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Abstract: The anisotropic microstructure of bone, composed of collagen fibers and biological apatite
crystallites, is an important determinant of its mechanical properties. Recent studies have revealed
that the preferential orientation of collagen/apatite composites is closely related to the direction and
magnitude of in vivo principal stress. However, the mechanism of alteration in the collagen/apatite
microstructure to adapt to the mechanical environment remains unclear. In this study, we established
a novel ex vivo bone culture system using embryonic mouse femurs, which enabled artificial control
of the mechanical environment. The mineralized femur length significantly increased following
cultivation; uniaxial mechanical loading promoted chondrocyte hypertrophy in the growth plates of
embryonic mouse femurs. Compressive mechanical loading using the ex vivo bone culture system
induced a higher anisotropic microstructure than that observed in the unloaded femur. Osteocytes
in the anisotropic bone microstructure were elongated and aligned along the long axis of the femur,
which corresponded to the principal loading direction. The ex vivo uniaxial mechanical loading
successfully induced the formation of an oriented collagen/apatite microstructure via osteocyte
mechano-sensation in a manner quite similar to the in vivo environment.

Keywords: collagen/apatite orientation; ex vivo; mechanical loading; osteocyte morphology;
endochondral ossification

1. Introduction

Bone is an organ system that performs various functions, including weight support,
movement support, and mineral storage. Japan is a super-aging society with an elderly
population that exceeds 25% of the total population [1]. The overall risk of fractures may
therefore increase owing to the deterioration of bone mechanical function with aging.
Therefore, there is a need to establish diagnostic methods that can accurately assess bone
strength and to develop therapeutic methods that can restore bone mechanical properties
at an early stage.

Bone tissue has a hierarchical and anisotropic microstructure comprising collagen
fibers and apatite crystals [2], which undergo mechanical adaptation by altering their
density and structure depending on the surrounding stress environment [3–6]. The direc-
tion and degree of the anisotropic microstructure composed of collagen fibers and apatite
crystals vary with the stress distribution at each in vivo site. Moreover, it tends to be
preferentially oriented along the longitudinal axis of the bone, which is the direction of
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loading in long bones [7]. The preferential orientation of collagen/apatite has been shown
to dictate the mechanical function of bone more than bone mineral density [8]. Bones with a
strongly oriented collagen/apatite structure exhibit high anisotropy in Young’s modulus [9],
yield stress [10], and ultimate stress [9,11]. On the contrary, bones with poorly oriented
collagen/apatite structures, including regenerating bones [12,13], are found to be isotropic
and exhibit a low Young’s modulus [14]. Recent studies have shown that collagen/apatite
preferential orientation is an indicator of bone health [15]; it is thus important to elucidate
the factors controlling collagen/apatite orientation to establish innovative diagnostic and
therapeutic strategies for strengthening bones. The degree and direction of collagen/apatite
preferential orientation are affected when the mechanical environment around the bone is
altered by prosthetic replacement [16] and artificial loading [17]. However, the mechanism
underlying the formation of the oriented collagen/apatite structure, based on changes in
the mechanical environment, is not understood.

In vivo stress distributions are altered in a complex and dynamic manner, including
mechanical stimuli from the muscles surrounding the bone [18] and changes in the stress
distributions associated with walking [19]. Through in vitro cell experiments, we attempted
to control the stress environment around mouse osteoblasts and revealed osteoblast align-
ment and the consequent production of the anisotropic bone matrix by continuous stretch
stimulation [20]. However, cell-based experimental systems have limitations, including
the two-dimensional environment surrounding the bone cells, which is far from their
three-dimensional spatial distribution in living tissues. In this study, we developed an
ex vivo organ culture model that mimics living bone dynamics in a three-dimensional
culture system equipped with a controllable device for mechanical conditions. We aimed
to establish an ex vivo bone culture model capable of controlling loading conditions and
investigated whether it could induce similar changes in the preferential orientation of
collagen/apatite as those observed in vivo.

2. Results
2.1. Establishment of an Ex Vivo Bone Culture Model

Micro-computed tomography (Micro-CT) cross-sectional images showed that the
mineralized area of the bone after cultivation in the ex vivo bone culture system with
or without mechanical loading was enlarged (Figure 1B). Figure 1C shows the length of
the mineralized area evaluated from micro-CT cross-sectional images. The length of the
mineralized segment in all cultured groups significantly increased as compared with that
of embryonic 16.5-day-old (E16.5) femurs (0 g: p = 0.012, 0.5 g: p = 0.016, 1.0 g: p = 0.011,
where “g” means gram).
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model, (B) longitudinal images by micro-CT scanning (red dot line: mineralized length), (C) miner-
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Figure 2. Immunofluorescence and histological images: (A) Schematic illustration of growth plate 
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cate hypertrophic zones or mineralized areas. Red: osteopontin, Scale bars: 100 µm, PZ: Proliferative 
zone, PHZ: Pre-hypertrophic zone, HZ: Hypertrophic zone, MZ: Mineralized zone. (B) Histological 
images stained with Alcian blue and HE around the metaphyseal of femurs. The insets show the 
magnified HZs of each femur (Red rectangular area). Scale bars: 50 mm. (C) Magnified images of 
the yellow boxed areas on the upper side are shown. 

