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Abstract
Osteonecrosis of the femoral head (ONFH) is a debilitating orthopedic disease characterized by femoral head 
collapse and destruction of bone and articular cartilage, resulting in severe joint pain and loss of hip mobility. 
Bone marrow mesenchymal stem cells (BMSCs) exhibit multilineage differentiation potential, including osteoblasts, 
adipocytes, fibroblasts, chondrocytes, and neurocytes. The imbalance between osteogenesis and adipogenesis 
in BMSCs plays a critical role in ONFH pathogenesis. Factors such as alcohol consumption and glucocorticoid 
exposure promote adipogenic differentiation while inhibiting osteogenic differentiation, leading to excessive 
adipocyte accumulation, reduced bone formation, and vascular impairment. We highlight the molecular 
mechanisms underlying ONFH with a particular focus on the role of BMSCs and further discuss the involvement 
of adipocytes. Moreover, we suggest that the use of adipose-derived mesenchymal stem cells (ADMSCs) is a 
viable approach for stem cell therapy and may have immense potential in ONFH. Several signaling pathways, 
including the Wnt, TGFβ/BMP, and PI3K/AKT pathways, along with various RNAs and other regulators, govern the 
osteogenesis and adipogenesis of BMSCs. These signaling pathways target essential transcription factors, such 
as Runx2 for osteogenesis and PPARγ and C/EBPs for adipogenesis. Adipocytes and their secreted adipokines, 
including leptin and adiponectin, strongly influence ONFH progression. Emerging therapies involving ADMSCs 
show potential for promoting bone regeneration and neovascularization. Our review provides a comprehensive 
overview of the current understanding of ONFH mechanisms by focusing on mesenchymal stem cells and 
adipocytes and suggests future research directions for therapeutic interventions.
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Introduction
Osteonecrosis of the femoral head (ONFH) is a preva-
lent yet persistent orthopedic disease characterized by 
the collapse of the femoral head, destruction of bone and 
articular cartilage, severe joint pain, and loss of normal 
hip function [1]. Globally, ONFH affects approximately 
30  million people, including approximately 4  million 
individuals in China [2]. ONFH is generally classified 
into traumatic and nontraumatic types [3]. The former 
is associated with femoral neck fractures, hip dislocation 
and other types of hip trauma [4], whereas the latter is 
associated with factors such as corticosteroid medication, 
alcohol consumption and several autoimmune diseases 
[5]. Regardless of etiology, a compromised blood sup-
ply to the femoral head is a major contributor to ONFH 
[6], and studies suggest that the pathogenesis of ONFH 
is closely related to severe degradation of bone tissue, 
increased differentiation of bone mesenchymal stem cells 
(BMSCs) into adipocytes and/or adipocyte hypertrophy 
through increased intracellular lipid synthesis [7]. More 
specifically, the expansion of fatty marrow, together 
with the subsequent increase in intraosseous pressure, 
can induce intraosseous venous stasis and hypertension, 
thereby decreasing arterial perfusion and obstructing the 
venous system within a semi-intact bony compartment 
[8, 9]. These pathological changes are postulated to pre-
dominantly affect the behaviors of mesenchymal stem 
cells (MSCs) [10–12].

Stem cells exhibit a self-replicative capacity and mul-
tidifferentiation potential due to their undifferentiated 
or poorly differentiated state [2]. As one of the com-
mon stem cell types, BMSCs can differentiate into many 
lineages, such as osteoblasts, adipocytes, fibroblasts, 
chondrocytes, and neurocytes [3]. The balance between 
adipogenic and osteogenic differentiation of BMSCs is 
disrupted in ONFH [13], and bone mass inversely cor-
relates with fat mass in the bone marrow microenviron-
ment [14]. Several studies suggest that the mechanisms 
of ONFH may involve alcohol and glucocorticoids 
(GCs) directly promoting adipogenesis while inhibiting 
osteogenesis in MSCs [11, 15–17]. As such, suppress-
ing marrow adipogenesis may be a therapeutic strategy 
to prevent increased formation of adipocytes and pro-
mote an increase in functional bone cells [18], potentially 
favoring the bone marrow microenvironment. The bone 
marrow microenvironment (BMM) is a complicated cel-
lular and molecular system composed of MSCs, endothe-
lial cells, nerves from the sympathetic nervous system, 
accessory cells (T lymphocytes and monocytes), etc., 
which act interactively and play a role in bone marrow 
homeostasis [19].

Bone marrow adipose tissue (BMAT), accounting 
for approximately 70% of the bone marrow volume in 
adult humans, was discovered over a century ago [20]. 

Traditionally, adipose tissue (AT) is segregated into white 
AT (WAT), which is responsible for endocrine functions, 
energy storage and release, and brown AT (BAT), which 
controls adaptive thermogenesis in mammals. The stimu-
lation from cold exposure can transform WAT into beige 
adipocytes, also known as brown-like adipocytes [21]. 
BMAT, which has microstructural similarities to WAT, is 
a distinct type of adipose tissue. This tissue has a unique 
molecular composition, setting it apart from WAT and 
BAT [22]. In addition, under pathological conditions, 
marrow adipogenesis-triggered intraosseous hyperten-
sion is believed to compress venous sinusoids, leading 
to intravascular coagulation and blocking arterial blood 
flow [23]. In contrast, fat tissue has been identified as a 
critical endocrine organ that secretes numerous hor-
mones and adipokines. Recent reports have shown that 
visceral adipocytes secrete various physiologically active 
substances known as adipokines [24, 25]. Among these 
substances, more than 50 adipokines, ranging from cyto-
kines and growth factors, are known to be alternative 
complement system proteins and exert major effects on 
metabolism, inflammation, and angiogenesis [26]. Vari-
ous studies, including ours, have explored the impacts of 
various adipokines on the skeletal system. For example, 
bone marrow adipocytes express RANKL and promote 
osteoclast differentiation [27, 28], contributing to sub-
chondral bone destruction [29]; elevated adiponectin lev-
els increase fracture risk, which could be attributed to its 
ability to reduce bone mass [24]; strong PAI-1 expression 
in bone marrow adipocytes could lead to intravenous 
thrombus formation via a paracrine interaction [25]; 
and the anabolic effect of leptin promotes MSC differen-
tiation into osteoblasts but suppresses adipogenesis [26]. 
Thus, adipocytes and various adipokines likely play cru-
cial roles during the process of ONFH development [30].

To date, the use of BMSCs has been limited in regen-
erative medicine for the treatment of multiple musculo-
skeletal problems, such as osteonecrosis, osteoarthritis 
and bony defects [31]. More recently, the implantation 
of adipose-derived mesenchymal stem cells (ADMSCs) 
has become a promising method for stem cell therapy 
because of the multimesenchymal lineage potential of 
these cells, which can differentiate into osteoprogenitor 
cells under appropriate conditions. Additionally, the ease 
of harvesting ADMSCs and the possibility of expanding 
cell lines make sufficient cell numbers highly achievable 
[32]. Therefore, in this review, we describe the pathomo-
lecular mechanisms of ONFH, with a focus on BMSCs, 
ADMSCs, and adipocytes. We analyze and interpret 
associated cytokines and signaling pathways, as well as 
recent treatment modalities and their efficacy, aiming to 
shed light on and inspire future therapeutic approaches 
for ONFH.
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Changes in the balance between the osteogenesis 
and adipogenesis of BMSCs in ONFH
Normal differentiation of BMSCs
BMSCs, a prevalent type of stem cell, can multiply and 
differentiate into osteoblasts, adipocytes, fibroblasts, 
chondrocytes, and neurocytes [33]. However, an increase 
in adipogenesis suppresses osteogenesis in BMSCs, as 
these two processes are competitively balanced [15, 34]. 
Both marrow adipocytes and osteoblasts originate from 
BMSCs, and the determination of their cellular destiny 
is governed by finely regulated lineage-specific tran-
scription factors [35]. Under physiological conditions, 
BMSCs derived from humans powerfully differentiated 
into osteoblasts, with significantly increased expression 
of alkaline phosphatase (ALP), Runt-related transcription 
factor 2 (Runx2), Collagen 1 (COL 1), and osteocalcin 
(OC) in vitro [36]. Moreover, BMSCs possess immuno-
modulatory properties without immunogenicity, making 
them ideal candidates for repairing tissue damage and 
treating inflammatory diseases [37–39].

An imbalance in the osteogenesis and adipogenesis of 
BMSCs leads to ONFH
Marrow adipocytes and osteoblasts primarily originate 
from BMSCs, whose differentiation is closely related. 
When differentiation toward the adipocytic phenotype 
occurs, it detrimentally affects the osteoblast phenotype 
[18]. The diminished ability for osteogenic differentiation 
and increased capability for adipocytic differentiation of 
BMSCs are implicated in the development of ONFH [13]. 
In turn, adipocytic differentiation of BMSCs increases 
fatty accumulation and leads to elevated intraosseous 
pressure in the femoral head. This pressure eventually 
obstructs blood circulation, thus promoting ONFH pro-
gression [9, 23] (Fig. 1). Multiple signaling pathways and 
cytokines are involved in the balance between osteoblas-
tic and adipocytic differentiation in BMSCs but lead to a 
switch in the expression of osteogenic markers (Adipoq 
and PPAR-γ) and adipocytic markers (ALP, RUNX2 and 
OCN) [13].

