transformations were used: BV/TV and Conn.D (√y), Tb.Th
and Tb.Sp (log 10), and SMI ([y]2).

Data were initially analyzed as a genetically diverse population and
one-way ANCOVA was used to determine the impact of diet or site on
the μCT parameters. Next, we used two separate approaches to assess
whether there was a site-by-diet (SxD) interaction affecting μCT para-
meters. First, we used two-way, repeated-measure ANCOVA to examine
the main effect of diet and site as well as their interaction. Second, we
assessed the effect of site on the RCR parameters using one-way, re-
peated-measure ANCOVA.

Relationships between parameters were determined using Pearson's
correlation tests. First, we investigated correlations among μCT para-
meters without regard for the genetic structure of our population. This
analysis was performed separately for each site as well as for each diet
group. Second, we examined the correlations between the basal femoral
and vertebral μCT parameters. Third, we accounted for the genetic
structure of our population by using covariate-corrected least square
means (LSMeans) of each genetic line as measure of the parameter for
each “genetic individual” (n=62 mouse lines). We then used these line
means to assess the correlation between parameters of “genetic in-
dividuals” fed the basal diet or the 0.25% Ca diet (LSMeans shown in
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Supplemental Table S2). Finally, we used this data to assess the cor-
relation between the μCT parameter of mice fed the basal diet and the
RCR parameters.

Lastly, we used the genetic line (genotype) as a predictor variable.
Initially we assessed the narrow-sense heritability (h2) of each μCT
parameter using the r2 from a one-way ANCOVA (main effect= geno-
type); this was conducted separately for each bone site and for each diet
group as well as for their RCR. Interactions among the main effects were
investigated for each μCT parameter (i.e. genotype-by-diet (GxD), site-
by-genotype (SxG) and GxDxS). The GxDxS interaction affecting each
parameter was confirmed using a two-way ANCOVA of SxG interaction
on RCR parameters. When site was a main effect, we used a general
linear mixed model with the restricted maximum likelihood approach
to estimate the main effects and their interactions while accounting for
the within-subject covariance [37]. The covariance structure in this
analysis was defined as compound symmetry (i.e. constant variance,
constant off-diagonal matrix). This analysis assumes that the variance
of each uCT parameter is the same at both sites.

The study was powered based on variance estimates for the effect of
genetics on femoral μCT parameters in B6 mice (n=8, 30% difference
between dietary groups, SD=20% of mean, α=0.05,
power= 0.797). Differences were considered significant when
p≤ 0.05. When a significant F statistic for an interaction was detected,
post hoc pairwise comparisons were made using Tukey's HSD with
p≤ 0.05 considered significant. Data are reported as LSMean± SEM.
For parameters that required data transformation, we report the back-
transformed LSMean± SEM for inclusion in tables and figures.

3. Results

3.1. Effect of dietary calcium restriction on trabecular characteristics in
femur and vertebra of growing mice

In this genetically diverse population of mice, μCT analysis showed
that the baseline values for all of the parameters except Tb.Sp were
significantly different between femur and L5 vertebra (Table 1). For
example, BV/TV was 18% higher and Conn.D was 23% greater in
vertebra compared to femur. In addition, the SMI value showed that
vertebral trabeculae were more plate-like than in femur (L5 ver-
tebra= 1.3, femur=2.3).

At each bone site, BV/TV, Tb.N, Tb.Th, and Conn.D were sig-
nificantly lower, and Tb.Sp was significantly higher, in mice fed the low
Ca diet (Table 1). In addition, the SMI for both femur and vertebra was
higher, reflecting weaker, more rod-like trabeculae at both sites, be-
cause of inadequate Ca intake. A significant positive correlation existed
between femoral and vertebral RCR for Tb.Th (r=0.63, p < 0.0001)
and BV/TV (r=0.55, p < 0.0001). However, weaker correlations
were seen for Tb.Sp (r=0.27, p < 0.0001), Tb.N (r=0.26,
p < 0.0001) and Conn.D (r=0.17, p=0.0004).

ANCOVA revealed the existence of significant site-by-diet (SxD)
interactions for Tb.N, Tb.Sp, and Conn.D (Fig. 1); a trend for a SxD

interaction was seen for SMI (p=0.0658). Consistent with the ex-
istence of SxD interactions, we observed significant differences in RCR
at femur and spine for all of the μCT endpoints (Fig. 2). The negative
femoral BV/TV RCR reflected a retardation in trabecular bone devel-
opment that is due to loss of trabecular number and connections but the
negative vertebral BV/TV RCR was due to a large change in the geo-
metry of trabeculae (i.e. an SMI reflecting a more rod-like structure) as
well as a 30% greater decrease of Tb.Th (Fig. 2).

