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Background: Osteonecrosis of the femoral head is a complex hip ailment. The
precise changes in bone tissue during the disease’s onset remain unclear. It is vital
to assess both the quantity and quality of the trabecular state in a necrotic
femoral head.

Aim: This study aims to identify and compare the ultrastructural changes in
osteocyte morphology and nanomechanical characteristics within various
regions of necrotic femoral heads.

Methods: Between December 2016 and May 2023, we gathered ten necrotic
femoral heads from patients and five femoral heads from cadavers. The samples
from the necrotic femoral heads were categorized into three areas: necrotic,
sclerotic, and normal. Our assessment methods encompassed hematoxylin and
eosin staining, sclerostin (SOST) immunohistochemistry, micro-computed
tomography, nanoindentation, and acid-etched scanning electron microscopy.
These techniques enabled us to examine the SOST expression, trabecular
microstructure, micromechanical properties of trabeculae, and modifications in
osteocyte morphology at the ultrastructural level.

Results: The protein level of SOST was found to be lower in the sclerotic area. In
the necrotic area, decreased values of bone volume fraction, trabecular thickness,
and trabecular number and an increased value of trabecular separation were
found. Conversely, in the sclerotic area, higher mean values of bone volume
fraction, trabecular number, and trabecular thickness and lower trabecular
separation indicated significant changes in the structural characteristics of
trabeculae. Compared with the healthy area, the elastic modulus and hardness
in the sclerotic area were significantly higher than those in the necrotic, normal,
and control areas, while those in necrotic areas were significantly lower than those
in the healthy area. The number of osteocytes tended to increase in the sclerotic
area with more canalicular cells compared to the healthy area and control group.
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Conclusion: These results imply that the stress distribution within the sclerotic area
could potentially lead to enhanced trabecular quality and quantity. This effect is also
reflected in the increased count of osteocytes and their canaliculars. It is plausible
that the sclerotic trabecular bone plays a pivotal role in the repair of necrotic
femoral heads.
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Introduction

Osteonecrosis of the femoral head (ONFH) is a refractory hip
condition that predominantly impacts individuals aged 30 to 50. In
the United States alone, around 10,000 to 20,000 new cases are
identified annually, with approximately 5%–12% of total hip
arthroplasties conducted annually to address ONFH (Guggenbuhl
et al., 2021; Li et al., 2021). Femoral head collapsing and hip
osteoarthritis can lead to serious hip pain and limited range of
motion (Gasbarra et al., 2015). The precise mechanisms underlying
the changes in bone tissue within the femoral head during
pathogenesis remain elusive (Wang et al., 2022). Both quantity
and quality play pivotal roles in assessing the state of trabecular
structure within a necrotic femoral head. Micro-CT can delineate
bone quantity, while the mechanical properties significantly impact
the quality of bone tissue (Judex et al., 2003). Nanoindentation is a
relatively ideal technique to investigate the mechanical properties at
the extremely small tissue level (such as single trabeculae).
Nanoindentation offers a means to evaluate the quasi-static and
dynamic mechanical properties of trabeculae, enabling the
computation of bone tissue’s pre-yield characteristics.
Furthermore, nanoindentation facilitates the comparison of the
elastic modulus or hardness of neighboring bone tissue within
close proximity (Busa et al., 2005).

Osteocytes, together with the lacunocanalicular system, can
regulate bone mass by sensing mechanotransduction and
providing responses to mechanical loading (Cabahug-Zuckerman
et al., 2016; Javaheri et al., 2014; Jing et al., 2014). By expressing
various cytokines, osteocytes can also mediate osteoclasts’ activity
(Nakashima et al., 2011). Several studies have reported that
canalicular numbers are closely related to bone quality through
the technique of acid-etching scanning electron microscopy (SEM)
(Milovanovic et al., 2013). Factors such as aging can significantly
decrease the density of the osteocyte network, and a higher density of
osteocyte networks indicates higher bone material quality
(Kerschnitzki et al., 2013). Furthermore, poor bone conditions
such as microcrack accumulation can be found in low-lacunar-
density human bone samples (Vashishth et al., 2000). All the studies
suggest the osteocyte network plays an important role in the
maintenance of healthy bone tissue.

By integrating immunohistochemistry, micro-CT,
nanoindentation, and acid-etching SEM techniques, this study
aims to comprehensively analyze both the quantity and quality of
trabecular bone tissue. It also seeks to explore the osteocyte
network’s status within various regions of necrotic femoral heads,
providing deeper insights into the significance of sclerotic areas and
the underlying pathological alterations associated with ONFH.

Materials and methods

Sample collection

Necrotic femoral heads were obtained from individuals who
underwent total hip arthroplasty for late-stage ONFH, and a control
group consisted of five femoral heads from cadavers. The
recruitment of patients took place at the Third Affiliated Hospital
of Guangzhou University of Chinese Medicine between December
2016 and May 2023. The inclusion criteria for ONFH patients
encompassed the following: a) the absence of a hip trauma
history, b) late-stage ONFH necessitating total hip arthroplasty,
and c) willingness to provide informed consent.

