<RNEL

;f Kobe University Repository : Kernel

R
4ope

PDF issue: 2026-10-06

Higher—intensity ultrasound accelerates
fracture healing via mechanosensitive i1on
channel Piezol

FL, X

(Degree)
Bt (REF)

(Date of Degree)
2024-03-25

(Date of Publication)
2025-03-01

(Resource Type)
doctoral thesis

(Report Number)
FA 889095

(URL)
https://hdl. handle. net/20.500. 14094/0100490134

X HAVFT VY RMARZOZMERTY. BNER - TEFASZELEY. ZEEETROON TV ZEENT, BIICTRHACEIW,

KOBE

\j].\]\'l:lihl'[ Y
J

%)



b

i O

& -

Higher-intensity ultrasound accelerates fracture healing via

mechanosensitive 1on channel Piezol

(=g BE D A IHEUEZ A A~ F % A v Piezol /L T
BB Z (EES 2)

S 6FE1H 10H
Fii =y Ny N 4 5 P 7 e Ay R P B S =N g

AR

Shota Inoue



Higher-intensity ultrasound accelerates fracture healing via mechanosensitive ion

channel Piezol

Abstract

Osteoporosis-related fractures are a major public health problem. Mechanobiological
stimulation utilizing low-intensity pulsed ultrasound (LIPUS) is the most widely accepted
modality for accelerating fracture healing. However, recent evidence has demonstrated the
ineffectiveness of LIPUS, and the biophysical mechanisms of ultrasound-induced bone
formation also remain elusive. Here, we demonstrate that ultrasound at a higher intensity
than LIPUS effectively accelerates fracture healing in a mouse osteoporotic fracture model.
Higher-intensity ultrasound promoted chondrogenesis and hypertrophic differentiation of
chondrocytes in the fracture callus. Higher-intensity ultrasound also increased osteoblasts
and newly formed bone in the callus, resulting in accelerated endochondral ossification
during fracture healing. In addition, we found that accelerated fracture healing by ultrasound
exposure was attenuated when the mechanosensitive ion channel Piezol was inhibited by
GsMTx4. Ultrasound-induced new bone formation in the callus was attenuated in fractured
mice treated with GsMTx4. Similar results were also confirmed in a 3D osteocyte-osteoblast
co-culture system, where osteocytic Piezol knockdown attenuated the expression of
osteoblastic genes after ultrasound exposure. Together these results demonstrate that higher-
intensity ultrasound than clinically used LIPUS can accelerate endochondral ossification
after fractures. Furthermore, our results suggest that mechanotransduction via Piezol

mediates ultrasound-stimulated fracture healing and bone formation.
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1. Introduction

Fractures are the most common traumatic injury in humans [1]. Osteoporosis-related
fractures require long-term medical management resulting in prolonged immobility and
increased morbidity, mortality, and healthcare costs [2,3]. Therefore, therapeutic strategies to
accelerate fracture healing are critical for patients.

Low-intensity pulsed ultrasound (LIPUS) is acoustic waves with an intensity < 0.1
W/cm? that has been shown to accelerate fracture healing [4,5]. Although LIPUS has been
widely approved for fracture healing in clinical practice, a recent large-scale TRUST trial [6]
and a systematic review and meta-analysis of randomized controlled trials [7] reported no
positive effect of LIPUS on radiographic fracture healing. Many others have also
demonstrated the ineffectiveness of LIPUS in fracture healing in clinical [8,9] and animal
studies [10,11], raising doubts about its therapeutic utility. We have previously hypothesized
that the lack of efficacy of LIPUS may be due to its intensity and have verified that
ultrasound of a higher intensity than LIPUS accelerates bone defect healing in rats [12].
Additionally, other studies including ours have shown that ultrasound attenuates bone loss in
estrogen deficiency in an intensity-dependent manner [13,14], and higher-intensity
ultrasound may have a high osteogenic potential. However, unlike our previous bone defect
model, which heals only by intramembranous ossification [12], human transverse fractures
heal by endochondral ossification, a complex healing process involving inflammation,
chondrogenesis, callus formation, and remodeling [1]. Therefore, our previous experiments
did not allow us to reliably support benefit with higher-intensity ultrasound. Several studies
have reported the intensity-dependent effects of ultrasound on the cellular responses
necessary for endochondral ossification, including cell proliferation [12] and chondrogenic
[15,16] and osteogenic [17] differentiation of mesenchymal stem cells. Thus, the fracture
healing response to ultrasound may vary with its intensity, and how higher-intensity
ultrasound than LIPUS affects endochondral ossification remains unclear.

The lack of consensus on the efficacy of LIPUS in fracture healing may be due to a
poor understanding of its biophysical mechanism. The understanding of the mechanism
underlying ultrasound-induced bone formation focuses primarily on the osteoblastic
response. Earlier, in vitro studies have shown that LIPUS promotes osteoblastic bone
formation by increasing the production of cyclo-oxygenase 2 and prostaglandin E2 [18,19].
On the other hand, for the ultrasound to have a biological effect, its mechanical waves,

delivered transcutaneously to the fracture site, must be converted into a biochemical signal
2



inside the cells. Osteocytes are the main mechanosensory cells in bone, converting the
mechanical signals into biochemical signals to the effector cells (ie, osteoblasts and
osteoclasts) via secreted factors such as sclerostin, FGF-23, and RANKL [20]. Osteocytes
have also been recognized as playing an important role in fracture healing [21]. The role of
osteocytes in ultrasound response, however, is poorly understood. Previous studies have
shown that conditioned media from ultrasound-stimulated osteocytes promotes osteoblast
differentiation [22] and that ultrasound does not affect fracture healing in medaka, whose
bones lack osteocytes [23]. Moreover, our previous study indicated that osteocytic sclerostin
expression was downregulated only by higher-intensity ultrasound in rat cortical bone, but
not by the intensity of LIPUS [12]. Taken together, osteocytes may be involved in
osteoblastic bone formation in response to ultrasound; however, the biological mechanism
underlying ultrasound sensing and ultrasound-induced mechanotransduction between
osteocytes and osteoblasts remains to be elucidated. Given the importance of osteocytes in
fracture healing, understanding the biological mechanism of ultrasound-induced
osteogenesis centered on osteocytes, which cannot be revealed by in vitro studies focused on
osteoblasts [18,19], allows for the identification of an effective approach to fractures.