3.2. The relationships between trabecular parameters is altered by diet and
bone site

Several well-known relationships between trabecular parameters
exist [38] and we observed these relationships among these parameters
in the basal diet group at both sites (Supplemental Table S3 (un-
adjusted), S5 (body-size corrected)). We found similar relationships in
mice receiving the 0.25% Ca diet (Supplemental Table S4, S6). There
were also correlations between the μCT parameters of the two bone
sites but these were generally weak to moderate (e.g. for femur vs.
vertebra BV/TV, r=0.43 in the basal Ca diet group; Supplemental
Table S7). Within each site, there was a tight correlation between the
basal and the 0.25% Ca diet values for each trabecular parameter
(Supplemental Table S8). For example, the correlation in BV/TV be-
tween the two diet groups was 0.85 for femur (p < 0.001) and 0.88 for
vertebra (p < 0.001). This shows that dietary Ca intake accounts for
approximately 28% and 23% of the variation in femoral and vertebral
BV/TV, respectively.

We next examined the relationship between the μCT parameters of
mice fed the basal diet (basal values) and their RCR using LSMeans from
each line as measure of the parameter for each “genetic individual”
(n=62; Supplemental Table S9). There was no correlation between
basal and RCR values for BV/TV or Conn.D. However, a significant
negative correlation was observed between the basal and RCR values at
both sites for Tb.Sp (Fig. 3A, B) and Tb.N (Supplemental Table S9) and
for vertebral Tb.Th (Fig. 3D) and SMI (Supplemental Table S9). This
indicates that lines with a high basal phenotype were more sensitive to
the low Ca diet during growth. However, because this relationship was
not uniform across two sites, this suggests a site-specific impact of
dietary Ca restriction on some μCT parameters.

3.3. Genetics regulates basal trabecular parameters as well as the ability to
adapt to dietary Ca restriction at each bone site

Because our mouse population has a defined genetic structure re-
flected in the mouse lines, we investigated the influence of genetics on
the basal μCT parameters or their RCR. Each μCT parameter was sig-
nificantly influenced by genetics (p < 0.0001). The narrow sense
heritability (h2) was high for all of the μCT parameters in both femur
(h2= 0.56 to 0.82) and vertebra (h2= 0.59 to 0.71) and these herit-
ability estimates were not significantly reduced in mice fed the 0.25%
Ca diet (Table 2). In contrast, the heritability of the RCR parameters

Table 1
Trabecular bone of mice fed a low Ca diet was significantly impaired compared to mice fed a basal Ca diet at both the femur and L5 vertebra.

μCT parameter Femoral basal Ca diet Femoral low Ca diet Vertebral basal Ca diet Vertebral low Ca diet

BV/TV 0.1973 ± 0.0038 (n=496) 0.1704 ± 0.0036a (n=466) 0.2346 ± 0.0029c (n=456) 0.2124 ± 0.0029a (n=451)
Tb.N (1/mm) 4.8016 ± 0.0401 (n=468) 4.5204 ± 0.0400a (n=469) 4.9046 ± 0.0029c (n=454) 4.7754 ± 0.0029a (n=454)
Tb.Th (mm) 0.0672 ± 0.0005 (n=467) 0.0646 ± 0.0005a (n= 467) 0.0600 ± 0.0003c (n= 456) 0.0573 ± 0.0003a (n=454)
Tb.Sp (mm) 0.2043 ± 0.0025 (n=465) 0.2197 ± 0.0027a (n=464) 0.2067 ± 0.0018 (n=451) 0.2122 ± 0.0018a (n= 454)

Conn.D (1/mm3) 96.4854 ± 2.4315 (n=471) 82.6608 ± 2.2572a (n=469) 128.3378 ± 1.9635c (n= 454) 123.2279 ± 1.9657b (n=453)
SMI 2.2951 ± 0.0267 (n= 469) 2.4623 ± 0.0247a (n=473) 1.3045 ± 0.0276c (n=452) 1.4721 ± 0.0275a (n= 454)

Values are reported as LSmeans± SEM (n) from one-way ANCOVA adjusted for BW and FL. Analysis of Tb.Th and SMI were adjusted only for FL.
a Significant at p≤ 0.05.
b A trend at p≤ 0.10 between the two diet groups.
c Significant at p≤ 0.05 between sites in the basal diet group.
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were more moderate than basal estimates both in the femur (h2= 0.28
to 0.44) and the vertebra (h2= 0.30–0.58).

Two-way ANCOVA revealed a genotype-by-diet (GxD) interaction

affecting BV/TV, Tb.Th, Tb.N, Conn.D, and SMI in the femur and L5
vertebra. In addition, there was a trend towards an interaction for Tb.Sp
(p=0.0685). Consistent with the two-way ANCOVA analysis, a sig-
nificant genotype effect was observed for all of the RCR parameters at
both sites. The Z-scores for μCT RCR parameters revealed significant
variation across lines at both sites (representative data for BV/TV RCR
and Conn.D RCR are shown in Fig. 4; data for other parameters are
shown in Supplemental Fig. S1).