Femoral head section

After collection during total hip arthroplasty, the samples were
coronally sectioned from posterior to anterior using the EXAKT-
Cutting and Grinding System (Norderstedt, Germany), resulting in
8 mm-thick sections. For analysis, the central four sections, which
best represented the femoral head, were selected. All samples were
preserved in 10% formalin. In the necrotic head group, at least two
bone cubes from each of three distinct areas, necrotic, sclerotic, and
healthy, were cut within a single section. Control group bone
samples were acquired from the central area of the femoral head
in each section. Micro-CT scans were performed on all bone cubes,
with at least one cube from each area undergoing HE staining and
immunohistochemistry analysis for SOST. The remaining bone
samples were embedded in epoxy resin, awaiting subsequent
nanoindentation and acid-etched SEM procedures.

HE staining and immunohistochemistry of
SOST

After the micro-CT scanning was completed, the bone samples
were immersed in 10% formalin at room temperature for more
than 24 h. Subsequent to decalcification in 10% EDTA and
dehydration, the samples underwent embedding in paraffin
wax. Embedded specimens were cut into 5 μm sections and
stained with HE. The specimens were washed with tris-buffered
saline and Tween 20, and then, the endogenous peroxidase activity
was quenched by 3% hydrogen peroxide for 30 min. Antigen
retrieval was performed in citrate buffer for 10 min on an 85°C
hot plate. TBST-5% bovine serum albumin (BSA) was used to
block non-specific reactivity at room temperature for 30 min.
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Rabbit anti-human SOST (ab85799, Abcam, Cambridge, MA,
United States) antibodies (dilution 1:1250) were used to
incubate together with representative slides overnight at 4°C. A
secondary biotinylated antibody (ab96899, DyLight® 488 goat anti-
rabbit IgG) was applied for 30 min at room temperature. Slides
were counterstained with hematoxylin at room temperature for
6 min. The images from HE staining and immunohistochemistry
were captured by using a microscope (BX53, Olympus).

Micro-CT scanning

Micro-CT with a spatial resolution of 9 nm was used to analyze the
trabecular bone at the quantitative level (Skyscan 1076, Skyscan,
Belgium). Bone volume fraction (BV/TV), trabecular thickness
(Tb.Th), trabecular number (Tb.N), and trabecular separation
(Tb.Sp) calculated by CTAn (CTAn, Skyscan, Belgium) were
selected to evaluate the trabecular bone microarchitecture parameters.

Nanoindentation test

The bone cubes underwent a sequential ethanol dehydration
process, starting with a concentration of 70% ethanol, followed by
80%, 90%, and finally, 100%. Each concentration was maintained for
a period of 2 days. Notably, no preliminary decalcification step was
carried out before this dehydration process. After the ethanol
dehydration, the bone samples were embedded in epoxy resin
and left to cure for a minimum of 24 h. The samples were
polished with silicon papers (Buehler–CarbiMet, Illinois,
United States) of number 320 until the surfaces of interest were
exposed. Subsequently, the surfaces were further polished with grit
numbers of 600, 1200, 2400, and 4000 in order to acquire a smooth
surface. Finally, polycrystalline diamond suspensions (Buehler
MetaDi™ Supreme) of roughness 3 μm, 1 μm, 0.25 μm, and
0.05 μm were used to polish the samples before nanoindentation.
The mechanical properties such as elastic modulus and hardness
were calculated on a microscale in the axial direction by
nanoindentation (Hysitron Triboindenter TI-950, Minneapolis,
Minnesota). All the indentation procedures were finished with a
Berkovich tip. In order to maintain consistency in each sample,
multiple trabeculars (at least three in each bone cube) were chosen
for indents. The tip area function was evaluated from indentation
analysis on fused quartz, and drift rates in the system were measured
before each indentation by standard indentation testing procedures.
When the indentation began, a preload of 2 μN was applied. The
indentation procedure, which was 50 s in total, was combined by a
10 s loading period at a constant loading rate of 100 μN/s, a 30 s
constant load segment at the peak of 1,000 μN, and then finally, a
10 s retracting in the unloading segment at a constant unloading rate
of 100 μN/s. A 20%–90% portion of the unloading curve was
extracted to calculate the elastic response.

Acid-etching SEM

Following the completion of the nanoindentation test, the
surfaces of the epoxy-embedded samples underwent an acid-

etching procedure. This involved exposing the samples to 37%
phosphoric acid for a duration of 10 s. Subsequently, the samples
were thoroughly rinsed with distilled water, undergoing five washes
of 2 min each. After the sodium hypochlorite wash at a
concentration of 5% for a duration of 10 min, the samples were
once again subjected to a series of distilled water washes, with each
wash lasting 2 min. This distilled water washing process was
repeated five times. Following these washes, the samples were left
to air-dry overnight. Subsequently, the surface of the samples was
coated with a layer of gold palladium; this process is used to prepare
the samples for SEM imaging. Magnifications of 150X, 500X, 1K X,
2K X, 5K X, and 10K X were used to visualize bone
microarchitectures and individual osteocytes. The osteocyte
canalicular number at 10K X magnification and the oteocyte
number at 150X magnification were manually marked and
quantified using Image-Pro Plus 6.0 (Media Cybernetics,
United States).

