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Abstract

It is well known that vitamin D and mechanical loading play important roles in bone growth and development. However, the
combined effect of the maternal vitamin D status and mechanical loading on the bone quality of growing and mature bones is
still unclear. The aim of this study was to investigate the influence of the antenatal vitamin D status and mechanical loading
on bone morphometric and mechanical properties in juvenile and adult bones. C57BL/6J mice were used to generate vitamin
D-replete and vitamin D-depleted dams. The left tibiae of 8-week-old and 16-week-old offspring were mechanically loaded
in vivo for two weeks. Both tibiae were dissected and scanned using a pCT imaging system. It was found that in the bones
of 10-week-old juvenile offspring, the antenatal vitamin D-replete group significantly increased trabecular bone volume
fraction (Tb.BV/TV), trabecular thickness (Tb.Th), cortical thickness (Ct.Th), bone stiffness and failure load; significantly
decreased trabecular separation (Tb.Sp) and cortical marrow area (Ct.MA) only in loaded tibiae; and markedly increased
Tb.Sp and Ct.MA only in non-loaded tibiae. In the bones of the 18-week-old adult offspring, the antenatal vitamin D status
had a minimal effect on the bone morphometric and mechanical parameters. These data imply that antenatal vitamin D reple-
tion results in increased responses to mechanical loading only in the juvenile state, emphasizing the importance of a sufficient
vitamin D supply during pregnancy and sufficient physical activities during the juvenile period to increase bone quality.
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1 Introduction

Bone is an important component of the human body and
plays a crucial role in support and protection to the inter-
nal organs of the body. However, abnormally developed
bone can lead to an increased risk of bone fracture and an
increased chance of developing bone diseases, such as osteo-
porosis, which is a major skeletal disorder that affects the
elderly population [1, 2]. Therefore, to reduce the risk of
bone fracture and the occurrence rate of bone diseases, it
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is crucial to understand the factors that affect the normal
growth and development of bone.

It is well known that physical activity and vitamin D are
two crucial factors that contribute to the normal growth and
development of bone during childhood and are the major
measures for maintain bone quality in adult and elderly
humans. With respect to the role of physical activity in
bone development, previous studies using animal models
have shown that external mechanical loading (simulating
physical activity) produced higher strains in the bones,
which stimulated addition bone formation and consequently
increased bone mass [3, 4]. The role of physical activity
in bone development can be well explained by the bone
mechanoregulation theory, which was first proposed by Frost
(1964). Additionally, vitamin D plays a significant role in
calcium metabolism and consequently affects bone modeling
and remodeling. Numerous clinical and pre-clinical studies
have shown that vitamin D level, in later life and also at
birth, plays a significant role in bone development [5-7].
For example, a recent study revealed that lower maternal
vitamin D status leads to decreased bone mineral contents
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in infants and an increased risk of bone fracture in adult-
hood [7]. However, previous studies only offer information
on the effect of either vitamin D or mechanical loading
on bone properties, and no previous studies have investi-
gated the combined effect of maternal vitamin D status and
mechanical loading on bone growth and development. In
addition, in previous animal studies, only one portion of
the whole bone (e.g., tibial proximal region, midshaft) was
used [8—10]. Therefore, the effects of mechanical loading
and vitamin D status on whole-bone properties are still
unknown. Whole-bone properties, and especially mechani-
cal properties (stiffness and strength), are crucial because
only the strength of whole bone can be appropriately used
to reflect the bone’s ability to resist fracture, which is the
ultimate goal in applying external bone interventions. How-
ever, because the changes in the strength of whole bone due
to vitamin D intervention have not been reported thus far,
little is known of the associations between local changes in
the bone properties and changes in the mechanical proper-
ties of the whole bone. This information could reveal the
mechanism of how vitamin D and mechanical loading affect
bone fracture risk and thus offer important suggestions and
strategies for improving bone quality.

The aims of this study were to (1) investigate the influ-
ence of antenatal vitamin D status and mechanical loading
on the morphometric and mechanical properties of mouse
tibia during the periods of continuing skeletal growth (juve-
nile) and completed skeletal growth (adult) using the tech-
niques of pCT imaging of mouse bone, in vivo mechanical

Fig. 1 Experimental design:
Offspring of 8-week-old

and 16-week-old mice from
vitamin D-replete and vitamin
D-deficient mother groups were
used in investigations. First, the
left tibiae were mechanically
loaded in vivo for 2 weeks.
Second, both tibiae were dis-
sected, and bone morphometric
and finite element analyses were
performed on both tibiae

~

Vitamin D replete group

L

loading, and finite element analysis; and (2) to reveal the
associations between the changes in the local bone morpho-
metric properties and the changes in the mechanical proper-
ties of whole bone.