Finally, we tested whether complex interactions between diet, ge-
netics, and site were affecting μCT parameters using two different ap-
proaches: three-way ANCOVA on trabecular parameters and site-by-
genotype (SxG) interactions on RCR parameters. Three-way ANCOVA
showed that a site-by-diet-by-genotype interaction affected BV/TV
(p=0.0073), Tb.Th (p=0.0137), Conn.D (p=0.0111), and SMI
(p=0.0108). A representative example of this complex interaction is
illustrated for Conn.D in Fig. 5; data from other significant parameters
are shown in Supplemental Fig. S2. Z-scores from the baseline and the
0.25% Ca group varied across the 62 genetic lines and the patterns of
variation differed between the femur (Fig. 5A.a.) and the vertebra
(Fig. 5A.b.). For example, the low Ca diet reduced Conn.D equally at
both sites in BXD20 mice, while BXD56 mice were resistant to Ca re-
striction at both sites (Fig. 5B.a.). In contrast, we observed differential
tissue responses for BXD28 (femur only) and BXD98 (L5 only)
(Fig. 5B.b.). This demonstrates the complexity of how diet and genetics
interact to influence trabecular bone in each site during growth. Con-
sistent with this, a significant SxG interaction was observed for all of the
RCR parameters (data not shown).

4. Discussion

There are several important findings from our study. First, we show

Fig. 1. Site-by-diet (SxD) interactions affecting (A) BV/TV, (B) Tb.N, (C) Tb.Th, (D) Tb.Sp, (E) Conn.D, and (F) SMI. Symbols represent the LSmeans± SEM from two-
way, repeated measure ANCOVA. Filled bar= basal (0.5%) Ca diet group. Hatched bar= 0.25% Ca diet. Values with different letter superscripts are significantly
different from one another (Tukey's HSD, p≤ 0.05). pSxD= p-value for SxD interaction.

Fig. 2. Site-specific differences in the response to dietary Ca restriction (RCR)
for trabecular bone μCT in the distal femur and L5 vertebae. RCR for each μCT
parameter in a mouse was calculated using the equation (Xlow Ca diet − Xline

mean, basal Ca diet/Xline mean, basal Ca diet)∗100. Bars=Mean ± SEM
(n=436–445). Repeated measures one-way ANCOVA was conducted; femur
length, but not body weight, was significantly correlated with BV/TV RCR,
Tb.Th RCR and Conn.D RCR and was used as a covariate in these analysis.
⁎Significant at p≤ 0.05 and #a trend at p≤ 0.10.
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that dietary Ca is a critical factor regulating the development of peak
trabecular bone mass, even in a genetically diverse population. Thus,
this study overcomes a weakness of other mouse studies of inbred mice,
where the effects may not be generalizable, and addresses a question
that cannot be ethically tested in human children. Second, we show that
there are site-specific differences in the impact of inadequate dietary Ca
on trabecular bone. Finally, we report that genetics has a significant
impact on trabecular bone at both spine and femur and that these

genetic effects influence how trabecular bone responds to low Ca in-
take. Thus, our data reveal that while maintaining an adequate dietary
Ca intake is a good general strategy for maximizing peak bone mass,
they also show that the benefit of adequate Ca is not uniform across
individuals or across bone sites.

Other groups had attempted to determine the impact that low Ca
intake has on trabecular bone microarchitecture in controlled animal
studies using Ca restriction in the context of low protein diets [39] or
with very low dietary Ca intake [40]. However, our study is unique in
that it captures the effect of a modest, and human relevant, dietary Ca
inadequacy (i.e. 50% of the requirement [27,28]) on attainment of
trabecular bone during growth. We found that dietary Ca restriction
attenuated trabecular bone accrual in both femur and vertebra but that
the impact on trabecular bone microarchitecture was distinct at each
site, i.e. lower Tb.N and Conn.D in the femur but reduced Tb.Th with
increased SMI in the vertebra. Reduced Tb.N and Conn.D has a greater
consequence on the mechanical integrity of trabecular bone than does
an equal reduction in Tb.Th and the shape of trabeculae. This because
as trabeculae and their interconnectivity are lost bone structure is sig-
nificantly weakened [12,41,42]. Thus, the reduction of femoral Tb.N
and Conn.D we observed due to low dietary Ca intake could make this
site more sensitive to future fracture compared to the vertebra. For-
tunately, it may be possible to restore bone strength following a period
of diet-compromised bone development provided a substantial number
of trabeculae are still intact [42]. For example, although lactation in-
duced the thinning of trabeculae and the perforation of trabecular
plates in the vertebrae of mice, this effect was reversed because of the
improved calcium balance that results from weaning [12,43]. In con-
trast, weaning did not improve the loss of Tb.N and connectivity that
was caused by lactation in femur.