Ultrasonic mechanical signals have been proposed to be transmitted to biochemical
signals in the cell by mechanosensitive protein integrins [18,19]. Alternatively, the
mechanosensitive ion channel Piezol has been shown to play a crucial role in
mechanotransduction in osteoblasts and osteocytes and is a key determinant of bone
homeostasis and metabolism [24—-26]. In addition, a series of studies have reported that
Piezol is essential for mechanotransduction of the ultrasound responses in umbilical vein
endothelial cells [27], cortical neurons [28], dental stem cells [29], and pre-osteoblastic cells
[30]. Mechanosensation by Piezol is also important for the fracture healing process [31,32].
However, whether Piezol is involved in the processes of ultrasound-associated
mechanotransduction in osteocytes and ultrasound-stimulated fracture healing remains
unclear.

This study aimed to clarify the effects of higher-intensity ultrasound than LIPUS on
fracture healing and the mechanism of ultrasound sensing in bone and ultrasound-stimulated
bone formation. To achieve our goal, we evaluated the effects of different ultrasound
intensities on endochondral ossification in a mouse osteoporotic fracture model. We further
established a 3D osteocyte-osteoblast co-culture system and examined the effects of

ultrasound on osteocyte mechanotransduction.
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2. Materials and Methods

2.1. Experimental design and animal care

Female (n = 92, 8-week-old) and male (n = 24, 12-week-old) C57BL/6J mice were
purchased from Japan SLC (Shizuoka, Japan). Animals were housed in plastic cages with
bedding and were maintained under artificially controlled conditions at a temperature of 22 +
1°C with humidity of 55 £+ 5% and a 12-hour light/12-hour dark cycle with access to water
and food ad libitum. All experimental procedures were approved by the Institutional Animal
Care and Use Committee and performed according to the Animal Experimentation
Regulations of Kobe University (approval number: P210802).

All female mice were subjected to bilateral ovariectomy to simulate postmenopausal
osteoporosis. The success of ovariectomy was confirmed by measuring uterine wet weight at
the end of the experimental period. Four weeks after the ovariectomy, a standard transverse
mid-shaft femoral fracture was created as previously described [33]. Briefly, mice were
anesthetized with 4 mg/kg midazolam, 0.75 mg/kg medetomidine hydrochloride, and 5
mg/kg butorphanol tartrate medetomidine. A 0.1 mm tungsten guide wire was inserted into
the left femoral intramedullary canal, and a closed mid-shaft fracture was created using the
three-point bending method. A 25-gauge needle was inserted over the guide wire to stabilize
the fractured femur. The mice were then randomly divided into the following 3 groups:
untreated after fracture (control group), treated with ultrasound at intensities of 0.04 W/cm?
(US-0.04 W group) or 0.2 W/cm? (US-0.2 W group) after the fracture. Mice in the treatment
groups received ultrasound for 20 min/day, 7 days/week starting from day 1 after the
fracture. Mice were euthanized at 7, 14, 21, and 28 days post-fracture (n = 7-8
mice/group/time point) and the femurs were collected.

For the in vivo Piezol inhibition experiments, the male mice underwent the same
femoral fracture at 12 weeks of age and were divided into the vehicle, vehicle + US,
GsMTx4, and GsMTx4 + US groups (n = 5-6 mice/group). Male mice were selected to avoid
the effects of sex hormones on mechanotransduction in bone [34]. Mice were injected
intraperitoneally with vehicle control (saline) or 1 mg/kg GsMTx4 (A16103; AdooQ
BioScience, Irvine, CA, USA) dissolved in saline every day from the first day after the
fracture. Mice in the vehicle + US and GsMTx4 + US groups were exposed to the ultrasound
at an intensity of 0.2 W/cm? for 20 min/day, 7 days/week. The fractured femurs were
collected 14 days after the fracture.



2.2. In vivo ultrasound exposure

The fractured femurs in the US groups were exposed to an ultrasound stimulation for 20
min/day, 7 days/week. Mice were anesthetized with isoflurane and placed in the right lateral
decubitus position. The ultrasound transducer (3.3 cm in diameter) with the ultrasound
device (ULTRASON RE-3000; Nihon Medix, Chiba, Japan) was then placed at the center of
the fracture site from the lateral side of the femur in all mice. To maximize the coupling of
the transducer to the skin surface, the hindlimbs were shaved and the ultrasound gels were
applied between the skin and the ultrasound transducer. The ultrasound was delivered with a
pulse width of 200 ps of a 1.5 MHz sine wave with a repetition frequency of 1 kHz and
spatial-averaged temporal averaged intensity (Is474) of 0.04 or 0.2 W/cm?. Mice in the
untreated groups were similarly anesthetized and received sham treatment in which the

transducer and ultrasound gels were applied without emitting ultrasound.

2.3. Micro-computed tomography (uCT)

At the end of the experimental period, the fractured femurs were harvested and scanned
using a micro 3D X-ray CT system (R_mCT2; Rigaku, Tokyo, Japan) with an isotropic
voxel resolution of 10 pm, operating at a voltage of 90 kV, current of 160 pA, and a scan
time of 180 seconds. 3D image reconstruction and data processing were completed with
TRI/3D-BON software (Ratoc, Tokyo, Japan), and a 4.5-mm region of interest (ROI; 2.25
mm proximal and distal to the fracture gap) was used for the subsequent analyses.
Mineralized tissue was distinguished from the air and soft tissue by a threshold of 394.8 mg
HA/cm? [35]. Bone mineral density (BMD) and bone volume fraction (BV/TV) were
determined within the fracture callus ROIs using TRI/3D-BON script.

2.4. Mechanical testing

On day 28 post-fracture, the mechanical properties of the fractured femurs were assessed by
a three-point bending test using a mechanical testing device (AUTOGRAPH, Shimadzu,
Kyoto, Japan). The femur was placed anteriorly on two lower support bars 8 mm apart. A
constant load was then applied to the fracture site at a displacement rate of 10 mm/min until
failure. The resulting force and displacement data were analyzed to determine the ultimate

load and energy to failure.



