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A B S T R A C T

Background: Hyperbaric oxygen (HBO) therapy is widely used to treat bone defects, but the correlation of high
oxygen concentration and pressure to osteogenesis is unclear.
Methods: Bilateral monocortical tibial defect surgeries were performed on 12-week-old Prrx1-Cre; Rosa26-
tdTomato and Prrx1-Cre; Piezo1fl/+ mice. Daily HBO treatment was applied on post-surgery day (PSD) 1–9; and
daily mechanical loading on tibia was from PSD 5 to 8. The mice were euthanized on PSD 10, and bone defect
repair in their tibias was evaluated using μCT, biomechanical testing, and immunofluorescence deep-tissue
imaging. The degree of angiogenesis–osteogenesis coupling was determined through spatial correlation anal-
ysis. Bone marrow stromal cells from knockout mice were cultured in vitro, and their osteogenic capacities of the
cells were assessed. The activation of genes in the Piezo1–YAP pathway was evaluated using RNA sequencing and
quantitative real-time polymerase chain reaction.
Results: Lineage tracing showed HBO therapy considerably altered the number of Prrx1+ cells and their progeny
in a healing bone defect. Using conditional knockdown mice, we found that HBO stimulation activates the
Piezo1–YAP axis in Prrx1+ cells and promotes osteogenesis–angiogenesis coupling during bone repair. The
beneficial effect of HBO was similar to that of anabolic mechanical stimulation, which also acts through the
Piezo1–YAP axis. Subsequent transcriptome sequencing results revealed that similar mechanosensitive pathways
are activated by HBO therapy in a bone defect.
Conclusion: HBO therapy promotes bone tissue regeneration through the mechanosensitive Piezo1–YAP pathway
in a population of Prrx1+ osteogenic progenitors. Our results contribute to the understanding of the mechanism
by which HBO therapy treats bone defects.
The Translational Potential of this Article: Hyperbaric oxygen therapy is widely used in clinical settings. Our results
show that osteogenesis was induced by the activation of the Piezo1–YAP pathway in osteoprogenitors after HBO
stimulation, and the underlying mechanism was elucidated. These results may help improve current HBO
methods and lead to the formulation of alternative treatments that achieve the same functional outcomes.

1. Introduction

Hyperbaric oxygen (HBO) therapy refers to a treatment using pure

oxygen at pressure higher than one atmosphere. HBO has been inte-
grated with clinical treatments for nearly a hundred diseases, such as
cardiopulmonary resuscitation, neurological diseases, cardiovascular
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diseases, and gas embolism [1–3]. HBO increases oxygen penetration
and the amount of dissolved oxygen in the blood and tissues. HBO
therapy exhibits significant effect in reducing inflammation [4]. HBO
therapy has also shown efficacy for tissue regeneration, such as skin and
bone tissue regeneration [5–9]. However, the biological mechanisms
during the treatment process are still unclear.

Fractures reduce quality of life, increase mortality, and impose
considerable economic burden [10]. The extended length of time for a
bone defect to heal is long, imposes financial burden, induces comor-
bidities, and increases mortality. Some bone defects do not heal,
increasing personal and societal costs. Bone tissue regeneration is sen-
sitive to mechanical forces. Mechanical loading during the matrix
deposition phase enhances bone repair [11–14]. In mice, bone repair
depends on angiogenesis because the enhancement of angiogenesis ac-
celerates fracture healing [15–19]. For example, cilostazol can stimulate
angiogenesis and promote bone repair [20]. Conversely, the inhibition
of angiogenesis completely abolishes new bone formation in rats with
bone fracture [21]. Type H vessels are present during bone formation
[22,23], showing high levels of CD31 and EMCN expression and playing
an important role in bone tissue regeneration [24]. These unique vessels
could be upregulated by mechanical loading and led to an increase in
bone mass through angiogenesis–osteogenesis coupling [25,26].

Skeletal stem cells expressing Prrx1 would migrate into bone defects
and undergo osteogenic differentiation. Prrx1+ cells and their de-
rivatives, which are called osteogenic progenitors, are required for ho-
meostasis and repair of trabecular and endosteal bones in adult mice
[27–30]. The depletion of Prrx1+ cells would result in compromised
fracture healing [31]. Osteogenic progenitors are mechanosensitive cells
regulated by mechanical signals during bone fracture repair [32].
Piezo1, a major membrane mechanosensory protein, is regarded as a
major mechanosensor in bone homeostasis, while conditional knockout
of Piezo1 in Prrx1+ cells resulted in severe bone developmental defects
[33–36]. Piezo1/YAP/Runx2 is one of important signaling pathways for
osteogenesis [37,38].

HBO stimulates through hyperphysiological oxygen concentration
and high pressure. As Piezo1 could be modulated by oxygen [39] and
mechanical forces [33,34], we speculated that HBO activates Piezo1 and
related signaling pathway in osteogenic cells to promote bone
regeneration.

In this study, we hypothesized that HBO promotes bone regeneration
by activating the mechanosensitive pathways in osteogenic progenitors
though the Piezo1–YAP axis. We used a tibial defect bone repair model,
which produces a consistent repair response in time and space [12], and
a three-dimensional (3D) high-resolution imaging platform to observe
and quantify vessels and osteogenic progenitors during bone repair. We
found that HBO therapy promoted bone repair by promoting angio-
genesis and osteogenesis. HBO activated the expression of Piezo1 and
downstream genes in the Prrx1+ cells, and the conditional knockout of
Piezo1 expression inhibited the pro-osteogenic effects of HBO and me-
chanical loading.

