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Mechanical loading contributes to bone development, growth, and metabolism. However, the mechanisms un-
derlying long bone mineralization via changes in loading during the growth period are unclear. The aim of the
present study was to investigate the regulatory mechanisms underlying endochondral ossification and endosteal
mineralization by developing an ex vivo organ culture model with cyclic axial mechanical loads. The metacarpal
bones of 3-week-old C57BL/6 mice were exposed to mechanical loading (0, 7.8, and 78 mN) for 1 h/day for 4
days. Histomorphometry revealed that axial mechanical loading regulated the thickness of the calcified zone in
the growth plate and endosteal mineralization in the diaphysis in a load-dependent manner. Mechanical loading
also resulted in load-dependent upregulation of endochondral ossification and bone mineralization-related genes,
including bone morphogenetic protein 2 (Bmp2). Recombinant human BMP-2 administration caused similar
changes in tissue structures. Conversely, inhibition of the BMP-Smad pathway diminished the stimulatory effects
of mechanical loading and BMP-2 administration, suggesting that the effects of mechanical loading may be
exerted through activation of the BMP-Smad pathway with the results of gene ontology and pathway analyses.
Mechanical loading increased alkaline phosphatase activity and decreased carbonic anhydrase IX (Car9) mRNA
expression, resulting in a significant pH increase in the culture supernatant. We hypothesize that, through
activation of the BMP-Smad pathway, mechanical loading downregulates Car9, which may alkalize the local
milieu, thereby inducing bone formation and long bone mineralization. Our results showed that cyclic axial
mechanical loading increased endochondral ossification and endosteal mineralization in developing mouse long
bones, which may have resulted from changes in the pH, ALP activity, and Pi/PPi of the extracellular envi-
ronment. These findings advance our understanding of the regulation of mineralization mechanisms by me-
chanical loading mediated through activation of the BMP-Smad pathway.

1. Introduction

Mechanical loading is an important regulator of bone growth,
development, and metabolism, and appropriate mechanical stimulation
is a key promoter of bone mineralization, specifically during endo-
chondral ossification in the epiphyses (Sergerie et al., 2011; Ménard
et al., 2014) and endosteal bone mineralization in the diaphysis
(Sugiyama et al., 2012; Birkhold et al., 2016) of long bones. Numerous
studies have described the effects of mechanical loading using various
loading modalities (Simske et al., 1990; Turner et al., 1991; Moalli et al.,

2000; Robling et al., 2001; De Souza et al., 2005; Zhang et al., 2006) and
experimental models (Gluhak-Heinrich et al., 2003; Niehoff et al., 2004;
Sundaramurthy and Mao, 2006; Robling et al., 2008; Moustafa et al.,
2009; Saunders et al., 2010; Sergerie et al., 2011). However, the
response of the growth plate to mechanical stimulation remains
controversial, as different experimental designs and loading conditions
have yielded different results (Ohashi et al., 2002; Niehoff et al., 2004;
Sergerie et al., 2011; Ménard et al., 2014). Notably, few studies have
employed an ex vivo model of an entire long bone exposed to cyclic axial
mechanical loading.
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Multiple studies have indicated that during cortical bone formation,
the osteogenic response to mechanical loading is sensed and mediated
by osteocytes and results from activation of the Wnt signaling pathway
(Tatsumi et al., 2007; Bonewald and Johnson, 2008; Robling et al.,
2008; Tu et al., 2012; Tura et al., 2015). However, signaling pathway
analysis based on a genome-wide study predicted that additional
signaling pathways may be involved in bone responses to mechanical
loading (Zhang et al., 2009). Specifically, mechanical strain could pro-
mote osteoblast differentiation through the BMPs/Smad signaling
pathway via the suppression of Smurfl (Wang et al., 2010). Mechanical
signals are integrated into the BMP signaling pathway within the Smad
pathway, which suggests direct crosstalk of mechanotransduction and
BMP signaling (Kopf et al., 2012). In addition, cyclic mechanical
compression significantly upregulates BMP2 expression and results in
osteogenesis via mechano-regulated autocrine signaling (Schreivogel
et al., 2019). Therefore, BMP-induced Smad signaling could be involved
to alter a cascade of mechanical strain or compression and its signal
transduction to be mediated by having close relationships. However, the
roles of the BMP-Smad pathway and its downstream targets in long bone
growth and mineralization in response to mechanical loading are not
well understood.

In the present study, we explored the regulatory mechanisms that
give rise to endochondral ossification and endosteal mineralization in
response to axial mechanical loading during postnatal growth, by
assessing the role of the BMP-Smad signaling pathway and its potential
downstream effects. We used a novel ex vivo model that involves cyclic
axial loading to the entire long bones in a load-dependent manner,
which allows to exclude the influence of in vivo systemic factors and to
focus on the local microenvironment.

Endochondral ossification in the growth plate in response to me-
chanical loading was investigated in a different mechanical cyclic
loading ex vivo condition as compared with articular cartilage, which is a
hyaline cartilage similar to the growth plate cartilage, but does not
undergo endochondral ossification because of permanent cartilage. In
addition, to estimate phenotypic change in endochondral ossification in
a load-dependent manner, not only the number of hypertrophic chon-
drocytes and uncalcified zones (cartilage) but also the calcified zones
(cartilage calcification) of the growth plate were measured in unde-
calcified bone sections. With regard to endosteal bone mineralization,
bone forming region from the mineralization front to the mineralized
fluorochrome label and osteoid thickness in response to the ex vivo
loading were evaluated. Whether the change in ex vivo mechanical
loading drastically altered the extracellular fluid environment of the
surrounding long bone was examined based on changes in pH, alkaline
phosphatase (ALP) activity, and inorganic phosphate/pyrophosphate
(Pi/PPi) levels in the supernatant. Subsequently, genome-wide
screening of gene expression and pathway analyses were performed to
identify long bone tissue-specific and mechanical loading-responsive
genes using the ex vivo organ culture model, and a pathway and
cascade associated with highly expressed genes was revealed, which
enabled the extraction of multiple genes of interest associated with
ossification. Furthermore, by inhibiting specific molecules and path-
ways related to potential targets, the underlying molecular mechanism
of the promotion of mineralization via the activation of their signaling
pathways was elucidated. Consequently, in the present study, we were
able to investigate the regulation of mineralization in response to
loading, identify molecules and pathways activated in response to the
loading, and clarify their roles in bone growth and development, using
an ex vivo model.