2 Materials and Method

2.1 Animals, In vivo Mechanical Loading, pCT
Imaging and Image Processing

C57BL/6J mice were used to generate vitamin D-replete
and vitamin D-depleted dams. Offspring from the vitamin
D-replete and -depleted dams remained on the maternal diet
until weaning (Fig. 1), mimicking the common situation
of vitamin D exposure in humans. In brief, four-week-old
C57BL/6J mice were purchased and housed under the same
conditions based on standard procedures. The mice were
fed with a vitamin D-supplemented diet (1000 units/kg) or
vitamin D-free diet based on the AIN-93G diet (Seebio Bio-
tech Co., Ltd. Shanghai, China) from the age of 4 weeks.
At 10 weeks of age, female mice were mated with vitamin
D-normal adult males. Dams remained on their respective
diets throughout gestation until pup weaning. Offspring
(n=24) remained with their dams until weaning at day 22,
at which point they were weaned onto the vitamin D-replete
diet. All of the procedures were reviewed and approved by
the Local Research Ethics Committee of Dalian University.

Vitamin D deficient group

~

/\

Offspring s &
8-week-old 16-week-old 8-week-old 16-week-old
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Left tibia loaded for Left tibia loaded for
2 weeks 2 weeks
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A non-invasive method of in vivo tibial loading was used
to investigate the bone responses to mechanical loading. The
8-week-old and 16-week-old offspring from both the vitamin
D-replete and vitamin D-depleted groups were used in this
investigation (Fig. 1). The ages of the mice were chosen to
reflect periods of either continuing or completed skeletal
growth. Two-week (three times per week) in vivo cyclic
compressive loading was performed on the left tibia, which
was mounted on an electromechanical universal materials
testing machine (MTS Criterion Model 43, MTS Systems
Corp., Eden Prairie, Minnesota, USA) with a 100 N load
cell, and the contralateral non-loaded limb (right tibia)
served as an internal control for mechanical loading. The
10.5 N dynamic load was superimposed onto a 0.5 N preload
at arate of 160000.0 N/s. The in vivo loading protocol con-
sisted of 40 trapezoidal-waveform load cycles (0.2 s hold at
11.0 N) with a 10-s interval between each cycle. The peak
load of 11.0 N was selected because this value is known to
induce an osteogenic response in female C57BL/6J mice [11,
12]. After mechanical loading, both left and right tibiae were
dissected from the 10-week-old and 18-week-old offspring
and frozen at —20.0 °C (Fig. 1). Based on the age of the
offspring and the status of mechanical loading, the tibiae

\‘

(a) “Reference’
left tibia

(b) Aligned
left tibia

— (€) Registered
images using
rigid registration

(c) Right tibia (d) Mirrored
right tibia

Fig.2 Schematic procedure for the tibial morphometric and finite
element analyses. All of the tibiae were first transformed to the same
orientation system. The morphometric analysis was performed on the
proximal trabecular portion (trabecular bone volume fraction, thick-

were classified into four groups: loaded tibiae from 10-week-
old offspring (‘10 week+ 11 N’), non-loaded tibiae from
10-week-old offspring (‘10 week +0 N), loaded tibiae from
18-week-old offspring (‘18 week+ 11 N’), and non-loaded
tibiae from 18-week-old offspring (‘18 week+0 N*) (Fig. 1).
Each group contained 12 mice.

The whole tibia was scanned using an ex vivo pCT imag-
ing system (SkyScan desktop 1172, Bruker, Belgium) at a
resolution of 10.4 um, voltage of 50 kV, tube current of
200 pA, and exposure time of 1180.0 ms. Based on the pre-
viously developed image-processing procedure [13, 14],
the pCT images were processed using the image processing
software Amira (v5.4.3, FEI Visualization Sciences Group,
France) prior to morphometric analysis and finite element
modeling (Fig. 2). In brief, one left tibia from a 10-week-old
offspring was selected as the reference. The long (proxi-
mal—distal) axis of the reference tibia was approximately
aligned along the z-axis with the y—z plane passing through
the central line of the articular surfaces of the medical and
lateral condyles (Fig. 2b). To ensure that all of the tibiae
were aligned approximately in the same orientation, other
left tibiae were aligned to the reference tibia using the
method of rigid registration, for which normalized mutual