2.5. Histology

2.5.1. Histological preparation

Non-demineralized frozen sections were prepared according to the Kawamoto method [36].
Briefly, the femurs on days 7, 14, and 21 post-fracture were freeze-embedded with a super
cryo-embedding medium (SCEM, Leica Microsystems, Tokyo, Japan) in isopentane at -
75°C. The frozen block was cut into 5-pm sagittal sections at a central point with the largest

callus area in the bone.

2.5.2. Histomorphometric analysis

Following a previous study [37], the fibrous, cartilaginous, and newly formed bone areas in
the total fracture callus were measured on digitized images of Safranin O/Fast green-stained
sections and alcian blue/picrosirius red-stained sections using Fiji/Imagel. The degree of
fracture healing was also scored on the same Safranin O-stained sections using the five-point
scale based on a previously described method [38]. To detect alkaline phosphatase (ALP)
and tartrate-resistant acid phosphatase (TRAP), sections were stained with a TRAP/ALP
staining kit (Wako Pure Chemical, Osaka, Japan) according to the manufacturer's
instructions. ALP- or TRAP-stained sections were color segmented using the color
deconvolution plug-in built into Fiji/ImageJ [39]. The ALP- or TRAP-positive areas in the
total callus were identified by Fiji/ImageJ on the segmented color images using a specific

threshold. The positive area per total callus area was calculated.

2.5.3. Immunohistochemistry

According to protocols established in our laboratory [14,40], sections were immunostained
against type II collagen (diluted 1:400, SAB4500366; Sigma Aldrich, St. Louis, MO, USA)
and type X collagen (diluted 1:10000, LB-0092; LSL, Tokyo, Japan). A subsequent reaction
was made by the streptavidin-biotin-peroxidase complex technique using an Elite ABC kit
(diluted 1:50, PK-6100; Vector Laboratories, Burlingame, CA, USA). Immunoreactivity was
visualized with diaminobenzidine tetrahydrochloride reagent (ImmPACT™ DAB peroxidase
substrate kit, SK-410; Vector Laboratories). The immunolabeled sections were
counterstained by Mayer’s hematoxylin. For quantitative analyses of immunolabeled
sections, the positive area of type Il and X collagen in the callus was identified using the
color deconvolution plugin in Fiji/Imagel [39]. Values were normalized to the total callus

arca.



2.6. Cells

MC3T3-E1 mouse osteoblasts were provided by the RIKEN BioResource center (Tokyo,
Japan). Cells were routinely maintained on 100-mm dishes coated with type I collagen
(Corning, NY, USA) in a-minimum essential medium (a-MEM; Wako Pure Chemical)
supplemented with 10% fetal bovine serum (FBS; Gibco, Carlsbad, CA, USA) and 1%
penicillin-streptomycin (Wako Pure Chemical) in a humidified 5% CO; balanced-air
incubator at 37°C. The medium was changed every 3 days.

Ocy454-12H murine osteocytes, a clonal derivative of Ocy454 cells that are highly
responsive to mechanical forces [41], were provided by the MGH Center for Skeletal
Research (Boston, MA, USA). Cells were cultured on collagen-coated dishes in a-MEM
(Wako Pure Chemical) containing 10% heat-inactivated FBS (Gibco) and 1% penicillin-
streptomycin (Wako Pure Chemical). Ocy454 cells were seeded at 6.0 x 10° cells per 100
mm diameter dish (Corning) and grown to the confluence at 33°C, then maintained at 37°C

with medium changes every 3 days before 3D co-culture experiments.

2.7. 3D osteocyte-osteoblast co-culture

To mimic the in vivo environment, Ocy454 osteocytes were three-dimensionally co-cultured
with MC3T3-E1 osteoblasts as previously described with some modifications [42]. A type |
collagen solution (#5153; Advanced BioMatrix, Carlsbad, CA, USA) was mixed with a
neutralizing solution (#5155; Advanced BioMatrix) according to the manufacturer's
instructions. The neutralized collagen solution was mixed 1:1 with 2 x a-MEM containing
4.4 g/l NaHCOs3. Ocy454 cells were added to the collagen solution on the ice at a cell
density of 1.5 x 10° cells/mL, and 1 mL was distributed in 12-well plastic plates (Corning)
for polymerization at 37°C for 1 hour. MC3T3-El cells in 1 mL a-MEM with 10% FBS
(Gibco) were then seeded on the surface of each gel (3.0 x 10° cells/well) and incubated at
37°C for 48 hours before ultrasound exposure. In some experiments, MC3T3-E1 cells were

three-dimensionally cultured without the Ocy454 cells to detect osteocyte functions.

2.8. Piezol siRNA transfection
The siRNA targeting Piezol and negative control were designed and synthesized by Thermo
Fisher Scientific (#s107969 and #AM4611; Waltham, MA, USA). Ocy454 cells were seeded

in 6-well plates at a density of 2.0 x 10° cells/well 24 hours before the transfection. Cells
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were then transfected with control or Piezol siRNAs using Lipofectamine RNAi MAX
reagent (Thermo Fisher Scientific). After transfection with siRNA for 48 hours, Ocy454
cells were embedded in the collagen gel as described above, and native MC3T3-E1 cells
were seeded on the surface of the gel. The transfected cells with the 3D co-culture system

were cultured under standard conditions for 48 hours before ultrasound stimulation.

2.9. In vitro ultrasound exposure

The 3D co-cultured cells were exposed to ultrasound through the bottom of the 12-well plate
on a clean bench at room temperature. Coupling gel was applied between the probe and the
plate, and a piece of sterilized silicone was immersed in the culture medium to absorb
ultrasound energy. Cells were exposed to ultrasound using a circular ultrasound transducer
with a diameter of 3.3 cm (ULTRASON RE-3000; Nihon Medix), operating at a frequency
of 1.5 MHz with a pulse duration of 200 ps and a repetition frequency of 1 kHz. The
exposure time was 20 min, and the ultrasound intensity (Zs474) was set to 0.04 or 0.2 W/cm?.
The control plates were exposed to the same conditions as the treated plates without
ultrasound. The 3D co-cultured cells were cultured in the 5% CO» incubator at 37°C for the

indicated times after ultrasound exposure.