2. Materials and methods

2.1. Ex vivo organ culture model to achieve axial mechanical loading on
mouse long bone

The forelimb bones of 3-week-old female and male C57BL/6 mice
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(average body weight 8.02 + 0.26 g; Japan SLC Inc., Shizuoka, Japan),
namely the fourth metacarpals from each mouse, were excised and
processed for organ culture, yielding six metacarpal bones per experi-
mental group (n = 6), and subjected to 0 mN, 7.8 mN, and 78 mN
loadings. For organ culture, an insertion hole for a long bone sample was
created at the midpoint of an atelocollagen sponge (¢ = 5 mm, height =
3 mm; MIGHTY, Koken Co., Tokyo, Japan) using a 22-gauge piercing
needle (¢ = 0.71 mm). The sponge was soaked in organ culture medium
(80 pl impregnated medium), and the metacarpals were then embedded
vertically in a penetrating state until they were level with the bottom
surface of the sponge (Supplementary Fig. 1A, C). Metacarpals with
collagen sponges were cultured in separate wells of a 96-well culture
plate, and the culture medium was changed every 24 h. Each well
contained 0.2 ml MEM-alpha (Thermo Fisher Scientific, Inc., Waltham,
MA, USA) supplemented with 0.2% bovine serum albumin (BSA; Sigma-
Aldrich, St. Louis, MO, USA), 0.05 mg/ml ascorbic acid (Thermo Fisher
Scientific, Inc., MA, USA), 1 mM sodium glycerophosphate (Sigma-
Aldrich), and penicillin-streptomycin solution (Thermo Fisher Scienti-
fic) containing 100 U/ml penicillin and 100 mg/ml streptomycin, as
previously reported (De Luca et al., 2001).

To understand the role of BMP-2 in the mineralization of long bones,
we compared the effect of mechanical loading with that of recombinant
human BMP-2 (thBMP-2) administration. A single dose of 100 or 500
ng/ml rhBMP-2 (Osteopharma Inc., Osaka, Japan) was administered as
an alternative to mechanical loading. To assess the role of BMP-Smad
signaling following mechanical loading, dual Smad inhibition medium
(Chambers et al., 2009), comprising organ culture medium with 10 nM
TGF-f inhibitor (SB431542, Cayman Chemical Co., Inc., Ann Arbor, MI,
USA) and 500 ng/ml noggin (Peprotech, Rocky Hill, NJ, USA), was used.
In particular, TGF-p signaling via Smad2/3 is potentially activated to
compensate for blockade of BMP-Smad signaling by Noggin. Therefore,
SB431542, TGF-B/Smad inhibitor was used to eliminate its compensa-
tory effect.

The experimental timeline and the design of the organ culture model
with ex vivo mechanical loading are shown in Supplementary Fig. 1A-E.
During organ culture, cyclic axial loading (0.5 Hz for 1 h/day for 4 days)
was applied to the distal edge of metacarpals along their long axis (as
close to this direction as possible), such that the mesial edge was stably
supported on the bottom inner surface of the plate, using a custom-
designed apparatus, a cyclic load bioreactor (CLS-5J-Z, Technoview,
Osaka, Japan) (Supplementary Fig. 1B, C, E), as described previously
(Muroi et al., 2007; Akamine et al., 2012; Shimomura et al., 2014). All
specimens were incubated (37 °C, 5% CO3) for 24 h prior to the appli-
cation of cyclic load stimulation. Loads of three different magnitudes,
equivalent to the entire body weight (8.0 g) or 1/10 (0.8 g) of the
average body weight of 3-week-old mice, were as follows: 0 mN
(improbable), 7.8 mN (appropriate), and 78 mN (excessive load) (Sup-
plementary Fig. 1D). All research procedures involving animals were
performed in accordance with the Laboratory Animals Welfare Act, the
Guide for the Care and Use of Laboratory Animals, and the Guidelines
and Policies for Rodent Experiments provided by the Institutional Ani-
mal Care and Use Committee (IACUC) at the Osaka University Graduate
School of Medicine. In addition, all research procedures involving ani-
mals were approved by the IACUC. The protocol was approved by the
Committee on the Ethics of Animal Experiments of the Osaka University
Graduate School of Medicine (permit number: 27-086-000).

2.2. Histomorphometric analyses

Prior to metacarpal extraction (day O; Supplementary Fig. 1D),
tetracycline hydrochloride and calcein were administered to mice at 2
weeks after birth by intraperitoneal injection on days —6 (20 mg/kg
tetracycline, Sigma-Aldrich) and —4 (16 mg/kg CL, Sigma-Aldrich).
After organ culture for 6 days, with or without axial mechanical
loading for 4 days or BMP administration, metacarpals were fixed in
70% ethanol and were subjected to Villanueva bone staining without
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decalcification (Villanueva and Frost, 1961). The undecalcified bones
were stained for 7 days, dehydrated in ethanol, and embedded in
methylmethacrylate (Wako, Osaka, Japan). Frontal sections (5-pm
thick) of the metacarpal body were cut from the undecalcified specimens
using a microtome, and cross-sections (10-pm thick) of metacarpals
were prepared as undecalcified polished specimens via a grinding pro-
cess at Ito Bone Histomorphometry Institute (Niigata, Japan). All bone
sections were subjected to histomorphometric analyses under a light
microscope (BX-53, Olympus, Tokyo, Japan) using an image analyzer
(System Supply Co., Nagano, Japan) by S. M. at the Institute. The
magnification power of the microscope was 400x, and histomorpho-
metric parameters were measured in an area of 0.0625 mm? (0.25 x
0.25 mm) in the central region of the growth plate and articular carti-
lage, equivalent to approximately 1/3 the width of the distal epiphysis.
The cross-sections of cortical bone were measured in the mid-diaphyseal
region (Supplementary Fig. 1F).