Tb.BV/TV, Tb.Th
K Tb.Sp, Th.N

&
/ == | Ct.Th, Ct MA

(f) The standard morphometric analysis

l Loading

Stiffness and strength

™~ Fully fixed

() The finite element analysis

ness, separation and number were calculated) and tibial midshaft
(cortex thickness and marrow area were calculated). Finite element
analysis was performed on the whole tibia
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information was used as an optimization criterion and the
Euclidean distance was used as the similarity measure [4].
All of the right tibiae were mirrored first and were subse-
quently aligned to the reference tibia using rigid registra-
tion (Fig. 2d, e). Following registration, the images were
transformed to the new positions and resampled using the
Lanczos kernel [15].

2.2 Standard Bone Morphometric Analysis

From the resampled pCT images, standard morphometric
analyses were performed on the trabecular and cortical bone
regions using the procedures developed in the literature [16,
17]. In brief, the grayscale images were first filtered using
a Gaussian filter (convolution kernel of 3 X 3 x 3, standard
deviation of 0.65) to reduce the high frequency noise [18]
and subsequently binarized into bone and background using
a fixed single level threshold, which is 25.5% of maximal
grayscale value (approximately 420.0 mg HA/cm?) [19].
For analysis of trabecular bone, a VOI of 1.0 mm in the
proximal—distal axis was chosen, starting from the region
located 0.2 mm away from the slice where the medial and
lateral sides of the growth plate merged (Fig. 2f). From the
processed images, the following trabecular morphometric
parameters were calculated: trabecular bone volume fraction
(Tb.BV/TV), trabecular number (Tb.N), trabecular separa-
tion (Tb.Sp) and trabecular thickness (Tb.Th). For analysis
of cortical bone, a region of 1.0 mm in the proximal—distal
axis in the tibial midshaft was chosen (Fig. 2f), and the fol-
lowing cortex parameters were calculated: cortical thickness
(Ct.Th) and cortical marrow area (Ct. MA).

2.3 Finite Element Analysis

Linear elastic and heterogeneous finite element (FE) mod-
els of mouse tibiae were generated from the resampled
pCT images (Fig. 2g). In brief, the grayscale image data-
sets were first binarized into bone and background using
the procedure for bone morphometric analysis. Because
the whole lower limb of mouse was imaged and other
bones, such as the femur and foot, were also present in the
images, the single threshold method cannot completely
isolate the tibia and fibula. Therefore, the tibia and fibula
were further manually segmented from other bones using
the Amira software. The regions at the tibial-fibula joint
and the tibial proximal growth plate were manually filled
to allow transmission of loading. After the segmentation,
a connectivity filter was used to remove all of the bone
islands present in the binary image dataset and retain
only the connected tibia-fibula complex. From the filtered
binary tibia-fibula images, FE models were created by
converting each bone voxel into an eight-node hexahedral
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element using an Matlab code developed in-house (Matlab
2015a, The Mathworks, Inc. USA) (Fig. 2) [20].

Because different bone voxels have different minerali-
zation levels and because of the presence of the partial
volume effect in the images, in the current study, heteroge-
neous material models were defined in the FE models, and
this process was implemented in two steps. First, the bone
ash density at each bone image voxel was worked out using
the approach of phantom calibration. In the current study,
a three-rod phantom with densities of 0, 250 and 750 HA
mg/cm?® was used. The phantom was scanned using the
same protocol applied for scanning of the mouse tibia.
The relationship between the image grayscale values and
the calcium hydroxyapatite (HA)-equivalent BMD were
established by working out the image grayscale values at
each rod of the phantom. Because the bone ash density was
used to calculate the bone modulus, the HA-equivalent
BMD was further converted into bone ash density using
the relationship established in the literature [21]. In the
second step, the Young’s modulus (E) for each finite ele-
ment was calculated from the bone ash density using the
exponential density-modulus relationship established in
the literature (Eq. 1) [22, 23]. To prevent unrealistic bone
modulus values, lower and upper thresholds were set in the
density-modulus relationship. A lower bone ash density
of 0.4 g/cm® was used in the density-modulus relationship
because of the presence of hollow regions (such as the
tibia-fibula joint and the growth plate) in the pFE bone
model. The elastic modulus for the elements with bone ash
density less than 0.4 g/cm® was set to 0.0104 MPa, which
is a value used in modeling of soft tissues [24]. However,
certain image voxels might have artificially high grayscale
values due to the presence of image noise, which could
lead to unrealistically high bone densities. Therefore, an
upper threshold value of 1.2 g/cm® was defined in the den-
sity-modulus relationship to remove the influence of image
noise [24]. The values of 0.4 and 1.2 g/cm® were chosen
because they are the lower and upper limits for bone ash
density [21]. In summary, the exponential density-modulus
relationship used in the current study was formulated as
shown below:

