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Abstract: Steroid-induced osteonecrosis of the femoral head (SONFH) is a common and refractory clinical condition with a complex
pathogenesis that remains incompletely understood. As a highly conserved intracellular degradation and recycling pathway, autophagy
plays a dual regulatory role in the pathological process of SONFH: moderate activation of autophagy exerts protective effects by
clearing damaged organelles and maintaining cellular homeostasis; conversely, excessive or dysfunctional autophagy aggravates cell
injury and bone tissue destruction. This narrative review systematically summarizes the dynamics, mechanisms, and regulatory
networks of autophagy in SONFH from the perspectives of both beneficial and detrimental autophagy, providing references for
a deeper understanding of SONFH and the development of targeted therapies. Furthermore, we explore therapeutic strategies based on
the dual nature of autophagy, including precise pharmacological modulation, restoration of autophagic-lysosomal function, combined
treatment approaches, and the application of novel biomaterials and targeted delivery systems. By integrating current mechanistic
insights and proposing stage-specific regulatory strategies, this review highlights the translational potential of autophagy modulation in
SONFH and provides a theoretical foundation for future clinical interventions.

Keywords: steroid-induced osteonecrosis of the femoral head, autophagy, beneficial autophagy, detrimental autophagy, dichotomous
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Introduction

Clinical Challenges in Steroid-Induced Osteonecrosis of the Femoral Head
Steroid-induced osteonecrosis of the femoral head is a disease characterized primarily by vascular insufficiency of the
femoral head and osteocyte apoptosis, which is caused by long-term or high-dose administration of glucocorticoids. It
accounts for 30%—40% of non-traumatic osteonecrosis of the femoral head. The disease presents no specific manifesta-
tions in the early stage, followed by femoral head collapse and hip joint dysfunction in the middle stage and beyond. This
eventually necessitates total hip arthroplasty in the end stage, imposing a substantial burden on the medical resources of
both patients and society. Clinically feasible methods include core decompression and bone grafting, etc. However, they
can only cure patients with mild early-stage lesions and cannot restore the physiological state of already necrotic bones.
Therefore, to fundamentally change the condition, it is necessary to understand the etiology and pathogenesis of steroid-
induced femoral head necrosis.'
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The Dual Characteristics of Autophagy and Its Research Significance

Autophagy is an adaptive response of cells to internal and external environmental stimuli, maintaining cellular energy
homeostasis by degrading damaged proteins and organelles. Under physiological conditions, autophagy is at a basal
level; when cells are subjected to stress such as nutrient deprivation and oxidative stress, autophagy will be activated to
resist damage. The role of autophagy is not always absolutely beneficial. Excessive activation or functional defects can
both lead to metabolic disorders in cells and subsequently cause cell death.” In steroid-induced avascular necrosis of the
femoral head, the dynamic changes of autophagy are closely related to the progression of the disease. Clarifying the
mechanism of the conversion from beneficial autophagy to harmful autophagy can provide new ideas for targeted
regulation of autophagy in the treatment of SONFH.?

The Biological Basis and Regulatory Network of Autophagy

The Basic Process and Function of Autophagy

Autophagy is divided into five stages: initiation, nucleation, elongation, fusion and degradation. Under the stimulation of
stress signals, the ULK1 complex is activated to initiate autophagy. The Beclinl-Vps34 complex participates in the
nucleation of autophagosomes. The Atgl2-Atg5-Atgl6L1 and LC3-PE systems mediate the elongation of autophago-
some membranes. Eventually, autophagosomes fuse with lysosomes to form autolysosomes, achieving substrate degra-
dation and material recycling.® Under physiological conditions, autophagy participates in the regulation of bone
metabolism by eliminating abnormal proteins and maintaining the renewal of organelles, which is very important for

osteoblast differentiation, bone cell survival and vascular homeostasis.”® (See Figure 1)
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Figure | This figure illustrates the process of cellular autophagy—a core biological pathway for intracellular substance degradation and recycling: First, a phagophore is
initiated to enclose target intracellular materials (such as damaged organelles and macromolecules); the phagophore then closes to form an autophagosome. Next, the
autophagosome undergoes membrane fusion with a hydrolase-containing lysosome, forming an autolysosome. Finally, the hydrolases in the autolysosome degrade the
enclosed contents, and the resulting degradation products are recycled for reuse by the cell, thus completing the degradation and recycling process.
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The Key Regulatory Signaling Pathways of Autophagy

The initiation, progression and termination of autophagy are precisely regulated by multiple signaling pathways, and the
homeostatic balance of each pathway is the basis for maintaining normal autophagic function. mTORCI, as a negative
hub for autophagy initiation, inhibits the initiation of autophagy by phosphorylating the Ser757 site of ULK1 when
nutrients are abundant or growth signals are activated. Under stress conditions, its activity is suppressed, thereby
removing the inhibition. When ULKI is activated and autophagy is initiated, its functional abnormalities are closely
related to diseases such as tumors and metabolic disorders.” AMPK is a core molecule for cellular energy sensing. It gets
activated under energy stress and enhances the activity of ULK1 by directly phosphorylating its Ser317 and Ser777 sites.
At the same time, it indirectly phosphorylates TSC2 or Raptor to inhibit the mTORCI signaling pathway. This constitutes
the core axis for regulating autophagy in response to energy status.® The PI3K-Akt pathway responds to pro-proliferative
signals and negatively regulates autophagy by activating mTORCI. Its excessive activation can inhibit the clearance of
abnormal cells by autophagy.” p53 can achieve bidirectional regulation through nuclear-cytoplasmic localization differ-
ences. Nuclear p53 transcribes and activates autophagy-related genes, while cytoplasmic p53 inhibits the activity of
Beclinl. The balance between them is crucial for autophagy function.'® During endoplasmic reticulum stress, the PERK/
elF2a pathway activates autophagy-related genes by upregulating ATF4, while the IRE10/XBP1 pathway regulates the
expression of autophagy genes by splicing XBP1 to generate XBPls, thereby alleviating stress-induced damage.'’
Abnormalities in the above-mentioned pathways (such as the persistent activation of mTORCI, defects in AMPK,
etc.) can lead to an imbalance in autophagy. Both excessive and insufficient autophagy are closely related to the
pathological processes of various diseases, including tumors, neurodegenerative diseases, and metabolic syndrome.
A deep understanding of the regulatory mechanisms of these pathways is the core to understanding the connection
between autophagy’s physiological functions and diseases.'? (See Figure 2)

