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ABSTRACT

Osteonecrosis of the femoral head is a serious condition that severely affects joint function and causes pain.
Traditional treatment methods, such as medication and surgical interventions, often have limited effectiveness.
Therefore, exploring new treatment options is crucial. In recent years, cell-based therapies have emerged as an
innovative treatment approach, attracting significant attention from researchers and clinicians. This paper aims
to review the current status of cell therapy in the treatment of osteonecrosis of the femoral head, focusing on the
effects and mechanisms of different cell types, evaluating the progress of related clinical studies, and exploring
future directions for development. By conducting a comprehensive analysis of existing literature, this review
seeks to provide valuable insights for clinical practice, while also highlighting the potential challenges and ad-
vantages of cell therapy in real-world applications.
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Introduction

Osteonecrosis of the femoral head (ONFH) is a pathological con-
dition characterized by the death of bone tissue due to insufficient
blood supply, which typically leads to the degradation of the femoral
head’s structure and function. The disease mechanism is complex,
and it commonly affects individuals between the ages of 30 and 50,
with particularly high incidence rates among military personnel and
other high-risk populations [1]. Epidemiological studies estimate
that there are approximately 8.12 million cases of ONFH in China, and
various risk factors, such as age, race, and occupation, significantly
influence its occurrence in specific populations [2]. While tradition-
al treatments, such as medication and surgical interventions, can al-
leviate symptoms, they often fail to reverse the underlying damage
and come with a risk of complications [3]. Therefore, finding more
effective treatment strategies has become a critical task in the field of
orthopaedics. In recent years, cell therapy has emerged as a promis-
ing treatment modality, demonstrating significant potential in bone

tissue repair. Cell therapy not only promotes the regeneration of dam-
aged tissues but also helps to improve the bone healing process by
modulating the microenvironment [4]. The application of cell therapy
in ONFH has gained increasing attention, particularly the use of stem
cell technology to improve the healing of bone defects, which has be-
come a new focus of research.

Introduction to Cell Therapy
Basic Concepts of Cell Therapy

Definition and Classification of Cell Therapy: Cell therapy re-
fers to the medical technique of introducing living cells into a patient’s
body to treat or prevent diseases. Depending on the source of the
cells, cell therapy can be classified into autologous and allogeneic cell
therapies. Autologous cell therapy involves using the patient’s own
cells for treatment, which carries a lower risk of immune rejection. On
the other hand, allogeneic cell therapy uses cells from a donor, poten-
tially offering higher efficacy but also increasing the risk of immune
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rejection [5]. In the field of orthopedics, stem cell therapy has gained
significant attention due to the ability of stem cells to self-renew and
differentiate into various cell types, which can aid in the healing of
bone tissue after injury [6].

The Role of Cell Therapy in Bone Tissue Repair: The role of cell
therapy in bone tissue repair is primarily reflected in the following as-
pects: First, stem cells can differentiate into osteoblasts, directly par-
ticipating in the formation and reconstruction of bone tissue. Second,
stem cells secrete growth factors and cytokines, regulating the local
microenvironment, promoting angiogenesis, and facilitating tissue
repair [7]. In addition, cell therapy can also reduce inflammation and
accelerate the bone healing process through its immunomodulatory
effects [8]. A study by Oliveira CS et al. showed that the use of bone
marrow-derived stem cells or adipose-derived stem cells for treat-
ment can significantly improve the healing of bone defects, achieving
favorable results in clinical applications [9]. In summary, cell therapy
provides new approaches and methods for the clinical treatment of
ONFH, offering more effective treatment options to improve patients’
quality of life.

Cell Types and their Application in ONFH

ONFH is a complex pathological process involving the interac-
tion and functional changes of various cell types. Recent studies have
shown that stem cells play a crucial role in the occurrence and treat-
ment of ONFH. Different types of stem cells, such as bone marrow
mesenchymal stem cells (BMSCs), adipose-derived stem cells (AD-
SCs), as well as embryonic stem cells (ESCs) and induced pluripotent
stem cells (iPSCs), each have distinct potential applications in the re-
pair and regeneration of ONFH.