2.10. RNA extraction and real-time polymerase chain reaction (PCR)

RNA samples were extracted separately from the surface (MC3T3-E1 osteoblasts) and gel-
embedded cells (Ocy454 osteocytes) of co-cultures 1 or 24 hours after ultrasound exposure
as previously described [42]. Briefly, gels were first incubated for 60 seconds with 1 mL
QIAzol (Qiagen, Hilden, Germany) to collect the surface osteoblasts, and then the
underlying gels were dissolved in a separate 1 mL QIAzol aliquot to extract RNA from gel-
embedded osteocytes. Total RNA was then extracted from each cell lysis using the RNeasy
Mini kit (Qiagen) according to the manufacturer's protocols. The quality of the isolated RNA
was checked by measuring the optical density 260/280 using a BioPhotometer D3
(Eppendorf, Hamburg, Germany). Total RNA and TagMan™ Fast Virus 1-Step Master Mix
(Thermo Fisher Scientific) were used for reverse transcription. Real-time PCR reactions
were conducted using the Step One Real-Time PCR System (Applied Biosystems, Foster
City, CA, USA) with TagMan gene expression assays (Applied Biosystems) for Runx2
(Mm00501580_ml), Collal (MmO00801666_g1), Alpl (Mm00475834 m1), Bglap3 (Ocn;

Mm01741771_gl), Sost (Mm00470479 m1), Dkk1 (Mm00438422 ml), Piezol
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(MmO01241549 ml), and Gapdh (Mm99999915 ¢g1). Gapdh was used as a housekeeping

control for calculating the relative expression of each target gene by using the 2-24¢ method.

2.11. Statistical analysis

Statistical analyses were conducted with EZR (Saitama Medical Center, Jichi Medical
University, Saitama, Japan), which is a graphical user interface for R (The R Foundation for
Statistical Computing, Vienna, Austria) [43]. The results were compared among groups with
an unpaired t-test or one-way ANOVA test followed by the Tukey HSD test. Allen’s score
was compared between groups with a Kruskal-Wallis nonparametric test followed by the
Steel-Dwass test. All values are presented here as the median and interquartile range. P

values less than 0.05 were considered significant.

3. Results

3.1. Higher-intensity ultrasound than LIPUS accelerated fracture callus mineralization

To investigate the effects of ultrasound exposure at different intensities on osteoporotic
fracture healing, mice were treated daily with ultrasound at intensities of 0.04 or 0.2 W/cm?
(Fig. 1A). uCT analysis showed that ultrasound exposure at 0.2 W/cm? increased BMD in
the fracture callus on days 14, 21, and 28 post-fracture compared to the untreated mice (Fig.
1B-D and S1A-C). In addition, BMD was higher in the US-0.2 W/cm? group than in the US-
0.04 W/cm? group on day 14 post-fracture. BMD in the US-0.04 W/cm? group was
statistically similar to that in the control group at all time points. Complete callus bridging
was observed in the 0.2 W/cm? ultrasound-treated group on day 28 post-fracture, whereas
only partial bridging was observed in the untreated group (Fig. S1C). No remarkable
changes were observed in BV/TV at the fracture site (Fig. 1E).

The mechanical strength of the fractured femur on day 28 was assessed by the
standard three-point bending test. Ultrasound exposure did not affect the maximum load of
the fractured femur (Fig. 2A and B). However, the 0.2 W/cm?-treated femur had a greater
displacement to failure (Fig. 2A), and its energy to failure was higher than that of the
untreated mice (Fig. 2C).

3.2. Higher-intensity ultrasound than LIPUS accelerated endochondral ossification
To investigate the effects of ultrasound on endochondral ossification, the fracture callus was

evaluated histologically by Safranin O/Fast green and alcian blue/picrosirius red staining
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(Fig. 3A and S2A). The degree of fracture healing as assessed by the Allen’s grading system
was greater in the US-0.2 W/cm? group than in the control and US-0.04 W/cm? groups on
day 14 post-fracture (Fig. 3B). Ultrasound exposure did not affect the fracture callus area at
any time point (Fig. 3C and S2B). On day 7 post-fracture, more cartilage formation was
observed in the ultrasound-exposed femur, but the difference was not significant (Fig. 3D
and S2C). Conversely, the cartilage area in the fracture callus of the US-0.2 W/cm? group
was lower than that of the control or US-0.04 W/cm? group on day 14 (Fig. 3D and S2C).
Ultrasound exposure at 0.2 W/cm? increased new bone formation in the callus on day 14
compared to the untreated and 0.04 W/cm?-treated mice (Fig. 3E). In Picrosirius red/Alcian
blue-stained sections, an increase in new bone mass was observed in the US-0.2 W/cm?
group not only on day 14 but also on day 7 (Fig. S2D). Fibrous tissue area, tissue other than
bone and cartilage in the callus, was less in the US-0.2 W/cm? group than in the control
group on days 7 and 14 (Fig. S2E).

Type II collagen-positive areas were greater in the 0.2 W/cm?-treated mice than in
the untreated mice on day 7 (Fig. 4A and B). Although few type X collagen-positive cells
were observed in the untreated callus on day 7, more positive cells were observed in the 0.2
W/cm?-treated callus (Fig. 4A). The percentage of type X collagen-positive area in the callus
was statistically higher in the US-0.2 W/cm? group than in the control and US-0.04 W/cm?
groups only on day 7 (Fig. 4C). ALP staining revealed that many ALP-positive cells were
present in the fracture callus of 0.2 W/cm?-treated mice on day 7, but few in untreated and
0.04 W/cm?-treated mice (Fig. 4D and E). In addition, the ALP-positive area on the new
bone surface remained greater in the US-0.2 W/cm? group than in the control and US-0.04
W/ecm? groups on day 14 (Fig. 4E). Ultrasound exposure did not affect the osteoclast activity
by TRAP staining at any time point (Fig. 4D and F).

