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Abstract

Both dietary calcium and genetics influence bone density and structure. However, how genetics
affect the adaptation response of bone parameters to dietary calcium (Ca) restriction is unknown.
11 inbred strains of mice were fed adequate (0.5%) or low (0.25%) Ca diets from 4-12 weeks of
age and were evaluated for gene-by-diet interactions affecting bone structure at the femur and
lumbar spine. We observed that genetics and diet main effects as well as gene-by-diet
interactions significantly affected femur trabecular and cortical bone, and lumbar spine
trabecular bone microCT parameters. There were no significant correlations between basal and
adaptation parameters in femur or lumbar spine. Adaptation of lumbar spine trabecular bone
parameters was smaller compared to adaptation observed in the femur trabecular bone. However,
the adaptation parameters in these two bone sites were significantly and positively correlated.
We conclude that (1) genetic controls of basal and adaptive bone parameters are distinct; (2)
trabecular bone in lumbar spine is more resistant to calcium restriction than the trabecular bone
in distal femur; (3) similar genetic forces affect the adaptation response in distal femur and
lumbar spine trabecular bone. However, site-specific regulation may exist in bone structure

adaptation response to calcium restriction in some of the inbred lines.




Introduction

Osteoporosis is a common bone disease in the US and the risk of having this disease is

determined by the level of PBM (peak bone mass) and the subsequent rate of bone loss (Ilich &

Kerstetter, 2000). Adequate calcium intake is crucial to the development of PBM in early

adulthood and to minimize adult bone loss (figure 1). In human, the coordination of events

occurring at the three-tissue axis of intestine, kidney and bone are necessary to control calcium

metabolism (Fleet). When humans habitually consume a low calcium diet, the body undergoes a

series of adaptive responses to maintain serum Ca level within a narrow range (figure 2). First,

serum calcium level decreases and this is sensed by a calcium-sensing receptor in the parathyroid

gland (Hebert, Brown, & Harris, 1997) leading to increased serum level of parathyroid hormone

(PTH). PTH stimulates bone resorption, calcium reabsorption in kidneys, and the conversion of

25(0H) D (a very stable form of vitamin D) to 1, 25(OH), D (main active form of vitamin D) in

the kidney. 1,25(0H),D affects calcium metabolism by increasing bone remodeling, calcium

reabsorption in kidney, and active calcium absorption in the small intestine. When calcium

intake is low and adaptation is inadequate, bone density and structure is compromised to

maintain serum Ca level(Fleet).
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Figure 1. High peak bone mass (PBM)
decreases the risk for osteoporosis
later in life. Adequate calcium intake is
crucial to the development of PBM in
early adulthood and to minimize adult
bone loss. According to the World
Health Organization, the criteria for
osteopenia is bone mineral density
(BMD) between 1 SD and 2.5 SD below
average peak young adult BMD, and
criteria for osteoporosis is BVID = 2.5
SD below. SD=standard deviation,
(Ilich & Kerstetter, 2000)
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Figure 2: Low dietary calcium intake
causes hormonal adaptation regulating
events in intestine, kidney, and bone,
When adaptation is inadequate, bone
density and structure is compromised to
main serum calcium level, (Fleet, Hong,
& Zhang, 2004)
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In addition to adequate dietary calcium intake, genetics also greatly influences bone density
(Beamer, Donahue, Rosen, & Baylink, 1996). The simplest example of the role that genetics
plays in bone health is seen when comparing racial groups. Racial differences in bone density
and fracture risk, and race-by-diet interactions affecting bone mass has been reported in several
studies (Barrett-Connor et al., 2005 miller 2005; Walker, Novotny, Bilezikian, & Weaver, 2008;
Weaver et al., 2008). Barrett-Connor et al, reported that African Americans have higher areal
bone mineral density than American whites, Native Americans, Hispanic and Asian (Barrett-
Connor et al., 2005 miller 2005). Blacks were found to have greater skeletal calcium retention
than whites across a range of calcium intakes (760-1981 mg Ca/d) and this is due to greater net
calcium absorption and lower calcium excretion in the young black girls (Braun et al., 2007
Jackman 2013). A study in black and white adolescent girls on diets with high or low sodium
concentrations found that both race and sodium intake significantly affected calcium retention.
Also, 24-h urinary calcium excretion and 24-h sodium excretion were significantly affected by a
race-by-diet interaction (Wigertz et al., 2005). However, we still lack of a clear understanding of

the gene-by-diet interactions regulating bone parameters.