Fig. 1  An imbalance between the osteogenic and adipogenic differentiation of BMSCs leads to ONFH. Under physiological conditions, the osteogenic 
and adipogenic differentiation of BMSCs is in competitive equilibrium. However, factors such as trauma, alcohol, and glucocorticoids directly promote 
adipogenesis while simultaneously inhibiting osteogenesis in MSCs. This shift toward diminished osteogenic differentiation and increased adipocytic 
differentiation of BMSCs is a contributing factor to the development of ONFH
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Key factors regulating the balance of the adipocytic and 
osteogenic differentiation of BMSCs
RUNX2
Runx2, also known as Core Binding Factor Alpha 1, is 
an important transcription factor necessary for both the 
early and late stages of osteoblastic differentiation. This 
molecule directs mesenchymal progenitors toward the 
osteoblast lineage [40]. The role of Runx2 in osteogen-
esis was elucidated through experiments in mice with 
homozygous Runx2 mutations. These Runx2−/− mice 
die shortly after birth and exhibit incomplete ossifica-
tion of their skeleton [38, 41]. Runx2 expression is sub-
stantially reduced in the bone tissues of patients with 
steroid-induced ONFH and appears to influence vari-
ous therapeutic signaling pathways, such as the Wnt/β-
catenin signaling pathway, BMP superfamily, and PI3K/
AKT pathway [17, 42–44]. GC-induced osteogenesis is 
negatively regulated by Runx2/Cbfal serine phosphoryla-
tion [3]. The activation of Runx2 in BMSCs can expedite 
osteoblast differentiation and substantially attenuate adi-
pocytic differentiation. Furthermore, exogenous Runx2 
can counteract the dexamethasone (DEX)-mediated 
promotion of adipocytic differentiation. These observa-
tions suggest that a precisely regulated increase in Runx2 
expression or its downstream effectors might mitigate 
the severe side effects of long-term GC therapy [40]. 
Overexpressing P-glycoprotein increases Runx2 expres-
sion and ALP activity, suggesting that P-glycoprotein 
promotes DEX-induced osteogenesis in BMSCs. PPARγ 
can suppress the expression of Runx2, thereby inhibiting 
osteogenesis [15].

PPARγ and C/EBPs
PPARγ, an adipocytic transcription factor, belongs to 
the nuclear hormone receptor subgroup, and its activ-
ity is regulated by ligands. The development of ONFH 
is strongly correlated with increased PPARγ expres-
sion. Furthermore, the downregulation or suppression 
of PPARγ in BMSCs may inhibit steroid-induced adi-
pocytic differentiation, thus providing a possible pre-
vention method for ONFH [43]. Research suggests that 
steroids stimulate PPARγ gene expression and that alco-
hol can increase PPARγ mRNA expression in BMSCs, 
as evidenced by in vivo and in vitro studies [3, 16]. As 
exemplified by 3T3-L1 and 3T3-F442A cells, PPARγ 
mRNA often shows signs of activation before other adi-
pocyte genes during adipocytic differentiation [45]. Xu 
HH et al. revealed that platelet-rich plasma markedly 
reduced the expression levels of PPAR-γ and decreased 
the serum triglyceride (TG) and total cholesterol (TC) 
levels [1]. Emerging evidence shows that MFAP5 and 
SND1 are upstream molecules of the PPARγ signal-
ing pathway. MFAP5 was found to directly bind to and 
inhibit the expression of SND1. As a novel coactivator 

of peroxisome PPARγ, SND1 is involved in the MFAP5-
mediated negative regulation of adipocytic differentia-
tion [46]. Studies have demonstrated the importance of 
the C/EBP transcription factor family (C/EBPα, β, δ) in 
adipogenesis. These molecules participate in regulat-
ing adipocytic genes and affect the uptake of glucose by 
adipocytes. While C/EBPβ and C/EBPδ initiate lipogenic 
signals at the early stage of lipid differentiation and then 
decrease rapidly afterward, C/EBPα remains consistently 
present. Specifically, the transcription factor C/EBPα 
could directly promote the transcriptional activity of the 
PPARγ promoter region. The importance of C/EBPα and 
PPARγ in adipocytic differentiation has been confirmed 
in numerous studies [11].

MicroRNAs
MicroRNAs (miRNAs) are small, single-strand non-
coding RNA molecules that are typically composed 
of approximately 22 nucleotides. These molecules are 
important for bone remodeling and play critical roles in 
the pathogenesis and treatment of ONFH [47, 48]. Below 
are the most studied ONFH-associated miRNAs (Table 
1).

Patients with trauma-induced osteonecrosis of the 
femoral head (TIONFH) exhibit high expression of 
miR-93-5p in the peripheral blood during disease. This 
oncomiR likely impedes osteoblast differentiation via 
BMP-2, leading to a substantial decrease in ALP and 
the formation of calcium nodules. Notably, miR-93-5p 
has been found to promote the proliferation of hBM-
SCs in vitro [4]. Notably, miRNA-320a expression was 
upregulated, and Runx2 expression was significantly 
downregulated in patients with TIONFH. Moreover, the 
overexpression of miRNA-320a inhibited the expression 
of osteogenesis-associated proteins, including Runx2, 
Collagen I and OCN. This overexpression also hampers 
the osteogenesis of BMSCs [48].

MiR-224-5p is upregulated in GC-treated BMSCs and 
has been found to suppress osteogenesis while promot-
ing the adipocytic differentiation of BMSCs. Additionally, 
Smad4, a crucial conductor of bone morphogenetic pro-
tein and an important component of TGF-beta signaling, 
was predicted to be a target gene of miR-224-5p. Further-
more, Smad4, together with TAZ, is important for regu-
lating cell fate and maintaining stem cell self-renewal. 
GC-induced upregulation of miR-224-5p potentially 
mediates the adipo-osteogenic differentiation of BMSCs 
through Smad4 targeting. The miR-224-5p-Smad4-
TAZ axis might be a potent signaling mechanism, and 
the inhibition of miR-224-5p expression could promote 
osteogenesis and reduce adipogenesis, hence alleviating 
the occurrence of ONFH. This discovery suggests a novel 
therapeutic target for the treatment of steroid-induced 
ONFH (SIONFH) [49].
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Exosomes, which act as new mediators for intercellu-
lar signal transmission, have been reported to be closely 
linked to many bone and joint diseases, including osteo-
arthritis, rotator cuff injury, and osteoporosis. MiR-
100-5p expression was found to be upregulated in ONFH 
exosomes, and this upregulation suppressed the differen-
tiation of hBMSCs by targeting BMPR2 and deactivating 
the BMPR2/Smad1/5/9 signaling pathway [50].

MiR-27a plays an essential role in the osteoprotection 
of SIONFH patients by regulating the osteogenic differ-
entiation of BMSCs. This oncomiR has been found to 
increase ALP activity and the expression of the osteo-
genesis-related marker Runx2 while downregulating the 
expression of the adipogenic marker PPARγ [42].

Circular RNAs
Circular RNAs (circRNAs) are a type of covalently closed 
noncoding RNA, and recent evidence indicates that 
they can influence gene expression via various mecha-
nisms, thereby regulating the occurrence and develop-
ment of diseases [51]. The advancements in emergent 
sequencing technology and bioinformatic analysis tech-
niques have shifted the understanding of circRNAs 
from mere splicing byproducts to a new focal point in 
ONFH research. CircRNAs can bind miRNAs and func-
tion through a competing endogenous RNA (ceRNA) 
mechanism. The downregulation of hsa_circ_0000219 
and hsa_circ_0005936 may contribute to ONFH progres-
sion primarily by affecting the differentiation of BMSCs 
through the hsa_circ_0000219‑miR‑144‑3p or hsa_
circ_0005936‑miR‑1270 axis. Upregulated circRNAs may 
be potential tools for rescuing the impaired proliferation 
and osteogenic capacity of BMSCs and promoting bone 
repair in the necrotic area in ONFH. However, further 
studies are needed to elucidate the exact functions of cir-
cRNAs and to evaluate their potential for early interfer-
ence in ONFH patients [52].

Long noncoding RNAs
Long noncoding RNAs (lncRNAs) represent a newly dis-
covered category of regulatory molecules implicated in 
various biological processes, including cell differentiation 
and gene expression regulation. Operating as ceRNAs, 
lncRNAs compete for microRNA binding to govern gene 
expression. Studies have revealed the regulatory role of 
lncRNAs in the osteogenic differentiation of BMSCs [53]. 
For example, TCONS_00041960 functions as a ceRNA by 
directly sponging miR-204-5p and miR-125a-3p, thereby 
promoting the expression of Runx2 and inhibiting the 
expression of GILZ in GC-treated BMSCs, respectively. 
Consequently, the novel TCONS_00041960-miR-204-5p/
miR-125a-3p-Runx2/GILZ axis participates in the adi-
pogenesis and osteogenesis of these GC-treated BMSCs 
[54].

Moreover, decreased expression of the lncRNA RP11-
154D6 has been reported in the BMSCs of patients 
with ONFH. Overexpressing the lncRNA RP11-154D6 
promoted transdifferentiation of the cells toward an 
osteogenic route and suppressed their contribution to 
adipogenesis. Thus, downregulation of the lncRNA RP11-
154D6 may augment lipid accumulation and curtail bone 
defect repair, suggesting that the lncRNA RP11-154D6 
operates by interacting with miR-30a, a microRNA 
known for its inhibitory role during the osteogenic differ-
entiation of BMSCs. The lack of a significant relationship 
between the expression levels of lncRNA RP11-154D6 
and miR-30a-5p indicates that lncRNA RP11-154D6 
might regulate differentiation through mechanisms other 
than merely targeting miR-30a-5p [55].