  

Figure 1. Ex vivo bone culture model and micro-CT analysis: (A) Schematic illustration of ex
vivo model, (B) longitudinal images by micro-CT scanning (red dot line: mineralized length),
(C) mineralized length of the femur before and after cultivation. Scale bar: 1 mm. * p < 0.05
(vs. E16.5).
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Immunostaining showed no major changes in the expression of osteopontin in cultured
femurs loaded at 0 g and 0.5 g compared to that of E16.5 (Figure 2A). In contrast, osteopontin
expression was markedly elevated when femurs were loaded at 1.0 g. Alcian blue/HE
staining confirmed the hypertrophic zones (HZs) in both bones before and after culture
(Figure 2B). At E16.5 and 0 g, almost no pre-hypertrophic zones (PHZs) were observed on
the epiphyseal side of the HZs, whereas the PHZs were visible at 0.5 g and 1.0 g.
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Figure 2. Immunofluorescence and histological images: (A) Schematic illustration of growth plate
structure and immunohistochemical images of the metaphyseal of femurs. The boxed regions indicate
hypertrophic zones or mineralized areas. Red: osteopontin, Scale bars: 100 µm, PZ: Proliferative
zone, PHZ: Pre-hypertrophic zone, HZ: Hypertrophic zone, MZ: Mineralized zone. (B) Histological
images stained with Alcian blue and HE around the metaphyseal of femurs. The insets show the
magnified HZs of each femur (Red rectangular area). Scale bars: 50 mm. (C) Magnified images of the
yellow boxed areas on the upper side are shown.

2.2. Preferential Apatite Orientation along Femur Long Axis with/without Mechanical Loading

Figure 3 shows the c-axis orientation of the preferential apatite in the diaphysis, quan-
titatively analyzed using the micro-beam X-ray diffractometer (µXRD) system. The apatite
orientation was found to be significantly higher after uniaxial mechanical loading than
before culture (0.5 g; p = 0.0003, 1.0 g; p = 0.00002). In cultured femurs with no mechanical
loading (0 g), the apatite orientation showed no significant difference. Femurs loaded with
0.5 g and 1.0 g femurs showed a significantly higher degree of apatite orientation than the
non-loaded femurs did (0.5 g; p = 0.020, 1.0 g; p = 0.0009).
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Figure 3. Analysis of apatite orientation: (A) Schematic illustration of the apatite orientation mea-
surement using transmission micro-beam XRD method. The preferential orientation of the c-axis
of apatite crystals was analyzed with the integrated intensity ratio of (002)/(310). (B) Quantitative
analysis of apatite orientation along the longitudinal direction of the bone before cultivation (E16.5)
and after 7 days of cultivation. * p < 0.05, ** p < 0.01. †† p < 0.01 vs. E16.5.

Figure 4 shows Alcian blue/HE staining images of the femurs after seven days of cul-
tivation. In the non-loaded bone, osteocytes showed a spherical or elongated morphology,
depending on the locations. On the contrary, in the 0.5 g and 1.0 g loaded bones, the osteo-
cytes exhibited an anisotropic shape with a preferential alignment in the loading direction.
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Scale bars: 100 mm.
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3. Discussion

In this study, we aimed to establish an ex vivo bone culture model that could be used
to regulate the preferential orientation of collagen/apatite by controlling artificial loading.
We evaluated changes in the endochondral ossification and apatite orientation before and
after culture, as well as in the osteocyte morphology and alignment in the bone matrix.