Controlling environmental factors and calcium intake are difficult in human populations. In
addition, human populations have tremendous genetic diversity. As a result, we chose to use
inbred mouse lines to study the independent and interacting effects of dietary calcium intake and
genetics on bone density and structure. The gene and diet interactions observed across inbred
mouse lines will give insights into the genes controlling adaptation of bone to dietary Ca stress in
human populations. 11 inbred mouse lines were fed adequate or low Ca diets and bone
microstructure in the femur and the lumbar spine were examined using microcomputed
tomography (uCT). We chose to analyze distal femur and lumbar spine because both are
trabecular bone-rich sites. We also examined midshaft femur which is mainly consist of cortical
bone. Our hypothesis is that there is diversity in the impact that dietary calcium restriction has on

the loss of bone structure in both femur and lumbar spine.
Methods
Experimental Design

Four week old, male mice were obtained from The Jackson Labs (Bar Harbor, ME):
12981/SV1mJ (1298), A/J, AKR/J (AKR), C3H/HeJ (C3H), C57BL/6] (B6), CAST/EiJ
(CAST), CBA/J (CBA), DBA/2] (DBA), PWK/PhJ (PWK), SWR/J (SWR), and WSB/EiJ
(WSB). These 11 common laboratory inbred strains were chosen to encompass three mouse
subspecies (Mus musculus domesticus, M.m.musculus, and M.m. castaneus), to include both
classical inbred strains and more genetically divergent wild-derived inbred lines, and to represent
parental strains of available genetic mapping resources (Roberts, Pardo-Manuel, Wang,

McMillan, & Threadgill, 2007).




laboratory rabbits under calcium deprivation, significant differences in bone porosity was
observed between control and calcium deficiency groups in the vertebral body but not in the
femoral head (Wu, Boyd, Fix, & Burr, 1990). This suggests that vertebrae are more vulnerable
to bone loss than the femur. However, Liu et al. examined the site-specific changes in bone
parameters during and after lactation in CD1 mice, and found that after mice had completed
lactation, no difference was seen in lumbar vertebra L3 bone microstructure compared to
nulliparous mice but distal femur bone microstructure was significantly lower (Liu,
Ardeshirpour, VanHouten, Shane, & Wysolmerski, 2012). This observation indicates that in
mice lumbar spines are more resistant to bone loss induced by pregnancy and lactation (Liu et
al., 2012), and this is consistent to what we observed in trabecular bone loss induced by calcium

restriction.

There were significant, positive correlations between the adaptation parameters for BV/TV in
femora and spine. This suggests that although we didn’t see a statistically significant effect of
genetics on adaptation of lumber spine trabecular bone, it is still under the influence of the same
genetic forces that are controlling adaptation in distal femur trabecular bone. However, the
relationship of adaptation between femur and lumbar spine does not account for all the variation
between the traits. For instance, B6, A/J, C3H and CBA lines had different BV/TV adaptation
patterns between femora and spine. This suggests that in some inbred lines, femora and lumbar
spines are under similar genetic influences, while in other lines, site-specific regulation exists in
the adaptive response of bone structure to low dietary calcium intake. The mechanisms that
underline these site-specific adaptation responses are unknown and need future investigation.
One possible explanation is that bone resorption rates are affected by site-specific sensitivity to

serum 1,25(0OH), D and PTH levels.

s




Mice were fed an AIN93G semi-purified diet containing 200 IU vitamin D/kg diet and either
0.5% (adequate) or 0.25 % Ca (low) from 4 wk to 12 wks of age (Research Diets, New
Brunswick, NJ). The calcium levels in the diets were chosen to maintain Ca homeostasis (0.5 %
Ca) or elicit an adaptive response in serum 1, 25 (OH),D (0.25 % Ca). Mice were given food and
water ad libitum and were maintained in rooms with UV blocking filters over lights witha 12 h
light/dark cycle. At 12 wks of age mice were killed. The spine and hindlimbs were harvested,
some muscle was removed, and the remaining tissue was preserved in 10% neutral buffered

formalin for 2 weeks, and then stored in 70% ethanol.
Preparation of bone samples

The vertebra right above the hip bones was separated (L4 or L5, depending upon the inbred
line) and the muscle surrounding the spine was removed completely. The right hindlimb was
separated into femur and tibia and the muscle was completely removed from the femur using a

scalpel. After muscle was removed bones were transferred back to 70% ethanol for storage.

Bone Phenotyping

The trabecular bones in the vertebral body and the distal femur, and the cortical bone in
midshaft femur were analyzed using microcomputed tomography (LCt 40, Scanco Medical,
Bassersdorf, Switzerland). Samples were immersed in 70% ethanol and scanned in a turntable
cylindrical poly-ether-imide (PEI) vials (15x75) using a multiplex scanning method. A multiplex

sample holder was made to have three scanning chambers stack on one another.