3.3. Piezol inhibition attenuated fracture callus mineralization after ultrasound exposure

To understand the mechanisms by which higher-intensity ultrasound accelerates fracture
healing, we investigated the effects of inhibiting the mechanosensitive ion channel Piezol on
the fracture healing process (Fig. SA). Pharmacological inhibition of Piezol with GsMTx4
for 2 weeks induced bone loss in the unfractured femur (Fig. S3A-C). Ultrasound exposure
at 0.2 W/cm? enhanced callus mineralization of vehicle-treated mice on day 14 post-fracture
as confirmed by higher BMD, but the difference was not significant (P = 0.077) (Fig. 5B and

C). The ultrasound-induced callus mineralization was not observed in GsMTx4-treated mice
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(P=0.771) (Fig. 5C). BV/TV in the callus was not affected by either ultrasound or GsMTx4
treatment (Fig. S3D). Histological score of fracture healing is greater in the ultrasound-
treated vehicle mice, but the difference was not significant compared to untreated vehicle
mice (P = 0.088) (Fig. 5D and E). The score was comparable between GsMTx4 mice and
ultrasound-treated GsMTx4 mice (P = 1.000). Ultrasound or GsMTx4 treatment did not
affect callus size and cartilage area on day 14 post-fracture (Fig. 5F, G, and S3E-G).
Ultrasound exposure increased newly formed bone in the callus, but GsMTx4 administration
attenuated the ultrasound-induced increase (Fig. SH and S3H). Furthermore, ultrasound
increased the ALP-positive area in the callus in vehicle mice, but not in GsMTx4-treated
mice (P =0.501) (Fig. 51 and J). Fibrous area, type II collagen, type X collagen, and TRAP-
positive area on day 14 were not altered by either ultrasound or GsMTx4 treatment (Fig. S11-

0).

3.4. Higher-intensity ultrasound increased bone formation-related genes in the 3D
osteocyte-osteoblast co-culture system

To gain further insight into the osteogenesis-promoting effects of higher-intensity ultrasound
than LIPUS, collagen gel-embedded Ocy454 osteocytes were three-dimensionally co-
cultured with MC3T3-E1 osteoblasts and exposed to ultrasound at 0.2 or 0.04 W/cm? (Fig.
6A). Sclerostin mRNA expression in osteocytes was comparable between groups 1 hour
after ultrasound exposure (Fig. 6B), but its expression was reduced by ultrasound at 0.2
W/cm? after 24 hours compared to the untreated cells (Fig. 6D). The expression of Dkk1 in
osteocytes is lower in the US-0.2 W/cm? group than in the control group 1 hour after
ultrasound exposure, but the difference was not significant (P = 0.063) (Fig. 6B). In RNA
samples extracted from osteoblasts on the collagen gel surface, ultrasound at 0.2 W/cm?
increased Runx2, Collal, and Alpl expression 1 hour after exposure compared to the
untreated cells, but not Ocn (Fig. 6C). The expression of Runx2 and Alpl was also higher in
the US-0.2 W/cm? group than in the US-0.04 W/cm? group. After 24 hours of the exposure,
Runx2 and Collal expression levels returned to baseline, whereas Alpl expression remained
higher than in the control group (Fig. 6E). Ocn expression showed a non-significant increase
in the US-0.2 W/cm? group 24 hours after ultrasound exposure (P = 0.061; versus the control
group) (Fig. 6E).

11



3.5. Osteocyte Piezol inhibition attenuated bone formation-related gene expression in
osteoblasts after ultrasound exposure

To determine the role of osteocytes in ultrasound-induced bone formation, MC3T3-E1
osteoblasts were cultured on the collagen gel with or without Ocy454 osteocytes. Changes in
osteoblastic genes after ultrasound exposure were compared with or without osteocytes (Fig.
7A). As a result, ultrasound increased the expression of osteoblastic genes with or without
osteocytes, but the expression of Runx2 and Alpl after ultrasound exposure was higher in
osteocyte-osteoblast co-culture than in osteoblast single culture (Fig. 7B-E). Next, to
investigate whether Piezol in osteocytes mediates the ultrasound-induced bone formation,
Piezol was knocked down in Ocy454 osteocytes by siRNA (Fig. 8A). The siRNA
transfection was reduced Piezol expression in collagen gel-embedded osteocytes (Fig. 8B).
Ultrasound exposure decrease Sost expression in osteocytes, but the difference was not
significant (P = 0.094) (Fig. 8C). The expression of Sost was comparable between untreated
cells and ultrasound-treated cells in Piezol knockdown osteocytes (P = 0.994). Ultrasound
decreased Dkk1 expression to a similar extent in both control and Piezol siRNA-transfected
osteocytes (Fig. 8D). Ultrasound exposure increased Runx2 expression in osteoblasts,
whereas the difference was not detected when osteoblasts were co-cultured with Piezol
knockdown osteocytes (P = 0.259) (Fig. 8E). There was no apparent difference in Collal
expression in osteoblasts (Fig. 8F). The expression of Alpl was increased by ultrasound
exposure in with or without Piezol siRNA, whereas its expression was lower in the Piezo1l
siRNA cells than in the control siRNA cells (Fig. 8G). Ocn expression in osteoblasts was
increased by ultrasound exposure regardless of the presence or absence of Piezol in

osteocytes (Fig. 8H).

4. Discussion

This study explored the effects of different ultrasound intensities on fracture healing. Our
findings showed that higher-intensity ultrasound than LIPUS increased cartilage formation
and osteoblastic activity in the fracture callus, thereby accelerating endochondral ossification
in the early stages of fracture healing. In addition, the inhibition of Piezol in vivo and in
vitro attenuated fracture callus mineralization and bone formation after ultrasound exposure,
suggesting that Piezol-mediated mechanotransduction is involved, at least in part, in