The Manifestations and Mechanisms of Beneficial Autophagy in
Steroid-Induced Femoral Head Necrosis
The Definition and Characteristics of Beneficial Autophagy

Beneficial autophagy refers to the protective role of autophagy in cells by eliminating damaged components and
maintaining energy homeostasis in the early stage of disease or under moderate stimulation. Its characteristics include
a moderate increase in autophagy levels, an elevated LC3-1I/LC3-I ratio, increased degradation of p62, normal fusion of
autophagosomes with lysosomes, and enhanced cell survival ability."*> In SONFH, beneficial autophagy is mainly
manifested as protective effects on osteocytes, osteoblasts and vascular endothelial cells. (See Table 1)

Protective Autophagy in Osteocytes

Osteocytes, as the core for maintaining the homeostasis of bone structure, are of great significance to bone quality in
terms of their survival and functional integrity. Under pathological conditions such as glucocorticoid exposure, osteo-
cytes will activate autophagy as a defense mechanism, exerting a protective role by eliminating damaged components and
maintaining intracellular homeostasis.'* Short-term or low-dose hormone exposure can specifically activate autophagy in
bone cells, which is manifested by the upregulation of autophagy markers such as LC3-II and an increase in the number
of autolysosomes. Among them, selective mitochondrial autophagy reduces the accumulation of ROS by eliminating
oxidatively damaged mitochondria and blocks the initiation of apoptotic signals.'>'® This protective autophagy reduces
the accumulation of cytotoxic substances by degrading damaged components and utilizes autophagic degradation
products to replenish energy through gluconeogenesis to maintain cellular metabolism. In vitro experiments have also
confirmed that after treating osteoid cells MLO-Y4 with a low concentration of dexamethasone (10 ® mol/L), autophagy
activation increases the LC3-II/LC3-I ratio by 30% to 50%, and reduces the apoptosis rate by 20% to 30%. However,
autophagy inhibitors will exacerbate hormone-induced apoptosis, which indirectly reflects the protective role of
autophagy.'’ However, this defense has the characteristic of dynamic balance. In the short term or at low doses of
hormones, autophagy protects the survival of bone cells by “clearing damage, maintaining metabolism, and inhibiting
apoptosis”. Long-term or high-dose exposure may lead to autophagic function exhaustion or excessive activation,
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Figure 2 This figure depicts the molecular regulatory mechanisms and core progression of autophagy: The upstream PI3K signaling pathway (activated by BCR) and mTOR
signaling pathway (regulated by p53, along with the PI3K/Akt and MAPK/ERK pathways) modulate the activity of the ULK| complex, thereby initiating autophagy. The autophagy
process proceeds through sequential stages: Initiation (involving Beclin| and VPS34), Elongation (ATG12 is conjugated to ATG5 via ATG7/ATGI0, then associates with ATG 16
to form a complex that mediates membrane elongation), and Maturation (pro-LC3 is cleaved by ATG4 into LC3-I; subsequently, LC3-I is modified by ATG7/ATG3 and
conjugated to phosphatidylethanolamine (PE) to form LC3-Il, which contributes to membrane maturation). The process ultimately results in autophagosome formation.

causing autophagic cell death, which instead aggravates bone mass loss. Therefore, the dynamic balance of autophagy in
bone cells is the key to exerting a protective effect, which also provides a new idea for the early intervention of hormone-

induced osteonecrosis.'®!”

Table | Protective Roles and Mechanisms of Beneficial Autophagy in Different Cell Types During Steroid-Induced Osteonecrosis of
the Femoral Head

Osteoblasts

as a defense mechanism, clearing damaged organelles (eg, via
mitophagy) and maintaining intracellular homeostasis; its
protective effect is dynamic, with overactivation or exhaustion
leading to cell death.

Alleviates endoplasmic reticulum stress by clearing misfolded
proteins and damaged organelles; maintains the stability of
transcription factor Runx2, ensuring osteogenic differentiation
potential; degradation products provide energy and raw
materials for bone matrix synthesis, secretion, and

mineralization.

Cell Type | Main Manifestations and Protective Mechanisms of Key Molecular and Functional Changes
Beneficial Autophagy
Osteocytes | Activated under short-term or low-dose hormone stimulation Increased LC3-II/LC3-I ratio, enhanced p62 degradation, and

increased autolysosome formation; reduced reactive oxygen

species (ROS) accumulation and decreased apoptosis rate.

Upregulation of autophagy-related genes (eg, Beclinl, ATG7);
increased expression of osteogenic markers (eg, osteocalcin,

ALP); improved bone density and trabecular microstructure.

(Continued)
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Table | (Continued).

Cell Type | Main Manifestations and Protective Mechanisms of Key Molecular and Functional Changes
Beneficial Autophagy

Vascular Maintains eNOS function and NO synthesis homeostasis Increased levels of phosphorylated eNOS and NO release;

Endothelial | through selective autophagy, ensuring vasodilation; clears decreased levels of endoplasmic reticulum stress markers

Cells damaged mitochondria to block apoptosis pathways; reduces (GRP78) and apoptotic proteins (cleaved-caspase3); enhanced
endoplasmic reticulum stress and preserves the integrity and endothelial cell migration and tube-forming ability.

function of the vascular endothelial barrier.

Autophagic Regulation of Osteoblast Function

Osteoblasts are the core cells in bone formation, responsible for the synthesis, secretion and mineralization of bone matrix. The
core reason for the reduction in bone mass and bone structure damage in glucocorticoid-induced femoral head necrosis may be
the functional impairment of osteoblasts. Autophagy, by regulating the material metabolism and functional homeostasis of
osteoblasts, has become the core mechanism for protecting them against hormone-induced damage.”® The protective
regulation of autophagy on osteoblasts is manifested in two aspects. Firstly, it reduces endoplasmic reticulum stress by
selectively degrading misfolded type I collagen and damaged organelles, while maintaining the stability of the osteoblast
differentiation transcription factor Runx2, ensuring its transcriptional activation of osteoblast-related genes such as COL1A1
and osteocalcin, and maintaining the osteoblast differentiation potential. On the other hand, by degrading redundant biological
macromolecules to produce metabolic intermediates such as amino acids and fatty acids, ATP is generated through
gluconeogenesis or beta-oxidation, providing energy for osteoblast proliferation, collagen secretion, and alkaline phosphatase
(ALP) activity. Moreover, the inorganic phosphate released can promote the deposition of hydroxyapatite crystals in the bone
matrix, thereby accelerating mineralization.”'** Studies have shown that in the hormone-induced SONFH rat model,
activating autophagy in osteoblasts can reduce the decline in femoral head bone density by 15% to 20%, increase trabecular
thickness and quantity, and up-regulate the expression of osteogenic markers such as osteocalcin and ALP>* In vitro
experiments have shown that autophagy activation can enhance the stability of Runx?2, increase osteogenic differentiation
nodules, while autophagy inhibition leads to reduced mineralization capacity and decreased secretion of bone matrix.>**> In
the pathology of SONFH, glucocorticoids inhibit the expression of autophagy-related genes such as Beclinl and ATG7,
leading to a reduction in autophagic function in osteoblasts. Targeted activation of autophagy can partially reverse the
inhibitory effect of hormones on osteogenic function and slow down bone mass loss, providing a potential strategy for the
intervention of SONFH. 2%