Bone Marrow Mesenchymal Stem Cells, BMSCs: BMSCs are
a type of adult stem cell with multipotent differentiation potential,
capable of differentiating into osteoblasts, adipocytes, chondrocytes,
and other cell types. In animal experiments, BMSCs have shown
promising application prospects as an important component of bone
tissue engineering. For example, Xu H et al. combined 3D-printed
polyester (PCL) scaffolds with BMSCs to create a composite scaffold
for the treatment of cranial defects in mice. The experimental results
demonstrated that the PCL scaffold seeded with BMSCs significantly
promoted bone regeneration and neovascularization, highlighting the
effectiveness of BMSCs in bone defect repair [10]. In addition, another
study involving rabbits showed that co-cultured endothelial progen-
itor cells (EPCs) and BMSCs grew well on a bio-scaffold, promoting
the formation of blood vessels and bone, and accelerating the repair
of bone defects [11]. The results of these animal experiments indi-
cate that BMSCs not only promote bone tissue regeneration but also
enhance the repair effect through synergistic interactions with other
cell types. In clinical research, the application of BMSCs in bone tissue
engineering has attracted widespread attention, primarily because
they not only promote bone tissue regeneration but also possess

strong immunomodulatory functions, which can reduce the risk of
rejection following transplantation [12].

A study by Haleem A et al. demonstrated that BMSCs play a crucial
role in bone defect repair. They not only directly participate in bone
formation but also promote the proliferation and differentiation of
surrounding cells by secreting growth factors and cytokines, there-
by accelerating the bone healing process. Furthermore, BMSCs are
relatively abundant and easy to obtain, making them an ideal source
of cells for regenerative medicine [13]. Studies have shown that BM-
SCs play an important role in the treatment of ONFH by promoting
bone regeneration and angiogenesis, thus improving the healing of
the necrotic area. In a study by Zhao ] et al., BMSCs were used to treat
steroid-induced ONFH. The results showed that BMSCs significantly
increased bone density and promoted the regeneration of bone tis-
sue [14]. Research has shown that combining BMSCs with biomate-
rials can effectively improve the healing of bone defects. Clinical trial
results indicate that patients treated with BMSCs show significant-
ly better bone healing outcomes compared to traditional treatment
methods [15]. In addition, Teng C et al. explored a therapeutic strate-
gy combining BMSCs with bone morphogenetic protein (BMP9). The
results showed that this combination significantly enhanced bone re-
generative capacity, demonstrating the potential of BMSCs in clinical
bone tissue engineering applications.

In addition, Teng C et al. explored a therapeutic strategy com-
bining BMSCs with BMP9. The results showed that this combination
significantly enhanced bone regenerative capacity, demonstrating the
potential of BMSCs in clinical bone tissue engineering applications
[16]. Furthermore, BMSCs improve the microenvironment by secret-
ing growth factors and cytokines, promoting the functional recovery
of surrounding cells. This mechanism provides a theoretical basis for
their application in the treatment of ONFH [17]. These studies pro-
vide strong evidence for the clinical application of BMSCs, driving
their development in bone tissue engineering.