Images were obtained using a cubic voxel size of 16 pm, X-ray tube potential of 55 kVp, and
X ray intensity of 145 pA, and 300 ms integration time. The measurements include bone volume

density (BV/TV, %), trabecular number (Tb. N, 1/mm), trabecular spacing (Tb. Sp, mm), and




trabecular thickness (Tb. Th, mm) in the trabecular bone, and cortical bone volume fraction
(Ct.Ar/Tt.Ar, %) and cortical thickness (Ct. Th, mm) in the cortical bone. All images were
reconstructed using the Scanco software and measures obtained were based on 3D model-

independent algorithms.

Lumber spine: Three vertebrae were placed on one toothpick. In each scanning chamber, 6
toothpick sets were loaded, with five toothpick groups set around the perimeter of the chamber
and one in the middle. When scanning, toothpick sets and pipette markers were immobilized
with cotton and immersed in 70% ethanol. Using this scanning method, 54 samples maximum

can be scanned at one time.,

The region of interest (ROI) for trabecular bone was set 0.8 mm from the growth plate and 50
slices were reconstructed starting from the first slice containing no evidence of growth plate or
primary spongiosa. Contours to delineate the trabecular bone region were drawn manually. The

bone tissue was segmented using a single global threshold of 240.

Femur: The ROI for trabecular bone was set at 1 mm from the growth plate. 94 slices were
scanned (1.5 mm) and 56 slices (1 mm) were reconstructed starting from the first slice containing
no evidence of growth plate or primary spongiosa. Contours to delineate the trabecular bone

region were drawn manually.

The ROI for cortical bone was placed at 50% of the length of the bone (midshaft), 15 slices

(0.24 mm) were scanned and reconstructed. A single global threshold value was set.




Statistical Analysis

The outliers were determined by normalizing each line/diet group to its mean and calculating
a z score for each value. Those datapoints with a z score in the extreme 2.5 % of either end of the
distribution within a line/diet group were removed. Summary statistics for the raw data were
calculated after outlier removal. The data for the entire study population was examined for
adherence to a normal distribution by fitting it to a two-way ANOVA model (using line, diet, and

interaction effects) and testing the residuals with the Anderson-Darling test for normality.

Previous studies have shown that bone parameters are tightly correlated to indices of body
size (Lang et al., 2005 Mack 2005). The presence of body size-associated covariate effects on all
phenotypes was assessed by Pearson’s correlations using body weight (BW) and femur length
(FL). Significant, independent confounding effects of BW and/or FL were then removed by
linear regression and the resulting residual values were used in subsequent analyses (Lang et al.,
2005 Mack 2005). In the lumbar spine, BV/TV, Tb.N and Tb.Sp were affected by both BW and
FL, and Tb.Th was only affected by FL. In the distal femur, phenotypes affected by BW and FL
were Tb.N and Tb.Sp. Tb.Th was only affected by BW and BV/TV was only affected by FL. In
midshaft femur, both Cort.Th and Ct.Ar/Tt.Ar were affected by BW. After transformation and
co-variate correction, each phenotype was assessed for the presence of main effects (line, diet) -
and a line by diet interaction by two-way ANOVA. When significant effects were detected,

post-hoc comparisons were made using Tukey-Kramer. Statistical significance was set at P<0.05.




Table 1. Summary of statistically significant effects influencing bone uCT parameters.
Ct.Ar/Tt.Ar = cortical area fraction; Ct.Th = average cortical thickness; BV/TV = bone
volume fraction; Th.N = trabecular number; Th.Sp = trabecular spacing; Th.Th=
trabecular thickness

ANOVA (p values)
Sltes .~ “Parameters Gene ‘ Diet Gene-Djet Interaction
Distal Femur BV/TV <0.001 0.05 <0.001
: Th.N <0.001 0.5 0.02
Th.Sp <0.001 0.38 0.05
: Th.Th <0.001 <0.001 <0,001
Midshaft Femur Ct.Ar/Tt.Ar <0.001 <0.001 0.82
CctTh <0001 <0001 0.01
Lumbar Spine ' BV/TV <0.0001 0,45 0.31
Th.N <0.0001 0,91 0.04
CThsSp 0 <0.0001 077 0.23
Tb.Th <0,0001 0.01 <0.001
Results

Distal femur bone parameters and their adaptation to dietary calcium restriction are variable

across the 11 inbred mouse lines.

