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A B S T R A C T

Objectives: Steroid-induced osteonecrosis of the femoral head (SONFH) remains a significant global health issue, 
with an unclear pathogenesis. Elevated intraosseous pressure is considered a key initiating factor in SONFH 
development. Impaired osteogenesis and angiogenesis are believed to be critical in SONFH progression. Piezo1, a 
mechanosensitive cation channel, may sense changes in intraosseous pressure. In this study, we set out to explore 
the role of Piezo1 in SONFH and how to target Piezo1 to treat SONFH.
Methods: Femoral head tissue specimens were collected from patients with ONFH and femoral neck fracture. 
Histological staining, Western blotting, and RT-PCR analysis were conducted to investigate the relationship 
between elevated intraosseous pressure and SONFH in rat models. Immunofluorescence staining of femoral head 
tissues was performed to study the spatiotemporal relationship between elevated intraosseous pressure and 
angiogenesis, osteogenesis, and development of SONFH.
Results: In the early stages of SONFH, elevated intraosseous pressure increased angiogenesis and osteogenesis. 
However, as the pressure continued to rise, both processes were inhibited. Furthermore, Elevated intraosseous 
pressure activated the Piezo1 signaling pathway in bone marrow stem cells. Piezo1 activation led to increased 
intracellular calcium influx, thus enhancing osteogenesis and angiogenesis through CAM-NFAT1 signaling 
pathway.
Conclusion: In the early stages of SONFH, Piezo1 in BMSCs senses increased intraosseous pressure, promoting 
angiogenesis and osteogenesis. Targeting Piezo1 to promote the osteogenic and angiogenic potential of stem 
cells, which could curb further increases in pressure, contribute to early treatment of SONFH.
The translational potential of this article: Currently, many mechanisms of the impact of elevated intraosseous 
pressure on osteonecrosis of the femoral head are still in the basic theoretical research stage, and we hope to 
translate them into clinical applications as soon as possible. We discovered that targeting Piezo1 curb further 
increases in intraosseous pressure, alleviating the damaging effects of glucocorticoids on stem cells and blood 
vessels, which exerting great significance in treatment of early stage SONFH.

1. Introduction

Osteonecrosis of the femoral head (ONFH) is a refractory bone- 
destroying disease commonly occurring in patients following trauma 

or systemic glucocorticoid (GC) treatment [1]. The primary pathological 
feature is the progressive death of bone cell lines (mesenchymal stem 
cells, osteoblasts, osteocytes, etc.) and other bone marrow cells, even
tually leading to structural changes or collapse of the femoral head and 
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hip joint dysfunction [2–4]. In China, over 8 million cases of ONFH have 
been reported. Clinical studies indicate that the incidence rate of ONFH 
in the UK is 1.4 cases per 100,000 people, which is comparable to the 1.9 
cases per 100,000 people reported in Japan [5]. Thus, early intervention 
in ONFH, prior to femoral head collapse, is crucial to delay or even avoid 
total hip replacement. Steroid-induced osteonecrosis of the femoral head 
(SONFH) is associated with increased intraosseous pressure caused by 
enhanced lipogenesis in the bone marrow, adipocyte hypertrophy, and 
local vascular dysfunction in the femoral head, resulting in reduced 
blood flow and ultimately leading to femoral head dysfunction [6–9]. 
Various treatment strategies are employed in the early clinical stages of 
SONFH, with core decompression (CD) being the most commonly used 
and showing significant efficacy [10–12]. However, further research is 
required to evaluate these methods and explore the mechanisms un
derlying successful stress reduction. This study focuses on the pattern of 
increased intraosseous pressure during ONFH progression, explores its 
phenotype and intrinsic mechanism in the SONFH, and seeks targeted 
regulation of intraosseous pressure to alleviate SONFH.

The Piezo1 protein, a mechanosensory cation channel complex 
discovered by Patapoutian, the 2021 Nobel Prize winner, plays a crucial 
role in bone homeostasis [15–19]. Under physiological conditions, 
Piezo1 in osteoblast cells maintains bone homeostasis by responding to 
mechanical stimulation [20,21]. It has been reported that Piezo1 acts as 
a lineage differentiation determinant in MSCs by regulating the 
expression of BMP2, thereby balancing their osteogenic and adipogenic 
differentiation [22,23]. Piezo1 promotes osteogenesis of mesenchymal 
stem cells, and bone formation by osteoblasts and osteocytes under 
mechanical stimulation, maintaining bone homeostasis [24–27]. Addi
tionally, Piezo1 mediates mechanosensory-activated bone marrow 
macrophages to secrete VEGF-A, promoting sinusoid regeneration and 
hematopoietic reconstruction [28]. However, under pathological con
ditions, excessive activation of Piezo1 mediates an influx of Ca2+, 
causing intracellular Ca2+ overload, thus leading to chondrocyte 
apoptosis and exacerbating arthritis progression [29]. Furthermore, 
Piezo1 in endothelial cells can mediate pressure-induced pulmonary 
vascular hyperpermeability by disrupting adherens junctions, contrib
uting to the progression of pulmonary edema [30]. Mechanical stimu
lation also drives Piezo1 to mediate the Ca2+/NF-κB pathway in nucleus 
pulposus cells, promoting the production of the NLRP3 inflammasome 
and leading to stress induced degeneration of these cells [31]. The role 
of Piezo1 in the progression of osteonecrosis of the femoral head, 
however, has yet to be elucidated.