Histomorphometric measurements were defined and performed as
follows: the articular cartilage [cartilage thickness (um), chondrocyte
number (N/mm), subchondral bone thickness (pm)], growth plate
[thickness of uncalcified zone (pm) from the end of the distal edge of
cartilage to mineralization front, hypertrophic chondrocyte number (N/
mmz), MF-TC thickness: thickness (um) of calcified zone from mineral-
ization front to tetracycline labeling labeling], and the cortical bone
[cortical width (um), marrow area (mm?), osteoid thickness (pm),
ME-TC thickness: thickness (pm) from mineralization front to tetracy-
cline labeling]. In particular, to provide the precise measurement points
of a labeling band mid-point and the boundary line of the mineralization
front were handled maintaining the same observation field by immedi-
ate switching between natural light and fluorescence microscopy (Sup-
plementary Fig. 2). In the growth plate, the MF-TC thickness of the
calcified zone was measured from the mineralization front to tetracy-
cline labeling along the direction of the longitudinally calcified inter-
columnar septae. In the cortical bone, MF-TC thickness was measured
from the mineralization front to the tetracycline labeling along the
capillary canaliculi towards periosteum from the mineralization front.
Hypertrophic chondrocytes were defined as enlarged cell bodies with
calcifying of the cartilage matrix of intercolumnar septum (Amizuka
et al., 2012) (Supplementary Fig. 2). Therefore, hypertrophic chon-
drocyte numbers (N/mm?) were counted in the calcified cartilage to-
wards the metaphysis from mineralization front and divided by the
range of the measured area of the growth plate. Osteoid osteocyte
number (N/mm) was measured on the frontal sections and divided by
the entire osteoid surface. The longitudinal growth rate (LGR; pm/day)
of the growth plate was calculated by measuring the MF-TC thickness
and dividing it by the elapsed time (12 days) from the initial tetracycline
labeling to the end of organ culture. The daily mineral apposition rate
(MAR; pm/day) on the diaphyseal cortical bone was calculated by
measuring the MF-TC thickness and dividing it by 12 days.

2.3. Microarray analysis

After organ culture, bone tissues were crushed in QIAzol lysis reagent
(Qiagen, Hilden, Germany) using vigorous shaking with beads. Eight of
the fourth metacarpals were used per loading group. Total RNA was
extracted using chloroform and 70% ethanol and purified using an RNA
purification kit (Qiagen). The cRNAs were amplified, labeled, and hy-
bridized to a SurePrint G3 Mouse Gene Expression Microarray 8 x 60 K
oligomicroarray (Agilent Technologies, Santa Clara, CA, USA). All hy-
bridized microarray slides were scanned, and relative hybridization in-
tensities and background were calculated using the Agilent Feature
Extraction Software (9.5.1.1) (Agilent Technologies). The raw signal
intensities of samples were normalized using a quantile algorithm, and
comparisons between control and experimental samples were made
using the ‘preprocessCore’ library package [P] on Bioconductor software
[B]. The analysis criteria (Quackenbush, 2002) for screening differen-
tially expressed genes (DEGs) of long bone tissue-specific genes related
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to ossification and chondrocytes were as follows: upregulated genes, Z-
score > 2.0 and ratio > 1.5-fold; down-regulated genes, Z-score < —2.0
and ratio < 0.66. Microarray experiments and analyses were performed
at Cell Innovator Inc. at Kyushu University (Fukuoka, Japan).

To further investigate extracted DEGs, pathways and biological
processes were analyzed using the gene ontology (GO) database (http:
//www.geneontology.org/page/go-database) and Kyoto Encyclopedia
of Genes and Genomes (KEGG) database (http://www.genome.jp/
kegg). Enrichment analysis was performed using a modified Fisher's
exact test using the Database for Annotation, Visualization and Inte-
grated Discovery (DAVID) Bioinformatics resource v6.8 (ttps://david.nc
iferf.gov); p < 0.01 was applied as the threshold.

2.4. Quantitative PCR

Total RNA isolation was performed as described above. First, a cDNA
reverse transcription kit (Thermo Fisher Scientific) was used for cDNA
synthesis. Quantitative PCR was performed using SYBR qPCR mix re-
agent (Toyobo Co., Osaka, Japan) and the StepOnePlus Real-Time PCR
System (Applied Biosystems, Foster City, CA, USA). The comparative Ct
method was used for quantitative data analysis, normalizing to Gapdh as
an internal control. The primer sets used in this study are listed in
Supplementary Table 1.