In the distal femur, BV/TV was significantly affected by both genetic and diet main effects as
well as by gene-by-diet interactions (table 1). On 0.5% Ca diet, there was significant variation in
BV/TV across 11 inbred lines, with C3H, CBA and WSB having the highest BV/TV, and B6,
A/J and CAST having the lowest (figure 3A). Similar levels of variation were observed across

the lines for Tb.N, Tb.Sp and Tb.Th when mice were fed the 0.5% Ca diet (table 1).

The adaptive response to low calcium diet varied significantly among the 11 inbred mouse
lines. Dietary calcium intake significantly affected BV/TV in the distal femur in some, but not all

of the lines. BV/TV increased significantly in B6 mice in response to low calcium diet, while a




significant decrease was noted for 129S, AKR and DBA mice (figure 3B and supplementary
table 5). Dietary calcium intake restriction also significantly affected Tb.Th, but not Tb.N or
Tb.Sp (table 1). The adaptive response seen for distal femur Tb.Th was similar to what we
observed for BV/TV, i.e. a significant increase in B6 mice and a significant decrease in 1295,

AKR and CBA mice (see supplementary table 5).

Figure 3. Genetic diversity in (A) basal femur BV/TV and (B) adaptation of femur
BV/TV to low Ca intake among 11 inbred mouse lines. (A) Body size corrected basal
femur BV/TV. Lines labeled with the same letter are not significantly different
(p<0.05). (B) Adaptation of femur BVTYV to low Ca intake. *Adaptation significantly
differs trom 0 (P<0.05),
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Lumbar spine bone parameters and their adaptation to dietary calcium restriction are variable

across the 11 inbred mouse lines.

In lumbar spines, BV/TV was significantly affected by genetic background (p<0.05) (table

1), with 1298, PWK, SWR and WSB having the highest BV/TV, and A/J, C3H, CAST and CBA




having the lowest (Figure 4A). A similar level of variability can be observed for Tb.N, Tb.Sp and

Tb. Th (table 1).

There was no significant change in BV/TV in response to low dietary calcium intake and this
was also true for Tb.N and Tb.Sp (table 1). Only lumbar spine Tb.Th was significantly affected
by both genetic background and dietary calcium main effects as well as by gene-by-diet
interactions. Analysis of Tb.Th adaptation parameters indicated that Tb.Th significantly

decreased in 129S, AKR, C3H and DBA (see supplementary table 5).

Figure 4. Genetic diversity in (A) basal lumbar spine BV/TV and (B) adaptation of
lumbar spine BV/TYV to low Ca intake among 11 inbred mouse lines. (A) Body size
corrected basal lumbar spine BV/TV. Lines labeled with the same letter are not
significantly different (p<0.05). (B) Adaptation of lumbar spine BYTV to low Ca
intake, *Adaptation significantly differs from 0 (P<0.05).

A. B.
100 —
] c
© — 0.10] 2T -
Og 80
X T ] g %07
0 G 0.05— S ©
o9 < o 7 * *
o T >
Ego.oo— ;S 0 : -
Y= *
%g - o g 7 x ¥
£ 8-0.05- Q c 50
2 o 5 2
n N 7 30 _
& 2-0.10 - E
a3 T O .100
§§ -‘EDO\o COll\ul’ll&lll%llll
3= 5% EFSEFSFTSES

Inbred Mouse Line




Correlation analysis between baseline and adaptation parameters

There was no significant correlation between baseline and adaptation data for either BV/TV
or Tb.Th in the distal femur (figure 5 and table 2). Similar results were also observed in the

lumbar spine for BV/TV and Tb.Th (table 2).
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Table 2. Summary of correlation analysis between basal and adaptation parameters in distal femur
or lumbar spine, and between distal femur and lumbar spine for BV/TV or Th.Th.

Correlation analysis

r p

Distal Femur 0.5% Ca and adaptation .
BV/TV -0.34 0.31
Tb.Th -0.50 0.12
Lumbar spine 0.5% Ca and adaptation.
BV/TV ' -0.29 0.40
Tb.Th -0.47 0.14
Distal Femurand lumbar spine.
BV/TV Adaptation 0.29 0.01

Th.Th Adaptation 0.53 <0.0001




Correlation analysis between femur and lumbar spine adaptation parameters

There was a significant, positive correlation between femur and spine values for BV/TV

adaptation (r = 0.29, p = 0.01) and for Tb.Th adaptation (r = 0.53, p < 0.0001) (Figure 6).

Figure 6. BV.TV and Th.Th adaptation to calcium restriction in femur and lumbar
spine is significantly and positively correlated. (A) BV/TV adaptation parameters. (B)
Th.Th adaptation parameters
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Ct.Ar/Tt.Ar was significantly affected by genetic backgrounds and diet main effects (table 1).
Ct.Th was significantly affected by both genetics and diet main effects as well as by gene-by-diet

interactions (table 1).