Previous studies have shown that patients with ONFH exhibit high- 
signal changes of bone marrow edema on MRI in the early stages of 
the disease, though the presence of high-signal edema does not always 
lead to osteonecrosis [32–37]. While steroid-induced ONFH accounts for 
a significant proportion of cases, not all patients receiving high-dose 
glucocorticoid therapy develop osteonecrosis; the disease outcome can 
vary between necrosis and improvement [38–40]. Clinical studies sug
gest that intraosseous pressure and the course of osteonecrosis improve 
following stem cell transplantation and interventions to enhance blood 
supply to the femoral head in the early stages of the disease, which shed 
lights on the early treatment of ONFH [41–44]. This study found that 
Piezo1 on stem cells could respond to early increase in intraosseous 
pressure and promoted their osteogenic and angiogenic potential. Tar
geting stem cell Piezo1 may help regulate intraosseous pressure and 
achieve early prevention and treatment of SONFH.

2. Materials and methods

2.1. Experimental animals

The experimental animals used in this study were SD rats. Among 
them, suckling SD rats about 5 days old were used for primary cell 
collection, and 12-week-old SPF male SD rats were used for animal 
model experiments. All experimental animals were purchased from the 

Animal Experiment Center of Tongji Medical College, Huazhong Uni
versity of Science and Technology. All animal experiments were 
approved by the Animal Ethics Committee of Tongji Medical College, 
Huazhong University of Science and Technology. All personnel involved 
in the experiments obtained the necessary qualifications.

2.2. Extraction of mRNA and real-time quantitative polymerase chain 
reaction

Total RNA was extracted using Trizol reagent according to the 
manufacture’s instructions. RNA concentration and purity were 
measured using absorbance at 260 and 280 nm using a NanoDrop 2000 
spectrophotometer (Thermo Fisher Scientific, Waltham, USA). The RNA 
was then reverse transcribed using PrimeScript RT regent Kit (TaKaRa). 
The levels of individual genes were measured by qPCR using SYBR 
Premix (TaKaRa, Japan) in a Bio-Rad CFX-96 system (Bio-Rad, USA). 
The reaction was carried out in triplicate. The levels of mouse Piezo1 
were determined using the following primers: forward 5′-AGCTTG
GAGCTGGATGATGACGATGATAGTGAAGCCACAGAT GTATCATCGTC 
ATCATCCAGCTCCC-3; reverse 5′-TCGAGGGAGCTGGATGAT GACGAT 
GATACATCTGTGGCTTCACTATCATCGTCATCATCCAGCTCCA-3. Rela
tive gene expression was calculated using the relative standard curve 
method (2− ΔΔCt), and β-actin or GAPDH was used as a control for in
ternal normalization.

2.3. Measurement of intramedullary pressure in rats

(1) Anesthetize SD rats with chloral hydrate (0.35 ml/100g, intra
peritoneal injection), and fix them on the operating table in a supine 
position. Both hip joints are abducted and slightly flexed, and both knee 
joints are flexed approximately 30–45◦. (2) Connect the tee tube to the 
pressure sensor, connect the measuring instrument, connect the outlet of 
the tee tube to the polyethylene catheter, and inject 0.5 ml of heparin 
saline into the tube through the tee tube to drain out the air bubbles. (3) 
Open the pressure measurement software and zero the initial pressure. 
During zero adjustment, the end of the polyethylene conduit should be 
kept level with the position during pressure measurement. (4) Use a 
lumbar puncture needle to puncture through the cortical bone approx
imately 0.5 cm above the medial femoral condyle, and then remove the 
needle core after entering 2.5 cm into the medullary cavity. (5) Insert the 
polyethylene catheter connected to the tee tube and the pressure sensor 
into the lumbar puncture needle with the needle core removed, and 
extend it to the needle tip, exposing 0.5 cm (6) For pressure measure
ment, the distance between the polyethylene catheter and the femoral 
pressure measurement part on both sides of the rat should be consistent. 
The catheter enters the medullary cavity for 2 min, that is, 1 min after 
the pressure at each site stabilizes, and record the pressure data.

2.4. Immunofluorescence analysis

For immunofluorescence staining, cells were placed on Matrigel- 
coated dishes and fixed with 4 % PFA for 10 min. Myofibers were 
fixed with 2 % PFA for 10 min. After permeabilization in 0.1 % Triton; 
1:200), immunofluorescence signals were visualized with Alexa488-or 
Alexa594-conjugated secondary antibodies using a fluorescence micro
scope (AXIO Observer Z1, Zeiss) equipped with 63 × , 40 × , and 20 ×
objectives. Fluorescence intensity was quantified using ImageJ software 
for further statistical analysis. To detect EdU in immunostained samples, 
click chemistry reactions were performed after staining with primary 
and secondary antibodies using the Click-iT EdU Imaging Kit (Life 
Technologies) according to the manufacturer instructions.

2.5. Western blotting analysis

In this study, proteins were subjected to sodium dodecyl sulfate- 
polyacrylamide electrophoresis, transferred to polyvinylidene 
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difluoride membrane, and incubated with primary antibodies overnight. 
The membrane was then washed, incubated with secondary antibodies, 
and protein bands were visualized using enhanced chemiluminescence 
reagents.