Ethical approval

This study adheres to the ethical standards set forth by the
Review Board on Human Research of the Faculty of Medicine and
aligns with the principles outlined in the Declaration of Helsinki.
Additionally, it received the necessary approval from the ethics
committee of the Third Affiliated Hospital of Guangzhou University
of Chinese Medicine (No. PJ-KY-20220420-013), ensuring
compliance with ethical guidelines and oversight.

Statistical analysis

A one-way ANOVA test was performed for comparing the
parameters of all three necrotic, sclerotic, and healthy areas
together in the control group. IBM statistical software SPSS
22.0 was used for the one-way ANOVA statistical analysis. The
significance level was set at 0.05.

Results

We harvested 10 necrotic femoral heads as the ONFH group and
five femoral heads from cadavers as the control group from patients.
The age of the ONFH group is in the range of 42–60 (49.4 ± 5.5), and
that of the control group is in the range of 42–73 (53.2 ± 12.5) (p >
0.05). Patients in the ONFH group were all in the late stage of ONFH
(ARCO stage 3 or 4).

HE staining and immunohistochemistry of
SOST

The results from HE staining and immunohistochemistry of
SOST are shown in Figure 1. Samples from the normal area and
control group display a healthy and complete trabecular bone
structure, and the lacunae are filled with osteocytes. Conversely,
results from the necrotic area display a lack of osteocytes within the
lacunae. SOST presence is observed within the trabecular bone, but
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its detection is notably limited in the necrotic area due to the absence
of osteocytes. Additionally, the area positive for SOST in the sclerotic
region exhibits a significant reduction when compared to both the
healthy area and the control group.

Micro-CT evaluation

The quantity of bone trabecular in necrotic, sclerotic, and
healthy areas shows a significant difference (Figure 2). Trabecular
bone in the necrotic area reveals poor quantity with decreased BV/
TV, Tb.Th, and Tb.N and increased Tb.Sp. Trabecular bone in the
sclerotic area undergoes significant changes with higher BT/TV,
Tb.N, and Tb.Th and lower Tb.Sp.

Nanoindentation test

The images from the microscope in nanoindentation and force-
displacement curves are shown in Figure 3A. In contrast to the
healthy area, the elastic modulus and hardness within an individual
trabecular structure from the sclerotic region exhibit notable
increases, which are statistically significant when compared to the

results observed in the necrotic, normal, and control areas. The
trabecular elastic modulus within the necrotic area is lower than that
observed in the healthy area, but the difference is not significant
(Figures 3B, C).

Acid-etched SEM

The unmarked andmarked images in different tissues are shown
in Figure 4A. Both the number of osteocytes and the number of
canaliculars in the sclerotic area are significantly increased (Figures
4B, C). A lower number of osteocytes are found in the necrotic area.
Moreover, a low number of canaliculars around osteocytes are
observed in the remaining osteocytes in the necrotic area
(Figures 4B, C).

Discussion

Our findings indicate substantial alterations in bone
microstructure, nanomechanical properties, and the
ultrastructural morphology of osteocytes in ONFH when
compared to the control group. The microarchitecture of

FIGURE 1
Results from HE staining and immunohistochemistry of SOST. Osteocytes were missing in the lacunae (black arrow). SOST was barely detectable in
the necrotic area. SOST-positive cells in the sclerotic area were significantly decreased compared to the healthy area and control group (black arrow).

FIGURE 2
(A–D)Decreased values of BV/TV, Tb.Th, and Tb.N and an increased value of Tb.Sp were found in the necrotic area, while higher mean values of BT/
TV, Tb.N, and Tb.Th and lower Tb.Sp were detected in the sclerotic area (*significantly different from the control group).
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trabeculae in the necrotic area and expression of SOST had
remarkable changes. Trabeculae showed stronger mechanical
properties, and there was a significant increase in the cell
number of osteocytes and canaliculars in the sclerotic area.

Bone consists of a composition comprising a collagenous
matrix and rigid crystals. The presence of collagen contributes
to the toughness of bone, reducing its brittleness and guarding
against fractures. Simultaneously, minerals within bone provide
stiffness, ensuring resistance to deformation under loading
conditions. Following Wolff’s Law, bone tissues alter their
size and shape to accommodate mechanical stresses and
adapt accordingly (Teichtahl et al., 2015). Weight bearing
that generates ground reaction and muscle contraction forces
together become hip joint loading (Sievanen, 2010; Wang et al.,
2022). According to a study using a strain gauge and telemetric
data transmission in total hip arthroplasty, the real-time hip
contact forces during walking can increase nearly 2.5 times body
weight during the stance (weight-bearing) phase of walking but
less than the body weight during the swing (non-weight-