The Autophagic Protective Effect of Vascular Endothelial Cells

Impaired blood supply to the femoral head is also an important mechanism of glucocorticoid-induced femoral head
necrosis. As the functional core of the vascular wall, autophagy of vascular endothelial cells plays a key protective role in
maintaining vascular homeostasis.?**° Under physiological conditions, autophagy reduces the accumulation of inactive
endothelial nitric oxide synthase (eNOS) by selectively degrading damaged eNOS, and eliminates damaged mitochondria
to reduce the impact of reactive oxygen species (ROS) on normal eNOS, maintaining the homeostasis of nitric oxide
(NO) synthesis and ensuring vascular dilation function.’*' Under short-term hormone stimulation, autophagy in
vascular endothelial cells is activated. Autophagy alleviates endoplasmic reticulum stress by degrading stress-related
abnormal proteins and damaged endoplasmic reticulum structures, eliminates damaged mitochondria that release
cytochrome ¢ to block the apoptotic pathway, and also maintains the stability of tight junction proteins occludin and
claudin, ensuring the integrity of the vascular endothelial barrier and function, and reducing apoptosis and abnormal
vascular permeability.*>*® Studies have shown that in hormone-damaged vascular endothelial cells, the autophagy
agonist rapamycin can enhance the migration ability of endothelial cells, significantly increase the length and number
of branches of the lumen formed, and autophagy activation can up-regulate the expression of phosphorylated eNOS,
increase NO release to improve vascular dilation function, and at the same time reduce the levels of endoplasmic
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reticulum stress markers GRP78 and apoptotic protein cleaved-caspase3. In the pathology of SONFH, long-term or high-
dose hormone use can inhibit autophagy in vascular endothelial cells, leading to abnormal eNOS activity and reduced
NO synthesis, as well as vascular dilation dysfunction. Coupled with the increased apoptosis and barrier disruption of
endothelial cells caused by the accumulation of endoplasmic reticulum stress, this further aggravates the blood supply
disorder of the femoral head.***> Short-term autophagy activation, by maintaining eNOS function, alleviating stress
injury and enhancing angiogenesis, has become an important defense mechanism for improving the microcirculation of
the femoral head. This suggests that targeting the activation of autophagy in vascular endothelial cells may provide a new

perspective for the early prevention and treatment of SONFH through improving blood perfusion.*®*’

The Manifestations and Mechanisms of Harmful Autophagy in
Steroid-Induced Femoral Head Necrosis
The Definition and Triggering Factors of Harmful Autophagy

Harmful autophagy refers to the process in which long-term or excessive activation of autophagy leads to excessive
consumption of cellular substances, obstruction of the autophagic flux, and ultimately cell death. Its characteristics
include the accumulation of a large number of autophagosomes but with degradation obstacles, abnormal accumulation
of p62, and an increase in markers of apoptosis or necrosis.”® In SONFH, the triggers of harmful autophagy include
exposure to long-term high-dose hormones, oxidative stress damage, continuous stimulation by inflammatory factors, and
dysfunction of the autophagy-lysosome system.”’ (See Table 2)

Excessive Autophagy and Apoptosis of Osteocytes

Autophagy’s protective effect on osteocytes is dose and time-dependent. Short-term or low-dose hormone-induced
autophagy activation can exert adaptive defense functions. However, long-term and high-dose glucocorticoid effects
can disrupt autophagy balance, leading to excessive autophagy activation in osteocytes and a shift towards a harmful
phenotype, which becomes a significant factor in osteocyte death and bone structure destruction in the middle and late
stages of SONFH.?> Under the influence of long-term and high-dose hormones, excessive autophagy in bone cells is
characterized by blocked autophagic flux and functional disorders. The fusion efficiency of autophagosomes and
lysosomes is reduced, leading to the accumulation of a large number of immature autophagic vesicles. The clearance
of LC3-II is delayed, and p62 protein continuously accumulates to form toxic aggregates, which in turn activates

Table 2 Cell-Specific Manifestations of Harmful Autophagy in SONFH

Cell Type Manifestations and Mechanisms of Harmful Key Molecular and Functional Changes
Autophagy

Osteocytes Long-term/high-dose glucocorticoids disrupt autophagic Autophagosome-lysosome fusion efficiency; LC3-Il
balance, leading to excessive autophagy with blocked retention; p62 accumulation; activation of NF-xB and
autophagic flux. This results in accumulation of immature oxidative stress pathways; ATP levels; induction of apoptosis/

autophagic vesicles, impaired clearance of LC3-Il, and toxic | necrosis.
aggregation of p62, triggering inflammation, oxidative stress,
energy depletion, and ultimately cell death.

Osteoclasts Glucocorticoids induce hyperactive autophagy, promoting Expression of autophagy-related genes (Atg5, Atg7); LC3Il/
osteoclast differentiation, maturation, and bone resorption LC3I ratio; autolysosome number; stabilization of NFATcI;
activity. This disrupts the bone remodeling balance, leading secretion of bone resorption enzymes (eg, cathepsin K);

to excessive bone loss and trabecular structural damage. bone resorption pit formation.
Bone Marrow Glucocorticoids inhibit autophagy in BMSCs, disrupting the | Autophagy activity (LC3-Il); PI3K-Akt-mTOR signaling;
Mesenchymal Stem | balance between osteogenic and adipogenic differentiation. PPARYy protein stability; Runx2 expression; osteogenic
Cells (BMSCs) Autophagy deficiency leads to accumulation of PPARy markers (OCN, ALP); adipogenic markers (PPARy, aP2);
(promoting adipogenesis) and reduced Runx2 expression adipocyte number and size in necrotic bone marrow.