HOTAIR, a well-characterized oncogenic lncRNA, 
has been shown to inhibit BMSC osteogenic differentia-
tion in nontraumatic osteonecrosis of the femoral head. 
Neohesperidin, a natural flavanone glycoside utilized 
as an herbal medicine in China and recognized for its 
diverse pharmacological properties, has been found to 

Table 1  RNAs in the pathogenesis and treatment of ONFH
Name Effect on BMSC Reference
MiRNA-320a targets RUNX2 and inhibits the osteoblast differentiation of BMSCs [48]
MiR-93-5p inhibits osteoblast differentiation via BMP-2 [4]
MiR-224-5p suppresses osteogenic but promotes adipogenic differentiation of BMSCs via Smad4 and TAZ [49]
MiR-100-5p suppresses the osteogenic differentiation of BMSCs by inactivating the BMPR2/Smad1/5/9 signaling pathway [50]
MiR-27a promotes osteogenic differentiation of BMSCs by targeting the PI3K/Akt/mTOR pathway [42]
MiR-204-5p inhibits osteogenic differentiation by targeting Runx2 [54]
MiR-125a-3p inhibits osteogenic differentiation by targeting GILZ [54]
TCONS_00041960 promotes osteogenic differentiation by directly sponging miR-204-5p and miR-125a-3p [54]
MiR-30a inhibits osteogenic differentiation [55]
LncRNA RP11-154D6 promotes osteogenic differentiation by interacting with miR-30a [55]
HOTAIR inhibits osteogenic differentiation [56]
CircRNA CDR1 inhibits osteogenic differentiation [51]
MiR-34c-5p promotes adipogenic differentiation [69]
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ameliorate SIONFH by inhibiting the histone modifica-
tions of the lncRNA HOTAIR [56].

Other regulators controlling the balance between the 
osteogenesis and adipogenesis of MSCs
Among the regulators that control the balance between 
the osteogenesis and adipogenesis of MSCs, RNA meth-
ylation substantially contributes, accounting for more 
than 60% of RNA modifications. The most prevalent 
RNA methylation in eukaryotic cells is m6A. A methyl-
transferase complex, which includes m6A writers such as 
METTL3, METTL14 and WTAP, catalyzes the formation 
of m6A methylation. Notably, in necrotic bone tissues 
and SONFH BMSCs, the expression level of METTL14 
was reduced, leading to a decrease in the m6A level. 
Moreover, by increasing the m6A level of PTPN6 (a pro-
tein tyrosine phosphatase), the m6A methyltransferase 
METTL14 can promote the proliferation and osteogenic 
differentiation of SONFH BMSCs by activating the Wnt 
signaling pathway. Therefore, these findings suggest that 
the METTL14‒PTPN6 axis may be a potential therapeu-
tic target for SIONFH [57].

Major signaling pathways involved in the adipocytic and 
osteogenic differentiation of MSCs
Wnt/β-catenin signaling
The Wnts (Wnt-1, Wnt-3a, Wnt-5b, Wnt-7a, and Wnt-
10b) interact with membrane-bound frizzled receptors 
and the LRP5/6 coreceptor, initiating a signaling cas-
cade and leading to the nuclear aggregation of β-catenin. 
This binding prevents the cytoplasmic degradation of 
β-catenin and stimulates its nuclear translocation. Inside 
the nucleus, β-catenin binds to and coactivates the T-cell 
factor/lymphoid-enhancing factor family of transcription 
factors [58, 59]. Previous reports showed that Wnt/β-
catenin signaling can inhibit the early stages of adipocyte 
differentiation [60] and promote osteoblast differentia-
tion [38].

Steroid treatment affects the Wnt signaling path-
way, reducing bone formation by inhibiting the activ-
ity of β-catenin and modulating the expression of Wnt 
signaling-related molecules in osteoblasts. Pravastatin 
may prevent SIONFH by suppressing PPARγ expression 
and activating the Wnt signaling pathway. These find-
ings highlight the regulatory impact of pravastatin on 
adipogenesis and osteogenesis during the progression of 
SIONFH [43]. The Wnt/β-catenin pathway plays a piv-
otal role in the osteogenesis of BMSCs. Yu et al. recently 
reported that the level of β-catenin was markedly reduced 
by ethanol. However, osthole can reinstate β-catenin in a 
dose-dependent manner, augmenting osteogenesis [5]. A 
recent report revealed significant inhibition of β-catenin 
signaling in SIONFH patients and corresponding rat 
models, whereas the administration of the Wnt agonist 

1 attenuated the accumulation of fat droplets and sparse 
trabeculae in SIONFH model rats via the activation of 
β-catenin signaling [61]. Moreover, previous studies have 
indicated that glycyrrhizic acid mediates its effects by 
activating the Wnt/β-catenin pathway, which reduces the 
oxidative stress levels induced by excessive GCs. Conse-
quently, this change increases osteogenic differentiation, 
attenuates lipogenic differentiation of MSCs, and ulti-
mately maintains osteolipogenic homeostasis [12].

Interestingly, there is mutual similarity between the risk 
factors for ONFH and the factors leading to an increase 
in serum amyloid A (SAA) levels. Regardless of whether 
alcohol, hormones, or trauma triggers an increase in 
SAA expression, the molecular mechanism underlying 
this phenomenon shows that SAA can inhibit Wnt/β-
catenin signaling and activate the downstream PPARγ of 
the MAPK signaling pathway [7]. Silencing of the crypto-
chrome gene 1 leads to increases in both total β-catenin 
and nuclear β-catenin, coupled with decreases in GSK-3β 
under adipogenic stimulation. These results demonstrate 
that downregulating CRY1 may initiate the canonical 
Wnt/β-catenin signaling pathway. Intriguingly, one study 
revealed that CRY1 can act as a novel adipogenic differ-
entiation regulator in vitro; knockdown of this gene may 
inhibit adipogenic differentiation, partially through the 
canonical Wnt/β-catenin signaling pathway [62]. Further 
gene knockout studies utilizing advanced CRISPR/Cas9 
editing technology are expected [63].

Moreover, the circRNA CDR1 affects the osteogenic 
and adipogenic differentiation of BMSCs via the miR-
7-5p/WNT5B pathway. An increase in the expression of 
CDR1as in SIONFH-BMSCs promotes WNT5B expres-
sion by competitively binding to miR-7-5p. Elevated 
WNT5B expression subsequently inhibits the expression 
of β-catenin, a prominent player in the WNT/β-catenin 
signaling pathway, which was negatively correlated with 
the expression of WNT5B in Gaoyang Chen’s study [51]. 
As a Wnt signaling receptor, Frizzled1 (FZD1) plays an 
important role in osteoblast mineralization. Several 
transcription factors, including Sp1, E2F1, and AP2, are 
involved in the regulation of the FZD1 promoter. Previ-
ous reports showed that aberrant CpG island hyper-
methylation of the FZD1 gene is present in patients with 
ONFH, resulting in Wnt/β-catenin signaling inactivation 
and subsequent cell dysfunction. By comparative obser-
vation, another study confirmed that at an appropriate 
concentration, 5’-Aza-dC (an inhibitor of DNA methyl-
transferase) benefits MSCs in patients with GC-associ-
ated ONFH by inducing de novo FZD1 expression [64].

TGFβ/BMP superfamily
Bone morphogenetic protein (BMP), an endogenous 
mediator, is integral to fracture repair. As an acidic gly-
coprotein, it is synthesized and secreted predominantly 
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from osteoblasts and is widely present in the bone matrix. 
Currently, there are more than 20 BMP family members, 
a robust group of osteogenic factors that can stimulate 
bone mesenchymal progenitor cells to differentiate into 
mature osteoblasts. BMP2, the most pivotal extracellular 
signaling molecule, promotes bone formation, induces 
bone cell differentiation, and regulates the gene expres-
sion of a variety of osteogenic transcription factors, such 
as Osterix and Runx2 [44].

Bone morphogenetic protein receptor 2 (BMPR2) can 
directly phosphorylate and activate BMPR1, which then 
phosphorylates SMAD1/5/9 and promotes the cohesion 
and nuclear translocation of SMAD1/5/9 and SMAD4, 
thus promoting the activation of osteogenesis and angio-
genesis while inhibiting adipogenesis [50]. The Smad 
proteins play important roles in the TGF-β/BMP sig-
naling pathway. Prior studies have shown that Ski can 
interact with Smads and suppress BMP signaling. More-
over, Ski acts as a negative regulator of TGF-β signal-
ing via interactions with Smad proteins. In terms of this 
point, any factors leading to a surge in Ski (a multifunc-
tional transcriptional regulator) can negatively regulate 
the TGF-β/BMP-2 signaling pathway. Additionally, Xin 
Zhao reported that Ski was significantly increased in the 
SIONFH model, mirroring the expression of the adipo-
genic proteins PPAR-γ and FABP4. Moreover, Ski knock-
down reduced the adipogenic differentiation of BMSCs, 
suggesting that, as a novel molecule, Ski may regulate 
adipogenesis processes in the pathological conditions 
of SIONFH [65]. SIRT2, a classic NAD+-dependent 
deacetylase, serves as an upstream suppressor of BMP2. 
The knockdown of SIRT2 notably elevates the expression 
levels of BMP2, thereby promoting the osteogenic differ-
entiation of BMSCs and mitigating GC-induced oxidative 
stress and cell apoptosis [66].

PI3K/AKT pathway
Many studies have suggested that the PI3K/AKT path-
way is a key regulator of the osteogenesis of BMSCs. 
This pathway is involved in the osteogenic differentiation 
associated with alcohol-induced bone loss. In vitro stud-
ies revealed that alcohol significantly inhibited the pro-
liferation and osteogenic differentiation of BMSCs but 
stimulated adipogenic differentiation. However, chryso-
phanic acid (CPA) can partially counteract the negative 
impact on osteogenesis via the PI3K/AKT pathway [17]. 
A recent study confirmed that monoacylglycerol lipase 
(MAGL) participates in the regulation of BMSC fate and 
that MAGL inhibition can effectively reverse the effect 
of GCs on BMSC differentiation by activating the PI3K/
AKT/GSK3β signaling pathway [67]. Moreover, another 
study indicated that Alda-1 (a highly selective agonist for 
aldehyde dehydrogenase 1) can alleviate the inhibitory 
effect of ethanol on the osteogenesis of BMSCs via PI3K/

AKT signaling. Therefore, PI3K/AKT signaling appears 
to be a critical pathway for the osteogenic differentiation 
of BMSCs [68] (Fig. 2).