2.6. Laminar shear stress

Laminar flow studies were conducted at 37 ◦C using a parallel plate 
flow system. Briefly, constant shear stress was applied by perfusing 
BMSCs with a continuous medium flow at 20 dyn/cm2 cycles [45–47]. 
BMSCs under static conditions were used as controls.

2.7. Calcium influx measurement

Changes in intracellular Ca2+ levels were measured by the fluores
cent Ca2+-sensitive dye Fluo-4 AM (F14201, Invitrogen) according to 
published protocols. Cells were incubated with 5 μM Fluo-4 AM in HBSS- 
HEPES buffer without Ca2+ and Mg2+ for 30 min at 37 ◦C, and then the 
cells were washed three times with HBSS-HEPES buffer. Time-lapse 
images were collected every 1.5 s using a Leica SP8 MP microscope 
using an immersion 40 × objective. The excitation wavelength was set to 
488 nm and emission was recorded at 535 ± 15 nm. Image sequences 
were analyzed and processed using ImageJ/FIJI software.

2.8. Experimental detection of EC migration and tube formation in vitro

To assess BMEC migration, 1 × 104 primary BMECs (approximately 
150 μl medium) were seeded into the upper chamber of Transwell plates 
(8 μm wells; Corning, NY, USA) and incubated at 37 ◦C for 12 h. 
Migrated BMECs in the lower chamber were stained with 1 % crystal 
violet for 5 min, and the number of cells in 5 fields of each chamber was 
counted. For in vitro tube formation assays, 96-well plates were pre
coated with Matrigel (Corning, New York, USA). Then, primary BMECs 
(0.7 × 104 cells) were seeded into the wells, and images were captured 
after 6 h.

2.9. Data processing

All experiments in this topic were independently repeated three 
times or more, and the data are expressed as mean ± SEM. Prism soft
ware (GraphPad version 8.0) or SPSS software was used for data analysis 
and comparison. When conducting statistical analysis of data, the t test 
was used to compare data between two groups, and One-way ANOVA 
was used to analyze and compare data between multiple groups. Dif
ferences were considered statistically significant when the P value was 
less than 0.05.

3. Results

3.1. The intraosseous pressure continues to increase in the early to mid- 
stage of SONFH (SONFH2-6W), and the pressure decreases at the end 
stage (SONFH6-8W)

Previous studies have discovered elevated intraosseous pressure in 
both ONFH patients and animal models [1,11]. However, the progres
sion of intraosseous pressure during osteonecrosis and its localized 
impact on the femoral head require further investigation. This study 
developed a steroid-induced femoral head rat model to measure intra
osseous pressure changes. Rats were injected intraperitoneally with 
lipopolysaccharide (LPS, Sigma, USA) at 100 μg/kg daily for three 
consecutive days, followed by intramuscular injections of methylpred
nisolone (MPS, Pfizer Pharmaceuticals, China) at 100 mg/kg daily for 
three consecutive days [3,4]. One week later, injections continued for 
two days per week for four weeks (Fig. 1A). Specimens were collected at 
2, 4, 6, and 8 weeks.

Hematoxylin and eosin (H&E) staining of specimens taken from 
animal models revealed severe damage to trabecular bone and bone 
marrow structures, with fat vacuoles and necrotic cells evident in MPS- 
treated rats. Empty osteocyte lacunae, indicative of osteonecrosis, were 
present in residual trabecular bone, whereas saline-treated control rats 
showed minimal osteonecrosis from SONFH4W to SONFH8W (Fig. 1B). 
Intraosseous pressure measurements (Table S1) indicated a continuous 

Fig. 1. Change in intraosseous pressure levels during the process of SONFH models. (A) Modeling scheme for steroid-induced femoral head necrosis in rats; LPS: 
lipopolysaccharide; MPS: methylprednisolone. (B) HE changes in rat femoral head tissue during ONFH development (scale bar: 1 mm and scale bar: 50 μm). (C) 
Schematic diagram of intraosseous pressure (IOP) measurement in the proximal femur of rats. (D) Line chart of intraosseous pressure (IOP) changes in the proximal 
femur of rats during the development of ONFH.
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increase from weeks 2–6, decreasing and normalizing by week 8 (Fig. 1C 
and D). These results indicated that in the early to mid-stage of steroid- 
induced osteonecrosis of the femoral head (SONFH, 2–6 weeks), intra
osseous pressure increases, followed by a decrease in the later stages 
(6–8 weeks). In addition, based on the measurement data of H&E 
staining and intraosseous pressure, we found that the increase in intra
osseous pressure (SONFH2W) precedes the occurrence of femoral head 
necrosis (SONFH4-8W).

3.2. Impact of increased intraosseous pressure in bone mass, osteogenesis, 
and angiogenesis phenotypes in the femoral head of SD rats

Studies have found that excess increased intraosseous pressure could 
lead to ONFH progression [6–8]. However, the role of moderate 
increased intraosseous pressure has not been elucidated yet in ONFH. In 
order to explore this issue, we observed the impacts of increased intra
osseous pressure on bone mass, osteogenesis, and angiogenesis in the 
femoral head during the development of SONFH rat models. Using 
micro-CT scans, it was observed that the trabecular bone volume frac
tion (Tb. BV/TV), trabecular thickness (Tb. Th), and trabecular number 
(Tb. N) decreased significantly in the SONFH group compared to con
trols at 4, 6, and 8 weeks (Fig. 2A–E). Early-stage SONFH (2 weeks) was 
marked by increased intraosseous pressure and normal bone mass, with 
no apparent signs of osteocyte necrosis.