(impairing osteogenesis), favoring bone marrow adipogenesis

over bone formation.
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inflammatory pathways such as NF-kB and induces oxidative stress. At the same time, excessive autophagy degrades
normal biomolecules and functional organelles, leading to excessive consumption of nutrients, a decline in ATP levels,
and energy failure, which inhibits the activity of lysosomal enzymes, forming a vicious cycle of “excessive autophagy,
insufficient energy, and degradation disorder”, and then triggers cell death.”®>° During the course of SONFH, excessive
autophagy in osteocytes disrupts intracellular homeostasis, depletes energy reserves, and induces toxic accumulation,
accelerating osteocyte death. This leads to a decline in the bone tissue’s ability to sense mechanical stimuli, exacerbates
the imbalance between bone resorption and formation, and promotes femoral head collapse. This reveals the double-
edged sword effect of autophagy. We need to precisely regulate autophagic balance, and targeting the inhibition of

abnormal autophagic flux may slow down osteocyte death and delay the occurrence and development of the disease.>**’

Enhanced Autophagy in Osteoclasts and Increased Bone Resorption
Osteoclasts, as the main functional cells for bone resorption, the excessive activation of osteoclasts leading to an
overabundance of osteoclasts and hyperactive bone resorption is the core link in the loss of bone mass and the destruction
of trabecular structure in the femoral head.*' Relevant studies have indicated that long-term exposure to glucocorticoids
can induce excessive enhancement of autophagy in osteoclasts, significantly promoting their differentiation, maturation,
and bone resorption function. This disrupts the normal physiological state where the rate of bone formation exceeds that
of bone resorption. In the advanced stage of SONFH, a large number of osteoclasts will also undergo apoptosis.*?
Hormones can induce hyperactive autophagy in osteoclasts, up-regulate autophagy-related genes AtgS and Atg7,
increase the ratio of LC3II/LC3I, and increase the number of autolysosomes. Studies have shown that after knocking out
Atg5 or Atg7, the ability of hormones to promote the differentiation of osteoclast precursors into mature multinucleated
osteoclasts is weakened, the number of TRAP-positive multinucleated cells decreases, and the area of bone resorption
lacunae reduces. This suggests that hyperactive autophagy is one of the key conditions for hormone-induced osteoclast
activation. This process involves downstream enzymes such as NFATcl-related regulatory and stabilizing proteins,
cathepsin K, as well as ubiquitination modification and other links.*> On the one hand, excessive autophagy can maintain
the stability of NFATc1 protein by selectively eliminating ubiquitination modification enzymes or negative regulatory
factors (such as SOCS]1) related to NFATc1 binding, and promote its transcriptional activation of downstream target
genes related to transcription, thereby ensuring that the osteoclast differentiation program can proceed continuously and
orderly.** On the other hand, autophagic degradation products can serve as a source of amino acids and energy for
osteoclasts, and for bone resorption enzymes such as myeloperoxidase (MPO) and cathepsin K (assessed based on the
mCATH model). When necessary, they can also utilize amino acids and energy through the endoplasmic reticulum and
Golgi apparatus pathways to regulate the misfolded state of bone resorption enzyme-related proteins, promoting the
correct folding and secretion of these enzymes and maintaining the integrity of lysosomal function. This helps osteoclasts
exert their bone resorption capacity in bone resorption lacunae, enabling them to break down type I collagen and other
tissue proteins in the bone matrix.>* During the course of SONFH, excessive autophagy-mediated bone resorption leads
to bone structure destruction, characterized by thinning of trabeculae, increased spacing, reduced connectivity, and
decreased integrity of bone microstructure.*> Long-term hyperactive autophagy of osteoclasts can cause trabecular
fractures, dissolution and absorption, leading to a more significant reduction in bone mass in the weight-bearing area
of the femoral head, making the bone’s mechanical properties more vulnerable to damage, and thus making it difficult to
bear the load, resulting in femoral head collapse. Therefore, hyperactive autophagy of osteoclasts can play a role in
connecting hormone exposure with excessive activation of osteoclasts.”® By targeting the inhibition of excessive
autophagy in osteoclasts, it can reduce bone resorption and protect bone microstructure, etc, and is expected to become
an effective treatment method for delaying femoral head collapse in SONFH.?'

Autophagy Deficiency and Differentiation Imbalance of Bone Marrow Mesenchymal
Stem Cells

The normal process of bone marrow mesenchymal stem cells (BMSCs) differentiating into osteoblasts is conducive to
maintaining the homeostasis of bone tissue, while the abnormal differentiation of BMSCs into adipocytes, namely bone
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marrow adipogenesis, is one of the most significant pathological changes in SONFH.*® On the one hand, the imbalance
of differentiation weakens the bone formation ability; on the other hand, the continuously accumulated fat cells will also
compress the bone marrow sinusoids, disrupt the local blood circulation, cause insufficient blood supply, and thus
aggravate the avascular necrosis of the femoral head.**’

Here, due to the regulation of hormones, autophagy of BMSCs is specifically inhibited by glucocorticoids, which
leads to the suppression of the PI3K-Akt-mTOR signaling pathway of autophagy, resulting in a decrease in autophagic
activity. During this process, mTOR exerts a negative regulatory effect on autophagy by inhibiting the PI3K-Akt-mTOR
signaling pathway, and its activity depends on the phosphorylation and activation mediated by PI3K-Akt.*® When
hormones inhibit the PI3K-Akt-mTOR signaling pathway, the classic autophagy initiation signals under the condition
of reduced mTOR activity cannot be effectively activated. As a result, there are not sufficient conditions to promote the
formation of autophagosomes and enhance autophagic degradation function. Therefore, this situation ultimately leads to
an imbalance in two aspects of differentiation: on the one hand, the inhibition of autophagy leads to a decrease in the
degradation level of the key transcription factor PPARY for fat differentiation, resulting in the accumulation of a certain
amount of endogenous PPARy within the cells.”**’ On the other hand, autophagy deficiency leads to the disruption of
energy metabolism homeostasis during osteogenic differentiation: that is, the autophagy deficiency results in the lack of
the process by which damaged organelles and protein complexes within the cells are decomposed into energy substrates
such as amino acids and ATP, reducing the supply of energy substrates (such as ATP and amino acids) needed for
osteogenic differentiation, and thus lowering the expression level of osteogenic differentiation-related gene Runx2.
Moreover, after differentiation and maturation, osteoblasts still rely on the osteogenic markers (such as OCN and ALP)
secreted by themselves to maintain functions such as proliferation and mineralization.>