Adipose-Derived Stem Cells, ADSCs: ADSCs have gained wide-
spread attention due to their excellent immunomodulatory proper-
ties, tissue regeneration capabilities, and multipotent differentiation
potential. ADSCs are primarily sourced from adipose tissue, particu-
larly subcutaneous fat in the abdomen and inner thighs. Compared
to stem cells from other sources, adipose tissue is relatively easy to
harvest with minimal trauma, offers a higher cell concentration, and
presents fewer ethical concerns [18]. ADSCs play a crucial role in bone
tissue engineering, with their mechanism of promoting osteogenesis
primarily involving the regulation of multiple signaling pathways.
Studies have shown that signaling pathways such as Wnt/(3-catenin,
BMPs and transforming growth factor-beta (TGF-f3) are key players in
the differentiation of ADSCs into osteoblasts. The Wnt signalling path-
way, in particular, regulates the stability of intracellular f3-catenin, ac-
tivating the expression of osteogenesis-related genes such as Runx2
and Osterix, thereby promoting bone formation [19]. In addition, the
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BMP signaling pathway regulates osteoblast proliferation and differ-
entiation by activating Smad proteins, thereby enhancing the ability
to form bone. This pathway plays a crucial role in the osteogenic po-
tential of ADSCs, further supporting their application in bone tissue
engineering [20]. The TGF-f signaling pathway also plays a crucial
role in regulating the interaction between osteoblasts and osteoclasts.

The interactions between these signaling pathways form a com-
plex signaling network that ensures the proper formation and repair
of bone tissue. This network is essential for maintaining the balance
between bone formation and resorption, which is vital for normal
bone homeostasis and effective bone tissue regeneration [21,22].
ADSCs can promote the repair and regeneration of damaged tissues
through the secretion of cytokines and exosomes [23]. This demon-
strates the potential of ADSCs in tissue regeneration. Their role in
promoting bone regeneration has also been validated, as they en-
hance the differentiation and mineralization of osteoblasts, thereby
improving the healing of bone defects. Through these mechanisms,
ADSCs contribute to both the formation of new bone tissue and the
restoration of bone structure, making them a promising tool in bone
tissue engineering and repair [24]. Recent studies have shown that
ADSCs can undergo osteogenic differentiation on appropriate bio-
material scaffolds, promoting bone regeneration. By combining with
various biomaterials, ADSCs not only enhance the regenerative ca-
pacity at bone defect sites but also improve the speed and quality of
bone healing [25]. For example, using composite scaffolds made of
polylactic acid (PLA) and hydroxyapatite (HA), Steijvers E et al. found
that ADSCs could effectively promote bone mineralization and the
expression of osteogenesis-related genes, thereby accelerating the
bone regeneration process [26]. ADSCs can not only differentiate into
adipocytes but also transform into various other cell types, such as
osteoblasts and chondrocytes. This multipotency gives ADSCs broad
application potential in the treatment of ONFH and demonstrates
promising prospects for their use in regenerative medicine.

Embryonic Stem Cells, ESCs: ESCs are a type of cell with self-re-
newal and multipotent differentiation abilities, and they have attract-
ed significant attention in regenerative medicine in recent years. ESCs
can differentiate into various cell types, including osteoblasts, playing
a crucial role in bone tissue engineering. Due to their powerful plu-
ripotency, ESCs can differentiate into osteocytes under appropriate
conditions, providing a rich source of cells for bone tissue regenera-
tion [27]. A study by Hao | et al. demonstrated that combining ESCs
with biomaterial scaffolds not only enhances the efficiency of bone
regeneration but also improves the quality of the regenerated bone.
In recent years, many studies have focused on optimizing the differ-
entiation conditions of ESCs to improve their differentiation efficien-
cy into osteoblasts. For example, by adjusting the composition of the
culture medium and adding specific growth factors, the osteogen-
ic potential of ESCs can be significantly enhanced [28]. At the same
time, with a deeper understanding of the biological properties of
ESCs, researchers have increasingly recognized their potential appli-

cations in bone tissue engineering, particularly in addressing clinical
issues such as bone defects and fractures. The promising prospects
of ESCs in these areas highlight their potential to revolutionize the
treatment of bone-related conditions [29]. Therefore, understanding
the differentiation mechanisms of ESCs in the osteogenic process not
only provides new insights for the regeneration of skeletal injuries
but also lays the foundation for the development of novel bone repair
materials. This makes ESCs potentially valuable in the treatment of
ONFH [30].