The miR-34c-5p/MDM4 pathway
MiR-34c-5p is highly expressed in the femoral heads of 
patients with SIONFH. There was a significant increase 
in the expression of miR-34c-5p in the DEX-induced 
BMSCs, and the overexpression of miR-34c-5p promoted 
adipogenic differentiation in the BMSCs. This over-
expression has been confirmed to play pivotal roles in 
GC-induced adipogenic differentiation, and MDM4 was 
identified as the downstream target gene. MDM4 serves 
as a direct target of miR-34c-5p and is negatively regu-
lated by it. ShRNAs posttranscriptionally downregulate 
the expression of MDM4 to promote lipid droplet accu-
mulation in BMSCs [69].

Adipocytes release a variety of adipokines 
involved in the process of femoral head necrosis
The origin and endocrine function of adipose cells in the 
femoral head
Research suggests that visceral adipocytes secrete various 
physiologically active substances, known as adipokines. 
The bone marrow space is rich in mature adipocytes, 
which are potential candidates for adipokine secretion 
[24] (Fig. 3).

BMAT could be an integral component of the bone 
marrow microenvironment [70]. As a major endocrine 
organ, BMAT releases numerous hormones and adipo-
kines, which have diverse systemic effects. Moreover, 
the secretion of adiponectin from BMAT is consider-
ably greater than that from WAT in humans. Owing to 
this adiponectin production, BMAT may influence sys-
temic effects on bone homeostasis, immune responses, 
vascular activities, and cancer risk [20, 24]. Certain adi-
pocytes within BMAT exhibit features akin to brown 
adipocytes when subjected to environmental or drug 
stimuli such as exercise, cold exposure, or medication. 
These cells, termed beige (brown-in-white) adipocytes, 
lead to a process referred to as “browning” [71]. BAT 
thermogenesis relies on an abundance of mitochondria 
and the high expression of uncoupling protein 1 (UCP-1), 
which is located on the mitochondrial inner membrane. 
This molecule catalyzes the uncoupling of fuel combus-
tion (proton leakage) from ATP production, leading to 
the expenditure of energy as heat. Thus, methodologies 
that activate brown adipocytes could have major health 
implications, especially potent antiobesity and antidia-
betic properties [72]. However, a direct link between BAT 
and bone homeostasis within the bone marrow microen-
vironment has yet to be established.

Plasminogen activator inhibitor-1 (PAI-1), an adi-
pokine, suppresses fibrinolysis by binding tissue-type 
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plasminogen activator (t-PA). This interaction implies an 
association between PAI-1 and thrombosis or hypercoag-
ulation [24]. Indeed, significant PAI-1 expression in bone 
marrow adipocytes may be an important extravenous 
factor that induces intravenous thrombus formation via 
paracrine cell–cell interactions. The production of PAI-1 
in bone marrow adipocytes induced by dexamethasone 
(DEX) could be one of the pathogeneses of osteonecrosis 
[25].

Adiponectin, known for its antiatherogenic and anti-
inflammatory properties, is involved in the regulation of 
lipid metabolism. Abnormal lipid metabolism and bone 
marrow fat cell hypertrophy/proliferation are important 
contributors to nontraumatic ONFH. Studies also link 
adiponectin to bone metabolic regulation, suggesting that 
it can suppress osteoclastogenesis and activate osteoblas-
togenesis [73]. However, adiponectin can also negatively 
impact bone mass, increasing the risk of bone fracture 
[24]. In a clinical trial, patients with nontraumatic ONFH 

had notably lower plasma adiponectin levels than healthy 
controls did, as did patients with traumatic ONFH or hip 
OA [30].

Leptin, known for its anabolic effect on osteoblasts, 
promotes the differentiation of MSCs into osteoblasts 
while limiting adipogenesis. Leptin inhibits receptor 
activator of nuclear factor kB ligand (RANKL) produc-
tion and increases osteoprotegerin production, resulting 
in restricted osteoclast development [74]. An increase in 
leptin expression could diminish the anabolic effect of 
leptin on adipocytes, leading to increased osteoblast pro-
duction. Leptin can trigger JAK3/STAT3 activation and 
subsequently inhibit adipogenesis [75].

Simvastatin decreases the mRNA expression and pro-
tein secretion of PAI-1 in human bone marrow adipo-
cytes, also suppressing DEX-induced PAI-1 secretion. 
These findings may reveal one of the mechanisms by 
which simvastatin may prevent SIONFH [27]. The pres-
ent in vitro study demonstrated that the phytoestrogenic 

Fig. 2  Major signaling pathways and transcription factors in BMSCs. Factors such as alcohol, hormones, or trauma trigger an increase in SAA expression. 
SAA inhibits the Wnt/β-catenin signaling pathway and activates the downstream PPARγ of the MAPK signaling pathway. Stimulations with GCs and 
alcohol can directly reduce bone formation by inhibiting the activity of β-catenin by impeding the Wnt signaling pathway. BMP2 can phosphorylate 
Smad1/5/9 and drive the activation of osteogenesis and angiogenesis while inhibiting adipogenesis. However, Ski, which functions as a negative regula-
tor through interactions with Smad proteins, can promote adipogenic differentiation. The PI3K/AKT pathway, which is influenced by alcohol stimulation, 
inhibits proliferation and osteogenic differentiation. These signaling pathways target crucial transcription factors such as Runx2 for osteogenesis and 
PPARγ and C/EBPs for adipogenesis
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molecule desmethylicaritin, a unique metabolite of Epi-
medium-derived flavonoids, inhibits adipogenesis by 
downregulating the expression of the adipogenic tran-
scription factors C/EBPα and PPARγ. Wnt/β-catenin sig-
naling may be regulated by desmethylicaritin during its 
suppression of adipogenesis, with Wnt10b identified as 
a key factor in inhibiting adipogenesis in Wnt signaling 
[76].

Emerging applications of adipose-derived 
mesenchymal stem cells in osteonecrosis of the 
femoral head
The implantation of adipose-derived mesenchymal 
stem cells (ADMSCs) has recently emerged as a viable 
approach for stem cell therapy given the multi-mesen-
chymal lineage potential of these cells and their ability to 

differentiate into osteoprogenitor cells under appropri-
ate conditions. While ADMSCs have a natural tendency 
to differentiate into adipocytes in vitro, ADMSCs have 
unique advantages over BMSCs in stem cell therapy, such 
as high quantities, easy acquisition, and increased pro-
liferation [77, 78]. These findings suggest that ADMSC 
implantation is a promising direction for the treatment 
of ONFH. Moreover, several studies have explored the 
efficacy of ADMSC implantation for ONFH therapy. A 
recent finding indicated that culture-expanded ADMSC 
implantation is not only safe but also has a minimal risk 
of systemic or surgical adverse events [32].

ADMSCs subjected to manual intervention dem-
onstrated superior osteogenic potential, and ADMSC 
implantation could be a promising direction in the treat-
ment of ONFH. Furthermore, another study showed 

Fig. 3  Adipocytes emit a variety of adipokines that participate in the process of femoral head necrosis. PAI-1, an essential extravenous factor, is involved 
in intravenous thrombus formation through paracrine cell-to-cell interactions. Adiponectin has the potential to increase bone mass by suppressing os-
teoclastogenesis and stimulating osteoblastogenesis. Furthermore, leptin aids in the differentiation of BMSCs into osteoblasts
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that dimethyloxaloylglycine (DMOG)-treated adi-
pose‑derived stem cells (ASCs) significantly increased 
vascularization and bone regeneration in the necrotic 
area of the femoral head in ONFH model rabbits. These 
findings suggest that DMOG can amplify the osteogenic 
activity of ASCs in vivo and therefore represents a novel 
and effective therapeutic intervention for early-stage 
corticosteroid-induced ONFH [79]. Previous studies have 
pioneered BMP2/VEGF-transfected ASC therapeutics 
to simultaneously promote osteogenesis and angiogen-
esis. The optimal ratio of BMP2- to VEGF-transfected 
ASCs was determined to be 9:1. As a result, an increase 
in the expression of BMP2 and VEGF in ASCs could alter 
Hippo pathway dynamics, thereby increasing bone differ-
entiation and neovascularization. Moreover, the elevation 
in TAZ promoted osteogenic differentiation with Runx2 
and, in conjunction with elevated TEAD1, improved 
cell proliferation and angiogenesis via an increase in 
ANKRD1 expression [80].

However, chronic treatment with GCs compromises 
the bone regenerative capacity and osteogenic capabil-
ity of ADMSCs due to a significant increase in Dkk-1 
expression, a factor that counters Wnt/β-catenin signal-
ing. Intriguingly, ADMSCs exposed to steroids exhibit 
a proliferative ability akin to that of regular ADMSCs 
[81]. A study also revealed that miR-378-ASC-Exos bol-
stered the osteogenic differentiation of BMSCs amidst 
the negative impact of GCs. These findings suggest that 
miR-378-ASC-Exos promote osteogenesis and alleviate 
GC-induced ONFH. Moreover, miR-378 can be trans-
ferred into recipient cells via exosomes, resulting in the 
downregulation of Sufu and subsequent activation of 
the Shh signaling pathway. This process could potentiate 
neovascularization and osteogenesis through the activa-
tion of the Shh signaling pathway [47].