bearing) phase (Heller et al., 2001). Trabeculae are densely
distributed in areas experiencing elevated mechanical stress,
serving as an effective mechanism to enhance bone strength
within the femoral head. Femoral head collapse, which was an
important signal of deterioration of ONFH, was caused by the
changes in trabecular bone inside the necrotic femoral head
(Pascart et al., 2022). Multiple studies from animal models or
human samples reported that the microstructure of trabeculae
from necrotic tissue was significantly different from that from
normal bone tissue (Ma et al., 2017). The deterioration of
trabeculae numbers may relate to the apoptosis or necrosis of
osteocytes in the necrotic area. As most osteocytes died, bone
resorption was markedly enhanced, and the necrotic bone was
replaced by bone remodeling (Kennedy et al., 2014).
Furthermore, proinflammatory cytokines, including tumor
necrosis factor-α (TNF-α) and interleukin (IL)-6, which
induce Rankl expression in osteoblasts and lead to
osteoclastogenesis, are released from lacunae to the bone
surface through canaliculi (Komori, 2016). In addition, the

FIGURE 3
(A) Images from the microscope in nanoindentation and force-displacement curves. (B, C) Elastic modulus and hardness in the sclerotic area were
significantly higher than those in the necrotic, normal, and control areas. Trabecular elastic modulus in the necrotic area was significantly lower than that
in the healthy area (*p < 0.05; ***p < 0.01).
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released ATP through Panx1 channels recruits macrophages
and monocytes and enhances the membrane fusion of osteoclast
precursor cells to form multinucleated osteoclasts and
strengthen osteoclast survival (Cheung et al., 2016). It can
explain the results where the quantity of trabeculae in the
necrotic area is significantly lower than that in other areas.
The expression of SOST in different areas was evaluated by
immunohistochemistry. SOST was chosen to, at least in part,
reveal the mechanical condition of different areas. SOST
expression in osteocytes is downregulated by loading and
upregulated by unloading (Pietrzyk et al., 2017). In a
previous in vivo study, SOST-deficient models were resistant
to unloading bone loss and did not indicate decreased bone
formation in unloading conditions (Lin et al., 2009). The

reduction in SOST expression in osteocytes is required for
enhanced bone formation by mechanical loading (Tu et al.,
2012). Moreover, SOST-positive cells were decreased by loading
in the compressive stimuli when compared to the tensional
stumili (Moriishi et al., 2012). SOST expression is likely
suppressed in a compressively loaded condition because
stress distributions are concentrated along the sclerotic
boundary (Karasuyama et al., 2015). Chen et al. (2018)
reported a lower serum SOST in patients with late-stage
ONFH and indicated that reduced expression of SOST may
play a key role in the collapse process of ONFH and be
predictive of the disease progression of ONFH. Furthermore,
Wang et al. (2014) observed an elevation in osteoblast activity
within the sclerotic area, along with an increase in osteoclast

FIGURE 4
(A) Osteocytes are marked with red spots. (B, C) Both the number of osteocytes and the number of canaliculars in the sclerotic area were
significantly increased. A lower number of osteocytes and canaliculars in the necrotic area was found (***p < 0.01).
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activity within the necrotic area. These findings suggest a
potential association with alterations in macroscopic
mechanical strength.

Trabeculae within the sclerotic area exhibited distinct
differences, encompassing both quantity and quality aspects.
Hengsberger et al. (2005) reported that the overall macro-
mechanical properties of bone are not solely determined by
micromechanical properties. The augmented quantity and
improved quality can be attributed to stress redistribution, a
phenomenon that takes place from the outset and during the
advancement of ONFH (Brown et al., 1983). According to
multiple finite element analyses (Brown et al., 1983), stress
concentration was found at the interface of necrotic and sclerotic
areas or trabecular bone below. To adapt to the increased stress,
bone remodeling began in the sclerotic area in multiple aspects. In
the aspect of bone quantity, trabeculae not only became thicker and
denser but also appeared disordered (increased values of BV/TV and
Tb.Th and decreased Tb.Sp). In the aspect of bone quality, the
biomechanical properties were strengthened (higher elastic modulus
and hardness). The main reason for these improvements in
biomechanical properties is not completely clear yet. A previous
study by Zaino et al. (2010) indicated that it might be related to the
formation of mixed tissues (including chondroid tissue or woven
bone tissue). Combined with our results of SOST expression, micro-
CT, and SEM, the bone-healing process in the sclerotic area may
precipitate increases in the elasticity modulus and hardness of the
trabeculae. The mechanical properties, such as elasticity modulus
and hardness, of trabecular bone in the necrotic area were not
significantly different compared with the healthy area or healthy
control group. Hence, we propose that the diminished mechanical
properties alone may not be the sole factor contributing to femoral
head collapse. The degradation of macro-mechanical changes could
also arise from alterations in microstructure. Similar findings have
been observed in osteoporosis animal models. Even though the bone
mass or microstructure improved after treatment with fibroblast
growth factor or parathyroid hormone injection, the elasticity
modulus or hardness of trabecular in the proximal tibia was not
changed (Guo et al., 2000; Lane et al., 2003).