2. Materials and methods

2.1. Animals

All the animals in this study were mice of C57BL/6J background. All
the mice were housed under specific pathogen-free (SPF) conditions in
the Southern University of Science and Technology Animal Care Facility
and had access ad libitum to standard mouse chow and water for the
duration of the study. Twelve-week-old female mice were used for in
vivo surgery and bone analysis regardless of their genotype. C57BL/6J
mice were used for all wild-type (WT) bone analysis. Mice with condi-
tionally knocked out Piezo1 expression in Prrx1+ cells (Prrx1–Cre, Pie-
zo1flox/flox and Prrx1-Cre, Piezo1flox/+) were obtained by crossing the
Prrx1–Cre mice and Piezo1flox/flox mice. Mice with tracked Prrx1+ cells
by tdTomato (Prrx1–Cre, tdTomato) were obtained by crossing the

Prrx1–Cre mice and Ai14(RCL-tdT)-D mice. The Ai14(RCL-tdT)-D mice
were purchased from the Jackson laboratory. The Prrx1–Cre mice and
Piezo1flox/flox mice were purchased from Cyagen Biosciences. All in vivo
animal protocols were approved by the Institutional Animal Care and
Use Committee (SUSTech-JY202201011). Before sample collection,
mice were anesthetized with isoflurane (2 % in air) and euthanized by
cervical dislocation.

2.2. Long-bone defect repair model

Mouse monocortical tibia defect (MTD) surgery was conducted as
previously described [12]. All the mice were anesthetized with iso-
flurane (1.5 % in air), and subcutaneous meloxicam was used as anal-
gesic (1 mg/kg). We first made a longitudinal skin incision over the
lower limb. Then, we created a 1 mm-diameter circular defect with a
high-speed drill on the anterior medial surface of the mouse tibia
centered between the tibiofibular junction and tibial tubercle. The
defect center was 4 mm distal to the proximal articulating surfacing of
the tibia. The incision was closed with 6-0 nylon sutures after saline
irrigation. A heating pad was used to protect mice from hypothermia.
Erythromycin ointment was used after the surgery to protect the wound
from infection.

2.3. HBO treatment

Mice in the HBO group were placed in the hyperbaric oxygen
chamber. We first increased the oxygen concentration to 95 % in the
chamber. Then the pressure was increased to 2.4 atm absolute (ATA)
with the duration of 14 min, while the oxygen concentration was further
increased to 98 %. Mice remained in this hyperbaric oxygen environ-
ment for 90 min, then removed after 14 min of decompression. The
treatment was performed once a day after the surgery. Mice showed no
obvious pain or discomfort during hyperbaric oxygen treatment.

2.4. Mechanical loading

Mice were anesthetized with isoflurane (1.5 % in air). The left tibia
was axially compressed by an electromagnetic mechanical test system
(M− 100, CARE Measurement & Control, Tianjin, China). Loading was
applied once a day on PSD 5–8, using a continuous sinusoidal waveform
at 2 Hz, with a force amplitude of 1–6 N for 120 cycles. The right tibiae
were not loaded, serving as contralateral control. Mice showed no
obvious pain or discomfort during mechanical loading.

2.5. Microcomputed tomography

The tibias were harvested, and scanned using a microcomputed to-
mography (micro-CT) scanner (Skyscan 1172, Bruker, USA) at a voltage
of 60 kV, current of 100 μA, and resolution of 6 μm. The CTAn software
was used to analyze bone volume to total volume (BV/TV) ratio,
trabecular number (Tb.N), trabecular thickness (Tb.Th), and trabecular
spacing (Tb.Sp). The 3D reconstruction of the intact bone and defect
region was performed using CTvox (Bruker, USA). The volume of in-
terest (VOI) was the circular region of the tibial defect, on the same
frontal plane as the existing cortical bone. BV/TV was defined as the
ratio of the segmented bone volume to the total volume in the VOI. Tb.N,
Th.Th, and Tb.Sp were defined as the average number of trabeculae per
unit length, mean thickness of trabeculae, and distance between
trabeculae in the VOI, respectively. The computation of Tb.N, Th.Th,
and Tb.Sp was based on 3D calculations, namely, a sphere fitting method
[40]. The basic approach is to determine the diameter of the largest
possible sphere that can be fitted through each voxel that is completely
contained within an object (or background) and then to average these
diameters.
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2.6. Mechanical testing

The mechanical properties of the bone-defect tissue were determined
using digital image correlation (DIC) according to previously published
methods [41]. The surfaces of the tibias were coated with a layer of matt
and water-based white acrylic paint (XF-2, Tamiya Paint, USA) and then
speckled with matt and water-based black paint (0741, Haoshun, China)
with a high-precision airbrush. The painted tibias were placed in the
loading cups of an electromagnetic mechanical test system (M− 100,
CARE Measurement & Control, Tianjin, China). Axial compressive me-
chanical load was applied at a rate of 8 N/min up to a maximum of 12 N,
and the strain field was determined using the 3D DIC system (XTDIC--
Micro, XTOP, China).

2.7. Immunofluorescent staining of thick bone sections

Mice were sacrificed on PSD 4 and 8. Frozen thick longitudinal tibia
sections (80 μm)were prepared as described previously [42]. Soft tissues
were stripped off from each tibia, which was fixed in 4 % para-
formaldehyde (PFA) at 4 ◦C for 4 h, decalcified in 0.5 M EDTA at 4 ◦C for
24 h, cryoprotected at 4 ◦C for 24 h, and cryoembedded. Cryosections
were prepared using a cryostat (Leica 3050S) with a thickness of 80 μm
and stored at − 80 ◦C.