Emerging regenerative stem cell therapy in ONFH
Potential roles of extracellular vesicles
The role of MSCs in the progression of ONFH has 
increasingly been acknowledged, leading to interest in 
regenerative therapeutics for disease alleviation. Studies 
with a rat model of SIONFH demonstrated significant 
alleviation of bone tissue necrosis following the injection 
of exosomes derived from human umbilical cord MSCs. 
This improvement manifested primarily as reduced apop-
tosis of bone tissues, increased trabecular reconstruction, 
and increased angiogenesis in necrotic bone tissues [82]. 
Growing evidence has revealed that Exos derived from 
BMSCs reduce the formation of lipid droplets, thereby 
promoting osteogenesis, and may serve as an immuno-
therapeutic strategy for SIONFH [83]. BMSC-derived 
exosomes, which contain miR-668-3p, promote osteo-
blast progression in ONFH by upregulating the expres-
sion of CD63 and CD9 [84]. In addition, BMSC-derived 

exosomes carry miR-122-5p and promote osteoblast 
proliferation, differentiation, and angiogenesis in rabbit 
models of ONFH [85]. Recent research has indicated that 
extracellular vesicles (EVs) from osteogenically differen-
tiated human BMSCs increase the viability and reduce 
the degree of apoptosis of native hBMSCs. Thus, Exo 
treatment could serve as a promising, noncellular, and 
nondrug-mediated approach to promote bone health. 
Osteogenic Exos positively affect the osteogenic differen-
tiation capacity of precursor cells but inversely affect the 
adipogenic differentiation capacity of hBMSCs [86].

Pharmacologic interventions targeting MSC function
Various drugs may be attractive candidates as potential 
pharmacotherapeutic agents for early-stage ONFH due 
to their protective properties. The saturated fatty acid 
(SFA) palmitic acid (Palm; C16:0) has been reported 
to induce apoptosis in human MSCs and osteoblasts. 
Moreover, the potential protective role of stearoyl-CoA 
9-desaturase 1 (SCD1), an enzyme responsible for the 
desaturation of SFAs to monounsaturated fatty acids 
(MUFAs), against the deleterious effects of Palm has 
been investigated. Its activation could alter the intracel-
lular SFA/MUFA ratio, positioning SCD1 as a protector 
against lipotoxicity and indicating it has an essential role 
in BMSCs [87]. A recent study reported that valproic 
acid, a commonly used antiepileptic and anticonvulsant 
drug, increased the osteogenic differentiation of BMSCs 
while attenuating the deleterious effects of GCs on BMSC 
proliferation, apoptosis and osteogenic differentiation. 
Consequently, VPA may serve as a potential pharmaceu-
tical intervention for preventing ONFH, possibly via the 
increase in the osteogenic differentiation of BMSCs [88]. 
Notably, polydatin (PD) augmented the proliferation and 
osteogenic differentiation of hBMSCs by activating the 
BMP2-induced Wnt signaling pathway and inducing the 
accumulation and nuclear translocation of β-catenin [89]. 
For the first time, a study revealed that Jintiange capsules 
can promote osteogenesis and inhibit adipogenesis by 
affecting the activity of BMSCs. This effect is attributed 
to the increased level of β-catenin, potentially halting 
the progression of early-stage SIONFH [90]. In another 
study, lithium was reported to bolster the osteogenic 
function of BMSCs, primarily via the increase in exo-
somal Wnt10a secretion, causing β-catenin activation, a 
previously undisclosed mechanism. GelMA hydrogels 
have been employed to facilitate the sustained release of 
Li-Exos, thereby promoting bone repair in vivo [91].

Combined application of functionalized biomaterial 
scaffolds and MSCs
Composite implants of carboxymethyl chitosan/alginate/
bone marrow mesenchymal stem cell/endothelial pro-
genitor cell (CMC/ALG/BMSC/EPC) appear to promote 
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the repair of SIONFH by promoting osteogenesis and 
angiogenesis, coupled with the attenuation of adipogene-
sis. Thus, when accompanied by core decompression, the 
cotransplantation of BMSCs and EPCs onto 3D scaffolds 
might be a feasible therapeutic strategy for SIONFH [92]. 
Moreover, the use of a single injection of 3D microscaf-
folds endowed with low-dose BMSCs has demonstrated 
therapeutic outcomes similar to those achieved with 
high-dose free BMSC injections for early-stage SIONFH 
treatment. This underscores the potency of this treatment 
methodology, principally as it significantly reduces the 
number of required cells, paving the way for large-scale 
clinical applications [93]. Our research team explored a 
specific affinity cyclic peptide, C7, for rat BMSCs through 
phage display technology-based biopanning. In addition, 
we constructed C7‑bound β‑TCP scaffolds, which exhib-
ited increased BMSC adhesion, expansion and prolif-
eration compared with those of pure β‑TCP scaffolds in 
vitro. These results suggest that C7 is effective in increas-
ing the recruitment of BMSCs on biomaterial scaffolds, 
providing a novel methodology to amplify BMSC‑based 
bone tissue engineering therapy [94]. We subsequently 
demonstrated that the cyclic polypeptide D7 has a spe-
cific affinity for BMSCs and protects them against DEX-
induced SIONFH in vitro [95]. Recently, silk fibroin (SF) 
scaffolds were coated with polydopamine (PDA) to use 
these active functional groups to graft short E7 peptides 
onto electrospun scaffolds. These composite SF-PDA-E7 
electrospun scaffolds increased hydrophilicity, facilitated 
cell proliferation and adhesion, and increased the osteo-
genic differentiation of BMSCs by creating osteoinduc-
tive conditions under the synergistic effects of PDA and 
E7 [96]. In the case of alcohol-induced ONFH, Fu Z et al. 
developed a heat-sensitive nanocomposite hydrogel sys-
tem featuring a secondary nanostructure that regulates 
gene expression and achieves sustained gene regulation 
in lesion cells. As the hydrogel degrades over time in 
vivo, the internal secondary nanostructures continue to 
be released. These nanoparticles carry plasmids and siR-
NAs into lesion stem cells, promoting the expression of 
B-cell lymphoma 2 (which inhibits the apoptosis of stem 
cells) and inhibiting the secretion of PPARγ [97].

Concluding remarks and future perspectives
Over the past few decades, research has unequivocally 
established that MSCs are key players in the bone mar-
row microenvironment. These cells regulate bone metab-
olism and maintain the balance between adipogenic and 
osteogenic differentiation. Moreover, adipocytes differ-
entiated in the bone marrow from mesenchymal stem 
cells substantially impact bone mass and angiogenesis. 
The increased potential for adipocytic differentiation 
in BMSCs, coupled with intraosseous pressure for fatty 
accumulation in the femoral head, is implicated in the 

pathogenesis of ONFH. Additionally, adipocytes secrete 
various adipokines, substantially affecting bone metabo-
lism. While this review has shed light on many regulatory 
mechanisms governing the fates of MSCs and adipocytes 
in ONFH, outstanding questions remain. The specific 
molecular mechanism that controls the aberrant differ-
entiation of BMSCs remains an open area of research. 
Likewise, studies investigating the bidirectional com-
munication of MSCs and adipocytes within the bone 
marrow microenvironment are currently inadequate. 
Remarkably, even with previous studies indicating that 
bone marrow adipocytes express RANKL and promote 
osteoclast differentiation, the molecular mechanisms 
of osteoclast mediation during ONFH, especially in the 
context of bone remodeling, have yet to be thoroughly 
elucidated [28]. Unraveling the complex cellular and 
molecular interplay, including the interplay between 
MSCs and adipocytes, remains challenging owing to 
potential synergistic or antagonistic effects within the 
disrupted bone marrow microenvironment.

Generally, since MSCs and adipocytes significantly 
influence the bone marrow microenvironment, a deeper 
and more extensive investigation into the associations 
and interactions among BMSCs, ADMSCs, and adipo-
cytes has potential for revealing ONFH pathogenesis and 
paving the way for more effective therapeutic strategies. 
Future research efforts should integrate multidisciplinary 
approaches, including molecular biology, bioinformatics, 
regenerative medicine, and clinical research, to develop 
more effective strategies for ONFH prevention and treat-
ment. By addressing these challenges, we can move closer 
to developing personalized and regenerative solutions 
that improve patient outcomes and reduce the global 
burden of ONFH.

Abbreviations
ONFH	� Osteonecrosis of the femoral head
BMSC	� Bone marrow mesenchymal stem cell
ADMSC	� Adipose-derived mesenchymal stem cell
TGFβ	� Transforming growth factor-beta
BMP	� Bone morphogenic protein
PPARγ	� Peroxisome proliferator-activated receptor-gamma
C/EBPs	� CCAAT/enhancer-binding proteins
MSC	� Mesenchymal stem cell
GC	� Glucocorticoids
BMM	� Bone marrow microenvironment
BMAT	� Bone marrow adipose tissue
AT	� Adipose tissue
WAT	� White AT
BAT	� Brown AT
RANKL	� Receptor activator of NF-kB ligand
PAI-1	� Plasminogen activator inhibitor-1
ALP	� Alkaline phosphatase
Runx2	� Runt-related transcription factor 2
COL 1	� Collagen 1
OC	� Osteocalcin
Adipoq	� Adiponectin
PI3K	� Phosphatidylinositol-3-hydroxykinase
AKT	� Serine-threonine kinase
DEX	� Dexamethasone



Page 12 of 14Zhang et al. Journal of Translational Medicine          (2025) 23:592 

TG	� Triglyceride
TC	� Total cholesterol
MFAP5	� Microfibril associated protein 5
SND1	� Staphylococcal nuclease and tudor domain 

containing 1
MiRNAs	� MicroRNAs
TIONFH	� Trauma-induced osteonecrosis of the femoral head
hBMSCs	� Human BMSCs
SIONFH	� Steroid-induced ONFH
BMPR2	� Bone morphogenic protein receptor 2
OPN	� Osteopontin
circRNAs	� Circular RNAs
ceRNA	� Competing endogenous RNA
lncRNAs	� Long noncoding RNAs
GILZ	� Glucocorticoid-induced leucine zipper
SAA	� Serum Amyloid A
MAPK	� Mitogen-activated protein kinase
DMOG-treated ASCs	� Dimethyloxaloylglycine-treated adipose‑derived stem 

cells
EVs	� Extracellular vesicles
SFA	� Saturated fatty acid
MUFA	� Monounsaturated fatty acid

Acknowledgements
Drafts of Fig. 1 ~ 4 were created with BioRender.com.