During embryonic development, bone formation appears to occur via endochondral
ossification, where bone growth proceeds along its long axis. Endochondral ossification
progresses in growth plates through the differentiation of resting chondrocytes into prolif-
erative, hypertrophic, or mineralized chondrocytes, while producing a specific extracellular
matrix containing type II collagen [21,22]. Micro-CT images of femurs from embryonic mice
revealed a progressive mineralization with increasing days of embryonic life, supporting
the occurrence of endochondral ossification in embryonic bones [23]. In this study, we
performed micro-CT imaging to clarify whether the bone cultured in our ex vivo model
grew via endochondral ossification. We found that the mineralized length of the bone in our
model with or without mechanical loading expanded in the long direction (Figure 1B,C).
Chondrocyte differentiation was evaluated using histological staining and immunostaining.
The expression of osteopontin, a protein expressed in HZs and mineralized zones [24–26],
was altered depending on the loading force, and an increased expression with a higher
loading force was observed in the metaphyseal region (Figure 2A). This result indicated that
differentiation into HZs and calcification were promoted by moderate loading. Additionally,
the sections stained with Alcian blue and HE, which distinguish between cartilage and bone
tissue, respectively, showed accelerated hypertrophy of chondrocytes owing to loading
(Figure 2B,C). The suppression of chondrocyte hypertrophy has been reported [27–29] upon
application of static uniaxial loading to the bone using postnatally grown bones. These
differences may be associated with the difference in loading histories of the embryonic
bones used in the present study. Progressive mineralization in embryonic bone with static
uniaxial loads [30] suggested that chondrocyte hypertrophy was not inhibited. Therefore,
the ex vivo bone culture model established here is a culture system that can induce the
progression of endochondral ossification based on the control of load history. However,
the lack of vascularization in ex vivo experiments should be considered. Since vasculariza-
tion is essential for the mineralization of the developing bone, the lack of vascularization
might induce delayed mineralization. Our ex vivo cultured femur showed a mineralized
length lower than that reported in an in vivo analysis of growth from E16.5 to postnatal-6
day [31]. Additionally, angiogenesis plays an important role in bone development and
regeneration [32] in relation to mechanical loading [33]. The effect of mechanical loading
on angiogenesis needs further exploration.

In this study, changes in apatite orientation by manipulating the loading history of
embryonic femurs using our ex vivo bone culture model were evaluated (Figure 3B). The
results showed that the apatite orientation of femurs loaded with uniaxial forces was
significantly higher than that of the unloaded femurs. We previously reported that the
arrangement of the collagen/apatite microstructure was determined by controlling the
artificial loading to the bone [17,34,35]. The findings of the present study are consistent
with the changes in apatite orientation observed in these in vivo studies. Considering
the important relationship between mechanical performance and bone microstructure,
the highly aligned bone cultured under loading conditions could realize the superior
mechanical functions. Regarding the principal in vivo stress applied along the longitudinal
direction, we focused on the effects of longitudinal loading on the bone microstructure.
Lateral loading is also important because the excess alignment of apatite in bone diseases,
such as osteoporosis, shows a high fracture risk against lateral loading [36].

The change in apatite orientation based on mechanical loading/unloading was at-
tributed to functional adaptation via the mechano-sensitivity of the osteocytes. Osteocytes
form lacuna-canalicular networks in the bone matrix and regulate the bone morphology
and volume suitable for the surrounding mechanical environment by detecting the inter-
stitial fluid flow in the canaliculi caused by external mechanical loading [37–39]. It is also
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believed that osteocytes are efficiently sensitive to stress fields; they alter their morphology
and that of the lacuna-canalicular network in response to external stress [40,41]. It has been
reported that osteocytes in healthy bones are elongated and aligned along the long axis of
the bones loaded with anisotropic mechanical loads, but osteocytes are spherical and ran-
domly aligned under unloading conditions [17]. Moreover, a recent study revealed that the
morphology and alignment of osteocytes are closely related to apatite orientation [42]. In
bones with a high degree of apatite orientation, the elongation and alignment of osteocytes
parallel to the loading direction were observed. In other words, the functional adaptation
of apatite orientation via osteocytes’ mechano-sensation can be observed through their
morphology and alignment. In this study, osteocytes in the bone matrix were observed
in the Alcian blue/HE-stained sections (Figure 4). Spherical osteocytes and osteocytes
elongated in the long-axis direction were detected in bones without mechanical loads.
However, osteocytes were scattered across various locations, and almost no alignment
was noted. In contrast, osteocytes elongated in the load-bearing direction were localized
in the bone tissues loaded with anisotropic mechanical stimuli and were confirmed to
be aligned in comparison with those in the unloaded bones. This observation indicates
that osteocytes are susceptible to anisotropic loading and form aligned lacuna–canalicular
networks, where the canaliculus is extended in the direction perpendicular to the loading
direction. In other words, our results indicated that the application of artificial mechanical
loading using our ex vivo bone culture model induced bone formation with a preferentially
oriented collagen/apatite microstructure through the mechano-sensitivity of osteocytes.
Our previous report clarified the strict correlation between the anisotropy of the bone
microstructure and the lacuno-canalicular network of osteocytes [42]. Elongated osteocytes
show an efficient sensing of uniaxial mechanical loading by modifying the preferential
orientation of collagen/apatite, which may strengthen bone along the loading direction. It
is therefore clear that the ex vivo bone culture model developed in this study is a system
that enables the formation of collagen/apatite-oriented bones by a biological mechanism
similar to that observed in vivo.