For immunostaining, the tibia sections were hydrated, per-
meabilized, blocked, and incubated with primary antibodies against
endomucin (V.7C7, 1:200, SANTACRUZ), Prrx1 (ab211292, 1:200,
Abcam), CD31 (FAB3628G, 1:200, R&D), and YAP (14074S, 1:200, Cell
Signaling Technology) overnight. The next day, the sections were
incubated with antirabbit Alexa Fluor 647 (A31573, 1:300, Thermo
Fisher) or antigoat Alexa Fluor 647 (A21247, 1:300, Thermo Fisher)
secondary antibody for 1 h at room temperature. The sections were
washed with phosphate-buffered saline (PBS), mounted with DAPI
FluoroMount-G (0100-20, SouthernBiotech), and sealed with coverslips.

2.8. Confocal and two-photon imaging

A Zeiss LSM980 confocal laser scanning microscope with a 20 ×

objective lens was used in obtaining 3D fluorescent images. The z stacks
of 40 μm in height and an x-y detect area at a size of 1024× 1024 pixels,
with a resolution of 0.414 μm, were taken for each slide, and a 1-mm
defect was imaged by tiling four z stacks, spanning 1600 mm along
the long axis of the tibia.

The second harmonic generation of collagen fibers was acquired
using an Olympus FVMPE-RS Multiphoton laser scanning microscope
(Japan). Images were excited with an 860 nm laser, and emissions were
detected using 420–465 filters. The z stack of 40 μm height and an x-y
detect area, at a size of 1024 × 1024 pixels, with a resolution of 0.414
μm, were obtained from each sample.

2.9. 3D image analysis

The z stacks obtained from two-photon microscopy were rendered in
3D using Bitplane Imaris v7.4.1 and Fiji. In the deep-tissue images of
longitudinal thick sections of the MTD, the irregular VOIs of the whole
bone defect were selected as quantitative regions, including cortical
bone and bone marrow defects. These VOIs were used for the analysis of
the effects of HBO therapy and mechanical loading on multiple tissue
types and progenitor cell populations within a healing defect. 3D vol-
umes generated from the VOIs were used in the segmentation and
quantification of type H vessels (EMCN+CD31+), skeletal stem cells
(Prrx1+), and several proteins in osteogenic progenitors (Piezo1, YAP,
Runx2). Cells with nuclear staining (Prrx1, YAP, Runx2) that have
fluorescence signal overlaps due to proximity were segmented using the
watershed method [43], which effectively separated individual cells and
identified objects with size of 5 microns. A similar method was used for
the quantification of cells with membrane staining (Piezo1), and a

seven-micron cutoff for watershed segmentation was used. Cells
co-expressing Prrx1, YAP, and DAPI were identified when a positive
fluorescence signal from corresponding channels was observed. The
location, sizes, surface areas, and volumes of cells were computed by
generating 3D-rendered surfaces from immunofluorescence and coloc-
alization data. Surfaces were generated for vascular structure, but in-
dividual endothelial cells were not segmented. Bone tissue was
segmented by thresholding the second harmonic generation data with
the same algorithm as that used for vessels.

2.10. Spatiotemporal analysis of osteogenic progenitors and type H vessels

The 3D surfaces of each confocal channel were created by utilizing
the surface function in Imaris (v.7.1, Oxford Instruments, Switzerland).
The spatial positions of cells (Prrx1, DAPI) were obtained by the position
output in Imaris and saved as excel files. The distance distribution to
selected surfaces (EMCN, CD31) was generated using the Distance
Transformation tool in Imaris and saved as TIFF files. For cell-to-surface
analysis, the position information of Prrx1+ cells and the distance dis-
tribution to surface were input into MATLAB script. The distance dis-
tribution of Prrx1+ cells versus vessels was analyzed by utilizing cell-to-
surface code (cell-to-surface code.m).

2.11. Histological staining

The tibias with MTD were extracted on PSD 10, fixed in 4 % PFA for
24 h, and decalcified in a large volume of 0.5 M EDTA at 4 ◦C for 3 weeks
before tissue processing. Then, tissue samples were dehydrated,
embedded in paraffin (Leica ASP 300S, Leica), and 8 μm-thick paraffin
sections were created using a microtome (Leica CM1950, Leica) and
stained with hematoxylin and eosin (H&E; G1120, Solarbio, China) and
Goldner’s trichrome staining (G1064, Servicebio, China) according to
the manufacturers’ instructions.

2.12. qRT-PCR

A 3 mm-thick section of tibia containing the defect was collected on
PSD 8 and ground into powder at − 80 ◦C with TissueLyser (Jingxin,
China). Total RNA was extracted using TRIzol (15596, Thermo Scien-
tific, USA). A RevertAid First Strand cDNA Synthesis Kit (K1622,
Thermo Fisher Scientific, USA) was utilized for the synthesis of cDNA
from isolated total RNA. The relative expression levels of osteogenic-
and angiogenic-related genes in the defects were assessed by quantita-
tive real-time polymerase chain reaction (qRT-PCR) using GoTaq qPCR
Master Mix (A6002, Promega, USA). Primer sequences are listed in
Table S1, and gene expression was presented as 2− (ΔΔCT) after normal-
ization to 18 s.

2.13. Bone marrow stromal cells isolation and culture

Bone marrow stromal cells (BMSCs) were isolated from the femurs
and tibias of six-week-old female C57BL/6J mice according to previ-
ously published methods [44]. The bone marrow of female C57BL/6
mice was extracted by rinsing the bone cavities with culture medium
(αMEM + 1 % P/S + 10 % FBS). Nonadherent cells were removed by
replacing the medium and washing with PBS. The extracted BMSCs (2 ×

106 cells) were cultured in a 25 cm2 cell culture flask at 37 ◦C in an
atmosphere of 5 % carbon dioxide.