Based on the acid-etched SEM findings, we further corroborated
the significant increase in both osteocyte numbers and canalicular
counts within the sclerotic area. To the best of our knowledge, our
study stands as the pioneer in finding the ultrastructural changes of
osteocytes within a necrotic femoral head. Synchrotron radiation-
based X-ray computed tomography (SRCT) is another advanced
technique to observe the osteocytes and canalicular processes in 3D
conditions. Compared to the resolution of SEM (nearly 1 nm), SRCT
only provides images with a resolution of 700 nm (Schneider et al.,
2011). Furthermore, the acid-etching method is an effective
technique to confirm osteocyte networks and canalicular
structures. Osteocytes, together with their canalicular networks
connecting to other osteocytes, have the ability to sense
mechanical stimulation and mediate bone anabolic/catabolic
responses to mechanical stimulation (Klein-Nulend et al., 2012).
In the present study, bone tissues from the necrotic, sclerotic, and
healthy areas and healthy control bone were utilized for SEM
analysis. More osteocytes with increased numbers of canaliculars
arising directly from the cell membrane were found in the sclerotic
area, whereas fewer osteocytes with decreased numbers of

canaliculars were found in the necrotic area. Canaliculars are
formed in the process of the transition of osteoblasts to
osteocytes. Compression stimuli can activate osteoblasts to
produce a bone matrix (van Tol et al., 2020). Thus, it is possible
that the osteoblasts under compressive conditions can transition
into osteocytes with more bone matrix than those in the less-loading
condition. The increased canalicular numbers indicate that the
connection between the osteoblasts and osteocytes during the
transition is greater in the sclerotic area than in the other areas.
In the molecular biological aspect, fluid shear stress, direct cellular
deformation, or other mechanical stimulation generated by stress
distribution can be translated to load-induced molecular signals
through the upregulated expression of bone morphogenetic proteins
(BMPs), Wnts, prostaglandin E2 (PGE2), and NO (Santos et al.,
2009). Connexin (Cx) 43 hemichannels, which can be opened by
mechanical loading, were reported to regulate osteogenesis
molecules (Li et al., 2013). It has been demonstrated that the
osteocyte canalicular can not only transduct the mechanical
stimulation and open the Cx 43 hemichannels on the osteocyte’s
body but also transport loading-related signals to neighboring
osteocytes (Bellido, 2014).

Limitation

Our study has several limitations. First, patients with ONFH
who request total hip replacement treatment are always in an
advanced stage of the disease. Specimens at earlier stages were
not collected due to ethical issues, and the necrotic femoral head
samples tested in our study were in stages III or IV. Therefore, in
spite of the results of SOST expression and SEM, including
previous finite element analysis, which together indirectly
reveal that mechanical stress concentrations may exist in the
sclerotic area and may be related to bone repair, we do not have
the evidence to provide a thorough explanation of the mechanical
aspects of bone reconstruction in the sclerotic region.
Furthermore, the cells or factors regulating mechanical
properties in the sclerotic region are not clear yet. More
molecular biological studies are needed to clarify the
particular processes. At last, changes in osteocytes, trabecular
structure, and biomechanical properties of the necrotic femoral
head indicated abnormalities in cell biology, which we need to
explore in further studies.

Conclusion

The findings indicate that stress distribution within the sclerotic
area might lead to an enhanced abundance of high-quality
trabeculae, along with elevated osteocyte numbers and
canaliculars. This underlines the potential significance of sclerotic
trabecular bone in the repair of necrotic femoral heads.

Data availability statement

The raw data supporting the conclusion of this article will be
made available by the authors, without undue reservation.

Frontiers in Cell and Developmental Biology frontiersin.org07

He et al. 10.3389/fcell.2023.1250070

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2023.1250070


Ethics statement

The studies involving humans were approved by the ethics
committee of the Third Affiliated Hospital of Guangzhou University
of Chinese Medicine (No. PJ-KY-20220420-013). The studies were
conducted in accordance with the local legislation and institutional
requirements. Written informed consent for participation in this study
was provided by the participants’ legal guardians/next of kin.

Author contributions

WH and Q-WZ conceived, designed, and supervised this study
and commented on all the drafts of this paper. M-CH and J-QT
contributed equally to this research. X-MH, PY, T-YL, and Q-SW
conducted the overall experiments, participated in data collection,
analysis, and molecular investigations, and helped in the drafts.
M-CH, J-QT, X-MH, PY, T-YL, and Q-SW contributed to data
interpretation and manuscript completion. All authors contributed
to the article and approved the submitted version.