Mechanical adaptation of the bone has attracted considerable attention in the past
few decades. In recent years, it has become clear that not only bone volume and shape but
also bone quality, such as collagen/apatite orientation, undergo a functional adaptation to
external mechanical stimuli [3–6,13,14]. In this study, we established an ex vivo bone cul-
ture model that enabled the artificial regulation of static uniaxial loading and successfully
induced the mechanical adaptation of the bone microstructure via the mechano-sensitivity
of osteocytes. However, in actual life, both static and dynamic loads are applied to the
bone, and the adaptive responses to dynamic loads play important roles in biological
function [43,44]. In particular, our recent findings suggest that the dynamic loading con-
dition realizes the anisotropic bone matrix microstructure by controlling the osteoblast
arrangement [45]. An expanded ex vivo bone culture model that also enables the appli-
cation and regulation of dynamic loads is required to further clarify the mechanism of
collagen/apatite organization associated with mechanical loading.

4. Materials and Methods
4.1. An Ex Vivo Bone Culture Model

E16.5 mice (ICR; Japan SLC, Shizuoka, Japan) were anesthetized, and femurs were
removed under a light microscope. Referring to previously reported ex vivo bone culture
models [34,35], embryonic femurs were cultured in 96-well plates (IWAKI, Tokyo, Japan)
and commercially pure (CP) titanium specimens (weights: 0.5 or 1.0 g) for 7 days at 37 ◦C
in 5% CO2. The bone was fractured by a 1.5 g load. Therefore, we chose 1 g as the
largest weight. The femurs were placed between the CP titanium specimens that possessed
hollows for holding bones, to perform uniaxial static loading along the long axis of the
bone (Figure 1A). The load intensity corresponded to the weight of the CP Ti specimens,
which were continuously put onto the femur during cultivation. As a control, a floating
culture without a pure titanium specimen was prepared (0 g). The α-modified Eagle’s
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medium (α-MEM; GIBCO) containing 10% fetal bovine serum (GIBCO, Grand Island, NY,
USA), 50 µg/mL ascorbic acid (Sigma, St. Louis, MO, USA), 10 mM β-glycerophosphate
(Tokyo Kasei, Tokyo, Japan), and 50 nM dexamethasone (MP Bioscience, Solon, OH, USA)
was used as the culture medium. After seven days of cultivation, femurs were fixed in 10%
neutral buffered formaldehyde. The medium was not changed during cultivation; however,
half the volume of fresh medium was added at the midpoint of cultivation. All animal
experiments were approved by the Ethics Committee for Animal Experiments at Osaka
University. The application sheet for animal experiments, including the experimental
contents of anesthesia protocol, number of animals, and categories of invasiveness, was
approved by the Ethics Committee (approval number: 27-2-1).

4.2. Bone Morphology Analysis

Femurs before and after culture were scanned using micro-computed tomography
(SMX-100CT; Shimadzu, Kyoto, Japan). Micro-CT scanning was performed at an X-ray
energy setting of 39 kV and a current of 90 mA. The length of the mineralized region in the
femoral shaft was measured from micro-CT cross-sectional images using ImageJ software
(National Institute of Health, Bethesda, MD, USA).

4.3. Analysis of Apatite Orientation

The degree of apatite orientation in the femoral diaphysis was assessed using a micro-
beam X-ray diffractometer system (R-Axis BQ, Rigaku, Tokyo, Japan) equipped with a
transmission optical system. The incident beam (Mo-Kα) was irradiated perpendicular
to the long axis of the bone at a tube voltage of 50 kV and a tube current of 90 mA. The
preferential degree of the apatite c-axis orientation was determined as the relative intensity
ratio of the (002) diffraction peak to the (310) peak in the X-ray profile [7,12].

4.4. Histological Analysis

The cultured femurs were fixed in 10% neutral buffered formaldehyde and decalcified
by immersion in 10% formic acid for 7 days. The tissue specimens were dehydrated using a
graded ethanol series (50%→ 70%→ 100%) and embedded in paraffin. Additionally, 5 µm
thick sections were obtained from paraffin-embedded specimens using a microtome. The
sections were subjected to deparaffinization by immersion in a lemozole and ethanol series
(100% → 90% → 70%) and then stained with Alcian blue and hematoxylin/eosin (HE).
The stained sections were observed under a bright field using a fluorescence microscope
(Biozero, Keyence, Osaka, Japan).

4.5. Immunohistochemistry

Approximately 5 µm thick sections were prepared using the same method as for
the histological sections. Normal goat serum (Invitrogen) and phosphate-buffered saline-
trypsin (PBST) were used to block non-specific binding sites. The primary reaction was
subsequently performed at 4 ◦C for 12 h using a primary antibody (anti-osteopontin,
Rockland). After washing with PBST, the secondary antibody was applied for 60 min
at room temperature. After thorough washing with PBST, the samples were sealed and
observed using a fluorescence microscope (Biozero).

