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Steroid-induced osteonecrosis of the femoral head (SONFH) represents a
prevalent and complex orthopedic condition, intricately linked to multifaceted
dysregulation of the immune system. Prolonged administration of high doses of
GCs (GCs) represents a major cause of non-traumatic osteonecrosis of the
femoral head (ONFH), with its pathogenesis rooted in the interaction between
immune cell dysfunction and imbalances in bone metabolism. This review
systematically explores the molecular mechanisms through which GCs induce
osteonecrosis via immunological pathways, with emphasis on the impact of
macrophage polarization imbalance on the disruption of the bone immune
microenvironment. This encompasses the metabolic reprogramming of
macrophages and the involvement of critical signaling pathways. This study
sought to establish a comprehensive theoretical framework for the
immunological regulatory mechanisms underlying SONFH, to provide a
detailed understanding of the mechanisms by which GCs induce bone
immune disorders, and to offer a robust theoretical foundation for the
formulation of early intervention strategies.
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1 Introduction

Osteonecrosis of the femoral head (ONFH) is an orthopedic disease caused by
insufficient blood supply to the femoral head, leading to bone tissue necrosis and
incomplete repair, ultimately causing joint destruction and functional impairment. Early
diagnosis of osteonecrosis of the femoral head is particularly challenging, and the disease is
associated with high disability rates (1). Osteonecrosis of the femoral head can be divided
into traumatic and non-traumatic depending on the underlying cause. Traumatic
osteonecrosis of the femoral head typically occurs following hip trauma and is a
common cause of femoral head necrosis (2, 3). Non-traumatic osteonecrosis of the
femoral head is more common in middle-aged and young people aged 20-50, with hip
joint involvement in about 80% of cases. It is mainly caused by long-term use of GCs, long-
term excessive alcohol consumption (4), decompression sickness, autoimmune diseases,
hemoglobinopathies, and certain metabolic diseases (hyperlipidemia, diabetes, etc.). In

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2025.1626617/full
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1626617/full
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1626617/full
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2025.1626617&domain=pdf&date_stamp=2025-08-13
mailto:ldyy_zhaohy@lzu.edu.cn
https://doi.org/10.3389/fimmu.2025.1626617
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2025.1626617
https://www.frontiersin.org/journals/immunology

Yin et al.

addition, obesity, smoking, radiotherapy, and pregnancy reportedly
increase the risk of ONFH (5). ONFH, as one of the most common
refractory diseases in orthopedics, exhibits an annual incidence rate
of about 1.5-3.0 per 100,000 people across different countries (5).
Currently, although some countries have screened their populations
for osteonecrosis, there is still no global epidemiological report on
ONFH. China has the largest number of ONFH patients, with a
large-scale epidemiological survey of non-traumatic ONFH in 2015
estimating that there are 8.12 million cases of ONFH in the Chinese
population aged 15 and above (6), with 38.27% of patients having a
history of glucocorticoid use.

Since the seminal investigations into immune cell-derived
osteoclast-activating factors dating back to 1972, it has become
increasingly evident that the skeleton, functioning as a highly
dynamic and metabolically active organ, is significantly modulated
and profoundly impacted by the intricate interplay with the immune
system (7). It has been established that osteocytes and immune cells
not only coexist within the marrow cavity but also share a plethora of
regulatory molecules. In the processes of bone necrosis and bone
remodeling, signaling from a diverse array of immune cells plays a
pivotal role. Therefore, this review focuses on elucidating the central
role of macrophage polarization imbalance in SONFH and its
regulatory mechanisms, encompassing metabolic reprogramming
and critical signaling pathways. Subsequently, it briefly examines the
contributions of other immune cells—including T cells, B cells,
neutrophils, dendritic cells, and mast cells—to disease progression
and their interplay with macrophages (8). Analogous to the
established mechanism that smoking can induce skeletal destruction
via its interaction with the immune system (9), a comprehensive
understanding of the immune mechanisms underlying hormone-
induced osteonecrosis of the femoral head warrants a single-cell
perspective. Indeed, a comprehensive examination of the
multifaceted influences exerted by a diverse array of immune cells
on the pathogenesis of this condition is essential (10).

Although significant progress has been made in osteoimmunology
toward understanding SONFH, the precise mechanisms through
which GCs remodel the bone-immune microenvironment, leading to
immune cell dysfunction (particularly in macrophages), thereby
disrupting bone metabolic homeostasis (including angiogenesis,
osteoblast/osteoclast balance, and adipogenic transdifferentiation) and
ultimately triggering irreversible osteonecrosis remain incompletely
elucidated. Therefore, we systematically dissect the molecular
mechanisms by which GCs induce ONFH via immunological
pathways, with a particular focus on how immune cells (especially
macrophage polarization imbalance) and their mediated signaling
networks disrupt the bone-immune microenvironment. This article
aims to provide references and insights for exploring the pathogenesis
of this condition and developing early treatment strategies.

2 Macrophage polarization influences
the progression of SONFH

Within the bone-immune microenvironment, macrophages can
modulate bone metabolism by releasing various cytokines and
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exosomes (11). During the initial inflammatory phase, a specific
macrophage subtype preferentially accumulates at inflammatory foci,
essential for the elimination of extracellular noxious agents and the
clearance of metabolic byproducts generated within the body.
Conversely, during the advanced stages of inflammation, a distinct
macrophage subset becomes more prominent, essential for the
suppression of inflammatory responses and the promotion of tissue
repair. Throughout the inflammatory process, the relative proportion
of these two macrophage populations fluctuates over time, and the
phenotypic states are capable of interconversion. Accordingly,
macrophages are categorized into two distinct functional
phenotypes: pro-inflammatory (M1) and anti-inflammatory (M2).
Macrophages are typically categorized into two distinct types: pro-
inflammatory (M1) and anti-inflammatory (M2) (12, 13). Ml
macrophages classically exhibit pro-inflammatory properties, and
can be elicited by lipopolysaccharide (LPS) or Thl cytokines, such
as IFN-y and TNF-o: (14). M1 macrophages typically produce IL-12,
COX-2, iINOS, PGE2, as well as TNF-o, which serve as the
cornerstone in the defense against infections. Conversely, M2
macrophages exhibit pro-healing and anti-inflammatory properties,
producing cytokines such as IL-10, IL-4, CCL1, and CCL18 (15). M2
macrophages secrete IL-10, which has a direct pro-osteogenic effect
(16), with these molecules are potentially implicated in the process of
tissue regeneration.