Funding

This study was supported by grants from the project of the
National Natural Science Foundation of China (grant numbers

81873327, 82004392, and 81573996), the Double First-class
Discipline Construction Project of Guangzhou University of
Chinese Medicine (grant number Z2015002), the major project of
“Double First-class” and High-level University Discipline
Collaborative Innovation Team of Guangzhou University of
Chinese Medicine (grant number 2021XK05), and the cultivated
project of “Double First-class” and High-level University Discipline
Collaborative Innovation Team of Guangzhou University of Chinese
Medicine (grant numbers 2021XK41 and 2021XK46).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors, and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

References

Bellido, T. (2014). Osteocyte-driven bone remodeling. Calcif. Tissue Int. 94 (1), 25–34.
doi:10.1007/s00223-013-9774-y

Brown, T. D., and Hild, G. L. (1983). Pre-collapse stress redistributions in femoral
head osteonecrosis--a three-dimensional finite element analysis. J. Biomech. Eng. 105
(2), 171–176. doi:10.1115/1.3138402

Busa, B., Miller, L. M., Rubin, C. T., Qin, Y. X., and Judex, S. (2005). Rapid
establishment of chemical and mechanical properties during lamellar bone
formation. Calcif. Tissue Int. 77 (6), 386–394. doi:10.1007/s00223-005-0148-y

Cabahug-Zuckerman, P., Frikha-Benayed, D., Majeska, R. J., Tuthill, A., Yakar, S.,
Judex, S., et al. (2016). Osteocyte apoptosis caused by hindlimb unloading is required to
trigger osteocyte rankl production and subsequent resorption of cortical and trabecular
bone in mice femurs. J. Bone. Min. Res. 31 (7), 1356–1365. doi:10.1002/jbmr.2807

Chen, X. J., Yang, F., Chen, Z. Q., He, M. C., Hong, G. J., Huang, J. Y., et al. (2018).
Association of reduced sclerostin expression with collapse process in patients with
osteonecrosis of the femoral head. Int. Orthop. 42 (7), 1675–1682. doi:10.1007/s00264-
018-3979-7

Cheung, W. Y., Fritton, J. C., Morgan, S. A., Seref-Ferlengez, Z., Basta-Pljakic, J., Thi,
M. M., et al. (2016). Pannexin-1 and p2x7-receptor are required for apoptotic osteocytes
in fatigued bone to trigger rankl production in neighboring bystander osteocytes.
J. Bone. Min. Res. 31 (4), 890–899. doi:10.1002/jbmr.2740

Gasbarra, E., Perrone, F. L., Baldi, J., Bilotta, V., Moretti, A., and Tarantino, U. (2015).
Conservative surgery for the treatment of osteonecrosis of the femoral head: current options.
Clin. Cases Min. Bone Metab. 12 (1), 43–50. doi:10.11138/ccmbm/2015.12.3s.043

Guggenbuhl, P., Robin, F., Cadiou, S., and Albert, J. D. (2021). Etiology of avascular
osteonecrosis of the femoral head.Morphologie 105 (349), 80–84. doi:10.1016/j.morpho.
2020.12.002

Guo, X. E., and Goldstein, S. A. (2000). Vertebral trabecular bone microscopic tissue
elastic modulus and hardness do not change in ovariectomized rats. J. Orthop. Res. 18
(2), 333–336. doi:10.1002/jor.1100180224

Heller, M. O., Bergmann, G., Deuretzbacher, G., Durselen, L., Pohl, M., Claes, L., et al.
(2001). Musculo-skeletal loading conditions at the hip during walking and stair
climbing. J. Biomech. 34 (7), 883–893. doi:10.1016/s0021-9290(01)00039-2

Hengsberger, S., Ammann, P., Legros, B., Rizzoli, R., and Zysset, P. (2005). Intrinsic
bone tissue properties in adult rat vertebrae: modulation by dietary protein. Bone 36 (1),
134–141. doi:10.1016/j.bone.2004.09.013

Javaheri, B., Stern, A. R., Lara, N., Dallas, M., Zhao, H., Liu, Y., et al. (2014). Deletion
of a single beta-catenin allele in osteocytes abolishes the bone anabolic response to
loading. J. Bone. Min. Res. 29 (3), 705–715. doi:10.1002/jbmr.2064

Jing, D., Baik, A. D., Lu, X. L., Zhou, B., Lai, X., Wang, L., et al. (2014). In situ
intracellular calcium oscillations in osteocytes in intact mouse long bones under
dynamic mechanical loading. Faseb. J. 28 (4), 1582–1592. doi:10.1096/fj.13-237578

Judex, S., Boyd, S., Qin, Y. X., Turner, S., Ye, K., Muller, R., et al. (2003). Adaptations
of trabecular bone to low magnitude vibrations result in more uniform stress and strain
under load. Ann. Biomed. Eng. 31 (1), 12–20. doi:10.1114/1.1535414

Karasuyama, K., Yamamoto, T., Motomura, G., Sonoda, K., Kubo, Y., and Iwamoto,
Y. (2015). The role of sclerotic changes in the starting mechanisms of collapse: A
histomorphometric and fem study on the femoral head of osteonecrosis. Bone 81,
644–648. doi:10.1016/j.bone.2015.09.009

Kennedy, O. D., Laudier, D. M., Majeska, R. J., Sun, H. B., and Schaffler, M. B. (2014).
Osteocyte apoptosis is required for production of osteoclastogenic signals following
bone fatigue in vivo. Bone 64, 132–137. doi:10.1016/j.bone.2014.03.049