2.14. BMSCs treatment

BMSCs were cultured in a six-well plate (TCP010006, JETBIOFIL),
with a density of 5 × 105 cells per well. For BMSCs in fluid shear stress
(FSS) group, 0.85 Pa of FSS was applied for 2 h with an orbital shaker.
For BMSCs in HBO group, we placed the six-well plate in the HBO
chamber and increased the oxygen concentration to 95 % in the
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chamber. Then the pressure was increased to 1.8 ATA with the duration
of 5 min. BMSCs remained in this hyperbaric oxygen environment for 20
min, then removed after 5 min of decompression. The culture medium
was replenished every 2 days.

2.15. Alizarin red staining

BMSCs were incubated with indicated interventions in an osteogenic
medium containing a growth medium supplemented with β-glycer-
ophosphate (10 mM), dexamethasone (100 nM), and ascorbic acid (50
μg/mL) for 21 days. The medium was changed every 3 days. On day 21,
the BMSCs were washed three times with PBS and fixed for 20 min in 4
% paraformaldehyde and washed twice and incubated with 0.2 % aliz-
arin red solution (C0148S, Beyotime, China, pH 4.2) for 20 min.
Excessive dye was removed by washing with distilled water. Alizarin red
staining was examined and photographed with microscope.

2.16. Alkaline phosphatase staining

Alkaline phosphatase (ALP) staining for ALP formation was per-
formed by using a BCIP/NBT alkaline phosphatase color development
kit (P0321S, Beyotime, China). Briefly, the BMSCs were washed three
times with PBS and fixed for 20 min in 4 % paraformaldehyde and
washed twice and incubated with alkaline phosphatase color solution
for 30 min. Excessive dye was removed by washing with distilled water.
VICs were examined and photographed with microscope.

2.17. Calcium imaging

BMSCs were washed three times with PBS and then incubated with 2
μM Fluo-4 AM (F14201, Thermo Fisher) for 10 min at 37 ◦C in 5 % CO2.
Ca2+ fluorescence intensity was captured at a scan time of 470 ms per
frame for 3 min with a confocal microscope (Zeiss LSM980). During the

Fig. 1. HBO therapy and mechanical loading increased bone volume and strength in bone defects. (A) Schematic illustration of the design of animal experiments to
test the effect of HBO therapy and mechanical loading on bone repair. (B) Micro-CT reconstruction of cortical bone defects on PSD10. (C) Bone morphometric
properties and bone mineral density (BMD) of bone defect regions on PSD10; n = 9. (D) DIC measurement of strain at tibia surface with defects under 3–12 N of axial
loading; red dotted line indicates defect region. (E) Maximum strain over the defect caused by axial loading; n = 6. (F–G) Goldner’s trichrome staining of cortical
bone defect region (F). CB, cortical bone; BM, bone marrow; zoomed-in images of regions (G) enclosed by red lines are shown below. (H) Bone tissue area from
Goldner’s trichrome staining, the whole original CB region analyzed; n = 6. (I) SHG signals from collagen fibers in the cortical bone defect region on PSD8. CB,
cortical bone; zoomed-in images of regions enclosed by yellow lines are shown right. (J) Volume of SHG on PSD8; the whole bone defect region enclosed by yellow
dotted lines analyzed; n = 6. Data are means ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)
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experiment, 10 μM Yoda1 (SML1558, Sigma–Aldrich) was added in the
Yoda1 group to activate Piezo1.

2.18. Statistical analysis

Statistical significance between two groups were evaluated with
Student’s t-test. Multiple-group comparison was performed with one-
way and two-way ANOVA tests with Tukey’s multiple-comparison
test. Experimental data were expressed as means ± SD. Results were
considered statistically significant if p < 0.05. GraphPad 9.0 software
(GraphPad Software, La Jolla, CA, USA) was used for all statistical
analyses.

3. Results

3.1. HBO therapy promotes bone repair with similar effectiveness as
mechanical loading

To analyze the effect of HBO therapy and mechanical loading on
bone tissue regeneration, we conducted mouse MTD surgery and
assessed bone tissue regeneration by micro-CT, DIC and histological
staining (Fig. 1A). On PSD 10, when the bone mass in the bone defect
reached its peak, micro-CT data showed that HBO therapy significantly
promoted the repair of cortical bone in the bone defect, with an effect
similar to that of mechanical loading (Fig. 1B). BV/TV, Tb.Th, Tb.N, and
bone mineral density (BMD) in the HBO group were significantly higher
than those in the control group. When mechanical loading was com-
bined with HBO therapy, no significant improvement in bone defect
repair was observed, compared with that in the single-HBO group
(Fig. 1C).

DIC results showed that the bone defect area of the mouse tibia in the
HBO group had lower strain under the same intensity of mechanical
stimulation, demonstrating that HBO treatment significantly increased
the mechanical strength of bone defects. Similarly, when mechanical
loading was combined with HBO therapy, the mechanical properties of
the bone defects did not show further improvement compared to single-
HBO group (Fig. 1D and E). The Goldner’s trichrome staining results
showed that the area of green bone tissues indicated that both treat-
ments promoted new bone remodeling, consistent with the micro-CT
results (Fig. 1F–H). In the treated groups, H&E staining showed in-
crease in newly formed bone in both cortical bone and bone marrow
defects (Fig. S1). To analyze collagen in the bone defects, we quantified
the results of second harmonic generation (SHG) imaging by building a
3D model [45]. The proportion of collagen in the total bone defect
volume showed the positive effect of HBO on bone tissue regeneration
(Fig. 1I and J).