Overall, ESCs have demonstrated broad application potential
in the treatment of ONFH. Through mechanisms such as promoting
bone regeneration, improving the microenvironment, and regulating
immune responses, ESCs offer new approaches and methods for the
clinical treatment of ONFH. Future research will further elucidate the
specific mechanisms of these stem cells in the treatment of ONFH,
providing a more solid foundation for clinical applications.

Induced Pluripotent Stem Cells, iPSCs: Compared to embryonic
stem cells, induced pluripotent stem cells (iPSCs) offer several advan-
tages. First, iPSCs have a wide range of sources and can be obtained
from various somatic cells, including skin fibroblasts, blood cells, and
more. This makes their acquisition relatively simple and free from
ethical concerns, as they do not involve the use of embryos [31]. Ad-
ditionally, iPSCs exhibit strong proliferative ability in vitro and, un-
der appropriate conditions, can differentiate into various cell types,
demonstrating properties similar to those of embryonic stem cells
[32]. However, iPSCs still face challenges regarding genomic stability
and differentiation potential. These issues, such as the risk of genet-
ic mutations and incomplete differentiation, need to be addressed in
future research to fully harness the therapeutic potential of iPSCs and
ensure their safety and efficacy in clinical applications [33]. The ap-
plication of iPSCs in bone regeneration has been validated in various
animal models. For example, a study by Yu L et al. demonstrated that
using retinoic acid (RA) to induce iPSCs for rapid osteogenesis result-
ed in the formation of osteoblasts within just 10 days. In the experi-
ment, the researchers created a 5-mm mandibular bone defect in rats
and used 3D-printed Ti6Al4V scaffolds combined with iPSC-induced
osteoblasts for repair. The results showed that the rapidly induced
iPSCs significantly enhanced bone regeneration and bone integration,
indicating that using iPSCs for bone defect repair is a safe, effective,
and reproducible method [34].

In addition, another study using a mouse model investigated the
role of vascular networks generated by iPSC-derived endothelial cells
in bone regeneration. The study found that these vascular networks
could integrate with the host’s blood vessels. Although the promot-
ing effect on bone regeneration was limited, the findings offer new
insights for future bone regeneration strategies, highlighting the po-
tential of iPSC-derived endothelial cells in improving vascularization
and supporting bone tissue repair [35]. These studies indicate that
the application of iPSCs in animal models offers new potential and di-
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rections for bone regeneration. In preclinical studies, the application
of iPSCs has demonstrated significant potential in bone regeneration
therapy. Research shows that iPSCs can effectively differentiate into
osteoblasts and exhibit strong regenerative capabilities in bone defect
models. For instance, Kato H et al. used iPSCs derived from peripheral
blood mononuclear cells, successfully inducing osteoblasts and trans-
planting them into a rat bone defect model. The results revealed that
the transplanted group showed significantly better bone formation
compared to the control group. This highlights the promising thera-
peutic potential of iPSCs in bone defect repair [36]. In addition, iPSCs
can accelerate differentiation into the chondrogenic lineage through
three-dimensional (3D) rotating culture systems, thereby promoting
bone regeneration [37]. The progress of these preclinical studies not
only validates the application potential of iPSCs in bone regeneration
but also lays a solid foundation for their future clinical translation.
The combination of iPSCs with biomaterials has shown promising
prospects in bone regeneration research. By combining iPSCs with
various biomaterials, more ideal scaffolds can be created to promote
bone tissue regeneration. For example, researchers have developed
a biomimetic nanofiber scaffold loaded with N-acetylcysteine (NAC).