2.5. Analysis of extracellular fluid in the organ culture supernatant

Organ culture supernatants were assayed to examine how the
cultured organs affected the extracellular fluids. The culture medium
used for the measurement was a modified version of the organ culture
medium described above that was free of glycerophosphate and ascorbic
acid. At 24 h after mechanical loading (Supplementary Fig. 1D), pH
changes in the culture supernatant were measured in 100 pl volumes
using a pH/ion meter and pH electrode (F-72, 9618S-10D, Horiba,
Kyoto, Japan). Additional supernatant samples of culture medium were
stored at —80 °C for later measurement of ALP activity. For this, they
were purified in 100% acetone at —20 °C overnight and incubated for
15 min at 37 °C; ALP activity was then measured at room temperature
using LabAssay ALP (Wako). Inorganic phosphate (Pi) concentrations in
the supernatant were measured using a Malachite Green Phosphate
Assay (BioAssay Systems, Hayward, CA, USA). Inorganic pyrophosphate
(PPi) levels were determined using an Inorganic Pyrophosphate Assay
(Lonza, Basel, Switzerland) and a microplate luminometer (Centro XS3
LB960, Berthold Technologies, Bad Wildbad, Germany).

2.6. Immunohistochemistry

After organ culture, bone samples were fixed overnight in 10%
neutral buffered formalin and decalcified in 10% EDTA for 2 h. They
were embedded in paraffin, and 6-pm thick sections were cut and placed
on microscope slides and then treated with methanol. After blocking
with 5% BSA, sections were treated with a polyclonal anti-phospho-
Smad 1/5/8 antibody (Cell Signaling Technology, Danvers, MA, USA)
followed by staining with Alexa Fluor 488-labeled secondary antibody
(Cell Signaling Technology). The nuclei were stained with Hoechst
33342 reagent (Dojindo Laboratories, Kumamoto, Japan), and sections
were visualized using a confocal laser-scanning microscope (FluoView
FV-1000, Olympus).

2.7. Western blotting

Metacarpal bones were harvested immediately after mechanical
loading on day 1 (Supplementary Fig. 1D) and homogenized with beads
in lysis buffer (#SN-002) with protease inhibitor cocktail phosphatase
(Sigma-Aldrich) and phosphatase inhibitor cocktail (Nacalai Tesque,
Kyoto, Japan) using a Minute protein extraction kit (Invent Bio-
technologies, Plymouth, mN, USA). Eight metacarpal bones were used
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per loading group. Equal amounts of total protein were loaded into each
well and electrophoresed on 4-12% gradient polyacrylamide gels
(Thermo Fisher Scientific) with SDS running buffer (Thermo Fisher
Scientific) and transferred to a polyvinylidene fluoride (PVDF) mem-
brane (Nippon Genetics, Tokyo, Japan). The membrane was blocked
with 5% nonfat dry milk for 15 min in Tris-buffered saline with 0.1%
Tween-20 (TBS-T) at 25 °C and incubated overnight with primary an-
tibodies against Smad1l, phospho-Smad1l/5/8, Smad2/3, or phospho-
Smad2/3 (Cell Signaling Technology) at 4 °C, followed by incubation
with appropriate secondary horseradish peroxidase-conjugated anti-
bodies (Cell Signaling Technology) at room temperature for 1 h. After
washing each membrane with TBS-T, bound antibodies were visualized
by enhanced chemiluminescence using Amersham ECL Prime Western
Blotting Detection Reagent (GE Healthcare Life Sciences, Marlborough,
MA, USA).

2.8. Statistical analysis

All data are presented as the mean =+ standard deviation (SD). Group
mean values were analyzed by the Tukey-Kramer test for multiple group
comparisons. Results were considered statistically significant at p <
0.05. Analyses were performed using Microsoft Excel and Statcel3 (OMS
Publishing, Saitama, Japan).
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3. Results

3.1. Mechanical loading promotes endochondral ossification in the
growth plate but not in articular cartilage

In articular cartilage, no significant changes in response to me-
chanical loading were observed in cartilage thickness or number of
chondrocytes (Fig. 1A, D, E). Similarly, subchondral bone thickness did
not change significantly in response to mechanical loading (Fig. 1F). In
contrast, mechanical loading significantly increased the number of hy-
pertrophic chondrocytes (Fig. 1B, C, G).

Both in vivo (with labeling prior to sacrifice) and ex vivo (in organ
culture), the growth plate thickness included not only an uncalcified
zone but also a calcified zone, defined histologically as a calcified
cartilage and osseous zone from the mineralization front of the growth
plate to the tetracycline-labeled osseous tissue. Mechanical loading
significantly increased the thickness of the calcified zone (Fig. 2A, C) in
the growth plate and decreased the thickness of the uncalcified zone
(Fig. 2A, B) in a load-dependent manner (Supplementary Fig. 3). The
LGR, an indicator of long bone growth, was 2.48 + 0.23 pm/day, 3.72 +
0.62 pm/day, and 4.31 + 0.41 pm/day for loads of 0 mN, 7.8 mN (vs. 0
mN, p < 0.01), and 78 mN (vs. 0 mN, p < 0.01), respectively.

7.8 mN [

78 mN | Fig. 1. Mechanical loading increased the number of

(N/mm?)

Articular cartilage E Articular Subchondral bone
30 thickness chondrocytes 60 thickness
40

20 E __ 40
5 £ S
= Z 20

10 = 20

0 0 0

0 78 78(mN) 0 78 78(mN) 0 78 78(mN)

hypertrophic chondrocytes in the subchondral bone,
but not the number of articular chondrocytes in the
articular cartilage. Frontal sections of the distal
epiphysis of metacarpals subjected to Villanueva's
bone staining. (A) Articular cartilage and sub-
chondral bone. Scale bar = 20 pm. (B) Growth plate
and metaphysis. Scale bar = 50 pm. (C) Hypertrophic
chondrocytes in calcified cartilage. Scale bar = 10
pm. (D) Articular cartilage thickness (n = 6/group).
(E) Number of articular chondrocytes (n = 6/group).
(F) Subchondral bone thickness (n = 6/group). (G)
Number of hypertrophic chondrocytes (n = 6/group).
The bars represent the mean + SD. *p < 0.05, as
determined by the Tukey-Kramer test for multiple
comparisons.