4.6. Statistical Analysis

Data obtained in this study are expressed as the mean ± standard deviation (SD). EZR
software [46] was used for statistical analyses. Statistical significance between groups was
tested using Tukey’s test, and the level of statistical significance was set at p < 0.05.

5. Conclusions

In this study, we established an ex vivo bone culture model that enabled the regulation
of mechanical loading and evaluated the progression of endochondral ossification and the
degree of apatite orientation therein. We succeeded in promoting endochondral ossification
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and controlling apatite orientation. Furthermore, our results indicate that the changes in
apatite orientation observed in our ex vivo bone culture model were based on the regulation
of the mechano-sensitivity of osteocytes, a mechanism that occurs in vivo. Based on these
findings, we succeeded in developing an ex vivo bone culture system that induces the
formation of collagen/apatite-oriented bone based on a mechanism similar to that observed
in vivo.

Author Contributions: Conceptualization, T.N. and T.M.; Methodology, T.N., T.I. and A.M.; Vali-
dation, T.N., T.I. and A.M.; Investigation, R.W., T.I., A.M., R.O. and T.M.; Data curation, R.W., T.I.
and A.M.; Writing—original draft preparation, R.W.; Writing—review and editing, T.N. and A.M.;
Visualization, R.W., R.O. and A.M.; Supervision, T.M. and T.N.; Project Administration, T.N.; Funding
acquisition, T.N. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by a Grant-in-Aid for Scientific Research (grant number 18H05254)
from the Japan Society for the Promotion of Science (JSPS).

Institutional Review Board Statement: All animal experiments were performed with the approval
of the Ethics Committee for Animal Experiments of Osaka University.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available upon reasonable request
from the corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Cabinet Office. Annual Report on the Aging Society. 2020. Available online: https://www8.cao.go.jp/kourei/english/

annualreport/index-wh.html (accessed on 29 October 2021).
2. Rho, J.Y.; Kuhn-Spearing, L.; Zioupos, P. Mechanical properties and the hierarchical structure of bone. Med. Eng. Phys. 1998, 20,

92–102. [CrossRef]
3. Meakin, L.B.; Price, J.S.; Lanyon, L.E. The contribution of experimental in vivo models to understanding the mechanisms of

adaptation to mechanical loading in bone. Front. Endocrinol. 2014, 5, 154. [CrossRef] [PubMed]
4. Sample, S.J.; Collins, R.J.; Wilson, A.P.; Racette, M.A.; Behan, M.; Markel, M.D.; Kalscheur, V.L.; Hao, Z.; Muir, P. Systemic effects

of ulna loading in male rats during functional adaptation. J. Bone Miner. Res. 2010, 25, 2016–2028. [CrossRef] [PubMed]
5. Mosley, J.R.; March, B.M.; Lynch, J.; Lanyon, L.E. Strain magnitude related changes in whole bone architecture in growing rats.

Bone 1997, 20, 191–198. [CrossRef]
6. Sugiyama, T.; Meakin, L.B.; Browne, W.J.; Galea, G.L.; Price, J.S.; Lanyon, L.E. Bones’ adaptive response to mechanical loading is

essentially linear between the low strains associated with disuse and the high strains associated with the lamellar/woven bone
transition. J. Bone Miner. Res. 2012, 27, 1784–1793. [CrossRef]

7. Nakano, T.; Kaibara, K.; Tabata, Y.; Nagata, N.; Enomoto, S.; Marukawa, E.; Umakoshi, Y. Preferential orientation of biological
apatite crystallites in typical calcified tissues analyzed by micro-beam X-ray diffractometer system. Bone 2002, 31, 479–487.
[CrossRef]

8. Ishimoto, T.; Nakano, T.; Umakoshi, Y.; Yamamoto, M.; Tabata, Y. Degree of biological apatite c-axis orientation rather than bone
mineral density controls mechanical function in bone regenerated using recombinant bone morphogenetic protein-2. J. Bone
Miner. Res. 2013, 28, 1170–1179. [CrossRef]

9. Katz, J.L. Anisotropy of Young’s modulus of bone. Nature 1980, 283, 106–107. [CrossRef]
10. Li, S.; Demirci, E.; Silberschmid, V.V. Variability and anisotropy of mechanical behavior of cortical bone in tension and compression.