Immunofluorescence staining detected type H blood vessels, char
acterized by CD31 and EMCN markers. The SONFH 2-week group 
showed an increase in type H blood vessels compared to controls, which 
decreased significantly in later stages (4, 6, and 8 weeks) (Fig. 2F and G). 
This transient increase and subsequent decrease in type H vessels 
correlate with the progression of osteonecrosis. Osteogenesis and 
angiogenesis markers were examined using osteocalcin (OCN) and 
CXCL12. OCN-positive osteoblasts increased at 2 weeks post-MPS in
jection but decreased significantly after 4 weeks, continuing to decline 
at 6 and 8 weeks (Fig. 2H and I). Similarly, CXCL12 levels were tran
siently elevated early in SONFH, followed by downregulation (Fig. 2J 
and K). In addition, the in vitro data are consistent with the experi
mental results (Figs. S1A–E), jointly indicating that elevated intra
osseous pressure initially promotes osteogenesis and angiogenesis but 
inhibits these processes in later stages, exacerbating bone vascular 
destruction..

3.3. Mechanosensory protein Piezo1 upregulation in response to increased 
intraosseous pressure

Our previous results have shown that intraosseous pressure increases 
in the early stage of osteonecrosis of the femoral head. However, the 
mechanism of increased intraosseous pressure on the femoral head has 
not yet been clarified. In order to explore the underlying mechanisms of 
increased intraosseous pressure on femoral head tissues, we collected 
clinical data from 10 patients with osteonecrosis of the femoral head and 
10 patients with femoral neck fracture. On imaging MRI, compared with 
patients with femoral neck fracture, patients with ONFH showed 

obvious high signal in the femoral medullary cavity in T2 phase 
(Fig. 3A). Otherwise, histological H&E staining detection revealed that a 
large number of bone cells and bone marrow cells nuclei underwent 
karyopyknosis, and karyolysis. Recent studies have found that activation 
of the mechanoreceptor Piezo1 leads to the influx of calcium ions into 
cells and increases the expression of calcineurin in cells [27–33]. Piezo1 
expression was notably upregulated among various mechanosensory 
proteins in response to increased intraosseous pressure (Fig. 3B). Clin
ical data from 10 ONFH patients and 10 femoral neck fracture patients 
revealed significant activation of the Piezo1 signaling pathway in ONFH 
patients (Table S2), evidenced by increased calcium ion influx and cal
cineurin expression (Fig. 3C–E). RT-PCR and Western blot analyses 
confirmed that Piezo1 expression was highest among mechanoreceptors 
(Fig. 3F–H). Immunofluorescence showed a significant increase in 
Piezo1+ CAM+ double-positive cells in the ONFH group (Fig. 3I and J).

Immunohistochemical staining across different modeling stages 
showed that Piezo1 expression increased early in SONFH (at 2 weeks), 
peaked with increased pressure, and decreased at the final stage 
(Fig. 3K–N). These results together indicated that Piezo1 might play a 
crucial role in the early progression of osteonecrosis of the femoral head.

3.4. Piezo1 in LEPR + bone marrow stem cell upregulates most 
significantly during the increased intraosseous pressure of steroid-induced 
osteonecrosis of the femoral head

To explore the expression changes of Piezo1 in various types of cells 
during the progression of osteonecrosis of the femoral head in vivo, we 
took femoral head specimens from rats with steroid necrosis and 
detected the expression changes of Piezo1 in bone marrow stem cells, 
endothelial cells and macrophages through histological immunofluo
rescence staining. Immunofluorescence staining was used to analyze 
Piezo1, endothelial cell marker CD31, macrophage marker CD68 and 
stem cell marker LEPR in the Control, SONFH 2W, and SONFH 4W 
groups. The expression of Piezo1/CD31 and Piezo1/LEPR fluorescent 
double staining suggests that compared with the Control group, the 
expression of Piezo1 in stem cells in the SONFH 2W group was up- 
regulated, and the change in endothelial Piezo1 was not obvious. 
However, the expression of Piezo1 in stem cells in the SONFH 4W group 
did not continue to be up-regulated, and endothelial Piezo1 was 
significantly increased at this time (Fig. 4A–D). Moreover, there is no 
statistical difference in the expression of Piezo1 in macrophages (Fig. 4E 
and F). The experimental data of this study show that in the early stage 
of steroid-induced necrosis of the femoral head (SONFH 2W), the signs 
of bone mass loss and bone cell necrosis are not obvious, indicating that 
the body has a physiological compensatory mechanism to resist and 
repair the damage caused by steroids to the femoral head. In this study, 
in vivo animal models found that the early increase in intraosseous 
pressure mainly caused the upregulation of stem cell Piezo1 expression, 
which may mediate osteogenesis and angiogenesis potential during the 
progression of early steroid-induced osteonecrosis of the femoral head 
and play a role in the protection of the femoral head.