In animal models of ONFH, the increased abundance of M1
macrophages stimulated by necrotic bone elicits a pro-
inflammatory response. Conversely, M2 macrophages are pivotal
in the resolution of inflammation and the reparative regeneration of
compromised tissues, especially during the advanced stages of
ONFH pathogenesis. The phenotypic shift from M1 to M2
macrophages can significantly enhance osteoblast survival,
mitigate inflammatory cytokine production, and ameliorate the
clinical manifestations of ONFH (17). Research has substantiated
the perspective that M2 macrophages can facilitate osteoblast
differentiation (18).

Research has demonstrated a notable increase in M1
macrophages within the femoral head and bone marrow blood
samples obtained from patients afflicted with SONFH (19).
Furthermore, it has been observed that M1 macrophages exert a
significant inhibitory effect on the osteogenic differentiation of
BMSCs, which is mediated through the extensive downregulation
of genes associated with osseous mineralization (20). Nevertheless,
there is compelling evidence that M1 macrophages may exert
beneficial effects, particularly during the initial phase of bone
repair. Gema Valles and colleagues revealed that cytokines
secreted by MI-polarized macrophages enhanced the adhesive
and migratory properties of MSCs. Florence Loi and colleagues
revealed that all macrophage subtypes could augment the
osteogenic potential of MC3T3 cells (21). While IL-10, secreted
by M2 macrophages, exerts a more robust effect, it augments the
osteogenic differentiation of BMSCs and modulates the expression
of osteogenic markers, indicative of its pivotal role in bone
formation processes (22).

These studies overlap in their assertion that M1 and M2
macrophages play distinct roles in bone regeneration.
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FIGURE 1

In the context of SONFH, chronic administration of high-dose GCs results in a significant imbalance in macrophage polarization. Figure created

using BioRender.

Nevertheless, an imbalance in M1/M2 polarization markedly
influences the process of bone regeneration and the progression
of SONFH.

2.1 Metabolic reprogramming can
influence macrophage polarization

The polarization of M1/M2 macrophages is intrinsically linked
to metabolic reprogramming, where the enhancement of glycolysis
and the impairment of mitochondrial oxidative phosphorylation
play significant roles (23, 24). In mammals, there are two important
subfamilies of MAPKs—extracellular signal-regulated kinases 1 and
2 (ERK1/2), c-Jun amino-terminal kinases 1 to 3 (JNK1 to 3)—that
coordinately regulate cell proliferation, differentiation, motility, and
survival (25). In macrophages, the MAPK/ERK and MAPK/JNK
pathways can regulate the expression of mitochondrial respiratory
chain complexes, which in turn modulate basal respiration, ATP
production during OXPHOS, and glycolysis in BMDMs, ultimately
affecting the M1/M2 polarization (Figure 1). The research findings
demonstrate that inhibition of the MAPK signaling pathway
effectively suppresses the polarization of M1 macrophages while
concurrently promoting the polarization of M2 macrophages (26,
27). This phenomenon is consistent with the observation that GCs
increase the phosphorylation levels of molecules within the MAPK
pathway and induce an imbalance in macrophage polarization (28).
This process plays a crucial role in immune regulation and the
repair following bone injury. However, in the aforementioned
process, GCs may be intricately linked to the involvement of
ROS. For instance, prolonged high-dose administration of GCs
can lead to excessive activation of ERK, which may subsequently
induce ROS and apoptotic signaling. This cascade of events can
disrupt the M2 polarization capacity of macrophages (29).
Moreover, ROS induced by GCs may activate the ASKI-JNK
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signaling pathway, thereby promoting the polarization of
macrophages towards the M1 phenotype (30). In summary, GCs
can inhibit the polarization of macrophages towards the M2
phenotype via the MAPK signaling pathway, thereby promoting
the occurrence of SONFH.

LPS and IFN-y-activated M1 macrophages are associated with a
metabolic shift from oxidative phosphorylation (OXPHOS) to
glycolysis, which not only sustains the viability and pro-
inflammatory activity of M1 macrophages but also, by inhibiting
OXPHOS, reduces the reliance on OXPHOS, thereby inhibiting the
polarization and expression of genes associated with M2
macrophages, such as Arg-1 and Mrcl (31). Notwithstanding the
anti-inflammatory actions of GCs, their modulation of
mitochondrial function exhibits a paradoxical profile. The seminal
work by Ulrich Stifel et al. revealed that GCs could intricately
regulate the production of glutathione and ROS, as well as the
functionality of the tricarboxylic acid cycle (TCA cycle), via a
HIFlo-dependent mechanism, ultimately inhibiting glycolysis
(32). This observation seemingly contradicts the prevailing notion
that GCs disrupt the M1/M2 macrophage polarization balance.
However, this finding underscores the necessity to meticulously
consider the dosage and duration of GCs exposure when evaluating
their detrimental effects within the context of disease progression.
In this context, research by Gee Euhn Choi et al. provided further
insights, demonstrating that prolonged exposure to high-dose GCs
is associated with increased mitochondrial ROS production and a
concomitant reduction in mitochondrial membrane potential (33).
These findings not only corroborate the widely accepted hypothesis
regarding glucocorticoid-induced mitochondrial dysfunction but
also align with the preconditions necessary for the pathogenesis
of SONFH.