Hypertrophic
chondrocytes

*

100
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40
20

0 7.8 78(mN)
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Uncalcified zone

Fluorescence

T

*

0 78 78 (mN)

Calcified zone
*
*

0 7.8 78 (mN)

Fig. 2. Mechanical loading decreased the uncalcified zone thickness and increased the calcified zone thickness in the growth plate. Frontal sections of the distal
epiphysis of metacarpals treated by Villanueva's bone staining. (A) Light (upper panel) and fluorescence (lower panel) microscopy images. Scale bar = 20 ym. (B)
Thickness of the uncalcified zone from the end of the distal edge (DE) to the mineralization front (MF) (n = 6/group). (C) Thickness of the calcified zone from the MF
to the beginning of the area positive for tetracycline (TC) labeling (n = 6/group). The bars represent the mean + SD. *p < 0.05, as determined by the Tukey-Kramer

test for multiple comparisons.

3.2. Mechanical loading promotes endosteal bone mineralization

No significant differences in cortical width, marrow area, or osteoid
thickness were observed in response to loading magnitude (Fig. 3A-D).
In contrast, MF-TC thickness of the mineralization front to the
tetracycline-labeled mineralized tissue increased significantly in
response to loading (Fig. 3E), whereas osteoid thickness showed a slight
but not significant increase with loading. The calculated MAR values
were 2.67 + 0.31 ym/day, 3.69 + 0.67 pum/day, and 3.74 + 0.45 pm/day
under O mN, 7.8 mN (vs. 0 mN, p < 0.01), and 78 mN loading (vs. 0 mN,

p < 0.01), respectively. Since the endosteal bone mineralization, namely
the MF-TC thickness both in vivo (with labeling prior to sacrifice) and ex
vivo (in organ culture), is included, it must be considered to consist of the
mineralized bone produced in the past until the present over a period of
12 days.

3.3. Mechanical loading induces the expression of genes related to
endochondral ossification and bone mineralization

When compared to gene expression levels under no load, similar

Fluorescence

Cortical width Marrow area

0.08
~0.06
£
£0.04
0.02

0 7.8 78(mN) o
E

7.8 78(mN)

MF-TC thickness
*

Osteoid thickness
*

(mm)

0
0 7.8 78(mN) 0 7.8 78(mN)

Fig. 3. Mechanical loading promoted endosteal bone mineralization. Cross-sections of cortical bone in the mid-diaphyseal region of metacarpals treated by Villa-
nueva's bone staining. (A) Endosteal mineralization of undecalcified sections. Light (upper panel) and fluorescence (lower panel) microscopy images. Scale bar = 10
pm. (B) Cortical bone width of undecalcified sections, including the osteoid (n = 6/group). (C) Bone marrow area of undecalcified sections, including the osteoid (n
= 6/group). (D) Osteoid thickness from the osteoid surface to the mineralization front (MF) (n = 6/group). (E) Thickness from the MF to the tetracycline (TC)
labeling (n = 6/group). CL: calcein labeling. The bars represent the mean + SD. *p < 0.05, as determined by the Tukey-Kramer test for multiple comparisons.
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gene expression profiles were observed with 7.8 and 78 mN loading,
although several mRNAs were upregulated with 78 mN loading
compared to levels under 7.8 mN loading (Fig. 4A). Among the extracted
93 response genes out of the 827 searched genes associated with chon-
drocytes and ossification based on GeneCards human gene database
(https://www.genecards.org/) in microarray analysis, 37 genes were
upregulated and 20 genes were downregulated in response to 7.8 mN
loading (compared to 0 mN loading). Following 78 mN loading, 39
genes were upregulated and 39 genes were downregulated (compared to
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0 mN loading) (Supplementary Fig. 3A, B, C). Mechanical loading
upregulated the expression of genes involved in both endochondral
ossification and bone mineralization in long bone tissue, such as Ihh,
Col10al, Mmp13, Wnt4, Sppl, Dmp1, Mepe, Phex, and Bmpé6 (Fig. 4B, C).
The effects of mechanical loading on the regulation of gene expression in
long bones were load-dependent. Intriguingly, we found that mechani-
cal loading consistently downregulated carbonic anhydrase IX (Car9)
and acid phosphatase 5 (Acp5) compared with levels in the non-loading
group (Fig. 4A, B).
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Fig. 4. Gene expression, Smadl/5/8 phosphorylation, and changes in the number of osteoid osteocytes occurring in response to mechanical loading. (A) Scatter plots
of gene expression following load magnitudes of 7.8 or 78 mN (versus 0 mN), as determined by microarray analysis. Colored dots represent 827 searched chon-
drocyte- and ossification-related genes based on the GeneCards database (blue), and markedly upregulated (red) and downregulated (black) genes from the 93
extracted genes in response to the loading are indicated. (B) Heatmap showing the extracted genes that are indicated in the scatter plots in A. (C) The extracted mRNA
expression levels of endochondral ossification and bone mineralization-related genes, as determined by quantitative reverse transcriptase-polymerase chain reaction
(qRT-PCR) analysis. All results were normalized to that of Gapdh and are relative to the expression levels observed when the loading force was 0 mN (n = 3/group).
(D) Mechanical loading increased BMP-2 expression (n = 3/group). (E) Mechanical loading induced the phosphorylation (p) of Smad 1/5/8, but not Smad2/3.
Representative western blot showing the levels of p-Smad2/3 and p-Smad1/5/8 after mechanical loading at day 1. (F) Mechanical loading preferentially activated
expression of the BMP-induced marker Id1 over the TGF-p-induced marker Serpinel (encoding PAI-1). All mRNA expression levels determined by qRT-PCR analysis
were normalized to that of Gapdh and are expressed relative to those observed when the loading force was 0 mN (n = 3/group). (G) Osteoid osteocytes on the
endosteal surface upon mechanical loading (upper panel) and single BMP-2 administration (lower panel). (H) Mechanical loading and BMP-2 administration
increased the number of osteoid osteocytes (n = 6/group). Scale bar = 10 pm. The bars represent the mean + SD. *p < 0.05, as determined by the Tukey-Kramer test
for multiple comparisons.
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GO and pathway analyses for screening DEGs were performed for
long bone tissue in response to mechanical loading ex vivo. The key
pathways, such as BMP signaling, epidermal growth factor receptor
(EGFR/ErbB) signaling, and GO terms, including Smad phosphorylation,
ossification, mitogen-activated protein kinase (MAPK) cascade, Carti-
lage development, calcium ion input, and phosphate metabolic were
enriched in the screened DEGs and were demonstrated to be involved in
long bone tissue responses to the increased loading. Based on the GO
term and pathway screening results, the following top four pathways
and cascades were identified: BMP/Smad signaling, EGFR/ErbB
signaling, MAPK, and ossification. Therefore, although we focused on
the role of BMP in comparison to that of ex vivo loading on long bone
tissue, the effects of mechanical loading apparently increased cartilage
ossification and bone mineralization, and we observed the changes not
only in the form of the up-regulation of specific responsive genes related
to cartilage and ossification but also preferential induction via the
activation of BMP/Smad signaling (Supplementary Figs. 4, 5).