This scaffold not only improves mechanical properties but also
effectively promotes osteogenic differentiation of iPSC-derived mes-
enchymal stem cells. Such advancements highlight the potential of
biomaterial-enhanced iPSC therapies for more effective bone repair
and regeneration [35]. In addition, electrospun synthetic nanofiber
scaffolds have also been shown to support the osteogenic differen-
tiation of iPSCs, thereby enhancing bone regeneration [38]. These
composite application studies indicate that the combination of iPSCs
with biomaterials not only improves the effectiveness of bone regen-
eration but also provides new strategies and approaches for bone
tissue engineering. Therefore, a deeper exploration of the potential
applications of iPSCs in bone tissue engineering offers new insights
and approaches for the clinical treatment of ONFH.

Mechanisms of Cell Therapy

The Biological Mechanisms that Promote Bone Regenera-
tion: Bone tissue has the ability to regenerate itself, but in certain
cases, such as trauma or disease, this regenerative capacity may be
impaired. Cell-based therapies promote bone regeneration through
various biological mechanisms. First and foremost, mesenchymal
stem cells (MSCs) play a key role in bone regeneration. Studies have
shown that MSCs can secrete a variety of growth factors and cyto-
kines, which stimulate the proliferation and differentiation of sur-
rounding cells, thereby accelerating the bone repair and regeneration
process. These factors not only enhance the healing of bone defects
butalso contribute to the remodeling of damaged bone tissue, making
MSC-based therapies a promising approach for treating bone injuries
and disorders [39]. In addition, MSCs can regulate the local micro-
environment by reducing inflammation and promoting angiogenesis,
both of which are crucial for bone regeneration [40]. In recent years,

advances in bone tissue engineering have made it possible to enhance
bone regeneration through the combination of biomaterials and cells.
Researchers have developed various scaffold materials that not only
provide a foundation for cell attachment and growth but also promote
the activity of bone cells through mechanical and biochemical signals.
For example, the application of 3D printing technology has enabled
more precise design of scaffolds, allowing for better simulation of
the natural structure and function of bone tissue. This enhanced
design improves the regeneration outcomes by providing a more fa-
vorable environment for cell growth, differentiation, and integration,
ultimately promoting more effective bone healing and repair [41].
In addition, the construction of bone organoids has provided a new
platform for studying the mechanisms of bone regeneration. These
organoids can mimic the complex biological functions of bone tissue
in vitro, offering a more realistic model to investigate the cellular and
molecular processes involved in bone formation, remodeling, and re-
pair [42].

The Role of Cytokines and Growth Factors: Cytokines and
growth factors play a crucial role in bone regeneration. They direct-
ly influence the repair and regeneration of bone tissue by regulating
cell proliferation, differentiation, and migration. Growth factors such
as BMPs, transforming growth factor-beta (TGF-f3), and platelet-de-
rived growth factor (PDGF) are particularly effective in promoting
bone formation and healing [43]. These factors promote bone ho-
meostasis and regeneration by activating specific cellular signaling
pathways, which not only stimulate the differentiation of osteo-
blasts (bone-forming cells) but also inhibit the activity of osteoclasts
(bone-resorbing cells). This balanced regulation is crucial for effec-
tive bone repair and regeneration [39]. In addition, cytokines such as
IL-6 and IL-10 also play regulatory roles in bone regeneration. They
are not only involved in the inflammatory response but also influence
the function of immune cells, thereby indirectly promoting bone re-
pair [40]. By regulating cytokines and growth factors, researchers aim
to optimize the microenvironment for bone regeneration, enhancing
the effectiveness and safety of treatments. In clinical applications,
combining cell therapy with the use of these factors could pave the
way for new therapeutic strategies to address clinical challenges such
as bone defects and nonunion fractures [41].