In order to explore the expression of the Piezo1 signaling pathway in 

Fig. 2. Changes of bone mass, osteogenesis, and angiogenesis phenotypes in femoral head during the process of SONFH in SD rats after IOP elevation. (A) Micro-CT 
reconstructed images of the coronal plane of the femoral head of rats in Control and SONFH groups at 1W, 2W, 4W, 6W, and 8W. (B) Statistical analysis of femoral 
head bone volume fraction (BV/TV) of rats in Control and SONFH groups at 1W, 2W, 4W, 6W, and 8W. (C) Statistical analysis of trabecular bone thickness (Tb.Th) in 
rats in Control and SONFH groups at 1W, 2W, 4W, 6W and 8W. (D) Statistical analysis of trabecular bone number (Tb.Th) in rats in Control and SONFH groups at 1W, 
2W, 4W, 6W, and 8W. (E) Statistical analysis of trabecular bone separation (Tb.Th) in rats in Control and SONFH groups at 1W, 2W, 4W, 6W and 8W. NS: No 
statistical difference, *P < 0.05, **P < 0.01. (F) Immunofluorescence staining was used to detect the expression changes of Type H vascular markers CD31 and EMCN 
in the femoral head tissue of rats in the Control and SONFH groups at 2W, 4W, 6W and 8W (scale bar: 50 μm). (G) Statistical analysis of changes in the number of 
Type H blood vessels in the femoral head tissue of rats in the Control and SONFH groups at 2W, 4W, 6W, and 8W after modeling. NS: No statistical difference, *P <
0.05, **P < 0.01, ***P < 0.001. (H) Immunofluorescence staining was used to detect the expression of osteogenic marker OCN in SD rat models 0D, 3D, 1W, 2W, 3W, 
4W, 5W, 6W, 7W, 8W, and 9W (scale bar: 100 μm). (I) Statistical analysis of osteogenic marker OCN+ cells at 0D, 3D, 1W, 2W, 3W, 4W, 5W, 6W, 7W, 8W and 9W of 
SD rat models. (J) Immunofluorescence staining was used to detect the expression of angiogenic factor CXCL12 in SD rat models 0D, 3D, 1W, 2W, 3W, 4W, 5W, 6W, 
7W, 8W, and 9W (scale bar: 50 μm). (K) Statistical analysis of angiogenic marker CXCL12+ cells in SD rat models at 0D, 3D, 1W, 2W, 3W, 4W, 5W, 6W, 7W, 8W 
and 9W.
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various cells in the bone marrow cavity in response to mechanical 
stimulation, this study examined BMSCs (bone marrow mesenchymal 
stem cells), ECs (endothelial cells), OBs (osteoblasts), and Mφ (macro
phages) were subjected to pressurization treatment, while the cells in 
the control group were not pressurized. Immunofluorescence staining 
was used to detect the intensity of calcium ion influx (Fluo 4) in BMSC, 

EC, OB, and Mφ under mechanical stimulation conditions. The results 
showed that there were significant changes in calcium ion influx in 
BMSC, EC, and OB cells. However, the calcium ion influx in BMSCs 
increased most significantly than others (Figs. S2A-B). RT-PCR detection 
of Piezo1 mRNA expression in BMSC, EC, OB, and Mφ under mechanical 
stimulation conditions also showed that the expression of Piezo1 

Fig. 3. Piezo1 signaling pathway expression levels in clinical specimens and animal models during IOP elevation. (A) Representative MRI images of ONFH and 
normal control group. (B) Relative expression levels of mechanoreceptor gene mRNA in human femoral head tissue. (C) Immunofluorescence staining in Control and 
ONFH groups shows the expression of Piezo1 protein and CAM protein in femoral head tissues (scale bar: 20 μm). (D–F) Statistical analysis of Piezo1+, CAM+ and 
Piezo1+CAM+ cells in Control and ONFH groups. (G) Relative expression levels of CAM protein in Control and ONFH groups. (H) Statistical analysis of CAM protein 
expression in Control and ONFH groups. (I–J) Ca2+ inflorescence intensity in bone marrow cells of Control and ONFH groups. (K) Immunohistochemical staining of 
Control, SONFH 2W, SONFH 4W, SONFH 6W, and SONFH 8W groups shows Piezo1 protein expression in femoral head tissue (scale bar: 250 μm and scale bar: 50 
μm). (L) Statistical analysis of Piezo1+ cells in Control, SONFH 2W, SONFH 4W, SONFH 6W, and SONFH 8W groups. (M) IOP measurement in the proximal femur of 
rats from SONFH 0W to SONFH 9W. (N) Relative Piezo1 expression in femoral head tissues with the IOP elevation. NS: No statistical difference, *P < 0.05, **P 
< 0.01.
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increased most significantly in mesenchymal stem cells (Fig. S2C). In 
conclusion, various cells in the bone marrow produce different effects in 
response to mechanical stimulation. In vitro experiments, bone marrow 
mesenchymal stem cells respond most obviously to mechanical 
stimulation.