3.4. Mechanical loading activates BMP-Smad1/5/8 signaling-mediated
endochondral ossification and endosteal mineralization

Based on the results of GO and pathway analyses, we observed sig-
nificant increases in Bmp2 gene expression that were load-dependent
(Fig. 4D). For further analysis, we used antibodies against activated
Smad proteins, which are key downstream effectors of the TGF-f and
BMP signaling pathways. Smad2/3 phosphorylation was barely
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detectable in response to mechanical loading, but Smadl/5/8 phos-
phorylation appeared to be mediated by increased mechanical loading
(Fig. 4E). Most cells in the growth plate and endosteum were positively
labeled with phospho-Smad1/5/8 after 7.8 mN and 78 mN loading, but
not after 0 mN loading (Supplementary Fig. 4). Regarding downstream
targets of both pathways, the expression of Serpinel (encoding PAI-1, an
inducible marker of TGF-p/Smad2/3) was relatively unchanged
regardless of the load, whereas mechanical loading significantly
increased the expression of Id1, which is induced by BMP/Smad1/5/8
signaling (Fig. 4F). Thus, our results showed that increased mechanical
loading led to activation of BMP-Smadl/5/8 signaling during endo-
chondral ossification and endosteal bone mineralization. We also found
that mechanical loading and BMP-2 administration independently
increased the number of osteoid osteocytes but not osteoid thickness
(Fig. 4G, H).

3.5. Inhibition of BMP-Smad signaling diminishes cartilage calcification
and reduces endochondral ossification

BMP-2 administration decreased the thickness of the uncalcified
zone and increased that of the calcified zone in the growth plate in a
dose-dependent manner (Fig. 5B, E, F). Thus, the action of BMP-2 in
endochondral ossification closely resembles accelerated ossification by
mechanical loading (Fig. 5A, C, D). Use of both the BMP antagonist
noggin and the TGF-p/Smad inhibitor SB431542 to inhibit BMP-Smad
signaling dramatically diminished not only the loading-induced
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Fig. 5. Comparison of the effects of mechanical loading and BMP-2 administration, with or without BMP-Smad pathway inhibition, on the growth plates of
undecalcified sections. White arrowheads show the end of the distal edge (DE), and black arrowheads show the mineralization front (MF). The regions between the
arrowheads represent uncalcified zones. (A) Effects of mechanical loading, with or without BMP-Smad inhibition. Scale bar = 20 pm. (B) Effects of BMP-2
administration, with or without Smad inhibition. Scale bar = 20 pm. Rates of change in the thickness of uncalcified (C) and calcified (D) zones in growth plates
after mechanical loading, with or without BMP-Smad inhibition (n = 6/group). Rates of change in the thicknesses of uncalcified (E) and calcified (F) zones in growth
plates after BMP-2 administration, with or without BMP-Smad inhibition (n = 6/group). The bars represent the mean + SD. *p < 0.05, as determined by the Tukey-

Kramer test for multiple comparisons.
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reduction in the thickness of the uncalcified zone but also the loading-
induced increase in the thickness of the calcified zone (Fig. 5C, D). By
contrast, inhibition of BMP-Smad signaling seemed to have no impact on
the BMP-2-induced reduction in the thickness of the uncalcified zone but
did diminish the dose-dependent BMP-2-induced increase in the thick-
ness of the calcified zone (Fig. 5E, F). The inactivation of BMP-Smad
signaling may have been overcome by the high doses of BMP-2 and
possibly also by the activation of alternative downstream signaling
pathways; this hypothesis might explain the lack of a significant effect of
BMP-Smad inhibition on the BMP-2-induced reduction in the thickness
of the uncalcified zone of the growth plate.

3.6. Inhibition of BMP-Smad signaling reduces the region of
mineralization and diminishes endosteal bone mineralization

Mechanical loading significantly increased the MF-TC thickness of
the mineralization front to the tetracycline-labeled mineralized tissue
(Fig. 6A, C, D). BMP-2 administration showed similar tendencies, with a
significant increase in the MF-TC thickness, but only slight changes in
osteoid thickness (Fig. 6B, E, F). Inhibition of BMP-Smad signaling
diminished endosteal bone mineralization, particularly the MF-TC
thickness, under baseline conditions and mechanical loading (Fig. 6D,
F). Notably, the effects of inhibition of BMP-Smad signaling on the
MEF-TC thickness were overcome by BMP-2 administration.
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3.7. Mechanical loading regulates the extracellular environment of long
bones

Mechanical loading significantly increased the pH and ALP activity
of the culture supernatant (Fig. 7A, B). Furthermore, mechanical loading
markedly decreased PPi and increased Pi in the supernatant (Fig. 7C, D).
The change in Pi/PPi ratio was 2.35 fold under 7.8 mN and 3.02 fold
under 78 mN when compared to the ration under 0 mN loading (p <
0.01).