3.2. HBO therapy promotes osteogenesis–angiogenesis coupling similar to
mechanical loading

In bone defects, newly formed type H vessels (EMCNhiCD31hi cells)
are necessary for bone tissue regeneration [22]. To explore how HBO
therapy affects the niche and promotes bone tissue regeneration, a
confocal imaging and assessment on the whole bone defect area was
performed. MTD surgery was conducted on Prrx1-Cre, tdTomato mouse
to track osteogenic progenitors during bone repair. Prrx1 is expressed
from developmental stages of osteogenic progenitors, and tomato fluo-
rescence is used to track Prrx1+ cells and all their derivatives, which are
osteogenic progenitors [27]. During the early stage of bone repair, the
majority of cells migrating to bone defect are stem cells rather than
mature cells. Therefore, tracking osteogenic progenitors can reflect the
capacity of stem cell recruitment. On PSD4, when vessels began to
invade the bone defect, immunofluorescence showed significantly
increased type H vessel volume and osteogenic progenitors in the HBO
group. Furthermore, osteogenic progenitors which were closest to type
H vessels (distance < 5 μm) were more abundant in the HBO group than

the other groups, indicating the positive effect of HBO therapy on
angiogenesis and stem cell recruitment (Fig. 2A and B).

It has been reported that mechanical loading during the late stage of
regeneration enhances bone repair. Thus, we established a mechanical
loading group from PSD5 to PSD8 [12]. On PSD8, when the vessels had
filled the bone defect area, stopped invading, and entered the peak stage
of osteogenesis, mechanical loading promoted stem cell recruitment, as
it has been reported (Fig. 2C and D). HBO therapy showed the same
tendency to promote angiogenesis and stem cell recruitment as that
observed on PSD4. When HBO therapy was combined with mechanical
loading, the promotion on stem cell recruitment was significantly better
than that in the single-HBO treatment group, whereas the promotion on
angiogenesis did not show a significant increase compared with that in
the single-HBO group. These results demonstrated that HBO therapy
promotes osteogenesis–angiogenesis coupling during bone tissue
regeneration.

3.3. HBO therapy activated the Piezo1–YAP axis in the bone defect tissue

To explore how HBO therapy promotes bone tissue regeneration
further, we performed RNA sequencing (RNA-seq) on bone defects on
PSD8 (Fig. 3A and B). Interestingly, mechanosensitive pathways were
stimulated by HBO therapy according to Gene Ontology (GO) enrich-
ment analysis (Fig. 3C and S2). These pathways have been reported to be
stimulated by mechanical loading [37,38,46,47]. The real-time quanti-
tative PCR (qRT-PCR) of bone defects on PSD8 indicated that Piezo1 and
YAP, which are important mechanosensitive genes, were upregulated by
HBO therapy and mechanical loading. Runx2 and Col1, its downstream
osteogenesis-related genes, were also up-regulated (Fig. 3D).

The nuclear localization of YAP protein can activate downstream
signaling pathways that promote osteogenesis [38,48]. Immunofluo-
rescence imaging data showed an upward trend in the proportion of
osteogenic progenitors with nuclear-localized YAP (Fig. 3E–G). Mean-
while, the nuclear localization rate of YAP was upregulated by both HBO
therapy and mechanical loading (Fig. 3H).

3.4. HBO treatment in vitro activated Piezo1–YAP pathway and
promoted osteogenesis in Prrx1+ cells

To validate the influence of HBO and mechanical loading on
mechanosensitive protein, we conducted an in vitro study using BMSCs
from Prrx1-Cre, tdTomato mouse femurs and tibias (Fig. 4A). We veri-
fied through fluorescence tracking that the proportion of osteogenic
progenitors in the total extracted BMSCs was greater than 96% (Fig. S3).
FSS is the dominant mode of mechanical stimulation felt by cells during
bone regeneration [49,50]. We applied oscillatory laminar flow to
stimulate BMSCs during osteogenic differentiation.

Immunofluorescence data showed that after 7 and 14 days of oste-
ogenic induction, the volume of Piezo1 was significantly upregulated by
HBO + FSS treatment, which is consistent with our in vivo findings
(Fig. 4B–D). Another mechanosensitive marker, YAP, which is a down-
stream mechanosensor of Piezo1, showed a significantly more pro-
nounced nuclear localization in the HBO and HBO+ FSS groups (Fig. 4E
and F). The results of assessment of YAP nuclear translocation confirmed
this observation (Fig. 4G).

To determine whether the increase in mechanosensitive proteins
caused by HBO and FSS can promote osteogenesis, we evaluated Runx2
as an important marker for osteogenesis in Hippo pathway [51,52].
Runx2 can directly associate with YAP, and its nuclear localization trend
resembled that of YAP [53,54]. Nuclear localization intensified in the
HBO and HBO + FSS groups (Fig. 4H–J), demonstrating that osteogenic
proteins were also increased by HBO and FSS. In summary, the upre-
gulation trends of these three markers on day 14 were not more pro-
nounced compared with those on day 7. However, they appeared to be
attenuated. Therefore, we hypothesized that the positive effects of HBO
and FSS on osteogenesis primarily occurred during osteogenesis.