0.0104 Py < 400
E={ax10™#xp’ 400 < p,y < 1200 (1
ax 1074 x 1200° p,, > 1200

where a and b are two constants, a=1.127 and b=1.746 in
the current study, E is the Young’s modulus (units of GPa)
and p,, is the bone ash density (units of mg/cm?).

The heterogeneous FE models were generated by map-
ping the elastic moduli calculated at each image voxel to the
FE meshes using an in-house Matlab code [20]. Poisson’s
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ratio for all materials was set to 0.3. In total, 96 tibial FE
models (12 mice per group) were generated.

The boundary condition applied in the FE models was
chosen to mimic the experimental setup used in the in vivo
loading of mouse tibia, i.e., uniaxial compression loading.
Because the foot-tibia-femur complex was embedded in
metal cups in the experimental testing, the loadings were
transferred to the tibia-fibula complex through the contact
surfaces. Therefore, to mimic the experimental setup, all
nodes at the tibial distal surfaces in contact with the mouse
foot were coupled to a distal reference point (RP), and all
degrees of freedom were fixed at the distal RP. All nodes
at the tibial proximal surfaces in contact with mouse femur
were rigidly coupled to a proximal RP, and a uniaxial dis-
placement of 1.00 mm was applied at the proximal RP
(Fig. 2g). The stiffness and failure load of the mouse tibia
were calculated from the FE analysis. The tibial compressive
stiffness was calculated as the total reaction forces divided
by the displacement of 1.00 mm. The failure load of the
mouse tibia was calculated using the maximum principal
strain criterion, which was validated in vitro and in vivo in
the continuum FE models [25, 26]. In short, the tibial failure
load was determined from the histogram plot of principal
strains and was the value at which 5% of bone tissues in the
region of investigation exceeded the principal strain limits
(7300 pe as the tensile strain limit and 10,300 pe as the com-
pressive strain limit) [25, 27]. In calculating the failure load,
Saint—Venant’s principle was used to minimize the influence
of boundary conditions on the results, and thus the region of
investigation was located approximately 2.01 mm (approxi-
mately 13.25% of the tibial length) away from the proximal
end of the tibia-fibula complex and 1.67 mm (approximately
11.24% of the tibial length) away from the distal end of the
tibia-fibula complex.

The models were solved using the FE software Ansys
(release 14.0.3, ANSYS, Inc. Cannonsburg, PA, USA) on
a workstation (Intel Xeon E-5-2670. 2.60 GHz, 256 GB
RAM), and approximately 75 min were required for one FE
simulation.

2.4 Statistical Analysis

The differences in bone morphometric properties (Tb.BV/
TV, Tb.N, Tb.Sp, Tb-Th, Ct.Th and Ct. MA) and mechanical
properties (stiffness and failure load) between the vitamin
D-replete and vitamin D-deficient groups and between the
mechanically loaded and non-loaded groups were analyzed
using the analysis of variance (ANOVA) test. The analy-
sis was performed using SPSS. Data are presented as the
mean + standard deviation (SD) unless otherwise speci-
fied, and the probability of type I error was set to 0.05, i.e.,
p <0.05 was considered statistically significant.

To understand the associations between the adaptations
of local bone morphometric parameters and the mechani-
cal properties of whole bone, linear regression analysis was
performed. The regression equations and the coefficient
of determination (R?) were computed for the relationships
between tibial morphometric and mechanical parameters.

2.5 Results

The influences of antenatal vitamin D status and mechani-
cal loading on bone morphometric parameters are shown
in Figs. 3 and 4. For trabecular bone, antenatal vita-
min D depletion significantly reduced Tb.BV/TV only
in the loaded tibiae of 10-week-old offspring, i.e., in the
‘10 week+ 11 N’ group (Fig. 3a) and not in the non-loaded
tibiae (‘10 week+0 N’ group) or in the tibiae of 18-week-
old offspring (‘18 week+ 11 N’ and ‘18 week+0 N’
groups). Antenatal vitamin D status had a minimal effect
on Tb.N, and no significant differences were detected in
all four groups (Fig. 3b). The antenatal vitamin D deple-
tion significantly reduced the Tb.Th only in the loaded
tibiae of 10-week-old offspring (‘10 week+ 11 N’ group)
(Fig. 3c), and no significant differences were found in the
other three groups. Antenatal vitamin D depletion signifi-
cantly increased Tb.Sp in both mechanically loaded and non-
loaded tibiae of 10-week-old offspring (‘10 week+ 11 N’
and ‘10 week +0 N’ groups) (Fig. 3d) and had a minimal
effect on Tb.Sp in the tibiae of 18-week-old offspring
(‘18 week+11 N’ and ‘18 week+0 N’ groups).