Future Directions and Challenges
Technological Advancements and Innovations

With the rapid development of the biomedical field, technological
advancements and innovations are playing an increasingly import-
ant role in future medical practices. Particularly in the areas of pre-
cision medicine and cell therapy, continuous technological progress
is making personalized treatment possible. For example, advances
in genomics have enabled us to analyze patients’ genetic informa-
tion, allowing for the development of more precise treatment plans,
thereby improving both the effectiveness and safety of treatments
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[44]. In addition, the application of artificial intelligence and big data
analytics has provided new insights into early disease diagnosis and
personalized treatment. By analyzing large volumes of data, doctors
can gain a better understanding of a patient’s condition and optimize
treatment plans accordingly [45]. However, the application of these
technologies also brings new challenges, such as data privacy and
security concerns, the accessibility of technology, and the training of
healthcare professionals. These issues need to be addressed in future
developments to ensure that these advancements can be effectively
integrated into healthcare systems while safeguarding patient rights
and ensuring equitable access to high-quality care [46].

Ethical Issues and Regulatory Challenges

As biotechnological and medical advancements continue to prog-
ress, ethical issues and regulatory challenges are becoming increas-
ingly prominent. For example, in the application of cell therapy and
gene editing technologies, ensuring informed consent from patients,
protecting their privacy, and providing comprehensive information
about potential risks have become urgent issues that need to be
addressed [47]. In addition, the varying applicability of bioethical
frameworks across different countries and regions presents challeng-
es for international collaboration. To address these issues, research-
ers suggest establishing more comprehensive ethical review mecha-
nisms and regulatory frameworks to ensure the safety and efficacy of
new technologies while facilitating their clinical application [48]. For
example, in the case of research involving human embryo models, the
related ethical and legal issues must be addressed through systematic
evaluation and regulation to ensure the sustainable development of
scientific research [48].

Cell Therapy in Personalized and Precision Medicine

The concept of personalized and precision medicine has gained
widespread attention in cell therapy. By analyzing multi-omics data,
including the genome, metabolome, and microbiome of patients, per-
sonalized treatment plans can be developed for each individual. This
approach allows for more targeted therapies, improving treatment
efficacy by considering the unique biological makeup of each patient,
thereby enhancing the precision and effectiveness of medical inter-
ventions [44]. For example, in cancer treatment, personalized immu-
notherapy targeting tumor-specific antigens has gradually become a
research focus. This approach tailors the treatment strategy to each
patient’s specific condition, selecting the most appropriate therapy
based on the individual characteristics of the tumor. By doing so, it
aims to improve survival rates and quality of life for patients, offering
a more precise and effective treatment option [49]. However, the im-
plementation of personalized treatment still faces many challenges,
including high costs, the technical expertise required from clinicians,
and the standardization of treatment plans. In the future, as technolo-
gy advances and costs decrease, personalized and precision medicine
is expected to be applied in a broader range of fields, making it more
accessible and effective for a larger number of patients [50].

Discussion

In recent years, cell therapy has emerged as an innovative treat-
ment approach, gradually revealing its potential advantages in the
management of ONFH. Through a comprehensive analysis of various
studies, it has been found that cell therapy not only helps improve
clinical symptoms and restore joint function but also promotes the
regeneration and repair of bone tissue to some extent. These benefits
make cell therapy an important complement to traditional treatment
methods. However, despite the promising potential of cell therapy in
the treatment of ONFH, existing research results show a certain de-
gree of variability. These discrepancies primarily stem from factors
such as treatment methods, cell sources, patient individual differenc-
es, and follow-up durations. To address this, future research needs
to focus on standardization to better compare the effectiveness of
different treatment approaches. Additionally, conducting larger-scale
clinical trials will help validate the long-term effects of cell therapy
in ONFH and provide strong evidence to support its integration into
routine clinical practice. Future research should also focus on explor-
ing the mechanisms of cell therapy to uncover the biological founda-
tions of its effects, thereby providing a theoretical basis for optimizing
treatment strategies. Additionally, establishing multidisciplinary col-
laborative platforms to promote the integration of basic research with
clinical applications will create favorable conditions for the rapid de-
velopment of cell therapy. Overall, the application of cell therapy in
ONFH is still evolving. Although current research offers hope, further
exploration and validation are needed. With continued efforts, we are
hopeful that more effective and safer treatment options will be avail-
able for patients with ONFH in the future.
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