Detection of BMSCs in the necrotic area of the femoral head in patients with SONFH revealed that the expression
level of the autophagy marker protein LC3-II was lower than that in the normal control group, and autophagic activity
was impaired. At the same time, histological section counting showed that the number of adipocytes in the lesion area
was 1.5 to 2 times that in normal bone marrow tissue, and the volume of adipocytes was increased.**->! Moreover, in line
with our experimental results, the detection of autophagic activity in BMSCs was found to be positively correlated with
the mRNA and protein levels of osteogenesis-related markers (Runx2, OCN, ALP), but negatively correlated with
adipogenic differentiation-related markers (PPARy and aP2). Clinically, it has been demonstrated that autophagy
deficiency in BMSCs leads to an imbalance in osteogenic and adipogenic differentiation of BMSCs. Restoring autophagy
in BMSCs can improve the differentiation balance. This provides molecular evidence that targeted intervention strategies
for BMSCs autophagy can be used as one of the treatment methods for SONFH.*?

The Conversion Mechanism Between Beneficial Autophagy and Harmful
Autophagy
The Ciritical Regulatory Role of Oxidative Stress

Oxidative stress is the core regulatory hub of autophagic phenotypic conversion. Oxidative stress regulates autophagy in
a concentration-dependent manner through ROS, maintaining the dynamic balance between the two.”> ROS generates
a certain amount of endogenous ROS (generally considered to be less than 10-20 pmol/L) through mitochondrial
respiratory chain, NADPH, oxidase and other pathways. At this concentration, ROS can activate the AMPK-mTOR
pathway. The activated ROS can directly oxidize the cysteine residue (such as Cys130) of AMPK, causing the
autophagy-related extracellular signal-regulated kinase 6 (ERK6) to be phosphorylated and inhibit its kinase activity,
thereby releasing the inhibition of the autophagy initiation complex (ULKI1/Atgl3/FIP200), and simultaneously up-
regulating the expression of autophagy-related molecules such as Atg5-Atgl2 complex and LC3, promoting the
formation and degradation of autophagosomes and the degradation of substrates. Moderate autophagy can achieve the
function of maintaining intracellular homeostasis by removing mitochondrial damage and protein misfolding through
mitochondrial autophagy, and can play a protective role in cells under stress conditions such as starvation and mild
injury.”* When cells are chronically deprived of oxygen, experience hormonal imbalances, or are exposed to toxins,
severe mitochondrial dysfunction leads to a significant release of ROS. If the intracellular ROS level is excessively high
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(more than twice the normal level), it can cause a shift in the autophagy regulatory mechanism. On one hand, under the
influence of ROS, the active sites of autophagy-related proteins (such as Cys) are extensively oxidized and inactivated.
For instance, Atg3, a key ligase for LC3 lipidation, when its Cys223 is oxidized, cannot interact with LC3, thereby
hindering the synthesis of LC3-PE.>> Oxidation of Cys572 in Atg7 inhibits the El-like enzyme activity of Atg7,
preventing the formation of Atg5 and Atgl2, which leads to the obstruction of the construction of the ATG12-Atgl6
complex and the subsequent formation of autophagosomes being affected.”® ROS can damage the autophagy pathway
through the above-mentioned mechanism, preventing the formation of proteins necessary for the normal operation of the
autophagy pathway.’” On the other hand, when high concentrations of ROS can overly enhance autophagic activity by
activating the ASK1-MKK3/6-p38MAPK pathway, during this process, the phosphorylated p38MAPK not only directly
phosphorylates Beclin-1 Ser90 to strengthen its binding force with Vps34 and thereby trigger autophagy, but also forms
an autophagy-inflammation vicious cycle by up-regulating pro-inflammatory cytokines such as IL-6 and TNF-a, making
the elimination rate of autophagosomes lower than the generation rate. Excessive immature autophagosomes will remain
in the cells and release pro-apoptotic molecules.’® In addition, in human umbilical vein endothelial cells induced by
H202, the apoptosis rate can be increased through excessive ROS damage. However, this damage promotes the
autophagic process to degrade the damaged mitochondria, ultimately reducing the apoptosis rate.””®® When ROS
increased to 42 umol/L (2.1 times the threshold), although the LC3II/LC3I ratio still rose, the cell survival rate decreased
compared to the control group, and the p62 protein could not be normally degraded. In the cardiomyocyte model,
ischemia-reperfusion led to a ROS burst. When it exceeded 2.3 times the threshold, it could cause an increase in
autophagy-related damage markers (oxidative modification of Atg7, phosphorylation level of p38) and an increase in the
area of cardiomyocyte death. Therefore, according to the different characteristics of cells, cells have different physio-
logical thresholds for ROS. For example, in this study, the “2 times threshold” of cardiomyocytes to ROS on the 3rd to
4th day was a non-fixed value obtained through multiple experiments.®'*** However, regardless of the type of stress-
induced cell death or injury-related disease, the “2-fold threshold” rule remains largely unchanged. Clinically, it is
possible to maintain mitochondrial ROS within the 2-fold threshold through targeted regulation, such as using SOD
mimetics or mitochondrial-targeted antioxidants like MitoQ, to keep ROS within a normal range.®> The opposite
approach can also be adopted to regulate it. By using inhibitors such as SB203580 to suppress the over-activated
p38MAPK, the progression of AUS to DUS can be prevented.** Future studies are warranted to further clarify the
specific thresholds of ROS in regulating the autophagic phenotypic switch in osteocytes, osteoblasts, and osteoclasts.
Combined with cell-type-specific oxidative stress response characteristics, the dual regulatory mechanism of ROS on
autophagy across different pathological stages of SONFH will be elucidated, so as to provide precise targets for staged
targeted intervention. Studies have shown that in the diabetic nephropathy (DN) model, if the ROS content in the
activated autophagy of the DN-reduced renal tubular epithelial cells (AECs) is down-regulated to within 1.5 times the
threshold, the autophagy of AECs can be restored, effectively reducing proteinuria and renal interstitial fibrosis.
Therefore, regulating the ROS content to a certain threshold in clinical practice may also become a therapeutic
intervention method.®