ultrasound-induced acceleration of fracture healing.
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The early stages of fracture healing are characterized by chondrogenesis. The
chondrogenic area was observed in the fracture callus on day 7 post-fracture, and ultrasound
at an intensity of 0.2 W/cm? increased the type 1I collagen-positive area in the callus.
Although several reports have shown increased chondrogenesis in the fracture callus after
LIPUS exposure [44,45], our results indicate that higher-intensity ultrasound than LIPUS
can promote chondrogenesis in the early stages of fracture. This is consistent with some
previous results, which have observed that ultrasound promotes chondrogenic differentiation
of mesenchymal stem cells in an intensity-dependent manner [15,16]. The chondrogenic area
in the callus is determined by the magnitude of local strain and hydrostatic pressure, and
greater mechanical stress at fracture sites promotes chondrogenic differentiation of
mesenchymal stem cells [46]. In light of these findings, higher-intensity ultrasound may
produce greater mechanical stress at the fracture site than LIPUS, resulting in more
chondrogenesis in the early stages of fracture. Hypertrophic chondrocytes differentiate from
mature chondrocytes in the callus, which mediates the cartilage-to-bone transition during
endochondral ossification [47]. In this study, ultrasound at 0.2 W/cm? increased type X
collagen-positive cells, a marker of hypertrophic chondrocytes, indicating that higher-
intensity ultrasound accelerates the cartilage-to-bone transition. Ultrasound-induced
differentiation of hypertrophic chondrocytes is controversial with one report indicating that
LIPUS decreases type X collagen in chondrocytes [48], while another study found an
increase in cartilage explants [49]. The expression of type X collagen in chondrocytes after
ultrasound exposure depends on the ultrasound intensity and cell differentiation stage [50].
Furthermore, ultrasound can stimulate hypertrophy in chondrocytes developing toward
terminal differentiation, similar to those in the fracture callus, but not stable hyaline cartilage
[49]. Our results indicate that higher-intensity ultrasound may enhance bone formation by
increasing the hypertrophy of chondrocytes in the fracture callus. Considered together, our
results suggest that higher-intensity ultrasound than LIPUS stimulates cartilage formation
and hypertrophic differentiation of chondrocytes in the early stages of fracture, resulting in
accelerated endochondral ossification.

Besides cartilage formation, higher-intensity ultrasound than LIPUS enhanced
osteoblastic differentiation in the fracture callus as reflected by an increased ALP-positive
area. In support of this, ultrasound-intensity dependent effects on osteoblastic activation
were observed in the bone defect [12,51] and ovariectomy-induced osteoporosis models

[13,14]. Our results also show that higher-intensity ultrasound, but not LIPUS, enhances
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osteoblastic activity in a transverse fracture model that develops through endochondral
ossification similar to human fractures. Osteoblasts in the fracture callus have long been
thought to be provided by the progenitor cells that enter the callus with vascularization
following the hypertrophic chondrocyte apoptosis [52]. However, accumulating evidence
suggests that hypertrophic chondrocytes are a major source of osteoblasts in the callus and
that transdifferentiation of chondrocytes into osteoblasts is the dominant pathway for
endochondral ossification during fracture healing [53]. In the present study, ultrasound
exposure increased hypertrophic chondrocytes in the callus, which may lead to increased
osteoblasts and ultimately accelerated callus mineralization. Further research is needed to
determine whether mechanical stress, such as ultrasound, can stimulate the
transdifferentiation of hypertrophic chondrocytes into osteoblasts. Osteoclasts labeled with
TRAP, the main cells involved in callus remodeling, were not affected by ultrasound
exposure in this study. The effects of ultrasound on osteoclasts are controversial with studies
showing increased [54], decreased [55], or no change [12] in osteoclast activity in vivo and
in vitro. Moreover, knockout mice for cathepsin K, a major substrate protein of osteoclasts,
accelerate callus mineralization due to increased osteoblastic bone formation without
osteoclast changes [56]. In summary, higher-intensity ultrasound than LIPUS accelerates
fracture healing by increasing osteoblastic bone formation in the callus, but not osteoclastic
callus resorption.

For ultrasound to have a biological effect, the mechanical signals must be converted
into biochemical signals inside the cells. Piezol channel is activated by mechanical stress in
bone cells and is involved in physiological processes in bone via intracellular calcium
signaling [24-26]. In this study, ultrasound-stimulated fracture callus mineralization and new
bone formation were suppressed by Piezol inhibition through GsMTx4 administration.
Several in vitro studies have shown that ultrasound acoustic waves activate Piezol in various
cell types [27-30], and our results suggest that Piezo1 is also essential for ultrasound sensing
in vivo. Piezol is also expressed in chondrocytes and contributes to endochondral
ossification in the growth plate [57], and administration of Yodal, a Piezol agonist,
accelerates fracture healing [31], indicating that activation of Piezol may accelerate
endochondral ossification. These results indicate that the Piezol channel may transduce
ultrasonic mechanical signals into biochemical signals in vivo, which plays a critical role in
ultrasound-stimulated fracture healing. Unexpectedly, in contrast to previous studies

reporting that genetic inhibition of Piezo1 delayed fracture healing [31,32], administration of
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GsMTx4 did not affect normal fracture healing. Unlike genetic approaches, pharmacological
inhibition using GsMTx4 may affect ion channels other than Piezol, such as the activation
of TREK-1, which is responsible for mechanotransduction sensing in osteoblasts [58,59].
Given the complex mechanical-biological interactions in the fracture healing process,
different approaches to Piezol inhibition may lead to different outcomes in fracture healing.
The role of Piezol in normal fracture healing is only partially understood and requires
further investigation.

Osteocytes play an important role in mechanotransduction in bone and also in the
fracture healing process [21]. To elucidate the role of osteocytes in ultrasound-stimulated
bone formation, we developed a 3D osteocyte-osteoblast co-culture system to investigate the
effects of ultrasound on mechanotransduction between osteocytes and osteoblasts. The
results showed that higher-intensity ultrasound than LIPUS downregulated sclerostin
expression in osteocytes and upregulated bone formation-related gene expression in
osteoblasts. The mechanosensitive protein sclerostin negatively regulates osteoblastic bone
formation via canonical Wnt signaling [60]. Dkk1, an another strong Wnt antagonist [61],
also showed a non-significant decrease after ultrasound exposure. Thus, ultrasound may
promote bone formation in osteoblasts by decreasing Wnt antagonist gene expression in
osteocytes. Nonetheless, ultrasound at LIPUS intensity did not affect the expression of
sclerostin, Dkk1, and bone formation-related genes. This is consistent with our previous in
vivo study showing that higher-intensity ultrasound decreases sclerostin expression in
cortical bone, but not LIPUS intensity [12]. These findings support that sclerostin expression
i1s downregulated in mechanical stress magnitude-dependent manner [60], suggesting that
only higher-intensity ultrasound induces mechanotransduction in osteocytes, leading to
enhanced osteoblastic bone formation. The expression of Runx2 and Alpl after ultrasound
exposure was lower in the osteoblast single culture than in the osteocyte-osteoblast co-
culture in this study. This result suggests that osteocytes play a role in ultrasound-induced
osteoblastic bone formation. Previous studies have also shown the importance of osteocytes
in ultrasound responses, reporting that conditioned media from ultrasound-stimulated
osteocytes promotes osteoblast differentiation [22]. Additionally, ultrasound does not affect
fracture healing in medaka, whose bones lack osteocytes [23]. Furthermore, the ultrasound-
induced downregulation of sclerostin in osteocytes was attenuated by osteocytic Piezol
knockdown in osteocyte-osteoblast co-culture. Sclerostin is known to be downstream of the