3.5. Inhibition of stem cell Piezo1 by GsMTx4 promotes the increase in 
intraosseous pressure and aggravates the progression of osteonecrosis of the 
femoral head

According to the above experimental results, it can be seen that the 
early increase in intraosseous pressure during the modeling process of 
osteonecrosis of the femoral head mainly upregulates stem cell Piezo1. 
In order to explore whether early targeted inhibition of stem cell Piezo1 
can affect the progression of osteonecrosis of the femoral head, we 
injected the Piezo1 small molecule inhibitor GsMTX4 into rats to inhibit 
the Piezo1 signaling pathway, and continued to inject steroids to 
establish an osteonecrosis of the femoral head model (Fig. 5A). The re
sults showed that after administration of GsMTx4, the increase in 
intraosseous pressure aggravated in SONFH 4W group, and the degree of 
osteonecrosis of the femoral head in the HE staining was more severe 
than that in the ordinary model group (Fig. 5B–E). The changes in bone 
mass in the late stages of necrosis modeling after GsMTX4 

administration were further examined. Micro-CT results showed that 
early inhibition of Piezo1 could significantly aggravate the bone mass 
loss caused by necrosis modeling (Fig. 5F–I). In addition, immunofluo
rescence staining results suggest that GsMTx4 inhibits the osteogenic 
and angiogenic functions (indicated by OCN, CD31/EMCN, and CXCL12 
expression levels) of stem cells by inhibiting the NFAT1 signaling 
pathway (Fig. 5K–O). The above experimental results collectively indi
cate that early inhibition of stem cell Piezo1 by injection of GsMTx4 can 
aggravate the increase in intraosseous pressure and aggravate the pro
cess of osteonecrosis of the femoral head.

3.6. Piezo1 activation regulates the osteogenic and angiogenic potential of 
stem cells through the CAM-NFAT1 signaling pathway

Studies have found that mechanical stimulation can mediate the 
NFAT1 signaling pathway in mesenchymal stem cells to promote 
osteogenesis and angiogenesis in the body [48,49]. In order to further 
verify how Piezo1 works after activation in vivo, this study injected 
Yoda1 into rats and verified the femoral head tissue specimens. In order 
to further elucidate how Piezo1 functions after activation in femoral 
head tissues, we injected Yoda1 into rats to activate the Piezo1 signaling 
pathway. Immunofluorescence staining of the Control and Yoda1 groups 
showed the expression of OCN, CD31/Emcn, and LEPR/NFAT1 in the 

Fig. 4. Piezo1 in LEPR + bone marrow stem cell upregulates most significantly during IOP changes in SONFH rats. (A, C, and E) Double fluorescent staining of 
Piezo1/CD31, Piezo1/LEPR and Piezo1/CD68 in Control, SONFH 2W, and SONFH 4W groups (scale bar: 40 μm). (B, D, and F) Statistical analysis of Piezo1/CD31 
expression in Control, SONFH 2W, and SONFH 4W groups. (F) Statistical analysis of Piezo1/LEPR expression in Control, SONFH 2W, and SONFH 4W groups. NS: No 
statistical difference, *P < 0.05, **P < 0.01.
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femoral head tissues. Results showed that the expression of NFAT1 in 
stem cells was up-regulated, and this effect could be inhibited by tar
geting calcium ions with KN93 (Fig. 6A–F). These indicated that in vivo 
activation of Piezo1 could regulate the osteogenic and angiogenic po
tential of stem cells via CAM-NFAT1 signaling pathways.

In addition, in vitro experiments also showed that activating Piezo1 
could promote calcium influx in stem cells and promote endothelial tube 
formation after co-culture with endothelial cells. This effect could be 
inhibited by targeting calcium ions with KN93 (Fig. 6G–I). The expres
sion of VEGFA and RUNX2 genes detected by Western blotting, Ca2+

imaging, and double immunofluorescence staining of RUNX2/CXCL12 
also confirmed the above results (Fig. 6J–P). These results indicated that 
inhibiting NFAT1 can weaken the promotion effect of Yoda1 on stem cell 
osteogenesis and angiogenesis, and inhibiting NFAT1 has no effect on 
intracellular calcium influx.

4. Discussion

Studies have found that most ONFH have a common pathological 
process: tissue ischemia and bone cell apoptosis or necrosis, which are 
accompanied by increased lipogenesis and vascular obstruction, leading 
to a sharp increase in the pressure in the medullary cavity of the femoral 
head, which in turn leads to the ischemia of the femoral head [10]. A 
large number of studies have shown that intraosseous pressure increases 
in patients with osteonecrosis of the femoral head secondary to high 
doses of glucocorticoids or excess alcohol [11]. Some clinical studies 
have proven that performing core decompression surgery to reduce 
intraosseous pressure in the early stage of osteonecrosis of the femoral 
head could prevent or slow down its evolution, which has significant 
clinical significance [12].

There is a close relationship between the temporal changes in 
intraosseous pressure and the pathogenesis and repair difficulties of 
femoral head necrosis. The increase in intraosseous pressure may lead to 
insufficient blood supply and bone cell damage, while the decrease in 
intraosseous pressure may affect the healing ability of bone tissue. 
Therefore, monitoring and regulating intraosseous pressure is of great 
significance in the prevention and treatment of femoral head necrosis. 
Interventions targeting changes in intraosseous pressure, such as 
improving blood supply and promoting bone tissue regeneration, may 
help improve the prognosis of patients with femoral head necrosis 
[11–14]. After the intraosseous venous return disorder produces intra
osseous high pressure, it can lead to the formation of new bone around 
the necrotic area of the femoral head, inducing various pathological 
changes such as osteosclerosis and osteoarthritis. Under intraosseous 
high pressure, the rheological state of systemic blood and local bone 
marrow is obviously abnormal, and local blood circulation in the 
femoral head tissue is disrupted [14,15].