4. Discussion

Mechanical stimulation is an essential inducer of long bone growth
and potentiates cartilage and bone matrix mineralization. However, it
remains unclear how axial mechanical stimulation regulates minerali-
zation. The present findings show that cyclic axial mechanical loading to
ex vivo long bones may regulate endochondral ossification and endosteal
bone mineralization by activating BMP-Smad signaling (Fig. 8). In this
study, we used simple experimental conditions to analyze the mineral-
ization changes induced in long bones by cyclic axial mechanical
loading and employed an organ culture model to exclude systemic fac-
tors in vivo and to focus on the local milieu.

Previous studies have provided conflicting results regarding whether
the growth plate thickness increases (Ohashi et al., 2002; Wang and
Mao, 2002; Othman et al., 2007) or decreases (Alberty et al., 1993;
Sergerie et al., 2011; Bries et al., 2012) in response to mechanical
loading. In this study, histomorphometric analysis revealed that the
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Fig. 6. Comparison of the effects of mechanical loading and BMP-2 administration, with or without BMP-Smad pathway inhibition, on endosteal bone mineralization
in undecalcified sections. The arrowheads show tetracycline (TC) labeling, calcein (CL) labeling, and the mineralization front (MF). (A) Effects of mechanical loading
with or without BMP-Smad inhibition. Scale bar = 10 pm. (B) Effects of BMP-2 administration with or without BMP-Smad inhibition. Scale bar = 10 pm. (C) Osteoid
thickness and (D) MF-TC thickness after mechanical loading with or without BMP-Smad inhibition (n = 6/group). (E) Osteoid thickness and (F) MF-TC thickness
after BMP-2 administration with or without BMP-Smad inhibition (n = 6/group). The bars represent the mean + SD. *p < 0.05, as determined by the Tukey-Kramer

test for multiple comparisons.
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endochondral ossification and endosteal mineralization. We propose that me-
chanical loading might exert its effects by promoting alkalinization of the local
milieu via activation of the BMP-Smad pathway.

thickness of the calcified and uncalcified zones in the growth plate
increased and decreased, respectively, in a load-dependent manner and
that these changes were not observed in articular cartilage. This is, to the
best of our knowledge, the first report that the growth plate is much
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more sensitive in terms of chondral calcification in response to cyclic
axial mechanical loading than is the articular cartilage, which does not
undergo calcification during bone development. Regarding cortical
bone mineralization, histomorphometry has revealed that in vivo me-
chanical loading increases bone formation (Zhang et al., 2006; Zhang
et al., 2007; Kuruvilla et al., 2008; Sample et al., 2010; Weatherholt
et al., 2013; Baumann et al., 2015). We demonstrated that ex vivo me-
chanical loading increases endosteal bone mineralization and the
number of osteoid osteocytes. These results suggest that mechanical
loading is essential not only for promoting initial primary mineraliza-
tion, but perhaps also for mobilizing osteocytes from osteoblasts to in-
crease subsequent bone matrix mineralization.

In this study, osteoid thickness did not vary significantly with
changes in mechanical loading. The osteoid, which is the unmineralized
bone matrix secreted by osteoblasts, may play a vital role in preventing
excess mineralization by maintaining constant thickness.

BMP and TGF-p signaling play crucial roles in bone growth, devel-
opment, and homeostasis; in addition to their indispensable role in bone
formation, signal interplay and crosstalk between BMP and TGF-f
regulate hypertrophic maturation of chondrocytes in endochondral
ossification (Keller et al., 2011; Dexheimer et al., 2016). Moreover,
previous studies have demonstrated that synergistic effects of TGF-f and
BMP induce significant bone formation (Duneas et al., 1998; Simmons
et al., 2004) and that TGF-p accelerates BMP function (Tachi et al.,
2011). To assess the role of BMP-Smad signaling in response to me-
chanical loading in endochondral ossification, we inhibited BMP-Smad
signaling under various conditions of mechanical loading, as well as
administering exogenous BMP-2. However, the antagonist or opposite
effect between the BMP and TGF-§ pathways are recognized, having
similar downstream transduction effectors and their regulation being
closely related to the biological basis of their antagonistic interaction
(Ning et al., 2019). Therefore, both the BMP antagonist noggin and the
TGF-f type 1 receptor inhibitor SB431542 were used not only to block
the BMP/Smad1/5/8 signaling but also eliminate the activation of TGF-
B/Smad2/3 signals induced by the suppression of the BMP pathway, an
approach widely employed for dual Smad inhibition (Chambers et al.,
2009).

Based on the GO and pathway analyses results, mechanical loading
activated BMP-Smad signaling, and the mode of action of mechanical
loading was functionally similar to that of BMP-2 administration in
terms of phenotypic changes in the growth plate and endosteal miner-
alization. Histomorphometric analyses clearly showed that the number
of osteoid osteocytes increased in response to mechanical loading, with
similar tendencies observed for BMP-2 administration. Moreover, inhi-
bition of BMP-Smad signaling attenuated cartilage and bone minerali-
zation induced by mechanical stimulation or BMP-2 administration.
Therefore, our data provide evidence that cartilage ossification and bone
mineralization are regulated through at least partly the activation of the
BMP-Smad signaling pathway by mechanical loading.