Author contributions
SLZ participated in initial conceptualization and was a major contributor 
in writing the manuscript. HJW and QM helped searching literature and 
making figures. ZQL and SS critically revised the manuscript and made vital 
suggestions in revision. WYWL provided constructive feedback and revision 
suggestions for this paper, and contributed to revising the manuscript. All 
authors reviewed and approved the final manuscript.

Funding
This work was supported by National Natural Science Foundation of China 
(nos. 82100936 and 82272485), Natural Science Foundation of Shandong 
Province (no. ZR2024MH320) and Taishan Scholars Foundation of Shandong 
Province (no. tsqnz20221170).

Data availability
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 13 October 2024 / Accepted: 2 May 2025

References
1.	 Xu HH, Li SM, Fang L, Xia CJ, Zhang P, Xu R, et al. Platelet-rich plasma pro-

motes bone formation, restrains adipogenesis and accelerates vasculariza-
tion to relieve steroids-induced osteonecrosis of the femoral head. Platelets. 
2021;32:950–9.

2.	 Wang T, Teng S, Zhang Y, Wang F, Ding H, Guo L. Role of mesenchymal stem 
cells on differentiation in steroid-induced avascular necrosis of the femoral 
head. Exp Ther Med. 2017;13:669–75.

3.	 Li J, Wang Y, Li Y, Sun J, Zhao G. The effect of combined regulation of the 
expression of peroxisome proliferator-activated receptor-gamma and calci-
tonin gene-related peptide on alcohol-induced adipogenic differentiation of 
bone marrow mesenchymal stem cells. Mol Cell Biochem. 2014;392:39–48.

4.	 Zhang Y, Wei QS, Ding WB, Zhang LL, Wang HC, Zhu YJ, et al. Increased 
microRNA-93-5p inhibits osteogenic differentiation by targeting bone mor-
phogenetic protein-2. PLoS ONE. 2017;12:e0182678.

5.	 Yu H, Zhu D, Liu P, Yang Q, Gao J, Huang Y, et al. Osthole stimulates bone for-
mation, drives vascularization and retards adipogenesis to alleviate alcohol-
induced osteonecrosis of the femoral head. J Cell Mol Med. 2020;24:4439–51.

6.	 Zhang W, Zheng C, Yu T, Zhang H, Huang J, Chen L, et al. The therapeutic 
effect of adipose-derived lipoaspirate cells in femoral head necrosis by 
improving angiogenesis. Front Cell Dev Biol. 2022;10:1014789.

7.	 Peng X, Ma Y, Wang Q, Gao Y, Li G, Jiang C, et al. Serum amyloid A correlates 
with the osteonecrosis of femoral head by affecting bone metabolism. Front 
Pharmacol. 2021;12:767243.

8.	 Wang Y, Li Y, Mao K, Li J, Cui Q, Wang GJ. Alcohol-induced adipogenesis in 
bone and marrow: a possible mechanism for osteonecrosis. Clin Orthop Relat 
Res. 2003;410:213–24.

9.	 Miyanishi K, Yamamoto T, Fau - Irisa T, Irisa T, Fau - Yamashita A, Yamashita A, 
Fau - Jingushi S, Jingushi S, Fau - Noguchi Y, Noguchi Y, Fau - Iwamoto Y, et 
al. Bone marrow fat cell enlargement and a rise in intraosseous pressure in 
steroid-treated rabbits with osteonecrosis. Bone. 2002;30:185–90.

10.	 Suh KT, Kim SW, Roh HL, Youn MS, Jung JS. Decreased osteogenic differentia-
tion of mesenchymal stem cells in alcohol-induced osteonecrosis. Clin 
Orthop Relat Res. 2005;431:220–5.

11.	 Duan P, Wang H, Yi X, Zhang H, Chen H, Pan Z. C/EBPα regulates the fate of 
bone marrow mesenchymal stem cells and steroid-induced avascular necro-
sis of the femoral head by targeting the PPARγ signalling pathway. Stem Cell 
Res Ther. 2022;13:342.

12.	 Xu H, Fang L, Zeng Q, Chen J, Ling H, Xia H, et al. Glycyrrhizic acid alters 
the hyperoxidative stress-induced differentiation commitment of MSCs by 
activating the Wnt/beta-catenin pathway to prevent SONFH. Food Funct. 
2023;14:946–60.

13.	 Duan DY, Tang J, Tian HT, Shi YY, Jia J. Adipocyte-secreted microvesicle-
derived miR-148a regulates adipogenic and osteogenic differentiation by 
targeting Wnt5a/Ror2 pathway. Life Sci. 2021;278:119548.

14.	 Vande Berg BC, Gilon R, Malghem J, Lecouvet F, Depresseux G, Houssiau FA. 
Correlation between baseline femoral neck marrow status and the develop-
ment of femoral head osteonecrosis in corticosteroid-treated patients: a 
longitudinal study by MR imaging. Eur J Radiol. 2006;58:444–9.

15.	 Han N, Li Z, Cai Z, Yan Z, Hua Y, Xu C. P-glycoprotein overexpression in bone 
marrow-derived multipotent stromal cells decreases the risk of steroid-
induced osteonecrosis in the femoral head. J Cell Mol Med. 2016;20:2173–82.

16.	 Li J, Li Y, Wang Y, Liu M, Zhao G. Preventive effects of SiRNA targeting PPARga-
mma gene on steroid-induced osteonecrosis in rabbits. Connect Tissue Res. 
2014;55:322–30.

17.	 Yu H, Liu P, Zhu D, Yin J, Yang Q, Huang Y, et al. Chrysophanic acid shifts the 
differentiation tendency of BMSCs to prevent alcohol-induced osteonecrosis 
of the femoral head. Cell Prolif. 2020;53:e12871.

18.	 Kong X, Li X, Zhang C, Zhu L, Liu C, Qin Q, et al. Ethyl acetate fraction of 
Huogu formula inhibits adipogenic differentiation of bone marrow stromal 
cells via the BMP and Wnt signaling pathways. Int J Biol Sci. 2017;13:480–91.

19.	 Goulard M, Dosquet C, Bonnet D. Role of the microenvironment in myeloid 
malignancies. Cell Mol Life Sci. 2018;75:1377–91.

20.	 Cawthorn WP, Scheller EL, Learman BS, Parlee SD, Simon BR, Mori H, et al. 
Bone marrow adipose tissue is an endocrine organ that contributes to 
increased Circulating adiponectin during caloric restriction. Cell Metab. 
2014;20:368–75.

21.	 Suchacki KJ, Tavares AAS, Mattiucci D, Scheller EL, Papanastasiou G, Gray C, 
et al. Bone marrow adipose tissue is a unique adipose subtype with distinct 
roles in glucose homeostasis. Nat Commun. 2020;11:3097.

22.	 Labusca L. Adipose tissue in bone regeneration - stem cell source and 
beyond. World J Stem Cells. 2022;14:372–92.

23.	 Hines JT, Jo WL, Cui Q, Mont MA, Koo KH, Cheng EY, et al. Osteonecrosis of 
the femoral head: an updated review of ARCO on pathogenesis, staging and 
treatment. J Korean Med Sci. 2021;36:e177.

24.	 Fukushima T, Hozumi A, Tomita M, Yonekura A, Miyata N, Miyamoto T, et al. 
Steroid changes adipokine concentration in the blood and bone marrow 
fluid. Biomed Res (Tokyo Japan). 2016;37:215–20.

25.	 Hozumi A, Osaki M, Fau - Sakamoto K, Sakamoto K, Fau - Goto H, Goto H, 
Fau - Fukushima T, Fukushima T, Fau - Baba H, Baba H, Fau - Shindo H, et 
al. Dexamethasone-induced plasminogen activator inhibitor-1 expression 
in human primary bone marrow adipocytes. Biomedical Research-Tokyo. 
2010;31:281–6.



Page 13 of 14Zhang et al. Journal of Translational Medicine          (2025) 23:592 

26.	 Johnston JC, Haile A, Wang D, Ronnett G, Jones LC. Dexamethasone treat-
ment alters function of adipocytes from a mesenchymal stromal cell line. 
Biochem Biophys Res Commun. 2014;451:473–9.

27.	 Sakamoto K, Osaki M, Hozumi A, Goto H, Fukushima T, Baba H, et al. Simvas-
tatin suppresses dexamethasone-induced secretion of plasminogen activator 
inhibitor-1 in human bone marrow adipocytes. BMC Musculoskelet Disord. 
2011;12:82.

28.	 Yu W, Zhong L, Yao L, Wei Y, Gui T, Li Z, et al. Bone marrow adipogenic lineage 
precursors promote osteoclastogenesis in bone remodeling and pathologic 
bone loss. J Clin Invest. 2021;131:e140214.

29.	 Wang H, Yuan T, Wang Y, Liu C, Li D, Li Z, et al. Osteoclasts and osteoarthritis: 
novel intervention targets and therapeutic potentials during aging. Aging 
Cell. 2024;23:e14092.

30.	 Shuai B, Shen L, Yang YP, Xie J, Shou ZX, Wei B. Low plasma adiponectin as 
a potential biomarker for osteonecrosis of the femoral head. J Rheumatol. 
2010;37:2151–5.

31.	 Liu Y, Wu J, Zhu Y, Han J. Therapeutic application of mesenchymal stem cells 
in bone and joint diseases. Clin Exp Med. 2014;14:13–24.

32.	 Yoon PW, Kang JY, Kim CH, Lee SJ, Yoo JJ, Kim HJ, et al. Culture-Expanded 
autologous Adipose-Derived mesenchymal stem cell treatment for osteone-
crosis of the femoral head. Clin Orthop Surg. 2021;13:37–46.

33.	 Yang YK, Ogando CR, Wang See C, Chang TY, Barabino GA. Changes in 
phenotype and differentiation potential of human mesenchymal stem cells 
aging in vitro. Stem Cell Res Ther. 2018;9:131.