Based on this, this study established a rat model of steroid-induced 
osteonecrosis of the femoral head and collected specimens from clin
ical patients with osteonecrosis of the femoral head. Then we examined 
the changes in intraosseous pressure over time during the modeling 

process of steroid-induced osteonecrosis, as well as the changes in 
femoral head phenotypes after the increase in intraosseous pressure. At 
the same time, since the increase in pressure mainly exerts its effect 
through changes in the mechanoreceptor Piezo1 and downstream cal
cium ion influx, after the intraosseous pressure increases, this study 
detected calcium ion influx and downstream key signaling pathway 
proteins, such as NFAT signaling, BMP signaling and other signaling 
pathway key proteins, clarifying the signaling pathways and key 
mechanisms responsible for the increase in intraosseous pressure.

Piezo1 is a new type of mechanoreceptor, expressed in many organs 
throughout the body and was discovered by Patapoutian, the 2021 
Nobel Prize winner. Under physiological conditions, osteoblast Piezo1 
maintains bone homeostasis by responding to mechanical stimulation 
[15–17,20,21]. Studies have found that vascular endothelium can also 
regulate vascular endothelial homeostasis in response to mechanical 
stimulation through Piezo1, a molecular switch of calcium ion channels 
[24]. In addition, endothelial-specific expression of Piezo1 plays an 
important role in angiogenesis, regulating endothelial osmotic pressure, 
and blood pressure homeostasis. Moderate exercise activates Piezo1 to 
increase H-type angiogenesis and the number of capillaries, prevent the 
apoptosis of skeletal muscle endothelial cells, and prevent microvascular 
from loosening [22]. Under pathological conditions, Piezo1 in the 
endothelium of small pulmonary blood vessels senses blood pressure 
changes and regulates endothelial stretching and osmotic pressure, 
leading to pulmonary edema. In disease models of diabetes and hyper
lipidemia, excessive activation of Piezo1 expression in the vascular 
endothelium can cause endothelial cell dysfunction and lead to micro
vascular thrombosis. Inhibition of Piezo1 expression can significantly 
improve the damage to microvascular homeostasis [43,44]. This study 
found that during the progression of steroid-induced osteonecrosis of the 
femoral head, intraosseous pressure continues to increase. In the early 
stage of animal modeling (SONFH 2W), stem cell Piezo1 is mainly 
activated, mediates osteogenesis and vascularization, and exerts nega
tive feedback on hormonal damage in the body, thus playing a repair 
effect. Otherwise, Piezo1 is used to early promote the osteogenic and 
vascular potential of stem cells, which could curb further increases in 
pressure, improve the damaging effects of hormones on stem cells and 
blood vessels, and help to alleviate early treatment of osteonecrosis of 
the femoral head.

This study also has some limitations, such as the specific mechanism 
of increased intraosseous pressure that needs further exploration. Fac
tors affecting intraosseous pressure mainly include blood vessel 
destruction and accumulation of fat in the bone marrow. More experi
mental evidence is needed to explain how hormones cause an increase in 
intraosseous pressure in the body.

In summary, this study explored the changes in intraosseous pressure 
during the progression of steroid-induced osteonecrosis of the femoral 
head and the changes in signaling pathways produced by mechanore
ceptors in bone marrow cells in response to changes in intraosseous 
pressure. we clarified that the intraosseous pressure increases in the 
early to middle-stage (increase at 2–6W) during the modeling process of 