Enhanced glycolysis in M1 macrophages generates lactate and
ROS that not only affect macrophage autocrine signaling but also
diffuse spatially to inflict damage on neighboring bone cells,
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including osteocytes, osteoblasts, and endothelial cells, inducing
apoptosis or necrosis. Concurrently, GCs-induced mitochondrial
dysfunction, characterized by elevated ROS production and
diminished membrane potential, constitutes a critical mechanistic
link connecting immunometabolic dysregulation with
osteocyte death.

2.2 GCs promote the NF-«B signaling
pathway to facilitate M1 macrophage
polarization

During the progression of SONFH, M1 macrophages
demonstrate increasing abundance. Following the timely ablation
of M1 macrophages, a reduction in NF-xB expression and the
suppression of apoptosis were observed, culminating in a markedly
decelerated progression of SONFH (34). It is well-established that
NEF-kB-related signaling pathways are key routes associated with
the activation of M1 induced by TLR ligands and IFN-y. Besides, a
multitude of therapeutic approaches have been identified to
ameliorate SONFH by targeting the NF-kB signaling pathway (35,
36). The TLR4/NF-KB signaling cascade is a quintessential pathway
that drives macrophage polarization. Activation of the NF-xB
pathway occurs upon the interaction of TLR4 with LPS on the
macrophage surface, a process that is reliant on either MyD88 or
IRF3, thus promoting the M1 macrophage polarization (Figure 1)
(37). During the pathogenesis of SONFH, damaged vascular
endothelial cells and necrotic bone tissue can trigger the
activation of this signaling pathway. This activation facilitates the
dimerization of Pyruvate Kinase M2 (PKM2), thereby augmenting
the synthesis of HIF-1. Consequently, this cascade of events induces
a metabolic reprogramming of macrophages, shifting their
phenotype towards the pro-inflammatory M1 subtype (38). Apart
from TLR4, the upstream regulators of NF-xB encompass SIRT3,
ROS, and other related factors, which also play a role in the
differentiation of osteoclasts and osteoblasts (39, 40), suggesting
that GCs may exert their effects on the NF-«B signaling pathway via
multiple, potentially distinct pathways, thereby modulating the
equilibrium of M1/M2 macrophage polarization.

The NLRP3 inflammasome, a tripartite complex comprising
NLRP3, caspase-1, and ASC (apoptosis-associated speck-like
protein containing a CARD), modulates M1 polarization (41) by
orchestrating the activation of caspase-1 and the subsequent release
of inflammatory cytokines IL-1B and IL-18. The activation of
inflammasome signaling cascades results in heightened local
inflammatory responses and enhanced osteoclastogenesis,
consequently precipitating bone resorption and destruction (42).
The NF-kB signaling pathway is involved in its initiation steps, and
its general activation pathway requires the assistance of pattern
recognition receptors (PRR) (43). PRRs are located on the surface of
innate immune cells and can directly recognize pathogen-associated
molecular patterns (PAMPs) or specific molecular structures during
host cell apoptosis, playing a role in immune recognition and
response. These receptors include Toll-like receptors (TLRs), C-
type lectin receptors (CLRs), scavenger receptors, retinoic acid-
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inducible gene 1 (RIG1)-like helicase receptors (RLRs), and NOD-
like receptors (NLRs) (44). Following the binding of stimulatory
factors such as LPS to TLR4, NF-«B is activated, leading to an
increase in NLRP3 expression, which in turn promotes Ml
polarization. While this appears to be a straightforward
mechanism, the TLR4/NF-xB signaling pathway does not
function alone. Firstly, TLR4 can simultaneously activate both the
MAPK and NF-kB signaling pathways (45). Secondly, the MAPK
signaling pathway can enhance the transcriptional activity of NF-kB
through phosphorylation, thereby promoting the expression of pro-
inflammatory cytokines. Concurrently, NF-kB can modulate the
activity of MAPK by regulating the expression of certain kinases
within the MAPK signaling cascade (46). Peroxisome proliferator-
activated receptors (PPARs), which are part of the nuclear receptor
superfamily, function as ligand-activated transcription factors.
Their pivotal role in macrophage polarization is characterized by
their capacity to suppress the initiation of the pro-inflammatory M1
signaling cascade and concurrently enhance the expression of anti-
inflammatory M2 signaling pathways (Figure 1) (47). Existing
literature has substantiated the existence of an interplay between
the PPARy and NF-«B signaling cascades. The activation of PPARYy
is known to exert an inhibitory effect on the NF-kB pathway
through a direct interaction with the p65 subunit of NF-«kB,
culminating in the attenuation of signal transduction (48), and
exert an antagonistic effect on NLRP3 (49). Beyond this, Nrf2 can
activate the PPARY pathway and inhibit NF-kB signaling (50);
increased AMP-activated protein kinase (AMPK) activity can block
LPS-induced phosphorylation of NF-kB p65 (51). Besides, other
pathways such as the PI3K/AKT/mTORCI1 pathway can also
interact with the NF-xB pathway, thereby affecting macrophage
polarization and osteoclast differentiation, among other processes
(52, 53). This indicates the presence of complex interplay
mechanisms among the signaling pathways that influence
macrophage polarization.

GCs can directly or indirectly influence bone cells by
modulating NF-xB signaling in immune cells. Concurrently, NF-
KB activation within osteoblasts and osteoclasts directly regulates
bone metabolic genes. Following NF-xB activation, pro-
inflammatory cytokines such as TNF-o and IL-1P secreted by M1
macrophages further suppress osteoblast differentiation/function
while activating osteoclastogenesis. Consequently, NF-xB
constitutes a pivotal nexus linking innate immunity
(macrophages) to bone resorption, a process subject to regulation
by additional signaling pathways.