The Bidirectional Influence of Inflammatory Signals

Inflammatory signals act as crucial regulatory mediators for the transformation of autophagic phenotypes. Inflammatory
factors precisely regulate the function of autophagy through concentration gradients at different concentrations and cross-
interactions via distinct signaling pathways. This significant role in the occurrence and development of bone metabolic
diseases, ischemic injuries, and other conditions cannot be overlooked.®® During the physiological compensatory period,
low-concentration inflammatory factors (such as IL-6) play a protective role. When cells are slightly damaged, IL-
6 secreted by surrounding immune cells (generally maintained at a concentration of about 5—10 pg/mL) binds to the IL-
6R/gp130 complex on the cell membrane via its ligand IL-6, stimulating Janus kinase (JAK) within the cell. This leads to
the phosphorylation of STAT3, which then enters the nucleus and directly binds to the TTCCCGTAA sequence in the
promoter region of the Beclinl gene, activating the transcriptional expression of Beclinl. As a key regulatory factor for
initiating autophagy, Beclinl can form a complex with Vps34 histone, activating the activity of PI3K and accelerating the
formation of autophagosomes.®”’® Studies have shown that in osteoblast models, treatment with 10 pg/mL IL-6 can
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increase the Beclinl protein level by 2.1 times and the accumulation of LC3-II by 1.8 times, improving the effect of
autophagic clearance of damaged organelles (with a gain efficiency of 40%), and to a certain extent, counteract the
cellular damage caused by oxidative stress, which is beneficial for the protection of osteocytes during the bone tissue
repair period.”’ Autophagy in the inflammatory response has a transformation into a harmful state, that is, from the
primary cell protection/adaptation to secondary tissue damage, which is mainly characterized by excessive production of
pro-inflammatory factors, and is accompanied by the autophagy activation state changing from the initial primary
regulator to a negative factor directly regulating the development of inflammation.”” When the inflammatory response
is uncontrollable, it leads to the production of a large amount of pro-inflammatory factors (>50 pg/mL), mainly TNF-a
(>50 pg/mL) and IL-1B (>20 pg/mL), which activate the downstream signaling cascade through transmembrane receptors
TNFRI1/IL-1R. This process activates the IkB kinase (IKK) complex via the TNF-a-TRADD/RIPK1/TNFRSF1A
signaling pathway, causing the degradation of the NF-xB inhibitory protein IxBa through phosphorylation. As a result,
the NF-xB (p65/p50) dimer enters the nucleus to function, increasing the expression of autophagy-related genes such as
ULK1 and Atg5, and thus activating the initial signal of autophagy at an excessively high level.”* In addition, NF-kB also
transcribes pro-apoptotic genes such as Bax, intensifying the interaction between autophagy and apoptosis to promote
damage. Most importantly, high concentrations of IL-1p activate p38MAPK-Hsp27, which inhibits the activity of v-
ATPase on the lysosomal membrane, causing lysosomal acidification disorders and reducing the fusion rate of autopha-
gosomes with lysosomes. This stops the cycle of autophagic substrate degradation. At this point, the imbalance between
the hyperactive initiation of autophagy and the obstruction of autophagic clearance leads to the accumulation of damaged
proteins and organelles in the cytoplasm, exacerbating tissue damage.”* Given the high spatiotemporal correlation
between the dynamic evolution of the inflammatory microenvironment and the autophagy phenotype changes during
the pathological process of non-traumatic avascular necrosis of the SONFH, the authors speculate that there may be
directional changes in the regulation of inflammatory or autophagy signals at different stages of the disease course of
SONFH, which leads to the changes at the gene and molecular levels in this direction appearing as marker molecules at
a certain period.”” Studies have shown that in the early stage of SONFH (1 to 3 months after onset), the concentration of
IL-6 in the core tissue of the femoral head increases. Under immunofluorescence detection, it can be observed that the co-
localization of Beclinl and LC3 in bone cells increases, autophagosomes are scattered and evenly distributed, and the
autophagic positive feedback loop is activated.”® However, as the disease progresses, that is, in the middle stage (4 to 6
months), a significant change in the composition of the inflammatory factor spectrum can be observed: the concentration
of TNF-a increases, the concentration of IL-1p rises, the level of IL-6 decreases and tends to normal, accompanied by
a marked enrichment of p62 protein in osteocytes, an increase of 70% in the nuclear translocation rate of NF-xB p65, and
a decrease in the expression of lysosomal marker LAMP2, indicating that the molecular characteristics of autophagy have
converted to pathogenic autophagy and are currently within the effective time window.”” In addition, some scholars
established a mouse model of ONFH and found that after blocking the NF-kB signaling pathway in the ONFH model
mice, the excessive activation of autophagy mediated by TNF-a was alleviated, and the survival rate of bone cells in the
femoral head of the model mice increased.”® The above-mentioned research indicates that the changes in the concentra-
tion of inflammatory factors and the transformation of signaling pathways are both key targets for regulating the
phenotypic variations of autophagy. Therefore, the bidirectional regulation of inflammatory signals can provide stage-
specific strategies for disease intervention.”* ®!' For instance, in the early stage of inflammation, a mild enhancement of
the IL-6/STAT3 signaling pathway can be utilized to boost the beneficial autophagy effect; however, in the stage where
inflammation is out of control, targeted intervention in the TNF-o/NF-kB signaling pathway or improvement of
lysosomal function (such as through the use of chloroquine derivatives, etc.) can be adopted to inhibit autophagic
damage, thereby providing new ideas for the clinical treatment of inflammation-related bone diseases such as SONFH.