J. Mech. Behav. Biomed. Mater. 2013, 21, 109–120. [CrossRef]
11. Shinno, T.; Ishimoto, T.; Saito, M.; Uemura, R.; Arino, M.; Marumo, K.; Nakano, T.; Hayashi, M. Comprehensive analyses of how

tubule occlusion and advanced glycation end-products diminish strength of aged dentin. Sci. Rep. 2016, 6, 19849. [CrossRef]
12. Nakano, T.; Kaibara, K.; Ishimoto, T.; Tabata, Y.; Umakoshi, Y. Biological apatite (BAp) crystallographic orientation and texture as

a new index for assessing the microstructure and function of bone regenerated by tissue engineering. Bone 2012, 51, 741–747.
[CrossRef] [PubMed]

13. Liu, Y.; Manjubala, I.; Schell, H.; Epari, D.R.; Roschger, P.; Duda, G.N.; Franzl, P. Size and habit of mineral particles in bone and
mineralized callus during bone healing in sheep. J. Bone Miner. Res. 2010, 25, 2029–2038. [CrossRef] [PubMed]

14. Ishimoto, T.; Nakano, T.; Yamamoto, M.; Tabata, Y. Biomechanical evaluation of regenerated long bone by nanoindentation.
J. Mater. Sci. Mater. Med. 2011, 22, 969–976. [CrossRef] [PubMed]

15. Ishimoto, T.; Yamada, K.; Takahashi, H.; Takahata, M.; Ito, M.; Hanawa, T.; Nakano, T. Trabecular health of vertebrae based on
anisotropy in trabecular architecture and collagen/apatite micro-arrangement after implantation of intervertebral fusion cages in
the sheep spine. Bone 2018, 108, 25–33. [CrossRef]

https://www8.cao.go.jp/kourei/english/annualreport/index-wh.html
https://www8.cao.go.jp/kourei/english/annualreport/index-wh.html
http://doi.org/10.1016/S1350-4533(98)00007-1
http://doi.org/10.3389/fendo.2014.00154
http://www.ncbi.nlm.nih.gov/pubmed/25324829
http://doi.org/10.1002/jbmr.101
http://www.ncbi.nlm.nih.gov/pubmed/20499374
http://doi.org/10.1016/S8756-3282(96)00385-7
http://doi.org/10.1002/jbmr.1599
http://doi.org/10.1016/S8756-3282(02)00850-5
http://doi.org/10.1002/jbmr.1825
http://doi.org/10.1038/283106a0
http://doi.org/10.1016/j.jmbbm.2013.02.021
http://doi.org/10.1038/srep19849
http://doi.org/10.1016/j.bone.2012.07.003
http://www.ncbi.nlm.nih.gov/pubmed/22796590
http://doi.org/10.1002/jbmr.84
http://www.ncbi.nlm.nih.gov/pubmed/20225262
http://doi.org/10.1007/s10856-011-4266-y
http://www.ncbi.nlm.nih.gov/pubmed/21360120
http://doi.org/10.1016/j.bone.2017.12.012


Int. J. Mol. Sci. 2022, 23, 7423 9 of 10

16. Noyama, Y.; Miura, T.; Ishimoto, T.; Itaya, T.; Niinomi, M.; Nakano, T. Bone loss and reduced bone quality of the human femur
after total hip arthroplasty under stress-shielding effects by titanium-based implant. Mater. Trans. 2012, 53, 565–570. [CrossRef]

17. Wang, J.; Ishimoto, T.; Nakano, T. Unloading-induced degradation of the anisotropic arrangement of collagen/apatite in rat
femurs. Calcif. Tissue Int. 2017, 100, 87–94. [CrossRef]

18. Edwards, W.B.; Miller, R.H.; Derrick, T.R. Femoral strain during walking predicted with muscle forces from static and dynamic
optimization. J. Biomech. 2016, 49, 1206–1213. [CrossRef]

19. Seo, J.W.; Kang, D.W.; Kim, J.Y.; Yang, S.T.; Kim, D.H.; Choi, J.S.; Tack, G.R. Finite element analysis of the femur during stance
phase of gait based on musculoskeletal model simulation. Bio-Med. Mater. Eng. 2014, 24, 2485–2493. [CrossRef]

20. Matsugaki, A.; Fujiwara, N.; Nakano, T. Continuous cyclic stretch induces osteoblast alignment and formation of anisotropic
collagen fiber matrix. Acta Biomater. 2013, 9, 7227–7235. [CrossRef]

21. White, A.; Wallis, G. Endochondral ossification: A delicate balance between growth and mineralization. Curr. Biol. 2001, 11,
589–591. [CrossRef]

22. Kronenberg, H.M. Developmental regulation of the growth plate. Nature 2003, 423, 332–336. [CrossRef] [PubMed]
23. Kanczler, J.M.; Smith, E.L.; Roberts, C.A.; Oreffo, R.O.C. A novel approach for studying the temporal modulation of embryonic

skeletal development using organotypic bone cultures and microcomputed tomography. Tissue Eng. Part C Methods 2012, 18,
747–760. [CrossRef]