Furthermore, in response to mechanical loading, Ihh, Col10al, and
Mmp13 (which regulate the development of hypertrophic chondrocyte
and cartilage calcification in endochondral ossification), as well as the
osteocyte markers Dmp1, Phex, and Mepe (regulators of mineralization
and phosphate homeostasis) were upregulated in a load-dependent
manner. These findings are in agreement with previous reports (Glu-
hak-Heinrich et al., 2003; Sundaramurthy and Mao, 2006; Harris et al.,
2007; Kulkarni et al., 2010; Lin et al., 2010; Sergerie et al., 2011). In
addition, the results of the present study, based on the ex vivo organ
culture model, clarified that the long bone tissue-specific and mechan-
ical loading-responsive genes and their gene expression patterns are
largely influenced by the activation of BMP-Smad signaling following
mechanical loading. Nevertheless, there could be numerous other
pathways, including non-Smad pathways such as EGFR/ErbB signaling
and the MAPK cascade, which are associated with mechanical loading,
and their specific functions on bone mineralization via the identified
genes and pathways should be validated by further investigations.



S. Miyamoto et al.

By analyzing the culture supernatant of the ex vivo samples, we also
demonstrated that long bone mineralization is regulated by mechanical
loading in the local environment, rather than systemically. Bone and
cartilage metabolism and homeostasis are critically dependent on the
local pH, and biomineralization occurs at alkaline pH (Arnett, 2008,
2010; Simao et al., 2013). pH also plays a pivotal role in regulating ALP
activity and pyrophosphate levels (Chakkalakal et al., 1994; Wu et al.,
1997; Simao et al., 2013). Moreover, mechanical loading enhances ALP
activity (Guo et al., 2015; Wang et al., 2015), BMP induces ALP activity
for mineralization (Takuwa et al., 1991; Rawadi et al., 2003; Salazar
et al., 2016), and ALP activity is essential for calcification in cartilage
and bone (Amizuka et al., 2012). However, prior to this study, there had
been no evidence that mechanical loading regulates the extracellular
fluid pH of long bones. In addition to confirming that ALP is activated in
response to mechanical loading, we report for the first time that the pH
of the organ culture supernatant became alkaline upon mechanical
loading, indicating that mechanical loading may act as a pH regulator,
resulting in a subsequent increase in ALP activity. We hypothesize that,
via activation of the BMP-Smad pathway, mechanical loading alters the
extracellular pH and thereby increases ALP activity to promote bone
mineralization.

Microarray analysis revealed that endochondral ossification and
bone mineralization-related genes were highly expressed under loading
forces relative to non-loading. Surprisingly, however, Car9 expression
was markedly suppressed by mechanical loading. Car9 encodes carbonic
anhydrase IX, which is anchored in the plasma membrane. Car9 may
therefore regulate the pH of the extracellular environment of bone tis-
sue. Car9 downregulation can also induce Coll10al in hypertrophic
chondrocytes (Maruyama et al., 2013). Further studies investigating
Car9 downregulation by mechanical loading are needed to clarify
whether it is involved in promoting mineralization, and if so, the un-
derlying mechanism.

The skeleton is maintained by regulation of the bone mineralization,
which is dependent on a local balance between extracellular levels of
ALP, Pi, and PPi (Sapir-Koren and Livshits, 2014a, 2014b; Orriss et al.,
2016). Notably, for hydroxyapatite synthesis, it is essential that the
optimal Pi/PPi ratio be maintained locally during bone growth (Thou-
verey et al., 2009; Sapir-Koren and Livshits, 2014a). Little is known
regarding changes in the Pi/PPi ratio in the extracellular fluid in
response to mechanical loading and how this change affects minerali-
zation. In this study, we determined that the Pi/PPi ratio was higher in
the loaded samples than the non-loaded samples, which may be one
mechanism by which mechanical loading affects mineralization.

We recognize that our study has some limitations. First, as articular
cartilage and growth plate damage in response to mechanical loading
cannot be adequately evaluated using a normal or fluorescence micro-
scope, detecting microfractures on injured cartilage in an ex vivo model
will be addressed in the future. Second, as the surrounding tissue of the
long bones was consistently removed and the organ culture model was
isolated ex vivo, regulatory mechanisms associated with periosteal tissue
or multiple organs in response to mechanical loading remain unclear.
Therefore, the results should be confirmed in further studies. However,
we have highlighted the mineralization-promoting mechanism within
the long bone in response to mechanical loading using an ex vivo-spe-
cific, non-loading condition as a control. Third, as our gene expression
data were obtained from whole long bones, the effects of mechanical
loading on gene expression in localized areas of long bone are unknown.
Therefore, further investigations into these critical molecules in
response to mechanical loading, perhaps using laser capture microdis-
section and in vivo imaging, will be required to unravel their various
roles in cartilage and bone mineralization and elucidate the mechanism
of communication in osteocytes, osteoblasts, and osteoclasts. Given that
long bones consist of mineralized bone, articular cartilage, bone
marrow, and growth plate cartilage tissue, we suggest that Car9 and
other molecules may function in an opposite or reciprocal manner,
concealing their differential actions on the diaphysis and epiphysis of
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the long bone.

In conclusion, the present study demonstrated that cyclic axial me-
chanical loading regulates endochondral ossification and endosteal
mineralization in long bone development. The effects of mechanical
loading can promote mineralization through at least partly the activa-
tion of BMP-Smad signaling, and loading alters the extracellular envi-
ronment considerably. Therefore, analyzing the effects of mechanical
loading could reveal key regulatory mechanisms influencing the
mineralization of long bone development. This study also reports a novel
ex vivo organ culture model, which may mimic endochondral ossifica-
tion and endosteal mineralization in long bones in vivo under cyclic axial
mechanical loading; it, thus, may be possible in the future to use this
model to elucidate the mechanism of drugs that act synergistically with
mechanical loading or substitute for mechanical stimulation.
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