Fig. 5. Inhibition of stem cell Piezo1 by GsMTx4 promotes the increase in intraosseous pressure and aggravates the progression of SONFH. (A) Schematic diagram of 
SD rat’s models. (B) HE changes in femoral head tissue in SD rats in PBS, MPS, and GsMTx4-MPS groups 4 weeks after modeling (scale bar: 1 mm and scale bar: 50 
μm). (C) Statistical analysis of area of trabecular bone (%). (D) Statistical analysis of area of osteonecrosis lesions in the femoral head (%). (E) IOP measurement in rat 
proximal femur. (F) Statistical analysis of femoral head bone volume fraction (BV/TV) of SD rats in PBS, MPS, and GsMTx4-MPS groups 4 weeks after modeling. (G) 
Statistical analysis of femoral head trabecular bone thickness (Tb.Th) in SD rats in PBS, MPS, and GsMTx4-MPS groups 4 weeks after modeling. (H) Statistical analysis 
of trabecular bone number (Tb.N) in the femoral head of SD rats in PBS, MPS, and GsMTx4-MPS groups 4 weeks after modeling. (I) Statistical analysis of femoral head 
trabecular separation (Tb.Sp) in SD rats in PBS, MPS, and GsMTx4-MPS groups 4 weeks after modeling. NS: No statistical difference, *P < 0.05, **P < 0.01, 
P***<0.001. (J) Micro-CT reconstructed images of the coronal plane of the femoral head in SD rats in the PBS, MPS, and GsMTx4-MPS groups 4 weeks after 
modeling. (K) Immunofluorescence staining of NFAT1/LEPR in the femoral head tissues of SD rats from the PBS, MPS, and GsMTx4-MPS groups 4 weeks post- 
modeling (scale bar: 50 um). (L) Statistical analysis of changes in NFAT1/LEPR expression in the femoral head tissues of SD rats from the PBS, MPS, and 
GsMTx4-MPS groups 4 weeks post-modeling. (M) Immunofluorescence staining of OCN, CD31/EMCN, and CXCL12 in the femoral head tissues of SD rats from the 
PBS, MPS, and GsMTx4-MPS groups 4 weeks post-modeling (scale bar: 20 um and scale bar: 50 um). (O–P) Statistical analysis of changes in OCN, CD31/EMCN, and 
CXCL12 expression in the femoral head tissues of SD rats from the PBS, MPS, and GsMTx4-MPS groups 4 weeks post-modeling. N.S.: No statistical difference, *P <
0.05, **P < 0.01, ***P < 0.001.
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SD rats, and does not increase but decreases in the late stage (6–8W), 
resulting in the destruction and rarefaction of femoral head bone mass 
and blood vessels, which is responsible for the key cause of osteonecrosis 
of the femoral head. In order to solve these problems, more basic 
experimental research is needed to explore. Furthermore, Piezo1 can 
regulate the osteogenic and angiogenic potential of bone marrow 
mesenchymal stem cells in response to increased intraosseous pressure, 
and plays an important role in the progression of osteonecrosis of the 
femoral head. Targeting Piezo1 to early promote the osteogenic and 
vascular potential of stem cells, which could curb further increases in 
pressure, improve the damaging effects of glucocorticoids on stem cells 
and blood vessels, and contribute to early treatment of osteonecrosis of 
the femoral head. Finally, scientific research should serve clinical 
practice and relieve patients’ symptom. Currently, many mechanisms of 
the impact of elevated intraosseous pressure on osteonecrosis of the 
femoral head are still in the basic theoretical research stage, and we 

hope to translate them into clinical applications as soon as possible.

5. Conclusion

This study demonstrates that steroid-induced ONFH mediates a 
sustained increase in intraosseous pressure, initially promoting osteo
genesis and angiogenesis, which are later inhibited. Mechanistically, 
increased intraosseous pressure upregulates the Piezo1 signaling 
pathway in bone marrow stem cells, enhancing CXCL12 secretion 
through the CAM-NFAT1 signaling pathway early in the disease. 
Consequently, Piezo1 plays a protective role in early-stage osteonecrosis 
but contributes to vascular damage and disease progression when 
pressure is excessively increased (Fig. 7).

Fig. 6. Piezo1 regulates the osteogenic and angiogenic potential of BMSCs through the CAM-NFAT1 signaling pathway. (A–B) Immunofluorescence staining of OCN 
expression in femoral head tissues of the Control and Yoda1 groups, veh, and KN93 treated groups along with statistical analysis (scale bar: 40 μm). (C–D) 
Immunofluorescence staining of CD31 and Emcn expression in femoral head tissues of the Control and Yoda1 groups, veh, and KN93 treated groups along with 
statistical analysis (scale bar: 40 μm). (E–F) Immunofluorescence staining of LEPR and NFAT1 expression in femoral head tissues of the Control and Yoda1 groups, 
veh, and KN93 treated groups along with statistical analysis (scale bar: 40 μm). (G) Ca2+ imaging in BMSCs of the Control and Yoda1 groups, veh, and KN93 treated 
groups. (H) Tube formation analysis in ECs co-culture with BMSCs of SD rat models of the Control and Yoda1 groups, veh, and KN93 treated groups. (I) Statistical 
analysis of relative expression of Ca2+ intensity and tube loops of Control and Yoda1 groups, veh, and KN93 treated groups. (J) Protein expression of NFAT1, VEGFA, 
and RUNX2 in the Control and Yoda1 groups. (K–L) Statistical analysis of relative expression of VEGFA and RUNX2 proteins in the Control and Yoda1 groups, veh, 
and KN93 treated groups. (M− N) Ca2+ imaging and statistical analysis of relative expression of Ca2+ intensity in BMSCs of the Control Yoda1 and Yoda1+Si NFAT1 
groups. (O–P) Immunofluorescence staining of RUNX2 and CXCL12 expression in BMSCs of the Control Yoda1 and Yoda1+Si NFAT1 groups along with statistical 
analysis (scale bar: 20 μm). N.S.: No statistical difference, *P < 0.05, **P < 0.01, ***P < 0.001.

Fig. 7. A model of SONFH reveals that BMSC Piezo1 in response to elevated IOP regulates bone vascular homeostasis through CAM-NFAT1 signaling pathway. (A) 
During the development of SONFH, Piezo1 can respond to the increased intraosseous pressure and promote the osteogenesis and vascular potential of bone marrow 
mesenchymal stem cells through the CAM-NFAT1 signaling pathway in the early stage. (B) Early inhibition of stem cell Piezo1 by injection of GsMTx4 can aggravate 
the increase in intraosseous pressure and the progression of SONFH through Piezo1-CAM-NFAT1 signaling pathway. Created in https://BioRender.com.
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