34.	 Gong Y, Li Z, Zou S, Deng D, Lai P, Hu H, et al. Vangl2 limits chaperone-medi-
ated autophagy to balance osteogenic differentiation in mesenchymal stem 
cells. Dev Cell. 2021;56:2103–e209.

35.	 Chen Q, Shou P, Zheng C, Jiang M, Cao G, Yang Q, et al. Fate decision of 
mesenchymal stem cells: adipocytes or osteoblasts? Cell Death Differ. 
2016;23:1128–39.

36.	 Hu M, Xing L, Zhang L, Liu F, Wang S, Xie Y, et al. NAP1L2 drives mesenchymal 
stem cell senescence and suppresses osteogenic differentiation. Aging Cell. 
2022;21:e13551.

37.	 Choi JJ, Yoo SA, Park SJ, Kang YJ, Kim WU, Oh IH, et al. Mesenchymal stem cells 
overexpressing interleukin-10 attenuate collagen-induced arthritis in mice. 
Clin Exp Immunol. 2008;153:269–76.

38.	 Han L, Wang B, Wang R, Gong S, Chen G, Xu W. The shift in the balance 
between osteoblastogenesis and adipogenesis of mesenchymal stem cells 
mediated by glucocorticoid receptor. Stem Cell Res Ther. 2019;10:377.

39.	 MacFarlane RJ, Graham Sm Fau -, Davies PSE, Davies Ps Fau -, Korres N, Korres 
N, Fau - Tsouchnica H, Tsouchnica H, Fau - Heliotis M, Heliotis M, Fau - Manta-
laris A, et al. Anti-inflammatory role and Immunomodulation of mesenchy-
mal stem cells in systemic joint diseases: potential for treatment. Expert Opin 
Ther Targets. 2013;17:243–54.

40.	 Lin L, Dai SD, Fan GY. Glucocorticoid-induced differentiation of primary 
cultured bone marrow mesenchymal cells into adipocytes is antagonized by 
exogenous Runx2. APMIS. 2010;118:595–605.

41.	 Komori T, Yagi H, Fau - Nomura S, Nomura S, Fau - Yamaguchi A, Yamaguchi 
A, Fau - Sasaki K, Sasaki K, Fau - Deguchi K, Deguchi K, Fau - Shimizu Y, et al. 
Targeted disruption of Cbfa1 results in a complete lack of bone formation 
owing to maturational arrest of osteoblasts. Cell. 1997;89:775–64.

42.	 Cui Y, Huang T, Zhang Z, Yang Z, Hao F, Yuan T, et al. The potential effect of 
BMSCs with miR-27a in improving steroid-induced osteonecrosis of the 
femoral head. Sci Rep. 2022;12:21051.

43.	 Jiang Y, Zhang Y, Zhang H, Zhu B, Li P, Lu C, et al. Pravastatin prevents 
steroid-induced osteonecrosis in rats by suppressing PPARgamma expres-
sion and activating Wnt signaling pathway. Exp Biol Med (Maywood). 
2014;239:347–55.

44.	 Chen G, Deng C, Li YP. TGF-beta and BMP signaling in osteoblast differentia-
tion and bone formation. Int J Biol Sci. 2012;8:272–88.

45.	 Wang Y, Yin L, Li Y, Liu P, Cui Q. Preventive effects of puerarin on alcohol-
induced osteonecrosis. Clin Orthop Relat Res. 2008;466:1059–67.

46.	 Zhang T, Li H, Sun S, Zhou W, Zhang T, Yu Y, et al. Microfibrillar-associated 
protein 5 suppresses adipogenesis by inhibiting essential coactivator of 
PPARgamma. Sci Rep. 2023;13:5589.

47.	 Nan K, Zhang Y, Zhang X, Li D, Zhao Y, Jing Z, et al. Exosomes from miRNA-
378-modified adipose-derived stem cells prevent glucocorticoid-induced 
osteonecrosis of the femoral head by enhancing angiogenesis and 
osteogenesis via targeting miR-378 negatively regulated suppressor of fused 
(Sufu). Stem Cell Res Ther. 2021;12:331.

48.	 Zhang Y, Zhang N, Wei Q, Dong Y, Liu Y, Yuan Q, et al. MiRNA-320a-5p contrib-
utes to the homeostasis of osteogenesis and adipogenesis in bone marrow 
mesenchymal stem cell. Regen Ther. 2022;20:32–40.

49.	 Cao Y, Jiang C, Wang X, Wang H, Yan Z, Yuan H. Reciprocal effect of 
microRNA-224 on osteogenesis and adipogenesis in steroid-induced osteo-
necrosis of the femoral head. Bone. 2021;145:115844.

50.	 Yang W, Zhu W, Yang Y, Guo M, Qian H, Jiang W, et al. Exosomal miR-100-5p 
inhibits osteogenesis of hBMSCs and angiogenesis of HUVECs by suppressing 
the BMPR2/Smad1/5/9 signalling pathway. Stem Cell Res Ther. 2021;12:390.

51.	 Chen G, Wang Q, Li Z, Yang Q, Liu Y, Du Z, et al. Circular RNA CDR1as pro-
motes adipogenic and suppresses osteogenic differentiation of BMSCs in 
steroid-induced osteonecrosis of the femoral head. Bone. 2020;133:115258.

52.	 Xiang S, Li Z, Weng X. Changed cellular functions and aberrantly expressed 
MiRNAs and circrnas in bone marrow stem cells in osteonecrosis of the 
femoral head. Int J Mol Med. 2020;45:805–15.

53.	 Wang Q, Yang Q, Chen G, Du Z, Ren M, Wang A, et al. LncRNA expression 
profiling of BMSCs in osteonecrosis of the femoral head associated with 
increased adipogenic and decreased osteogenic differentiation. Sci Rep. 
2018;8:9127.

54.	 Shang G, Wang Y, Xu Y, Zhang S, Sun X, Guan H, et al. Long non-coding RNA 
TCONS_00041960 enhances osteogenesis and inhibits adipogenesis of rat 
bone marrow mesenchymal stem cell by targeting miR-204-5p and miR-
125a-3p. J Cell Physiol. 2018;233:6041–51.

55.	 Xiang S, Li Z, Weng X. The role of LncRNA RP11-154D6 in steroid-induced 
osteonecrosis of the femoral head through BMSC regulation. J Cell Biochem. 
2019;120:18435–45.

56.	 Yuan S, Zhang C, Zhu Y, Wang B. Neohesperidin ameliorates Steroid-Induced 
osteonecrosis of the femoral head by inhibiting the histone modification of 
LncRNA HOTAIR. Drug Des Devel Ther. 2020;14:5419–30.

57.	 Cheng C, Zhang H, Zheng J, Jin Y, Wang D, Dai Z. METTL14 benefits the 
mesenchymal stem cells in patients with steroid-associated osteone-
crosis of the femoral head by regulating the m6A level of PTPN6. Aging. 
2021;13:25903–19.

58.	 Nelson WJ, Nusse R. Convergence of Wnt, beta-catenin, and Cadherin path-
ways. Science. 2004;303:1483–7.

59.	 Zhu S, Chen W, Masson A, Li YP. Cell signaling and transcriptional regulation 
of osteoblast lineage commitment, differentiation, bone formation, and 
homeostasis. Cell Discov. 2024;10:71.

60.	 Li Y, Jin D, Xie W, Wen L, Chen W, Xu J, et al. PPAR-gamma and Wnt regulate 
the differentiation of MSCs into adipocytes and osteoblasts respectively. Curr 
Stem Cell Res Ther. 2018;13:185–92.

61.	 Xia C, Xu H, Fang L, Chen J, Yuan W, Fu D et al. beta-catenin Inhibition disrupts 
the homeostasis of osteogenic/adipogenic differentiation leading to the 
development of glucocorticoid-induced osteonecrosis of the femoral head. 
Elife. 2024;12:RP92469.

62.	 Sun S, Zhou L, Yu Y, Zhang T, Wang M. Knocking down clock control gene 
CRY1 decreases adipogenesis via canonical Wnt/beta-catenin signaling 
pathway. Biochem Biophys Res Commun. 2018;506:746–53.

63.	 Li Z-Q, Li C-H. CRISPR/Cas9 from bench to bedside: what clinicians need to 
know before application? Military Med Res. 2020;7:61.

64.	 Wu F, Jiao J, Liu F, Yang Y, Zhang S, Fang Z, et al. Hypermethylation of Frizzled1 
is associated with Wnt/beta-catenin signaling inactivation in mesenchymal 
stem cells of patients with steroid-associated osteonecrosis. Exp Mol Med. 
2019;51:1–9.

65.	 Zhao X, Wei Z, Li D, Yang Z, Tian M, Kang P. Glucocorticoid enhanced the 
expression of ski in osteonecrosis of femoral head: the effect on adipogenesis 
of rabbit BMSCs. Calcif Tissue Int. 2019;105:506–17.

66.	 Fang S, He T, You M, Zhu H, Chen P. Glucocorticoids promote steroid-induced 
osteonecrosis of the femoral head by down-regulating serum alpha-2-mac-
roglobulin to induce oxidative stress and facilitate SIRT2-mediated BMP2 
deacetylation. Free Radic Biol Med. 2024;213:208–21.

67.	 Yang N, Li M, Li X, Wu L, Wang W, Xu Y, et al. MAGL Blockade alleviates steroid-
induced femoral head osteonecrosis by reprogramming BMSC fate in rat. Cell 
Mol Life Sci. 2024;81:418.

68.	 Lin X, Zhu D, Wang K, Luo P, Rui G, Gao Y, et al. Activation of aldehyde dehy-
drogenase 2 protects ethanol-induced osteonecrosis of the femoral head in 
rat model. Cell Prolif. 2022;55:e13252.