2.3 The PPARY signaling pathway promotes
macrophage polarization towards the M2
phenotype

PPARYy is a pivotal regulator in adipogenesis. Adipogenic
stimuli facilitate the terminal differentiation of preadipocytes into
mature adipocytes through the epigenetic activation of PPARY. The
coordinated maintenance of adipocyte gene expression is
orchestrated by the interplay between PPARy and CCAAT/
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enhancer-binding proteins (C/EBP) transcription factors (54). GCs
exert a profound influence on the osteogenic-adipogenic
differentiation equilibrium of MSCs through a multitude of
signaling cascades. These pathways culminate in the modulation
of transcription factors, including PPARy and C/EBPs, thereby
directing MSCs towards adipogenic differentiation (55). GCs-
induced M1 macrophages may also enhance the adipogenic
differentiation of BMSCs by secreting exosomes that deliver miR-
la-3p to BMSCs, thereby targeting and suppressing the expression
of C/EBPZ (20). Nonetheless, this observation appears to be
inconsistent with the previously discussed notion that PPARYy
facilitates the expansion of the M2 macrophage phenotype. It is
well established that GCs can induce PPARY expression, thereby
augmenting its role in adipocyte differentiation and metabolic
regulation. Given this context, it raises the question of how GCs,
which are known to promote the polarization of M1 macrophages,
could potentially enhance the M2 macrophage population through
PPARY. Research conducted by Michael Heming suggested that the
primary effect of GCs on the inflammatory cytokine response is
predominantly PPARy-independent (56).

As a pivotal receptor involved in modulating the inflammatory
and anti-inflammatory differentiation pathways of macrophages,
PPARY is not solely engaged in crosstalk with NF-kB. Regarding
PPARY, its upstream pathways include at least the STAT and SIRT
pathways, and through pSTATS6, Ilaha Isali et al. revealed the
crosstalk between PPARY and Nrf2 (57, 58). The Nrf2 signaling
pathway is also involved in the pathogenesis of SONFH and plays a
pivotal role in the polarization of macrophages (59). In the MAPK
signaling pathway, MEK, which is located between RAS and the
previously mentioned EAK, is a key regulatory factor in the
induction of PPARY that promotes the M2-type polarization. He
Lizhi et al. consistently revealed the intricate interplay between
PPARY and energy metabolism (60). We previously mentioned the
capacity of mTORCI to enhance NF-kB phosphorylation, thereby
impacting macrophage polarization. However, the key mediator in
this mechanism is mTOR. The mTOR signaling transduction
cascade encompasses two distinct multimeric complexes: mTOR
Complex 1 and mTOR Complex 2 (mTORC1/2) (61). The
mTORCI/HIF-1a signaling axis, in conjunction with augmented
glycolytic activity, can facilitate the M1 polarization of
macrophages. Furthermore, the mTORC2/PPAR-y signaling
cascade can orchestrate fatty acid oxidation (FAO) to promote
M2 polarization. This research not only revealed the divergent roles
of mTOR in the context of macrophage polarization and linked
them with PPAR-y, but also reestablished a link between
macrophage polarization and metabolic reprogramming (62),
consistent with the previous findings (63).

Although the primary effect of GCs-mediated modulation of
inflammatory cytokine responses may be PPAR-y-independent,
PPAR-Y nevertheless serves as a master adipogenic transcription
factor. GC-induced PPAR-y upregulation constitutes the core
mechanism driving BMSCs toward adipogenic rather than
osteogenic differentiation. This process represents a critical
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pathological basis for osteonecrosis. Synergizing with the
influence of M2 macrophage phenotypes on BMSCs
differentiation—exemplified by mechanisms such as miR-1a-3p
delivery—PPAR-y dysregulation collectively culminates in the
terminal outcome of bone necrosis.

2.4 GCs suppress AMPK signaling to
impede promotes macrophage polarization
towards the M2 phenotype

The activation of the AMP-activated protein kinase (AMPK)
signaling pathway robustly enhances fatty acid oxidation
metabolism, attenuates the production of pro-inflammatory
cytokines, and concomitantly augments the secretion of anti-
inflammatory cytokines. This metabolic reprogramming is
essential for orchestrating the phenotypic switch from pro-
inflammatory (M1) to anti-inflammatory (M2) macrophages
(Figure 1) (64). Wenbin Ye et al. employed the transfection of
AMPK-o siRNA into the murine macrophage-like Raw264.7 cell
line, resulting in a marked promotion of the M2 phenotypic
transition induced by irisin, aligning with the findings of prior
research (65). The downstream signaling molecules mainly involve
mTOR, NF-kB, PPAR, and Nrf2. AMPKal is instrumental in the
activation of IL-10 during macrophage polarization orchestrated by
the PI3K/AKT/mTORCI and STAT3 signaling pathways (66),
reflecting the intricate interplay between the AMPK and PI3K/
AKT pathways.

Notably, AMPK activation is predominantly associated with
M2c macrophages, a phenotype we previously highlighted as being
inducible by GCs. This association suggests that GCs may effectively
orchestrate macrophage polarization toward a reparative phenotype
and facilitate inflammation resolution via AMPKol (67). This
raises the question of whether GCs can polarize macrophages into
the M2c phenotype through AMPKoal, thereby ameliorating
ONFH. The answer is negative. Although AMPK-o. can indeed
induce M2 macrophage polarization (68). However, it should be
acknowledged that the effects of GCs on AMPK are highly context-
dependent, varying across different tissues and durations of
exposure. AMPK can enhance osteoblast differentiation, mitigates
osteoblast senescence, and suppresses osteoclastogenesis (69, 70). In
the necrotic regions of the femoral head in SONFH, AMPK activity
is markedly suppressed, resulting in oxidative damage and
necroptosis of BMSCs and ultimately contributing to femoral
head necrosis (71, 72). This observation is consistent with our
prior conclusions. The polarization of M2c macrophages induced
by GCs exhibits no significant correlation with AMPK signaling. In
summary, the influence of GCs on AMPK in the pathogenesis of
SONFH is multifaceted. Although this complexity does not alter the
ultimate outcome of SONFH, it highlights the necessity for a more
nuanced and comprehensive evaluation of the interplay between
GCs and AMPK when investigating related issues.
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2.5 GCs suppress PI3K/AKT signaling
pathway to impede macrophage
polarization towards the M2 phenotype