For cortical bone, antenatal vitamin D depletion signifi-
cantly reduced Ct.Th only in the loaded tibiae of 10-week-
old offspring (‘10 week + 11 N’ group) (Fig. 4a). Antenatal
vitamin D depletion significantly increased Ct.MA in both
mechanically loaded and non-loaded tibiae of 10-week-
old offspring (‘10 week+ 11 N’ and ‘10 week+0 N’
groups) and in the loaded tibiae of 18-week-old offspring
(‘18 week+ 11 N’ group) and had a minimal effect on
Ct.MA in the mechanically non-loaded tibiae of 18-week-
old offspring (‘18 week+0 N’ group) (Fig. 4b).

The influence of antenatal vitamin D status and mechani-
cal loading on bone mechanical parameters is shown in
Fig. 5. Antenatal vitamin D depletion significantly reduced
tibial stiffness and failure load only in the loaded tibiae of
10-week-old offspring (‘10 week+ 11 N’ group), and had a
minimal effect on the FE predicted stiffness and failure load
in other three groups (‘10 week+ 11 N, ‘18 week+11 N’
and ‘18 week+0 N”).

The linear correlation analysis between bone morphomet-
ric and mechanical parameters is shown in Fig. 6. Because
maternal vitamin D status significantly changes the bone
morphometric and mechanical properties, primarily in
the loaded tibiae of 10-week-old offspring, the correlation
analysis was only performed for the data from this group
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(‘10 week+ 11 N’ group). Figure 6 shows that the FE pre-
dicted tibial failure load was highly linearly correlated with
the tibial cortex thickness in both the vitamin D-replete and
vitamin D-deficient groups (R*=0.92 and 0.89, respec-
tively). The FE-predicted tibial failure load was only mildly
linearly correlated with tibial trabecular BV/TV in both the
vitamin D-replete and vitamin D-deficient groups (R*=0.62
and 0.45, respectively).
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3 Discussion and Conclusion

In the current study, the combined effect of antenatal vita-
min D status and mechanical loading on the morphomet-
ric and mechanical properties of bone in both growing
and mature bones was investigated using the techniques of
in vivo mechanical loading, uCT imaging and finite element
modeling.
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Three main findings were revealed in the current study.
First, in response to mechanical loading, the effect of ante-
natal vitamin D status on the bone parameters differs dur-
ing the period of continuing skeletal growth and during the
period of completed skeletal growth. During the period of
continuing skeletal growth, in response to mechanical load-
ing, antenatal vitamin D repletion leads to increased Tb.BV/
TV, Tb.Th, Ct.Th, bone stiffness and failure load in the
loaded tibiae and decreased Tb.Sp and Ct.MA in the loaded
tibiae. During the period of completed skeletal growth, only
Ct.MA was significantly increased in response to mechani-
cal loading in the loaded tibiae of offspring from antenatal
vitamin D-replete dams, which is in agreement with previous
studies showing that the aged skeleton is less responsive to
mechanical activity [28—30]. However, for the first time, the
combined effect of vitamin D status and mechanical loading
on bone quality was investigated in juvenile and adult mice
in the current study. The data revealed that the mechanical
loading that results in bone gain in younger individuals is
not able to elicit the same beneficial responses in adult indi-
viduals. Such an observation is of general importance to
any preventive training concept that aims to maintain bone
structure in adult and aged individuals.

Second, the study revealed that the influence of antenatal
vitamin D status on bone parameters was different in the
mechanically loaded and non-loaded tibiae. In the mechani-
cally loaded tibiae, Tb.BV/TV, Tb.Th, Ct.Th, bone stiffness
and failure load were increased in the 10-week-old offspring
from antenatal vitamin D-replete dams. In the non-loaded
tibiae, antenatal vitamin D status had a minimal influence on
bone morphometric and mechanical parameters. The current
study is the first to reveal the combined effect of mechanical
loading and antenatal vitamin D status on bone parameters,
and thus no literature data are available for comparison. The
data in the current study imply that vitamin D status alone
cannot produce alternations to bone quality. Additional bone
appositions were stimulated only after the application of
cyclic mechanical loading in the offspring from antenatal
vitamin D-replete dams compared with those from the ante-
natal vitamin D-deficient dams.