Piezo1-Akt signaling pathway in osteocytes [62]. In contrast, the expression of osteocytic
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Dkk1 after ultrasound was not altered by Piezol knockdown. While Dkk1 has been
indirectly suggested to be a downstream target of Piezol [63], our in vitro knockdown
experiments indicate that Piezol may not be involved in the ultrasound-induced decrease in
osteocytic Dkk1 expression. Thus, our results suggest that osteocytic Piezol is activated by
ultrasound acoustic waves and induces mechanotransduction via sclerostin downregulation.
Osteocytic Piezol knockdown affected not only osteocytes but also osteoblasts, attenuating
ultrasound-induced osteoblastic gene (Runx2 and Alpl) expression. Runx2 and Alpl are
activated by canonical Wnt signaling in osteoblasts, which is negatively regulated by
osteocytic sclerostin [64,65]. Therefore, osteocytic Piezol may mediate ultrasound-
stimulated osteoblastic bone formation through mechanotransduction between osteocytes
and osteoblasts via sclerostin regulation. Collectively, these findings suggest that osteocytes
are essential for ultrasound-induced bone formation and that osteocytic Piezol is involved in
ultrasound sensing and response.

This study has several potential limitations. First, we used a rodent fracture model to
investigate the effects of different ultrasound intensities. Soft tissues in humans are thicker
than in mice, and therefore it remains unclear whether an ultrasound intensity of 0.2 W/cm?
is optimal for human fractures due to the attenuation effect of ultrasound. However, when
the ultrasound pressure field is considered, the acoustic pressure on the bone is comparable
between ultrasound applied to rodent limbs and human femurs, the deepest clinically treated
bone [19]. The stages of fracture healing in mice match those observed clinically, and many
studies have reported the therapeutic effects of ultrasound using rodent models [45,66,67].
Second, our study investigated the effects of Piezol-mediated mechanotransduction using
male mice. The estrogen status in bone has been shown to affect bone mechanotransduction
[34,68]. Understanding sex differences in the relationship between ultrasound and bone
mechanotransduction is important for the therapeutic strategies of postmenopausal
osteoporotic fractures. Finally, this study demonstrated the role of Piezol in ultrasound-
stimulated fracture healing using the Piezol inhibitor GsMTx4, but was unable to elucidate
even cell type-specific Piezol function. Although our in vitro results showed that osteocytic
Piezol is involved in ultrasound-stimulated bone formation, Piezol in periosteal stem cells
and endothelial cells have been reported to contribute to fracture healing [31,32]. In addition,
GsMTx4 is known to affect ion channels other than Piezol [58], and its off-target effects

should be noted. Further studies are needed to better define the mechanism by which Piezol
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contributes to ultrasound-stimulated fracture healing using calcium imaging and cell type-

specific knockout mice.

5. Conclusion

In conclusion, this study demonstrates that higher-intensity ultrasound than clinically used
LIPUS can accelerate endochondral ossification after fracture by promoting chondrogenesis
and osteoblast differentiation in the fracture callus. Furthermore, our results suggest that
mechanotransduction via Piezol mediates, at least in part, ultrasound-stimulated fracture
healing and bone formation. The ultrasound intensity of 0.2 W/cm? in this study is within the
range of non-invasive intensities used clinically for pain and soft tissue injury [69].
Ultimately, this modality needs to be scaled up to humans before its clinical utility can be
realized; however, we provide a potential novel mechanobiological approach for accelerating

fracture healing.
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Figure 1

Higher-intensity ultrasound than LIPUS accelerated callus mineralization of osteoporotic

fracture. (A) Female mice underwent bilateral ovariectomy. Four weeks after the

ovariectomy, a standard transverse mid-shaft femoral fracture was created. Mice received

ultrasound at intensities of 0.04 or 0.2 W/cm? for 20 min/day, 7 days/week starting from day
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1 after the fracture. (B) Representative 3D images of fractured femurs are shown. Scale bar =
3 mm. (C) Representative transverse and sagittal pCT images of fractured femurs on day 14
post-fracture are shown. The graphs show (D) bone mineral density (BMD) and (E) bone
volume fraction (BV/TV) in the fracture callus. Data are presented as the median and

interquartile range. n = 7-8 mice/group/time point.
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Figure 2

Higher-intensity ultrasound than LIPUS promotes recovery of mechanical strength in
fractured femurs. (A) Representative load-displacement curves obtained from a three-point
bending test are shown. The graphs show (B) maximum load and (C) energy to failure
calculated from the load-displacement curves. Data are presented as the median and

interquartile range. n = 7-8 mice/group/time point.
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Figure 3

Higher-intensity ultrasound than LIPUS accelerated endochondral ossification of
osteoporotic fracture. (A) Representative Safranin-O-stained images of fractured femurs are
shown. Scale bar = 500 um. The graphs show (B) the degree of fracture healing according to
Allen’s grading system, (C) the fracture callus area and the percentage of (D) cartilage, and
(E) the newly formed bone area in the fracture callus. Data are presented as the median and

interquartile range. n = 7-8 mice/group/time point.
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Figure 4

Higher-intensity ultrasound than LIPUS stimulated cartilage formation and osteoblast

differentiation in the fracture callus. (A) Representative immunostained images for type 11

collagen and type X collagen of fractured femurs are shown. Scale bar = 100 um. The graphs

show the percentage of (B) type II collagen- and (C) type X collagen-positive area in the

fracture callus. (D) Representative ALP- and TRAP-stained images of fractured femurs are
shown. Scale bars = 100 um. The graphs show the percentage of (E) ALP- and (F) TRAP-

positive areas in the fracture callus. Data are presented as the median and interquartile range.

n = 7-8 mice/group/time point.
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Figure 5