The PI3K/AKT signaling can promote M2-like activation by
upregulating the expression of PGCla, which in turn facilitates
mitochondrial biogenesis and OXPHOS. Besides, this pathway
promotes the osteogenic differentiation of BMSCs (Figure 1) (73).
In the investigation of the interplay between GCs and the PI3K/
AKT signaling pathway, our research elucidated that GCs exerted a
suppressive effect on the PI3K/AKT cascade, which is instrumental
in the pathogenesis of SONFH. However, within the realm of
ONFH, most studies examining the inhibitory actions of GCs on
the PI3K/AKT pathway have focused on their capacity to enhance
osteoclast autophagy, thereby promoting osteoclast differentiation,
as well as their detrimental effects on BMECs (74-76). Conversely,
the influence of GCs on macrophage polarization equilibrium,
mediated through the PI3K/AKT pathway, remains largely
underexplored. Given the pivotal role of the PI3K/AKT pathway
in the progression of SONFH, its potential impact on macrophage
polarization represents a critical and under-investigated area that
warrants further in-depth exploration. The PI3K/AKT pathway can
classically activate mTOR, leading to a polarization bias towards M2
macrophages, which is conducive to the differentiation and
maturation of osteoblasts (77). Serum- and glucocorticoid-
induced kinase 1 (SGK1) serves as a pivotal Akt-independent
mediator within the PI3K/mTOR signaling cascade. Its
functionality is intricately linked to the phosphorylation status of
mTOR, exerting a significant influence on the differentiation of T
helper 1 (Th1) and T helper 2 (Th2) cells, which exists at least in the
tumor microenvironment (78). Recent studies have demonstrated
that activation of the PI3Ky/SGK1 signaling pathway can induce the
polarization of macrophages towards the M2 phenotype, redirecting
research focus towards cardiac fibrosis and atrial fibrillation. Given
the pivotal role of SGK1 in modulating cellular responses, research
on SGKI1 in the field of osteonecrosis holds huge promise (79). A
novel nTPG/PLGA/PCL fibrous membrane exhibited
responsiveness to both the PI3K/Akt pathway activator 740Y-P
and the NF-xB pathway activator PMA in experimental settings.
While a direct interaction between the PI3K/AKT and NF-xB
signaling pathways was not established, this study provided
valuable insights into the potential crosstalk between these two
critical pathways. Furthermore, it substantiated the association
between macrophage polarization and osteogenic effects (80).

GCs inhibit this signaling pathway, thereby not only impacting
macrophage polarization but also directly impairing osteogenesis in
BMSCs and compromising the functionality of BMECs.

2.6 GCs suppress Wnt signaling pathway to
impede macrophage polarization towards
the M2 phenotype

During the processes of tissue injury and repair, specific Wnt
ligands secreted by macrophages can exert significant regulatory
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functions. Based on the properties of these ligands and the
downstream signaling events they initiate, the Wnt signaling
pathway is classified into two major categories: the canonical Wnt
pathway and the non-canonical Wnt pathway (81). The canonical
Wnt-B-catenin pathway is indispensable for maintaining normal
bone homeostasis. This pathway promotes the differentiation and
maturation of osteoblast precursors, thereby enhancing bone
formation, while concurrently inhibiting osteoclastogenesis
through the activation of downstream transcription factors such
as LEF/TCF (82). In the context of SONFH, GCs have been shown
to disrupt bone homeostasis by downregulating the expression of 3-
catenin and c-Myc downstream of the Wnt pathway via molecules
including DKkkl1, Sost, and sFRP, ultimately contributing to the
pathogenesis of SONFH (83-87). Moreover, the Wnt-[B-catenin
pathway plays a pivotal role in bone immunoregulation, driving the
polarization of synovial macrophages toward the anti-inflammatory
M2 phenotype while suppressing the pro-inflammatory Ml
phenotype (Figure 1) (88, 89).

In contrast, the non-canonical Wnt pathway exhibits greater
complexity. Upon binding to Frizzled receptors, Wnt ligands can
activate non-canonical signaling cascades, such as the Wnt/Ca®"
pathway and the Wnt/PCP pathway, which subsequently modulate
the polarization of macrophages toward the M2 phenotype (90). For
instance, the Wnt5a inhibits M1 macrophage polarization by
suppressing the TLR4/NF-xkB pathway while inducing the
expression of immunosuppressive cytokines, including IL-10 and
TGF-B, thereby promoting an M2-like phenotype (91). Besides,
Wnt5a has been demonstrated to regulate macrophage metabolism
and function through pathways such as JNK, further influencing
immune responses in a context-dependent manner.

The Wnt signaling pathway serves as the central axis
maintaining bone formation while suppressing bone resorption.
GCs inhibit Wnt signaling, thereby impeding osteogenic
differentiation and potentiating adipogenic commitment. This
disruption constitutes a critical pathological basis for bone
metabolic imbalance in SONFH. Inevitably, this process further
exacerbates macrophage polarization imbalance, culminating in
aggravated osteonecrosis.