Autophagy-Lysosome System Dysfunction

The autophagy-lysosome system is an important degradation and recycling system within cells, and its functional
integrity is the basis for maintaining cellular homeostasis.** The normalization of lysosomal function is a prerequisite
for ensuring the orderly and efficient process of autophagy and is the basis for the efficient degradation of intracellular
macromolecules and some damaged organelles. Under pathophysiological conditions, hormones can disrupt the working
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efficiency of the autophagy-lysosome system, mainly through two pathways: on the one hand, hormones can directly
disrupt the acidic microenvironment within lysosomes, causing an increase in the pH value within lysosomes. The
imbalance of acid-base ratio will affect the activity of various acidic hydrolases (such as cathepsins, glycosidases, etc.)
within lysosomes, reducing the degradation efficiency of autophagic substrates.*** On the other hand, hormones can
induce the disruption of the structural stability of lysosomal membranes, increasing their permeability. As a result, active
substances such as cathepsins, which are originally contained within lysosomes, leak out in large quantities into the
cytosol, activating the caspases family of proteases in a cascade reaction, ultimately leading to the occurrence of
apoptosis.*>*® When hormones continuously act on the body, the formation rate of autophagosomes is higher than the
degradation rate of lysosomes, and the autophagic flux will be blocked. During this period, since autophagosomes are not
decomposed in time, they accumulate in the cells and fail to exert their autophagic functions. Instead, it can lead to
aggravated intracellular stress responses and accumulation of oxidative damage, turning effective autophagy into harm.
That is to say, if autophagy-soluble lysosome system balance is disrupted due to long-term hormone interference, it can
cause cell damage and tissue lesions.?***’ In addition, systematic detection of lysosome function-related indicators should
be performed in bone tissue from patients with SONFH, including lysosomal pH, lysosomal-associated membrane
protein 2 expression levels, cathepsin activity, and changes in lysosomal membrane permeability. This will help clarify
the specific role of lysosomal dysfunction in autophagic imbalance in SONFH and provide a theoretical basis for
therapeutic strategies targeting lysosomal repair.

Currently, several potential molecular switches involved in the phenotypic transition of autophagy have been
reported. pS3 exerts bidirectional regulation through differential nuclear-cytoplasmic localization: nuclear p53 transcrip-
tionally activates autophagy-related genes, whereas cytoplasmic p53 inhibits Beclinl activity. mTORC1 and AMPK
constitute the core axis of energy metabolism sensing, negatively and positively regulating autophagy initiation,
respectively. ROS modulate autophagic activity in a concentration-dependent manner, promoting protective autophagy
at low concentrations and inducing detrimental autophagy at high concentrations. NF-kB mediates the crosstalk between
inflammatory signaling and autophagy, participating in phenotypic transition through transcriptional regulation of
autophagy-related genes. Beclinl, as a key initiator of autophagy, is also involved in the fine-tuning of autophagic
activity through its post-translational modifications (eg, phosphorylation, ubiquitination). The synergistic interplay of
these molecular switches determines whether autophagy exerts protective or detrimental effects in SONFH, and further
elucidation of their regulatory network will provide a theoretical basis for stage-specific targeted intervention.

Therapeutic Strategies Based on the Dual Nature of Autophagy

Drug Intervention for Precise Regulation of Autophagic Activity

Based on the duality of autophagy, the treatment of autophagy should also be precisely regulated in a phased and targeted
manner: In the early stage of the disease course, the beneficial aspect of autophagy should be promoted to exert
a protective effect on osteocytes and osteoblasts. At this stage, rapamycin-like mTOR inhibitors can be used to activate
autophagy.®® In the middle and later stages, it is necessary to suppress excessive autophagy and apply a small amount of
autophagy inhibitors regionally to effectively alleviate the excessive bone resorption caused by overly high autophagy in
osteoclasts.*” Additionally, curcumin can exert the dual characteristics of autophagy by regulating the AMPK pathway,
inducing beneficial autophagy at low concentrations and inhibiting excessive autophagy at high concentrations, which
holds significant clinical significance.”®

Repair Strategies Targeting the Autophagy-Lysosome System

To improve the function of lysosomes and restore autophagic flux while avoiding harmful autophagy, one approach is to
apply lysosomal acidifiers (such as chloroquine derivatives) to enhance lysosomal activity and increase the degradation
of autophagic substrates. On the other hand, gene therapy can be used to upregulate the expression of lysosome-
associated membrane protein LAMP2, thereby enhancing the fusion ability of autophagosomes and lysosomes.”' Studies
have shown that restoring lysosomal function can increase the efficiency of autophagic flux in bone cells damaged by

hormones and reduce the rate of cell apoptosis.”
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The Synergistic Effect of Combined Treatment Strategies

The combined application of autophagy regulation and traditional treatment methods can achieve an effect greater than
the sum of their individual effects. For instance, core decompression combined with local injection of autophagy agonists
can effectively improve blood circulation and simultaneously activate autophagy. Clinical observations have shown that
it can increase the Harris hip score of early-stage SONFH patients by 10 to 15 points.*' The concurrent use of autophagy
regulators with anti-osteoporosis drugs (such as bisphosphonates) can inhibit excessive autophagy and bone resorption of
osteoclasts and delay femoral head collapse.'®

A pH-Responsive Rapamycin Liposome Delivery System Based on Macrophage

Membrane Biomimicry for Macrophage Autophagy Regulation

In the course of SONFH development, the imbalance of autophagy in macrophages is a crucial factor. Excessive
autophagy can accelerate osteocyte apoptosis and bone mass reduction, while moderate activation of autophagy can
clear damaged organelles and inhibit the release of inflammatory factors (such as TNF-a, IL-1B, etc), thereby improving
the local microenvironment and promoting bone repair. Moreover, how to precisely regulate autophagy in macrophages
also determines the therapeutic effect of SONFH, which is also a key challenge to be solved by an efficient targeted
delivery system. However, traditional drug delivery systems have certain deficiencies in the regulation of macrophage
autophagy: First, they lack good targeting ability and need to achieve macrophage targeting through chemical modifica-
tion ligands such as mannose or RGD. However, the synthesis methods are complex, not stable enough, have low
specificity, and are not easy to accumulate at the lesion sites of macrophages.”® Secondly, the hydrophobic drug
rapamycin (an autophagy activator) is affected by the carrier itself and has a “lag” during the process of entering
cells. Traditional drug delivery systems cannot respond to the acidic environment of lysosomes, and the drug is easily
trapped in endosomes or lysosomes, failing to exert its effect in a timely manner.”* Thirdly, temporal and spatial
inconsistency cannot simultaneously and efficiently connect itself and the connection points of the autophagy pathway.””
The novel rapamycin delivery system based on “cell bionic camouflage and intracellular environment response” can
precisely regulate autophagy in macrophages in SONFH. Its innovation lies in the construction of a “phagocytosis-
acidolysis-autophagy” full-pathway intracellular single-cell regulation model.’® This is mainly reflected in the three-layer