Trabecular BV/TV [%]

Third, the correlation analysis reveals that tibial cortex
thickness is highly linearly correlated with tibial failure load
and that trabecular BV/TV is only mildly associated with
tibial failure load. The explanation for this observation could
be that only a small portion of trabecular bone is present in
mouse tibia and that the tibial cortex is the main component
affected by the mechanical loading. Therefore, changes in
the tibial cortex directly lead to the changes in tibial mechan-
ical properties. It should be noted that in the current study,
trabecular BV/TV was selected as the representative parame-
ter for trabecular bone because it is a resultant parameter that
reflects the changes of other parameters (Tb.N, Tb.Th and
Tb.Sp). Additionally, the measurement of Tb.BV/TV is most
reliable among all the trabecular morphometric parameters.
The finding that the changes in Tb.BV/TV do not necessarily
lead to changes in whole-bone mechanical behaviors agrees
well with a previous study [16] in which it was also found
that it is the total tibial mineral content but not the local tra-
becular morphometric parameters that is highly associated
with the stiffness and failure load of whole bone.

A major novelty in the current study is that state-of-
the-art techniques were used to investigate the combined
effect of maternal vitamin D, mechanical loading and
age on bone properties. For example, the application of
in vivo mechanical loading on mouse tibia enables con-
tinuous non-invasive external mechanical intervention
on the mouse and precise control of external loading
parameters, ensuring that the same mechanical loading
was applied on each tibia. In addition, the application of
the rigid registration technique in the image-processing
procedure enables accurate quantifications of bone mor-
phometric and mechanical properties [16]. Another nov-
elty in the current study is that the mechanical behavior
of whole bone was characterized using the finite element
analysis technique, which is a major advancement over the
cross-sectional studies performed in the literature [8—10].
The mechanical strength of whole bone is a key parameter
directly linked to bone fracture risk and is therefore crucial
to understanding whether the fracture resistance capability
of bone is changed by external interventions. However,
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both the current study and a recent publication have shown
that significant changes in tibial proximal morphometric
parameters are not associated with significant changes in
the strength of the whole tibia, which implies the impor-
tance of investigating whole-bone behavior in addition to
the local bone morphometric parameters [16].

Several limitations related to the current study must
be noted. First, the combined effects of vitamin D and
mechanical loading on bone properties were investigated
using animal models and not humans. It could be possi-
ble that the mechanisms of bone adaptations regulated by
vitamin D and mechanical loading are different in humans
and in mice. However, the current study is the first attempt
to reveal the combined effect of vitamin D and mechani-
cal loading on bone properties. The next step will be to
perform clinical trials to verify the conclusions from the
current study. Second, the failure load of the whole bone
was predicted from the FE analysis under a relatively
simple loading condition, i.e., uniaxial compression load-
ing, and in reality, bone fractures always occur in human
femurs and in situations such as a side fall. However,
changes in bone adaptations, such as osteoporosis, are
systematic, and consequently, reductions of bone strength
should occur not only in the femur but also in the tibia
and should occur not only under side fall conditions but
also under the uniaxial compression condition. Therefore,
it is reasonable to take mouse tibia as a representative
long bone and uniaxial compression as a representative
loading condition for investigating the changes in bone
properties caused by external interventions. Finally, only
a one-week duration was selected to represent the mouse
age period, i.e., 10-week-old mice to represent juvenile
status and 18-week-old mice to represent adult status. It
is unclear whether an age effect occurs in either the juve-
nile or adult period. Therefore, in future investigations,
additional time points should be selected, but this change
requires the sacrifice of many more mice. One solution is
to use the state-of-the-art in vivo uCT imaging technique,
which enables non-invasive longitudinal monitoring of
bone properties [13, 16].

In summary, the current study showed that the influence
of antenatal vitamin D status on the bone properties of off-
spring occurred only on the mechanically loaded bones of
growing mice. These data imply that to increase the bone
quality (bone stiffness and strength), it is important for the
dams to have sufficient vitamin D during pregnancy and
for the offspring to perform sufficient physical exercise
during childhood.
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