2.7 MSCs promote macrophage
polarization towards The M2 phenotype

During the progression of SONFH, mesenchymal stem cells
(MSCs) are significantly influenced by GCs, and their regulatory
effects on macrophage polarization are equally significant. MSCs
suppress the activation of pro-inflammatory M1 macrophages and
facilitate the anti-inflammatory M2 polarization in vitro (92). MSCs
facilitate the polarization of M2 macrophages via the COX-2-PGE2
signaling axis (93). BMSCs can also establish direct contact with
macrophages, facilitating their polarization towards the M2
phenotype via the ICAM-1/LFA-1 interaction, which
subsequently leads to an increased expression of IL-10 (94).
Overall, BMSCs exert a positive effect on macrophage
polarization (Figure 1).
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The influence of macrophage polarization on osteonecrosis is
unequivocally substantial, particularly in the context of GCs
exposure. However, the contribution of macrophages to
osteonecrosis and the regeneration of compromised osseous tissue
transcends the realm of polarization. For example, OsteoMacs, a
specialized subset of macrophages resident in bone, can directly
differentiate into osteoclasts, thereby establishing a macrophage-
osteoclast axis that is integral to bone damage precipitated by
immune and inflammatory responses. The phenomenon of
macrophage polarization is demonstrably prevalent across the
entire temporal spectrum of osteonecrosis, exerting a considerable
regulatory influence at each distinct phase of the disease’s
pathogenesis (13). In the context of SONFH progression, the
differentiation of macrophages into osteoclasts is frequently
modulated by heightened oxidative stress, a phenomenon that
encompasses the engagement of ROS. This evidence supports the
hypothesis that ROS, serving as a pivotal upstream element in M1
polarization, may also be implicated in the osteoclastogenesis
process (95). OsteoMacs can also respond to the bone-immune
microenvironment. In response to anabolic stimuli, OsteoMacs
facilitate the recruitment of BMSCs, prompting their proliferation
and subsequent differentiation into osteoblastic lineage cells.
Thereafter, OsteoMacs perpetuate anabolic signaling to these
nascent osteoblasts. Furthermore, OsteoMacs are instrumental in
the ossification process, playing a pivotal role in bone
mineralization (96, 97). Therefore, while macrophage polarization
plays a pivotal role in the progression of SONFH, its impact on
SONFH is more diverse.

It is well-established that macrophage polarization is implicated
in the pathogenesis of osteonecrosis, playing a pivotal role at each
stage. However, despite recent advancements in the field of
macrophage polarization research, the understanding of how
these pathways and inducible factors specifically function in
SONFH remains poorly understood (77, 98). In the review, we
comprehensively examined the potential interactions among
various immune cells within the broader context of immunity,
GC, and osteonecrosis, offering novel insights that may guide
research within the realm of immunology.

3 T cells affect the evolution of
SONFH

T cell development within the thymus is a stepwise process,
predominantly yielding CD4+ and CD8+ T cell subsets. Upon
antigenic challenge, quiescent T cells undergo differentiation into
CD4+ T helper cells and CD8+ cytotoxic effector and memory cells,
which are instrumental in mediating targeted cell lysis, a spectrum
of immune regulatory functions, and the establishment of long-
term immunological memory (99). Empirical research has
delineated that in subjects with SONFH, the proportions of CD3+
and CD4+ T lymphocytes, alongside the CD4+/CD8+ ratio, are
elevated relative to healthy controls. Notably, significant disparities
were exclusively identified in CD4+ lymphocyte populations.
Concurrently, in SONFH rodent models, a reduction in FoxP3/

Frontiers in Immunology

10.3389/fimmu.2025.1626617

CD4 double-positive regulatory T (Treg) cells within the femoral
bone marrow has been observed, concomitant with an upregulation
in RANKL+ T cell levels (100). Furthermore, CD4+ T lymphocytes
have been implicated in enhancing RANKL and TNF levels, thereby
promoting osteoclastic bone resorption and impacting both the
trabecular and cortical bone compartments. In contrast, CD8+ T
lymphocytes were found to upregulate TNF levels within the bone
marrow, inducing a selective loss of trabecular bone (101). These
findings aligned with our earlier discourse on the role of TNF and
NE-kB pathways in facilitating M1 macrophage polarization.
Besides, in the identification of endoplasmic reticulum stress
(ERS)-related genes in SONFH, a significant association has been
established between the key gene TLR4 and CD8+ T lymphocytes
(102). The above studies overlap in their assertion that T cells may
play a significant role in the progression of SONFH.

Th17 cells represent a distinct subset of T helper cells that are
capable of secreting cytokines such as interleukin-17 (IL-17). As
osteoclastogenic T cells, Th17 cells play a detrimental role in bone
regeneration through the production of IL-17 and RANKL (96,
103). Tregs constitute a specialized subset of T cells that possess
immunosuppressive capabilities. They play a crucial role in
maintaining immune tolerance and homeostasis by modulating
the activity of other immune cells. In the context of bone
regeneration, Tregs contribute positively to the process by
creating a conducive environment for bone repair and remodeling
(104). Tregs are characterized by the expression of CD4, CD25, and
Foxp3, exerting their inhibitory effects on osteoclast differentiation
and bone resorption through the secretion of IL-10 and TGF-B1
(105, 106). In SONFH, Tregs have been shown to correlate with the
behavior of various cells, including both immune and bone cells.
For instance, there is a strong positive correlation between activated
mast cells and Tregs (102). Tregs can mediate the production of
Wnt10b by CD8 T cells, thereby regulating bone anabolism (107).
The balance between Th17 cells and Tregs has emerged as a
significant area of research in immunology (108, 109). In ONFH,
elevated levels of Th17 cells and interleukin-17 (IL-17) have been
observed, with a positive correlation to disease severity (Figure 2)
(110). Research indicates that the increase in Th17 cells and IL-17 is
closely associated with an elevated M1/M2 macrophage ratio (111).
Besides, the imbalance between Thl17 cells and Tregs induces
excessive IL-17 production, leading to alveolar bone damage.
Modulating the ROS-macrophage polarization cascade has been
shown to reshape the Th17/Treg balance, thereby promoting
alveolar bone regeneration (112). Whether this mechanism can be
applied to the treatment of ONFH warrants further investigation, as
it may offer new therapeutic insights for this debilitating condition.

In summary, macrophage polarization imbalance constitutes
the central pathogenic mechanism through which GCs disrupt the
bone immune microenvironment in SONFH. However,
microenvironmental homeostasis is profoundly regulated by
additional immune cells. During SONFH progression, the
imbalance between pro inflammatory cellular subsets including
M1, Thl, and Thl7 versus anti inflammatory reparative
populations such as M2 and Tregs establishes a self reinforcing
vicious cycle (113). This pathological cascade drives excessive
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inflammation that ultimately triggers osteonecrosis. The
convergence of hyperinflammation, vascular injury, and enhanced
osteoclast activation forms an immune network where
macrophages and T cells collectively drive bone destruction and
impair bone repair.