Kerschnitzki, M., Kollmannsberger, P., Burghammer, M., Duda, G. N.,
Weinkamer, R., Wagermaier, W., et al. (2013). Architecture of the osteocyte
network correlates with bone material quality. J. Bone. Min. Res. 28 (8),
1837–1845. doi:10.1002/jbmr.1927

Klein-Nulend, J., Bacabac, R. G., and Bakker, A. D. (2012). Mechanical loading and
how it affects bone cells: the role of the osteocyte cytoskeleton in maintaining our
skeleton. Eur. Cells Mat. 24, 278–291. doi:10.22203/ecm.v024a20

Komori, T. (2016). Cell death in chondrocytes, osteoblasts, and osteocytes. Int. J. Mol.
Sci. 17 (12), 2045. doi:10.3390/ijms17122045

Lane, N. E., Yao, W., Kinney, J. H., Modin, G., Balooch, M., andWronski, T. J. (2003).
Both hpth(1-34) and bfgf increase trabecular bone mass in osteopenic rats but they have
different effects on trabecular bone architecture. J. Bone. Min. Res. 18 (12), 2105–2115.
doi:10.1359/jbmr.2003.18.12.2105

Li, J., Su, P., Li, J., Chen, G., and Xiong, Y. (2021). Efficacy and safety of stem cell
combination therapy for osteonecrosis of the femoral head: A systematic review and
meta-analysis. J. Healthc. Eng. 2021, 9313201. doi:10.1155/2021/9313201

Li, X., Liu, C., Li, P., Li, S., Zhao, Z., Chen, Y., et al. (2013). Connexin 43 is a potential
regulator in fluid shear stress-induced signal transduction in osteocytes. J. Orthop. Res.
31 (12), 1959–1965. doi:10.1002/jor.22448

Frontiers in Cell and Developmental Biology frontiersin.org08

He et al. 10.3389/fcell.2023.1250070

https://doi.org/10.1007/s00223-013-9774-y
https://doi.org/10.1115/1.3138402
https://doi.org/10.1007/s00223-005-0148-y
https://doi.org/10.1002/jbmr.2807
https://doi.org/10.1007/s00264-018-3979-7
https://doi.org/10.1007/s00264-018-3979-7
https://doi.org/10.1002/jbmr.2740
https://doi.org/10.11138/ccmbm/2015.12.3s.043
https://doi.org/10.1016/j.morpho.2020.12.002
https://doi.org/10.1016/j.morpho.2020.12.002
https://doi.org/10.1002/jor.1100180224
https://doi.org/10.1016/s0021-9290(01)00039-2
https://doi.org/10.1016/j.bone.2004.09.013
https://doi.org/10.1002/jbmr.2064
https://doi.org/10.1096/fj.13-237578
https://doi.org/10.1114/1.1535414
https://doi.org/10.1016/j.bone.2015.09.009
https://doi.org/10.1016/j.bone.2014.03.049
https://doi.org/10.1002/jbmr.1927
https://doi.org/10.22203/ecm.v024a20
https://doi.org/10.3390/ijms17122045
https://doi.org/10.1359/jbmr.2003.18.12.2105
https://doi.org/10.1155/2021/9313201
https://doi.org/10.1002/jor.22448
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2023.1250070


Lin, C., Jiang, X., Dai, Z., Guo, X., Weng, T., Wang, J., et al. (2009). Sclerostin mediates
bone response to mechanical unloading through antagonizing wnt/beta-catenin
signaling. J. Bone. Min. Res. 24 (10), 1651–1661. doi:10.1359/jbmr.090411

Ma, J. X., He, W. W., Zhao, J., Kuang, M. J., Bai, H. H., Sun, L., et al. (2017). Bone
microarchitecture and biomechanics of the necrotic femoral head. Sci. Rep. 7 (1), 13345.
doi:10.1038/s41598-017-13643-2

Milovanovic, P., Zimmermann, E. A., Hahn, M., Djonic, D., Puschel, K.,
Djuric, M., et al. (2013). Osteocytic canalicular networks: morphological
implications for altered mechanosensitivity. ACS Nano 7 (9), 7542–7551.
doi:10.1021/nn401360u

Moriishi, T., Fukuyama, R., Ito, M., Miyazaki, T., Maeno, T., Kawai, Y., et al. (2012).
Osteocyte network; A negative regulatory system for bone mass augmented by the
induction of rankl in osteoblasts and sost in osteocytes at unloading. PLoS One 7 (6),
e40143. doi:10.1371/journal.pone.0040143

Nakashima, T., Hayashi, M., Fukunaga, T., Kurata, K., Oh-Hora, M., Feng, J. Q., et al.
(2011). Evidence for osteocyte regulation of bone homeostasis through rankl expression.
Nat. Med. 17 (10), 1231–1234. doi:10.1038/nm.2452

Pascart, T., Falgayrac, G., Cortet, B., Paccou, J., Bleuse, M., Coursier, R., et al. (2022).
Subchondral involvement in osteonecrosis of the femoral head: insight on local
composition, microstructure and vascularization. Osteoarthr. Cartil. 30 (8),
1103–1115. doi:10.1016/j.joca.2022.05.003