H. Zhou et al.
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Fig. 2. HBO therapy and mechanical loading promoted angiogenesis, increased number of osteogenic cells. (A–D) Prrx1-expressing (tdTomato+) cells and immu-
nofluorescence staining of endomucin (EMCN, red), CD31 (green), and DAPI (blue) in the cortical bone defect region on (A) PSD4 and (C) PSD8. CB, cortical bone;
BM, bone marrow; zoomed-in images of regions enclosed by solid white lines are shown below. Volume of type H (EMCNhiCD31hi) vessels, volume of Prrx1 per cell,
and the number of Prrx1+ cells classified by the distance between Prrx1+ cells and type H vessels on (B) PSD4 and (D) PSD8 were analyzed for the whole bone defect
region enclosed by dotted white lines; n = 6. Data are means ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 3. HBO therapy and mechanical loading stimulated mechanosensitive pathways in bone defects. (A–C) RNA-seq analysis of mRNAs from mouse tibial bone
defect tissue on PSD8, including the heatmaps of gene expression (A), volcano plot of differential genes induced by HBO (B), and gene ontology (GO) enrichment
analysis of HBO-induced genes (C); n = 3. (D) qRT-PCR analysis of mRNAs from mouse tibia bone defect tissue on PSD8; n = 6. (E) Prrx1-expressing (tdTomato+)
cells and immunofluorescence staining of YAP (yellow) and DAPI (blue) in the cortical bone defect region on PSD8. CB, cortical bone; BM, bone marrow; zoomed-in
images of regions enclosed by white lines are shown below. (F) Colocalization of YAP and DAPI. (G) Volume of nuclear localized YAP in Prrx1+ cells on PSD8. The
whole bone defect region enclosed by white dotted lines analyzed; n = 6. (H) Nuclear localization rate of YAP; n = 6. Data are means ± SD. *p < 0.05, **p < 0.01,
***p < 0.001. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 4. HBO treatment and mechanical stimulation increased Piezo1 expression, activated YAP and promoted osteogenesis. (A) Schematic illustration of the design of
in vitro experiments to test the effect of HBO therapy and FSS on osteogenic induction of BMSCs. (B–D) Prrx1 (tdTomato+) and immunofluorescence staining of
Piezo1 (yellow) and DAPI (blue) of BMSCs on (C) day 7 and (D) day 14 after osteogenic induction. Relative volume of Piezo1 (B) was analyzed; n = 3. (E–G) Prrx1
(tdTomato+) and immunofluorescence staining of YAP (yellow) and DAPI (blue) of BMSCs on (F) day 7 and (G) day 14 after osteogenic induction. The nuclear
localization rate of YAP in Prrx1+ cells (E) was analyzed; n = 3. (H–J) Prrx1 (tdTomato+) and immunofluorescence staining of Runx2 (yellow) and DAPI (blue) of
BMSCs on (I) day 7 and (J) day 14 after osteogenic induction. The nuclear localization rate of Runx2 in Prrx1+ cells (H) was analyzed; n = 3. Data are means ± SD.
*p < 0.05, **p < 0.01. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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3.5. Conditional knockdown of Piezo1 in Prrx1+ cells abolished the
positive effect on bone regeneration induced by HBO therapy or
mechanical loading

To determine the role of Piezo1 in promoting bone regeneration
during HBO therapy, we knocked out Piezo1 in skeletal stem cells by
crossing Piezo1flox/flox mice with Prrx1–Cre transgenic mice. However,
homozygous knockout of Piezo1 resulted in poor development and
embryonic and postnatal mortality [55], and a significant decrease in
skeletal mechanical performance (Fig. S4). Therefore, we employed
heterozygous knockout mice and compared them with WT mice. The
overall skeletal morphology and volume of type H vessels in bone tissue
prior injury did not show significant defference between the two types of
mice (Figs. S5–6).

Micro-CT data showed that heterozygous knockout of Piezo1 in
Prrx1+ cells abolished the increase in bone volume, BMD, and
improvement in bone morphometric properties of bone defect tissues
induced by HBO therapy or mechanical loading (Fig. 5A and B).
Collagen fiber volume also showed the same absence of response to
mechanical loading and HBO in heterogenous knockout animals (Fig. 5C
and D). The heterozygous knockout of Piezo1 similarly suppressed the
increase in type H vessel volume and Prrx1 protein induced by HBO
therapy and mechanical loading (Fig. 5E and F). Spatial correlation
analysis revealed that HBO therapy and mechanical loading originally
upregulated the number of Prrx1+ cells closest to the type H vessels, but
the heterozygous knockout of Piezo1 inhibited this effect (Fig. 5G).

Overall, the heterozygous knockout of Piezo1 in skeletal stem cells
abolished the positve effects of HBO therapy or mechanical loading on
bone regeneration.

3.6. Conditional knockdown of Piezo1 in Prrx1+ cells abolished the
activation of the Peizo1–YAP pathway by HBO therapy or mechanical
loading

To investigate how the heterozygous knockout of Piezo1 affects bone
repair during both treatments, we employed immunofluorescence and
qPCR to characterize mechanosensitve pathways associated with
Piezo1. Immunofluorescence imaging revealed that the nuclear locali-
zation of YAP within the bone defect region did not exhibit significant
differences due to HBO therapy or mechanical loading (Fig. 6A and B).
Furthermore, the qPCR analysis of mRNA extracted from bone defect
tissues revealed that the upregulation of mechanically sensitive genes
induced by HBO therapy and mechanical loading was suppressed by the
heterozygous knockout of Piezo1 (Fig. 6C). In this process, the combined
application of HBO therapy and mechanical loading did not induce a
stacking effect, as observed in normal mice. This result indicated that
Piezo1 may constitute a shared mechanism through which HBO therapy
and mechanical loading promote bone regeneration.