4 B cells promote progression of
SONFH

B cells originate from hematopoietic stem cells within the bone
marrow through a sequential developmental process. Initially,
hematopoietic stem cells differentiate into common lymphoid
progenitors, which subsequently mature into immature B cells. In
contrast, immature B cells that either do not bind to self-antigens or
bind with minimal affinity exit the bone marrow and, within the

Frontiers in Immunology

08

germinal centers, differentiate into memory B cells and plasma cells.
This intricate process ensures the maturation and selection of a B
cell repertoire that is both functional and self-tolerant (114).
Current literature has illustrated a multifaceted relationship
between B-cell activation and the process of bone healing (115).
In the context of SONFH patients, Haiyu Zhang et al. revealed a
significant elevation in the proportion of CD86+ CDI19+ B
lymphocytes compared to the healthy control cohort, with a
positive correlation to the index of femoral head collapse, and a
reduction of memory B cells (Figure 2). Moreover, a marked
increase was observed in serum levels of IL-17A and IFN-v.
Notably, IFN-y is known to activate B cells, NK cells, and
macrophages, which in turn can lead to the activation of B cells
and polarization towards the M1 phenotype in macrophages.
Indeed, these cells are integral to the osteoclastogenesis process.
Consequently, activated B cells and M1 macrophages are both
involved in the bone destruction process of SONFH (116).
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5 The role of neutrophils, DCs, and
mast cells In SONFH progression

Several studies have reported a significant correlation between
the percentage of neutrophils in peripheral blood and the incidence
of NONFH (117, 118). Xudong Duan et al. observed a potential
association between the initiation of ONFH and specific
immunological parameters. Their findings suggest that there is a
correlation with diminished levels of resting dendritic cells (DCs),
along with heightened levels of neutrophils, monocytes, M2
macrophages, and activated dendritic cells (119). Tingyu Wu and
colleagues identified a positive correlation between activated mast
cells and Tregs, and observed a reduced abundance of dendritic cells
in subjects with SONFH compared to the control cohort (102).
Current evidence suggests that neutrophils, dendritic cells, and mast
cells are directly involved in SONFH and interact through several
mechanisms with various immune cells, as outlined in prior
studies (Figure 2).

Neutrophilic polymorphonuclear leukocytes (neutrophils) are a
class of terminally differentiated myeloid cells with abundant
lysosomal granules, which endows them with the alternative
nomenclature of granulocytes. These granules contain an
extensive repertoire of potent antimicrobial armaments.
Originating from hematopoietic stem cells, neutrophils represent
a significant proportion of the leukocyte count in adult peripheral
blood, ranging from 50% to 70% (120). Neutrophils play two critical
roles: initiating acute inflammatory responses and facilitating the
recruitment of monocytes and macrophages (121, 122). Research
has demonstrated that neutrophils can modulate the osteogenic
differentiation potential of MSCs (123). Following stimulation with
LPS, neutrophils significantly upregulated RANKL expression on
their membrane surface, which improved signaling interactions
between neutrophils and osteoclasts, consequently enhancing the
activity of osteoclast-mediated bone resorption (124). GCs induce
the expression of DKKI1 in leukocytes. DKK1 acts as an antagonist
of the Wnt/B-catenin signaling pathway, inhibiting the propagation
of Wnt signals by binding to the co-receptors LRP5/6, which are
essential components of the Wnt signaling cascade (125). Current
investigations into the nexus between neutrophils and orthopedic
pathologies are predominantly centered on the study of neutrophil
extracellular traps (NETs) (126). GCs are known to induce platelet
activation, a process that not only facilitates thrombus formation,
thereby precipitating ischemic alterations in the osteocytes of the
femoral head, but also triggers the formation of NETSs, which are
hypothesized to be correlated with localized hemodynamic
impairments and ischemic events within the femoral head (127,
128). Notably, the exocytosis of macrophages represents one of the
pivotal mechanisms underlying the degradation of NETs. During
the unique cell death process of macrophages known as METosis,
structures analogous to NETs can be generated. To date, this
phenomenon has been exclusively observed in the inflammatory
M1 macrophage subset following stimulation with IFN-y and LPS
(129). A latest study indicated that M2-Exos exert inhibitory effects
on NETs formation, consequently attenuating the pathological
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progression of ONFH (130). In the context of SONFH, there may
exist crosstalk between macrophages and neutrophils.

Dendritic cells, which also originate from hematopoietic stem
cells within the bone marrow, are extensively distributed across the
body. These cells are renowned as the most potent, efficacious, and
specialized antigen-presenting cells within the immune system.
They are pivotal in initiating and modulating primary immune
responses through the activation of naive T cells, and are equally
instrumental in the induction and perpetuation of immune
tolerance under steady-state conditions (131). DCs can modulate
both osteogenic differentiation and osteoclastogenesis (132, 133). In
skeletal diseases, DCs may indirectly affect inflammation-related
bone loss by activating and modulating the function of T cells (96).
For instance, in the context of RA progression, DCs, which are
typically absent from the bone marrow cavity, undergo chemotactic
migration and aggregate at the site of pathology. These DCs engage
in intricate interactions with T cells through the RANK-RANKL
signaling axis, thereby orchestrating the activation of Th1-mediated
inflammatory responses and concomitantly modulating the activity
of osteoclasts to influence bone resorption processes (134). In the
pathogenesis of SONFH, DCs may influence T-cell activation and
differentiation. This effect can subsequently modulate the function
and activity of osteoclasts, thereby contributing to the characteristic
bone loss and structural deterioration observed in SONFH.