Pietrzyk, B., Smertka, M., and Chudek, J. (2017). Sclerostin: intracellular mechanisms
of action and its role in the pathogenesis of skeletal and vascular disorders. Adv. Clin.
Exp. Med. 26 (8), 1283–1291. doi:10.17219/acem/68739

Santos, A., Bakker, A. D., Zandieh-Doulabi, B., Semeins, C. M., and Klein-Nulend, J.
(2009). Pulsating fluid flow modulates gene expression of proteins involved in wnt
signaling pathways in osteocytes. J. Orthop. Res. 27 (10), 1280–1287. doi:10.1002/jor.
20888

Schneider, P., Meier, M., Wepf, R., and Muller, R. (2011). Serial fib/sem imaging for
quantitative 3d assessment of the osteocyte lacuno-canalicular network. Bone 49 (2),
304–311. doi:10.1016/j.bone.2011.04.005

Sievanen, H. (2010). Immobilization and bone structure in humans. Arch. Biochem.
Biophys. 503 (1), 146–152. doi:10.1016/j.abb.2010.07.008

Teichtahl, A. J., Wluka, A. E., Wijethilake, P., Wang, Y., Ghasem-Zadeh, A., and
Cicuttini, F. M. (2015). Wolff’s law in action: A mechanism for early knee osteoarthritis.
Arthritis Res. Ther. 17 (1), 207. doi:10.1186/s13075-015-0738-7

Tu, X., Rhee, Y., Condon, K. W., Bivi, N., Allen, M. R., Dwyer, D., et al. (2012). Sost
downregulation and local wnt signaling are required for the osteogenic response to
mechanical loading. Bone 50 (1), 209–217. doi:10.1016/j.bone.2011.10.025

van Tol, A. F., Schemenz, V., Wagermaier, W., Roschger, A., Razi, H., Vitienes, I., et al.
(2020). The mechanoresponse of bone is closely related to the osteocyte
lacunocanalicular network architecture. Proc. Natl. Acad. Sci. U. S. A. 117 (51),
32251–32259. doi:10.1073/pnas.2011504117

Vashishth, D., Verborgt, O., Divine, G., Schaffler,M. B., and Fyhrie, D. P. (2000). Decline in
osteocyte lacunar density in human cortical bone is associated with accumulation of
microcracks with age. Bone 26 (4), 375–380. doi:10.1016/S8756-3282(00)00236-2

Wang, C., Wang, X., Xu, X. L., Yuan, X. L., Gou, W. L., Wang, A. Y., et al. (2014). Bone
microstructure and regional distribution of osteoblast and osteoclast activity in the
osteonecrotic femoral head. PLoS One 9 (5), e96361. doi:10.1371/journal.pone.0096361

Wang, P., Wang, C., Meng, H., Liu, G., Li, H., Gao, J., et al. (2022). The role of structural
deterioration and biomechanical changes of the necrotic lesion in collapse mechanism of
osteonecrosis of the femoral head. Orthop. Surg. 14 (5), 831–839. doi:10.1111/os.13277

Zaino, C. J., Leali, A., and Fetto, J. F. (2010). Regional variations of bone quantity and
quality impact femoral head collapse. Clin. Orthop. Relat. Res. 468 (1), 276–282. doi:10.
1007/s11999-009-1041-1

Frontiers in Cell and Developmental Biology frontiersin.org09

He et al. 10.3389/fcell.2023.1250070

https://doi.org/10.1359/jbmr.090411
https://doi.org/10.1038/s41598-017-13643-2
https://doi.org/10.1021/nn401360u
https://doi.org/10.1371/journal.pone.0040143
https://doi.org/10.1038/nm.2452
https://doi.org/10.1016/j.joca.2022.05.003
https://doi.org/10.17219/acem/68739
https://doi.org/10.1002/jor.20888
https://doi.org/10.1002/jor.20888
https://doi.org/10.1016/j.bone.2011.04.005
https://doi.org/10.1016/j.abb.2010.07.008
https://doi.org/10.1186/s13075-015-0738-7
https://doi.org/10.1016/j.bone.2011.10.025
https://doi.org/10.1073/pnas.2011504117
https://doi.org/10.1016/S8756-3282(00)00236-2
https://doi.org/10.1371/journal.pone.0096361
https://doi.org/10.1111/os.13277
https://doi.org/10.1007/s11999-009-1041-1
https://doi.org/10.1007/s11999-009-1041-1
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2023.1250070

	Mechanical properties of trabeculae and osteocyte morphology change significantly in different areas of the necrotic femora ...
	Introduction
	Materials and methods
	Sample collection
	Femoral head section
	HE staining and immunohistochemistry of SOST
	Micro-CT scanning
	Nanoindentation test
	Acid-etching SEM
	Ethical approval
	Statistical analysis

	Results
	HE staining and immunohistochemistry of SOST
	Micro-CT evaluation
	Nanoindentation test
	Acid-etched SEM

	Discussion
	Limitation
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