Another unique feature of our study is that we used 62 lines of mice
to represent the high level of genetic diversity observed in humans. This

Fig. 3. Correlations between the μCT parameters and their corresponding response to dietary Ca restriction (RCR) for (A) femoral Tb.Sp, (B) vertebral Tb.Sp, (C)
femoral Tb.Th, and (D) vertebral Tb.Th (D). Pearson's correlation tests were conducted on body size-corrected LSMeans (n=62 genetic lines). A slope and an
intercept for each linear correlation are reported. x= the μCT parameter of mice fed the basal diet, y= the corresponding RCR, r= correlation coefficient. p= p
value of the regression line. Fm. = femur; L5= L5 vertebra.

Table 2
Heritability estimates (h2) of trabecular parameters and their RCRa.

μCT parameter Diet Femoral h2 Vertebral h2

BV/TV 0.50% 0.65 0.68
0.25% 0.63 0.64
RCR 0.37 0.31

Tb.N 0.50% 0.79 0.70
0.25% 0.80 0.71
RCR 0.32 0.30

Tb.Th 0.50% 0.56 0.59
0.25% 0.58 0.51
RCR 0.44 0.36

Tb.Sp 0.50% 0.82 0.71
0.25% 0.84 0.69
RCR 0.33 0.30

Conn.D 0.50% 0.74 0.69
0.25% 0.70 0.69
RCR 0.28 0.36

SMI 0.50% 0.58 0.69
0.25% 0.56 0.67
RCR 0.41 0.58

Values were r2 from one-way ANCOVA (main effect= genotype) adjusted for
FL with the exception of the analysis of L5 vertebral Tb.N, Conn.D, and their
RCR where BW was the significant covariate.

a RCR= response to dietary Ca restriction.
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allowed us to address whether genetics modulates the response of each
skeletal site to low dietary Ca intake. Here, we found significant gen-
otype-by-diet-by-site interactions affecting trabecular parameters
(Fig. 5). This extends our previous report in 11 inbred mouse lines,
where we identified significant genetic effects on the response of BMD
and trabecular parameters to dietary Ca restriction in the distal femur
[22]. The complex interaction among diet, genetics, and site was seen
in two ways: in the pattern of variation of the femoral and vertebral
RCR parameters across lines (Fig. 4 and Supplemental Fig. S1) and in
the differential heritability estimates for the RCR parameters between
the two sites (e.g. Conn.D: L5 vertebra= 0.36, femur=0.28; Table 2).
Collectively, this indicates that genetics influences the site-specific ef-
fect of Ca insufficiency on the development of trabecular bone during
growth.

Our study is the first to carefully test the independent and inter-
active effects of dietary Ca restriction and genetics on trabecular bone
mass accrual and microarchitecture at two clinically relevant skeletal
sites. There are many strengths to our study. First, we conducted our
study under strictly controlled environmental conditions that included
the use of a well-defined, semi-purified experimental diet. Second, by
coupling the controlled dietary intervention to a large, genetically di-
verse population of mice, we could assess the effects of site and diet on
trabecular bone in ways that are difficult to do in humans. Finally, we
could take advantage of the genetic structure of our population to
identify relationships between genetics and the site-specific response of
trabecular bone to low Ca intake. Nonetheless, there were certain
limitations for our study. First, we only measured trabecular parameters
at the 12 wks of age. Therefore, we do not know what happens in each

stage of growth or whether low dietary Ca intake delays, rather than
blocks, peak bone mass accretion. Furthermore, our study was con-
ducted only in male mice. Previously, we showed that female C57BL/6
mice have a more robust physiologic response to dietary Ca restriction,
and are more responsive to changes in serum 1,25-dihydroxyvitamin D,
than males [44]. As a result, our current findings may not apply directly
to trabecular bone mass accrual in females. Lastly, we did not test for
mechanical properties of our bone samples. Future studies using finite
element analysis may provide more insight in this matter.

The critical finding of our study is that dietary Ca deprivation
during growth leads to site-specific differences in the development of
trabecular bone microarchitecture at the femur and L5 vertebra. In
addition, we report for the first time that genetics has a site-specific
influence on how trabecular bone responds to low dietary Ca intake.
The significance of our work is that dietary Ca restriction and genetics
work both independently and interactively to influence the attainment
of peak trabecular bone mass and its microarchitecture. Furthermore,
these interactions are not uniform across bone sites. In the future, it will
be important to identify the genetic variants that underlie the response
to low dietary Ca intake at each skeletal site.
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