The Piezol inhibitor GsMTx4 attenuated callus mineralization after ultrasound exposure.
(A) Male mice underwent mid-shaft femoral fracture. Mice were intraperitoneally injected
with vehicle control (saline) or 1 mg/kg GsMTx4 every day. The mice were exposed to the
ultrasound at an intensity of 0.2 W/cm? for 20 min/day, 7 days/week. Fractured femurs were
collected 14 days after the fracture. (B) Representative 3D images of fractured femurs are
shown. Scale bar = 3 mm. (C) The graph shows the bone mineral density (BMD) in the
fracture callus. (D) Representative Safranin-O-stained images of fractured femurs are shown.
Scale bar = 500 um. The graphs show (E) the degree of fracture healing as assessed by
Allen’s grading system, (F) the fracture callus area, and the percentage of (G) cartilage, and
(H) the newly formed bone area in the fracture callus. (I) Representative ALP-stained images

of fractured femurs are shown. Scale bars = 100 um. (E) The graphs show the percentage of
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ALP-positive area in the fracture callus. Data are presented as the median and interquartile

range. n = 5-6 mice/group.
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Figure 6

Higher-intensity ultrasound than LIPUS increased bone formation-related genes in 3D
osteocyte-osteoblast co-culture. (A) Ocy454 osteocytes were three-dimensionally co-
cultured with MC3T3-E1 osteoblasts. The 3D co-cultured cells were exposed to ultrasound
at intensities of 0.04 or 0.2 W/cm? for 20 min. RNA samples were extracted separately from
the surface (MC3T3-E1 osteoblasts) and gel-embedded cells (Ocy454 osteocytes) 1 or 24 h
after ultrasound exposure. The graphs show the mRNA expression of Sost and Dkk1 in
osteocytes and Runx2, Collal, Alpl, and Ocn in osteoblasts (B and C) 1 hour or (D and E)
24 hours after ultrasound exposure. Data are presented as the median and interquartile range.

n = 4 per group.
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Figure 7

Osteocytes is involved in bone formation-related gene expression in osteoblasts after
ultrasound exposure. (A) MC3T3-E1 osteoblasts were cultured on the collagen gel with or
without Ocy454 osteocytes. RNA samples were extracted from osteoblasts 1 hour after
ultrasound exposure. The graphs show the mRNA expression of (B) Runx2, (C) Collal, (D)
Alpl, and (E) Ocn in osteoblasts cultured with (Ocy-Ob) or without osteocytes (Ob). Data are

presented as the median and interquartile range. n = 4 per group.
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Figure 8

Piezol knockdown in osteocytes attenuated bone formation-related gene expression in

osteoblasts after ultrasound exposure. (A) Ocy454 osteocytes were transfected with control

or Piezol siRNAs. siRNA-transfected Ocy454 cells were then embedded in the collagen gel,

and native MC3T3-E1 cells were seeded onto the surface of the gel. RN A samples were

extracted from osteocytes and osteoblasts 1 hour after ultrasound exposure. (B) The graph
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shows Piezol mRNA expression in osteocytes. The graphs show the mRNA expression of
(C) Sost and (D) Dkk1 in osteocytes and (E) Runx2, (F) Collal, (G) Alpl, and (H) Ocn in

osteoblasts. Data are presented as the median and interquartile range. n = 4 per group.
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Figure S1
Representative transverse and sagittal uCT images of fractured femurs on days (A) 7, (B) 21,
and (C) 28 post-fracture are shown.
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Figure S2

(A) Representative alcian blue/picrosirius red-stained images of fractured femurs are shown.
Scale bar = 500 pm. The graphs show (B) the fracture callus area and the percentage of (C)
cartilage, (D) the newly formed bone, and (E) the fibrous area in the fracture callus. Data are

presented as the median and interquartile range. n = 7-8 mice/group/time point.

36



P=0.035 D [T Control

A

(vy)
O

25- P=0.020 600 1 151 [ Uttrasound
Vehicle GsMTx4 |
201 08 | N-E @
— (@] Y -
Tl o B 5™ £ g &
= [<)]
> £ >
= 104 - l:
> [m] > 54
m = 400N m
54 ]
ol 01— 0 T T
Vehicle GsMTx4 Vehicle GsMTx4 Vehicle GsMTx4
E F 7 G ] [C] Control
Control Ultrasound 5 [ Ultrasound
E, 101 3 101
« o
o @
s g
0 cd 8 )
% 5 .g 5
(&] (6]
0 v v 0 r :
Vehicle GsMTx4 Vehicle GsMTx4
60 40+ Control Ultrasound 02 B Conirol
® c}_‘e [ Ultrasound
— 52 - =
n\u °|_| 30 .E E
= 40 © ] © :
3 5 g g
© w 207 =
[} 3 ®
g : X 8
8 S 10+ e -y
- 3
8 r:
0 r . 0 r r e F
Vehicle GsMTx4 Vehicle GsMTx4
L = N O%F
Control Ultrasound S 201 B Control Control Ultrasound ‘;‘ 10- B Control
. € : @ i ;
ol % : J:f’ = [ Ultrasound B g I Ultrasound
CE A % o © 9
ey i 2 151 ¢ = 2
) E R S g
3 - i o
2 o o
S c
5] 2 =B &
[l = = 2
== =} = [+}
[ [+ [T} o
Q > (L] -
s Q
- &
= e
Figure S3

(A) Representative 3D images of the unfractured femur from GsMTx4-treated mice are
shown. The graphs show (B) bone volume fraction (BV/TV) and (C) bone mineral density
(BMD) of the unfractured femur. (D) The graph shows BV/TV in the fracture callus. (E)
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Representative alcian blue/picrosirius red-stained images of fractured femurs are shown.
Scale bar = 500 um. The graphs show (F) the fracture callus area and the percentage of (G)
cartilage, (H) the newly formed bone, and (I) the fibrous area in the fracture callus. (J)
Representative TRAP-stained images of fractured femurs are shown. Scale bar = 100 um.
(K) The graphs show the percentage of TRAP-positive area in the fracture callus. (L)
Representative immunostained images for type II collagen of fractured femurs are shown.
Scale bar = 100 um. (M) The graphs show the percentage of type II collagen-positive area in
the fracture callus. (N) Representative immunostained images for type X collagen of
fractured femurs are shown. Scale bar = 100 um. (O) The graphs show the percentage of
type X collagen-positive area in the fracture callus. Data are presented as the median and

interquartile range. n = 5-6 mice/group.
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