Fig. 5. Knockdown of Piezo1 in Prrx1+ cells abolished the beneficial effect of HBO therapy on osteogenesis and angiogenesis. (A) Micro-CT reconstruction of cortical
bone defects from Prrx1–Cre, tdTomato mice and Prrx1–Cre, Piezo1fl/+ mice on PSD10. (B) Bone morphometric properties and BMD of bone-defect regions on PSD10;
n = 6. (C) SHG signals from collagen fibers in the cortical bone defect region of Prrx1–Cre, tdTomato mice and Prrx1–Cre, Piezo1fl/+ mice on PSD8; zoomed-in images
of regions enclosed by solid yellow lines are shown on the right. (D) Volume of SHG signals on PSD8. The whole bone defect region enclosed by dotted yellow lines
analyzed; n = 6. (E) Immunofluorescence staining of Prrx1 (purple), endomucin (EMCN, red), CD31 (green), and DAPI (blue) in the cortical bone defect region from
Prrx1–Cre, Piezo1fl/+ mice on PSD8. CB, cortical bone; BM, bone marrow; zoomed-in images of regions enclosed by solid white lines are shown on the right. (F–G)
Volume of type H vessels, volume of Prrx1 per cell (F), and the number of Prrx1+ cells classified by the distance between Prrx1+ cells and type H vessels (G) on PSD8
were analyzed for the whole bone defect region enclosed by dotted white lines; n = 6. Data are means ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 6. Knockdown of Piezo1 abolished YAP activation and the increase of mechanosensitive genes caused by HBO therapy. (A) Immunofluorescence staining of
Prrx1 (purple), YAP (yellow), and DAPI (blue) in the cortical bone defect region of Prrx1–Cre, Piezo1fl/+ mice on PSD8. CB, cortical bone; BM, bone marrow; zoomed-
in images of regions enclosed by white lines are shown on the right. (B) The volume of nuclear localized YAP in Prrx1+ cells and nuclear localization rate of YAP on
PSD8. The whole bone defect region enclosed by white dotted lines analyzed; n = 6. (C) qRT-PCR analysis of mRNAs from Prrx1–Cre, Piezo1fl/+ mouse tibia bone
defect tissue on PSD8; n = 6. Data are means ± SD. *p < 0.05, **p < 0.01. (For interpretation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)
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3.7. Conditional knockout and knockdown of Piezo1 reduced HBO-
induced and loading-induced osteogenesis in a dose-dependent manner

To further validate the effect of Piezo1 in BMSCs under HBO treat-
ment and mechanical stimulation, we extracted BMSCs from the femurs
and tibias of Prrx1–Cre, tdTomato/Prrx1–Cre, Piezo1fl/+/Prrx1–Cre,
Piezo1fl/fl mice for osteogenic induction (Fig. 7A and S7). A known
Piezo1inhibitor GsMTx4 was added to Prrx1–Cre, tdTomato BMSCs as
the positive control of Piezo1 inactivation [56,57]. HBO treatment
enhanced ALP expression in the BMSCs. The addition of GsMTx4
inhibited the osteogenic-promoting effect of HBO treatment on BMSCs
from Prrx1-Cre, tdTomato mice (Fig. 7B and C). We also applied oscil-
latory FSS to mechanically stimulate the BMSCs from transgenic ani-
mals. Furthermore, the heterozygous knockout of Piezo1 in Prrx1+ cells
suppressed the HBO- and FSS-induced increase in ALP expression, while
the magnitude of reduction was even greater in the homozygous
knockout of Piezo1 group (Fig. 7D and E).

Alizarin red staining results demonstrated similar reduction in
mineralized matrix (Fig. 7F and G). A partial inhibition of Piezo1
expression led to a partial reduction in the stimulatory effects of HBO
and mechanical stimulation on osteogenesis. The qPCR results on day 7
revealed that HBO therapy and FSS upregulated the expression of
mechanosensitive genes, Piezo1 and YAP. In addition, downstream
osteogenesis-related genes, Runx2 and COL1, were also upregulated,
consistent with the in vivo findings (Fig. 7H). This trend was similarly
attenuated with the dose-dependent knockout of Piezo1.

To determine whether HBO can activate Piezo1, BMSCs were labeled
with the calcium indicator Fluo-4 AM in vitro. A known Piezo1 agonist
Yoda1 was added as the positive control of Piezo1 activation [58,59]. As
expected, Yoda1 elevated calcium fluorescence intensity in the BMSCs of
normal mice, followed by a gradual decline. However, this response was
reduced in the BMSCs from Prrx1-Cre, Piezo1fl/+ and Prrx1–Cre, Pie-
zo1fl/fl mice (Fig. 7I and J). HBO treatment on the cell-culture medium
doubled the dissolved oxygen concentration, resulting in a 1.5-fold
elevation 60 min after treatment (Fig. S8). The HBO-treated medium
increased intracellular calcium influx in the BMSCs of normal mice,
while the Piezo1 knockout BMSCs did not respond.

4. Discussion

The nonunion of bones is one of the most common musculoskeletal
disorders in clinical practice, and primarily characterized by localized
hypoxia that inhibits vascular invasion and bone regeneration [60].
HBO therapy has been employed in various tissue regeneration contexts,
such as skin, brain and nerve [5,6]. However, the potential application
of HBO therapy in promoting bone tissue regeneration and its under-
lying biological mechanisms remain unclear. In this study, we sought to
determine whether HBO can stimulate bone tissue regeneration through
a mechanosensitive pathway, a known regenerative method. Addition-
ally, we assessed the combined effects of HBO therapy and mechanical
loading and explored their biological mechanisms.

Our studies first focused on the influence of HBO therapy on bone
tissue regeneration. We compared the effects of HBO therapy with those
induced by mechanical loading. We found that, HBO therapy promoted
bone tissue regeneration, similar to mechanical loading. This effect was
evidenced by an increase in bone mass and biomechanical properties at
the site of bone defects. Type H vessels, which are crucial vascular
components in bone tissue development and regeneration [22,23,61],
also exhibited an increase in volume. Additionally, the distance between
type H vessels and Prrx1+ cells was significantly reduced, suggesting
that HBO therapy enhanced the interaction between type H vessels and
Prrx1+ cells. Furthermore, we discovered that the combined application
of HBO therapy and mechanical loading did not result in considerable
improvement compared with each treatment alone, indicating that the
effects of HBO therapy and mechanical loading on bone repair may have
common mechanisms.