69.	 Yang F, Zhang X, Song T, Li X, Lv H, Li T, et al. Huogu injection alleviates 
SONFH by regulating adipogenic differentiation of BMSCs via targeting the 
miR-34c-5p/MDM4 pathway. Gene. 2022;5:838.

70.	 Li Y, Meng Y, Yu X. The unique metabolic characteristics of bone marrow 
adipose tissue. Front Endocrinol (Lausanne). 2019;10:69.



Page 14 of 14Zhang et al. Journal of Translational Medicine          (2025) 23:592 

71.	 Di Maio G, Alessio N, Peluso G, Perrotta S, Monda M, Di Bernardo G. Molecular 
and physiological effects of Browning agents on white adipocytes from bone 
marrow mesenchymal stromal cells. Int J Mol Sci. 2022;23:12151.

72.	 Di Maio G, Alessio N, Demirsoy IH, Peluso G, Perrotta S, Monda M, et al. Evalu-
ation of Browning agents on the white adipogenesis of bone marrow mes-
enchymal stromal cells: A contribution to fighting obesity. Cells. 2021;10:403.

73.	 Wei B, Wei W. Identification of aberrantly expressed of serum MicroRNAs in 
patients with hormone-induced non-traumatic osteonecrosis of the femoral 
head. Biomed Pharmacother. 2015;75:191–5.

74.	 Karsenty G. Convergence between bone and energy homeostases: leptin 
regulation of bone mass. Cell Metab. 2006;4:341–8.

75.	 Noh M. Interleukin-17A increases leptin production in human bone marrow 
mesenchymal stem cells. Biochem Pharmacol. 2012;83:661–70.

76.	 Wang XL, Wang N, Zheng LZ, Xie XH, Yao D, Liu MY, et al. Phytoestrogenic 
molecule Desmethylicaritin suppressed adipogenesis via Wnt/beta-catenin 
signaling pathway. Eur J Pharmacol. 2013;714:254–60.

77.	 Mohamed-Ahmed S, Fristad I, Lie SA, Suliman S, Mustafa K, Vindenes H, et 
al. Adipose-derived and bone marrow mesenchymal stem cells: a donor-
matched comparison. Stem Cell Res Ther. 2018;9:168.

78.	 Czerwiec K, Zawrzykraj M, Deptula M, Skoniecka A, Tyminska A, Zielinski J, et 
al. Adipose-Derived mesenchymal stromal cells in basic research and clinical 
applications. Int J Mol Sci. 2023;24:3888.

79.	 Zhu ZH, Song WQ, Zhang CQ, Yin JM. Dimethyloxaloylglycine increases bone 
repair capacity of adipose-derived stem cells in the treatment of osteonecro-
sis of the femoral head. Exp Ther Med. 2016;12:2843–50.

80.	 Lee E, Ko JY, Kim J, Park JW, Lee S, Im GI. Osteogenesis and angiogenesis 
are simultaneously enhanced in BMP2-/VEGF-transfected adipose stem 
cells through activation of the YAP/TAZ signaling pathway. Biomater Sci. 
2019;7:4588–602.

81.	 Kato T, Khanh VC, Sato K, Kimura K, Yamashita T, Sugaya H, et al. Elevated 
expression of Dkk-1 by glucocorticoid treatment impairs bone regenerative 
capacity of adipose Tissue-Derived mesenchymal stem cells. Stem Cells Dev. 
2018;27:85–99.

82.	 Li R, Chen C, Fau - Zheng RQ, Zheng Rq Fau - Zou L, Zou L, Fau - Hao GL, 
Zhang GC, Zhang GC. Influences of hucMSC-exosomes on VEGF and BMP-2 
expression in SNFH rats. Eur Rev Med Pharmacol Sci. 2019;23:2935–43.

83.	 Fang S, Li Y, Chen P. Osteogenic effect of bone marrow mesenchymal stem 
cell-derived exosomes on steroid-induced osteonecrosis of the femoral head. 
Drug Des Devel Ther. 2018;13:45–55.

84.	 Qiu Y, Luo Y, Guo G, Meng J, Bao N, Jiang H. BMSCs-derived exosomes carry-
ing miR-668-3p promote progression of osteoblasts in osteonecrosis of the 
femoral head: expression of proteins CD63 and CD9. Int J Biol Macromol. 
2024;280:136177.

85.	 Liao W, Ning Y, Xu H-J, Zou W-Z, Hu J, Liu X-Z, et al. BMSC-derived exosomes 
carrying microRNA-122-5p promote proliferation of osteoblasts in osteone-
crosis of the femoral head. Clin Sci. 2019;133:1955–75.

86.	 Wang C, Stockl S, Li S, Herrmann M, Lukas C, Reinders Y, et al. Effects of extra-
cellular vesicles from osteogenic differentiated human BMSCs on osteogenic 

and adipogenic differentiation capacity of Naive human BMSCs. Cells. 
2022;11:2491.

87.	 Dalla Valle A, Vertongen P, Spruyt D, Lechanteur J, Suain V, Gaspard N, et al. 
Induction of Stearoyl-CoA 9-Desaturase 1 protects human mesenchymal 
stromal cells against palmitic Acid-Induced lipotoxicity and inflammation. 
Front Endocrinol (Lausanne). 2019;10:726.

88.	 Zhou D, Chen YX, Yin JH, Tao SC, Guo SC, Wei ZY et al. Valproic acid prevents 
glucocorticoid–induced osteonecrosis of the femoral head of rats. Int J Mol 
Med. 2018;41:3433–47.

89.	 Chen X-J, Shen Y-S, He M-C, Yang F, Yang P, Pang F-X, et al. Polydatin promotes 
the osteogenic differentiation of human bone mesenchymal stem cells by 
activating the BMP2-Wnt/β-catenin signaling pathway. Biomed Pharmaco-
ther. 2019;112:108746.

90.	 Xu H, Wang L, Zhu X, Zhang H, Chen H, Zhang H. Jintiange capsule amelio-
rates glucocorticoid-induced osteonecrosis of the femoral head in rats by 
regulating the activity and differentiation of BMSCs. J Traditional Comple-
ment Med. 2024;14:568–80.

91.	 Chen C, Wang B, Zhao X, Luo Y, Fu L, Qi X, et al. Lithium promotes osteo-
genesis via Rab11a-Facilitated Exosomal Wnt10a secretion and β-Catenin 
signaling activation. ACS Appl Mater Interfaces. 2024;16:30793–809.

92.	 Xu H, Wang C, Liu C, Peng Z, Li J, Jin Y, et al. Cotransplantation of mesenchy-
mal stem cells and endothelial progenitor cells for treating steroid-induced 
osteonecrosis of the femoral head. Stem Cells Transl Med. 2021;10:781–96.

93.	 Guo M, Qi B, Pei Z, Ni H, Ren J, Luo H, et al. Therapeutic effect of low-dose 
BMSCs-Loaded 3D microscaffold on early osteonecrosis of the femoral head. 
Mater Today Bio. 2025;30:101426.

94.	 Sun T, Man Z, Peng C, Wang G, Sun S. A specific affinity Cyclic peptide 
enhances the adhesion, expansion and proliferation of rat bone mesen-
chymal stem cells on β–tricalcium phosphate scaffolds. Mol Med Rep. 
2019;20:1157–66.

95.	 Chen J, Cui Z, Wang Y, Lyu L, Feng C, Feng D et al. Cyclic Polypeptide D7 
Protects Bone Marrow Mesenchymal Cells and Promotes Chondrogenesis 
during Osteonecrosis of the Femoral Head via Growth Differentiation Factor 
15-Mediated Redox Signaling. Oxidative Medicine and Cellular Longevity. 
2022; 2022: 3182368.

96.	 Wu J, Cao L, Liu Y, Zheng A, Jiao D, Zeng D, et al. Functionalization of silk 
fibroin electrospun scaffolds via BMSC affinity peptide grafting through 
oxidative Self-Polymerization of dopamine for bone regeneration. ACS Appl 
Mater Interfaces. 2019;11:8878–95.

97.	 Fu Z, Lai Y, Zhuang Y, Lin F. Injectable heat-sensitive nanocomposite hydrogel 
for regulating gene expression in the treatment of alcohol-induced osteone-
crosis of the femoral head. APL Bioeng. 2023;7:016107.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.


	﻿Recent advances in osteonecrosis of the femoral head: a focus on mesenchymal stem cells and adipocytes
	﻿Abstract
	﻿Introduction
	﻿Changes in the balance between the osteogenesis and adipogenesis of BMSCs in ONFH
	﻿Normal differentiation of BMSCs
	﻿An imbalance in the osteogenesis and adipogenesis of BMSCs leads to ONFH
	﻿Key factors regulating the balance of the adipocytic and osteogenic differentiation of BMSCs
	﻿RUNX2
	﻿PPARγ and C/EBPs
	﻿MicroRNAs
	﻿Circular RNAs
	﻿Long noncoding RNAs
	﻿Other regulators controlling the balance between the osteogenesis and adipogenesis of MSCs


	﻿Major signaling pathways involved in the adipocytic and osteogenic differentiation of MSCs
	﻿Wnt/﻿β﻿-catenin signaling
	﻿TGF﻿β﻿/BMP superfamily
	﻿PI3K/AKT pathway
	﻿The miR-34c-5p/MDM4 pathway

	﻿Adipocytes release a variety of adipokines involved in the process of femoral head necrosis
	﻿The origin and endocrine function of adipose cells in the femoral head

	﻿Emerging applications of adipose-derived mesenchymal stem cells in osteonecrosis of the femoral head
	﻿Emerging regenerative stem cell therapy in ONFH
	﻿Potential roles of extracellular vesicles
	﻿Pharmacologic interventions targeting MSC function
	﻿Combined application of functionalized biomaterial scaffolds and MSCs

	﻿Concluding remarks and future perspectives
	﻿References