24. Gerstenfeld, L.C.; Shapiro, F.D. Expression of bone-specific gens by hypertrophic chondrocytes: Implication of the complex
functions of the hypertrophic chondrocyte during endochondral bone development. J. Cell. Biochem. 1996, 62, 1–9. [CrossRef]

25. McKee, M.D.; Glimcher, M.J.; Nanci, A. High-resolution immunolocalization of osteopontin and osteocalcin in bone and cartilage
during endochondral ossification in the chick tibia. Anat. Rec. 1992, 234, 479–492. [CrossRef]

26. Sommer, B.; Bickel, M.; Hofstetter, W.; Wetterwald, A. Expression of matrix proteins during the development of mineralized
tissues. Bone 1996, 19, 371–380. [CrossRef]

27. Stokes, I.A.; Mente, P.L.; Iatridis, J.C.; Farnum, C.E.; Aronsson, D.D. Enlargement of growth plate chondrocytes modulated by
sustained mechanical loading. J. Bone Jt. Surg. 2002, 84, 1842–1848. [CrossRef]

28. Robling, A.G.; Duijvelaar, K.M.; Geevers, J.V.; Ohashi, N.; Turner, C.H. Modulation of appositional and longitudinal bone growth
in the rat ulna by applied static and dynamic force. Bone 2001, 29, 105–113. [CrossRef]

29. Lee, D.; Erickson, A.; Dudley, A.T.; Ryu, S. Mechanical stimulation of growth plate chondrocytes: Previous approaches and future
directions. Exp. Mech. 2019, 59, 1261–1274. [CrossRef]

30. Klein-Nulend, J.; Veldhuijzen, J.P.; Burger, E.H. Increased calcification of growth plate cartilage as a result of compressive force
in vitro. Arthritis Rheumatol. 1986, 29, 1002–1009. [CrossRef]

31. Stern, T.; Aviram, R.; Rot, C.; Galili, T.; Sharir, A.; Achrai, N.K.; Keller, Y.; Shahar, R.; Zelzer, E. Isometric scaling in developing
long bones is achieved by an optimal epiphyseal growth balance. PLoS Biol. 2015, 13, e1002212. [CrossRef]

32. Shiu, Y.T.; Weiss, J.A.; Hoying, J.B.; Iwamoto, M.N.; Joung, I.S.; Quam, C.T. The role of mechanical stresses in angiogenesis. Crit.
Rev. Biomed. Eng. 2005, 33, 431–510. [CrossRef] [PubMed]

33. Grosso, A.; Burger, M.G.; Lunger, A.; Schaefer, D.J.; Banfi, A.; Di Maggio, N. It takes two to tango: Coupling of angiogenesis and
osteogenesis for bone regeneration. Front. Bioeng. Biotechnol. 2017, 5, 68. [CrossRef] [PubMed]

34. Matsugaki, A.; Harada, T.; Kimura, Y.; Sekita, A.; Nakano, T. Dynamic collision behavior between osteoblasts and tumor cells
regulates the disordered arrangement of collagen fiber/apatite crystals in metastasized bone. Int. J. Mol. Sci. 2018, 19, 3474.
[CrossRef]

35. Matsugaki, A.; Kimura, Y.; Watanabe, R.; Nakamura, F.; Takehana, R.; Nakano, T. Impaired alignment of bone matrix mi-
crostructure associated with disorganized osteoblast arrangement in malignant melanoma metastasis. Biomolecules 2021, 11, 131.
[CrossRef] [PubMed]

36. Ozasa, R.; Ishimoto, T.; Miyabe, S.; Hashimoto, J.; Hirao, M.; Yoshikawa, H.; Nakano, T. Osteoporosis changes collagen/apatite
orientation and Young’s modulus in vertebral cortical bone of rat. Calcif. Tissue Int. 2019, 104, 449–460. [CrossRef] [PubMed]

37. Weibaum, S.; Cowin, S.C.; Zeng, Y. A model for the excitation of osteocytes by mechanical loading-induced bone fluid shear
stress. J. Biomech. 1994, 27, 339–360. [CrossRef]

38. Klein-Nulend, J.; Bakker, A.D.; Bacabac, R.G.; Vatsa, A.; Weinbaum, S. Mechanosensation and transduction in osteocytes. Bone
2013, 54, 182–190. [CrossRef] [PubMed]

39. Vatsa, A.; Mizuno, D.; Smit, T.M.; Schmidt, C.F.; Mackintosh, F.C.; Klein-Nulend, J. Bio imaging of intracellular NO production in
single bone cells after mechanical stimulation. J. Bone Miner. Res. 2006, 21, 1722–1728. [CrossRef]