Mast cells (MCs), derived from embryonic erythro-myeloid
progenitors (EMPs), are resident immune cells within tissues.
Their substantial involvement in orthopedic pathologies is
supported by their capacity to synthesize and store a plethora of
immunomodulatory mediators that have been demonstrated to
regulate bone homeostasis and contribute to skeletal disorders
(135). MCs possess the capability to release cytokines associated
with bone resorption, including IL-6 and RANKL (136).
Furthermore, their activation has been correlated with the
dysregulated chondrogenic differentiation of MSCs (137).
Researchers have consistently identified a pronounced association
between activated MCs and Tregs within the context of SONFH
(102). These lines of evidence indicate that mast cells may likewise
play a role in the pathogenesis of SONFH.

Emerging evidence suggests the critical involvement of
neutrophils, DCs, and MCs in SONFH through intricate
immunomodulatory networks, although their interactive
mechanisms and translational potential require further
elucidation. Future investigations should prioritize deciphering
the multidimensional synergies among immune cells, particularly
focusing on: 1) the effect of NETs in modulating local ischemia; 2)
the spatiotemporal regulation of bone metabolic imbalance via
dendritic cell-mediated T cell-osteoclast activation axis; and 3) the
microenvironmental remodeling through MCs during bone repair.
Advanced methodologies integrating single-cell multi-omics and
spatial transcriptomics should be systematically employed to
uncover pivotal nodes in immune-bone metabolic cross-
regulation, including RANKL/OPG and Wnt/B-catenin signaling
pathways, while delineating the regulatory mechanisms of
glucocorticoid-induced immunometabolic reprogramming (e.g.,
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enhanced glycolysis and succinate accumulation) on osteocyte
fate determination.

6 Discussion

In recent years, with the use of GCs in SLE, RA,
immunosuppression after organ transplantation, and other
diseases, the incidence of SONFH has increased significantly.
Studies have shown that the incidence of osteonecrosis is 6.7% for
a cumulative dose of GCs >2 g (prednisone equivalent). For every
increase of 10 mg/d, the rate of osteonecrosis increases by 3.6%, and
>20 mg/d leads to a higher rate of osteonecrosis (138). The
Association Research Circulation Osseous (ARCO) criteria for
GA-ONFH uses GCs as the standard, requiring subjects to receive
an accumulated dose of 2g or more within 3 months, with the last
use of GCs within 2 years (139). As a prevalent condition with high
disability rates, SONFH presents a significant clinical challenge.
While THA remains the definitive intervention for end-stage
disease, current conservative approaches for early-to-intermediate
stages lack therapeutic efficacy, necessitating urgent exploration of
novel regenerative and disease-modifying strategies in this field.

Since the formal establishment of osteoimmunology in 2000,
significant progress has been made in understanding the interplay
between the skeletal and immune systems (140). Nevertheless, both
systems exhibit remarkable complexity: at the molecular regulatory
level, the functionality of individual immune cells is governed by
cross-regulatory signaling pathways with dynamic cascade
interactions; at the cellular interaction level, the biological
behaviors of specialized bone cells (e.g., osteoblasts and
osteoclasts) are coordinately modulated by multisource immune
signals, including cellular subpopulations and their secreted
chemokines/cytokines. This multidimensional network of
interactions suggests that traditional reductionist approaches
focusing on isolated “single cell-single pathway” paradigms may
lead to fragmented interpretations of disease mechanisms.

In the present review, a cascading network model of “multi-
pathway regulation-macrophage polarization-bone homeostasis
disruption” was established through the perspective of
glucocorticoid induction. Studies have demonstrated that GCs
remodel macrophage functional phenotypes via epigenetic
modifications and metabolic reprogramming, while this immune
cell subset acts as a regulatory hub in SONFH by secreting
inflammatory mediators (e.g., IL-1 and TNF-0) and modulating
the RANKL/OPG balance. This review also acknowledges certain
limitations. While our focus has been on the classification of M1
and M2 macrophages, it is important to recognize that the M2
phenotype itself comprises distinct subtypes. Specifically, the M2
phenotype can be categorized into four subtypes: M2a (activated by
IL-4/1L-13), M2b (induced by immune complexes, IL-13, and LPS),
M2c (activated by IL-10, TGF-B, and GCs), and M2d (TAMs,
induced by IL-6, LIF, and MCSF) (14). Among these subtypes,
both M2a and M2c exert anti-inflammatory effects and contribute
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to tissue repair, while M2b display immunoregulatory functions
(141, 142). Theoretically, glucocorticoid-induced M2c macrophages
possess the capacity to suppress excessive inflammatory responses,
which appears beneficial for mitigating inflammatory damage in
SONFH. Paradoxically, SONFH manifests complex inflammatory
states and osteonecrosis. This suggests that M2c macrophages may
fail to fully execute their anti-inflammatory and pro-reparative
functions during this pathological process, or their actions are
constrained by context-dependent constraints. Within the domain
of osteoimmunology, particularly in research examining the
interactions between macrophages and SONFH, our research
group advocates for a focus on the dynamic regulatory
mechanisms that govern the polarization of macrophage subtypes.
This approach is anticipated to yield new insights for targeted
therapeutic strategies aimed at mitigating the pathological
progression of SONFH.

Indeed, current research in osteoimmunology, while having
achieved significant advancements in understanding molecular
regulatory mechanisms, still faces substantial challenges in
translating these findings into clinical practice. Current
therapeutic strategies primarily focus on targeted cellular
interventions, such as osteoclast inhibitors, yet lack a systemic
understanding of the regulatory mechanism of the osteoimmune
microenvironment. Contemporary research perspectives leveraging
single cell sequencing and CellChat analysis have transcended the
limitations of traditional single dimensional analytical approaches
(143, 144). These methodologies unlock novel investigational
paradigms for osteoimmunology research. Future research should
concentrate on unraveling the bidirectional crosstalk mechanisms
within the immuno-osseous metabolic network, thereby
establishing a theoretical framework for the development of
interventional strategies aimed at reprogramming the
microenvironment to restore immune homeostasis.
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