The mechanosensitive membrane protein Piezo1 plays an important
role in the regulation of bone regeneration in response to mechanical
stimulation [46,48,62]. Furthermore, the oxidation of surface mem-
brane lipids increased plasma membrane tension and led to the activa-
tion of Piezo1, indicating that elevated oxygen concentrations can
activate Piezo1 [39]. Our RNA-seq analysis revealed that HBO treatment
promoted the expression of Piezo1, which may explain the similar levels
of effects of HBO therapy and mechanical loading on bone tissue
regeneration. Therefore, we focused on Piezo1 and studied the role it
plays in bone tissue regeneration. qPCR data showed that both HBO or
mechanical loading increased Piezo1 expression, and further increase
was observed when both treatments were applied. Previous studies have
reported that the Piezo1-YAP pathway is a crucial mechanosensory
pathway in bone formation. The nuclear translocation of YAP serves as
an indicator of the activation of downstream osteogenesis-related genes
[38,48]. Through in vivo and in vitro immunofluorescence imaging, we
found that the nuclear translocation of YAP in Prrx1+ cells was upre-
gulated in response to HBO and mechanical loading. In addition, Runx2,
which is a significant downstream transcription factor in the YAP
pathway, also increased in both treatment groups, indicating a positive
effect on osteogenesis. This result supported our hypothesis that the
Piezo1/YAP/Runx2 pathway is one of the essential biological mecha-
nisms through which HBO promotes bone tissue regeneration [37].
Although our study focused on the Piezo1–YAP axis, other mechano-
sensitive and oxygen-sensitive pathways may play a role in
HBO-induced bone formation. Indeed, we observed an upregulation of
the hypoxia-inducible factor HIF-1α in the HBO group, consistent with
previous findings showing elevated HIF-1α in BMSCs in a high-oxygen
environment [63,64]. However, further work is required to determine
whether the YAP/HIF-1α pathway constitute a downstream bio-
mechanism influenced by HBO therapy.

Prrx1+ cells are considered skeletal stem cells and essential for bone
regeneration [27]. The knockout of Piezo1 in Prrx1+ cells resulted in
reduced bone formation and spontaneous bone fracture in neonatal
mice. Our study showed that the homogeneous knockout of Piezo1 in the
Prrx1+ cells led to similar skeletal malformation, spontaneous fracture,
and early death [55]. To study the loss of Piezo1 in adult mice, we
employed heterogeneous knockout of Piezo1 in our animal experiments,
showing the reduced osteogenic and angiogenic effects promoted by
HBO therapy. Furthermore, qPCR data indicated that the upregulation
of several osteogenesis-related genes upregulated by HBO was also
attenuated. These results suggested a critical role of Piezo1 expression in
skeletal stem cells during HBO-induced bone tissue regeneration. In
vitro, we utilized Prrx1+ cells with homozygous Piezo1 knockout to
study the role of Piezo1 in osteogenesis. By comparing cells from ho-
mozygous and heterozygous mice, we found a dose-dependent reduction
in the stimulatory effects of HBO and mechanical stimulation on
osteogenesis after Piezo1 expression was inhibited. Furthermore, we
observed that the HBO-treated medium was enriched in oxygen, and it
induced intracellular calcium influx through Piezo1 in BMSCs. Thus,
elevation in oxygen levels may be one of the mechanisms through which
HBO activates Piezo1. Potentially, oxygen can activate Piezo1 by
increasing membrane tension through lipid peroxidation [39]. In addi-
tion to oxygen, HBO-induced change in hydrostatic pressure in local
tissues may be a cause of Piezo1 activation [65], but this relationship
requires further investigation.

In summary, our study demonstrated a small animal model of HBO
therapy for bone tissue regeneration. Using conditional knockout mice,
we discovered that the mechanosensitive Piezo1/YAP/Runx2 pathway
is a mechanism through which HBO therapy regulates the osteogenic
process. Similar to mechanical loading, which is a known method for
promoting bone repair, HBO enhances osteogenesis. The findings pro-
vided a mechanism explaining the beneficial effects of HBO therapy on
bone regeneration.

H. Zhou et al.



Journal of Orthopaedic Translation 48 (2024) 11–24

22

Fig. 7. Conditional knockout and knockdown of Piezo1 led to dose-dependent reduction in the positive effects of HBO and mechanical stimulation on osteogenesis.
(A) Schematic illustration of the design of in vitro experiments to explore the effect of Piezo1 on osteogenic induction of BMSCs. (B) ALP staining and (C) analysis of
BMSCs from Prrx1–Cre, tdTomato mouse on day 7 after osteogenic induction with the treatment of HBO and GsMTx4; n = 3. (D) ALP staining and (E) analysis of
BMSCs from Prrx1–Cre, tdTomato/Piezo1fl/+/Piezo1fl/fl mice on day 7 after osteogenic induction; n = 3. (F) Alizarin red staining and (G) analysis of BMSCs from
Prrx1–Cre, tdTomato/Piezo1fl/+/Piezo1fl/fl mice on day 14 after osteogenic induction; n = 3. (H) qRT-PCR analysis of mRNAs from BMSCs on day 7; n = 3. (I) Fluo4
calcium imaging (488 nm) before and after Yoda1 or HBO medium treatment (at 59s). (J) Fluorescence intensity of Fluo4; n = 5. Data are means ± SD. *p < 0.05,
**p < 0.01, ***p < 0.001, ****p < 0.0001. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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