40. Vatsa, A.; Semeins, C.M.; Smit, T.H.; Klein-Nulend, J. Paxillin localization in osteocytes—Is it determined by the direction of
loading? Biochem. Biophys. Res. Commun. 2008, 377, 1019–1024. [CrossRef]

41. Vatsa, A.; Breuls, R.G.; Semeins, C.M.; Salmon, P.L.; Smit, T.H.; Klein-Nulend, J. Osteocytes morphology in fibula and calvaria—Is
there a role for mechanosensing? Bone 2008, 43, 452–458. [CrossRef]

42. Ishimoto, T.; Kawahara, K.; Matsugaki, A.; Kamioka, H.; Nakano, T. Quantitative evaluation of osteocyte morphology and bone
anisotropic extracellular matrix in rat femur. Calcif. Tissue Int. 2021, 109, 434–444. [CrossRef] [PubMed]

43. Lanyon, L.E.; Rubin, C.T. Static vs dynamic loads as an influence on bone remodeling. J. Biomech. 1984, 17, 897–905. [CrossRef]
44. Turner, C.H. Three rules for bone adaptation to mechanical stimuli. Bone 1998, 23, 399–407. [CrossRef]

http://doi.org/10.2320/matertrans.M2011358
http://doi.org/10.1007/s00223-016-0200-0
http://doi.org/10.1016/j.jbiomech.2016.03.007
http://doi.org/10.3233/BME-141062
http://doi.org/10.1016/j.actbio.2013.03.015
http://doi.org/10.1016/S0960-9822(01)00359-1
http://doi.org/10.1038/nature01657
http://www.ncbi.nlm.nih.gov/pubmed/12748651
http://doi.org/10.1089/ten.tec.2012.0033
http://doi.org/10.1002/(SICI)1097-4644(199607)62:1&lt;1::AID-JCB1&gt;3.0.CO;2-X
http://doi.org/10.1002/ar.1092340404
http://doi.org/10.1016/S8756-3282(96)00218-9
http://doi.org/10.2106/00004623-200210000-00016
http://doi.org/10.1016/S8756-3282(01)00488-4
http://doi.org/10.1007/s11340-018-0424-1
http://doi.org/10.1002/art.1780290809
http://doi.org/10.1371/journal.pbio.1002212
http://doi.org/10.1615/critrevbiomedeng.v33.i5.10
http://www.ncbi.nlm.nih.gov/pubmed/16000089
http://doi.org/10.3389/fbioe.2017.00068
http://www.ncbi.nlm.nih.gov/pubmed/29164110
http://doi.org/10.3390/ijms19113474
http://doi.org/10.3390/biom11020131
http://www.ncbi.nlm.nih.gov/pubmed/33498283
http://doi.org/10.1007/s00223-018-0508-z
http://www.ncbi.nlm.nih.gov/pubmed/30588540
http://doi.org/10.1016/0021-9290(94)90010-8
http://doi.org/10.1016/j.bone.2012.10.013
http://www.ncbi.nlm.nih.gov/pubmed/23085083
http://doi.org/10.1359/jbmr.060720
http://doi.org/10.1016/j.bbrc.2007.12.174
http://doi.org/10.1016/j.bone.2008.01.030
http://doi.org/10.1007/s00223-021-00852-1
http://www.ncbi.nlm.nih.gov/pubmed/34009396
http://doi.org/10.1016/0021-9290(84)90003-4
http://doi.org/10.1016/S8756-3282(98)00118-5


Int. J. Mol. Sci. 2022, 23, 7423 10 of 10

45. Matsuzaka, T.; Matsugaki, A.; Nakano, T. Control of osteoblast arrangement by osteocyte mechanoresponse through prostaglandin
E2 signaling under oscillatory fluid flow stimuli. Biomaterials 2021, 279, 121203. [CrossRef]

46. Kanda, Y. Investigation of the freely available easy-to-use software ‘EZR’ for medical statistics. Bone Marrow Transpl. 2013, 48,
452–458. [CrossRef] [PubMed]

http://doi.org/10.1016/j.biomaterials.2021.121203
http://doi.org/10.1038/bmt.2012.244
http://www.ncbi.nlm.nih.gov/pubmed/23208313

	Introduction 
	Results 
	Establishment of an Ex Vivo Bone Culture Model 
	Preferential Apatite Orientation along Femur Long Axis with/without Mechanical Loading 

	Discussion 
	Materials and Methods 
	An Ex Vivo Bone Culture Model 
	Bone Morphology Analysis 
	Analysis of Apatite Orientation 
	Histological Analysis 
	Immunohistochemistry 
	Statistical Analysis 

	Conclusions 
	References