Discussion

In this study, we examined how dietary calcium and genetic background each regulates bone

microstructure in the femur and lumbar spine among eleven inbred mouse lines. On a diet with




adequate calcium content, we observed variation in trabecular and cortical bone parameters
among 11 inbred lines in both femora and lumbar spines (table 1). Previous studies have
identified genetic variability in bone density and structures among inbred mouse lines (Beamer et
al., 1996; Turner et al., 2000). Our data confirm previous findings showing that on adequate
calcium diet, C3H mice have higher femur cortical thickness and total femur density than DBA
or B6 mice (Beamer et al., 1996; Turner et al., 2000), and C3H mice lumbar spine trabecular
bone have lower BV/TV and higher Tb.Th than B6 mice (Turner et al., 2000). Our data extend
these earlier studies in two important ways. First, we have examined 11 inbred lines that
represent the full diversity of the mouse genome. Second, we have conducted this comparison on

a controlled diet rather than a chow diet that can vary over time.

In addition to the impact of genetics on baseline bone phenotypes, we also found that
adaptation of bone volume and trabecular bone parameters to dietary calcium restriction were
significantly affected by genetics in both femora and spines. However, there was no significant
correlation between the baseline and adaptation parameters in either distal femora or lumbar
spine. This suggests that there are distinct genetic controls influencing the baseline bone
parameters and the adaptation response to low dietary calcium intake. The variation controlling
bone structure adaptation response may be explained by genetic variation controlling the
response of calcium absorption, serum 1,25(0OH),D, serum PTH, or other factors related to
calcium metabolism and bone regulation to dietary Ca restriction. There are other lines of
evidence that also support the existence of gene-by-diet interactions affecting bone or calcium
metabolism. Previously, Chen et al. reported that when dietary calcium intake is low, serum
PTH significantly increased in B6 but not in C3H (Chen & Kalu, 1999). In humans, black

adolescent girls, aged 11-15 years, have higher rates of calcium absorption and retention, and




absorb calcium more efficiently at low calcium intakes compared to white girls (Weaver et al.,
2008). In addition, there is a tendency for African Americans to have lower serum 25(0OH) D
levels and similar or higher PTH levels, which reduce the sensitivity to resorptive effects of PTH
(Walker et al., 2008 Weaver 2013). Our data provides a foundation for future studies

investigating the mechanism and the responsible genes that control bone parameters adaptation.

Gene-by-diet interactions among inbred mouse lines correspond to race-by-diet interactions
in human beings. Our data shows that inadequate calcium intake causes low bone density and
structure in some of the inbred strains, but does not affect others (see supplementary table 5).
This suggests that some inbred strains are more resistant to calcium restriction compared to
others. Similarly in humans, African Americans were found to have higher bone density than
other racial groups (Walker, Novotny et al. 2008 Weaver 2013). This suggests that inadequate
calcium intake negatively influences development of PBM and increases bone fracture risk in
some racial groups or individuals, but not others. Thus, those ihdividuals sensitive to low Ca
diets may have higher dietary Ca requirements than others. Further understanding in the gene-
by-diet interactions regulating bone density and structure will inform personalized dietary Ca

requirements for osteoporosis prevention.

In contrast to what we observed for femur, there were no significant gene-by-diet interactions
affecting BV/TV and Tb.Sp in lumbar spine. We believe that this is due to the much smaller
scale of bone adaptation in spine compared to that observed in the femur. As a result our small
sample size was insufficient to see significant differences in spinal adaptation to dietary Ca
restriction. Our data also indicate that trabecular bone in lumbar spine is more resistant to dietary
calcium restriction than the trabecular bone in distal femur (figure 3B and 4B). Site-specific

regulation of bone density and structures have been reported, but with inconsistent results. In
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In conclusion, our study indicates that there are distinct genetic controls influencing baseline
bone parameters and adaptation response to low dietary calcium intake. Trabecular bone in
lumbar spine is more resistant to dietary calcium restriction than the trabecular bone in distal
femur. However, the same genetic forces are affecting the adaptation response in the distal femur
and lumbar spine trabecular bone. Site-specific regulations exist in the bone structure adaptation
response to calcium restriction in some of the inbred lines. The responsible genetics factors and
mechanisms that regulate bone structure adaptation responses need further investigation. Our
study gains insight to race-by-diet interactions in human populations and advances the
development of personalize dietary calcium requirement for achieving high PBM and preventing

bone fractures.
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