3

intervention approach: The first layer is the “zero modification” targeted phagocytosis mimicking the macrophage
membrane. By wrapping the liposome with the macrophage membrane, the inherent surface marker proteins (CD11b,
CD45, CD47, MHC-II, etc.) of the liposome derived from macrophages are retained. Through “homotypic targeting”, the
“self-recognition camouflage” of the macrophage membrane-labeled particles is achieved, which enables the macro-
phages to have a higher phagocytic rate for their own membrane-labeled particles. No other chemical modification
ligands are needed to make the target-sized particles specifically taken up by macrophages. This not only avoids the
cumbersome process of traditional ligand modification but also retains the natural membrane proteins, enhancing the
system’s biocompatibility and blood stability, and improving the phagocytic effect of macrophages. As a result, the
system can be used for precise targeting of local macrophages in SONFH.?” The second layer is the “instantaneous
release” in response to lysosomal pH. That is, DOPE (conical lipid) and CHEMS (weak acid-sensitive lipid) are
assembled to form the core structure of the liposome. The bilayer structure maintained by DOPE in the neutral
environment of blood (pH 7.4) ensures the stability of the system during circulation. When liposomes enter macrophages,
in the acidic environment of lysosomes (pH 5.0), DOPE undergoes a structural transformation to the “inverted hexagonal
phase (HII phase)”, which prompts the rapid rupture of liposomes and triggers the “instantancous release” of rapamycin
within lysosomes. This “extracellular stability and intracellular triggering” response mode overcomes the characteristics
of traditional drug delivery systems, which have slow release rates and do not respond to intracellular signals. Under this
response mode, rapamycin can “take effect at specific sites” within lysosomes, achieving precise drug release at key sites
for autophagy regulation.”® The third layer is the regulation of full-pathway activation, which achieves the full-process
control of the entire process by tracking a series of events that occur at different stages of rapamycin within macrophages.
Its characteristic lies in reaching the target site in the shortest time after drug release. The mTOR pathway instanta-
neously activates LC3-II and promotes the degradation of p62, thereby regulating the operation of the autophagy
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pathway. This represents a “phagocytic acidolysis autophagy” regulatory mode, achieving a seamless regulation path. It
aims to precisely adjust autophagy function at different stages of the SONFH disease course, that is, to dynamically
regulate the intervention intensity in response to the “double-edged sword” effect of autophagy during the course of
SONFH.**% For the first time, it has integrated the biomimetic targeting of macrophage membranes, pH-responsive
release, and rapamycin autophagy intervention, achieving synchronous optimization in targeting efficiency, drug release
time and space, and pathway activation. Macrophages were extracted and purified from the lesion tissue of SONFH to
improve the autophagy effect of macrophages in SONFH, realizing the design of an innovative dual-regulation delivery
system. The scientific value of this system lies not only in breaking through the technical difficulties of traditional drug
delivery systems, but also in establishing a “coordinated design strategy of cell natural characteristics, intracellular
environment response, functional pathway activation”, which can provide new ideas for the research of “intracellular
response type immune regulation drugs” and “cell subtype precise targeting platform”, and ultimately achieve the
therapeutic effect of “strengthening beneficial effects and weakening harmful effects” in the regulation of autophagy
balance in SONFH. (See Figure 3)

Temporal-Synergistic Material System: Dynamic Integration Strategy of Autophagy
Regulation and Bone Repair in SONFH

When treating SONFH, it is necessary to address issues such as microcirculation disorders within the bone, functional
impairment of BMSCs, imbalance between osteogenesis and osteoclastogenesis, as well as persistent activation of
oxidative stress and inflammation. Additionally, the double-edged sword nature of autophagy (lack of protective
autophagy and excessive autophagy) is also one of the difficulties in its treatment.'**' Based on methacrylated gelatin
(Gel-MA), magnesium oxide-tannic acid complex (MgO2-TA), and copper/bioactive glass (CuBG), a temporally coor-
dinated material system was constructed to improve the early microenvironment, regulate autophagy in the middle stage,
and promote osteogenic repair in the later stage, aiming to provide a new strategy for the treatment of steroid-induced
osteonecrosis of the femoral head (SONFH): Gel-MA, as a 3D scaffold substrate, has excellent biocompatibility and
sustained-release ability, providing a favorable platform for cell adhesion and autophagy signal transmission. MgO2-TA
serves as a microenvironment-responsive unit. In the hypoxic and acidic local microenvironment of SONFH, it can
release oxygen and magnesium ions to generate oxygen, release magnesium ions to alleviate hypoxia stress and reduce
excessive autophagy mediated by HIF-1a, lower oxidative stress and eliminate reactive oxygen species (ROS) to prevent
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abnormal activation of autophagy, and promote angiogenesis. CuBG, through its porous structure and sustained release of
copper ions, induces protective autophagy (upregulation of LC3 and Beclin-1 expression) in BMSCs, promotes
osteogenic differentiation (activation of Wnt/B-catenin and other pathways), and regulates macrophage reprogramming,
thereby preventing autophagic disorders caused by inflammation. The temporal coordination mechanism of this system is
highly consistent with the pathological development process of SONFH. It exerts an anti-infection effect through
photothermal sterilization in the 0—4 weeks before surgery. The use of MgO,-TA to repair hypoxia and oxidative stress
conditions, improve tissue autophagy and induce its initiation of angiogenesis. From 4 to 8 weeks after the operation,
CuBG activates protective autophagy and osteogenic signals to enhance the function of BMSCs. From 8 to 12 weeks
after the operation, the continuous release of material ions during the degradation process promotes bone matrix
mineralization and the balance of osteogenesis and osteoclastogenesis, ultimately maintaining autophagic homeostasis.
Therefore, through this temporal coordination system, effective regulation of the pathway of “microenvironment
improvement, autophagy balance, and bone reconstruction” can be achieved. Finally, it is necessary to further improve
the performance of the system materials and clarify the related issues such as its molecular mechanism, in order to
provide a complete solution for the precise treatment of SONFH. This system may provide a strong support for the
clinical application of SONFH. (See Figure 4)

Summary and Outlook
At the early stage or under mild stimulation, autophagy exerts a protective effect on osteocytes, osteoblasts and vascular
endothelial cells, eliminating damaged organelles, maintaining energy homeostasis and inhibiting apoptosis. Under long-
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term and high-dose hormone stimulation, autophagy function is disrupted, manifested as excessive activation of
autophagy in osteocytes, hyperactive autophagy in osteoclasts, and autophagy dysfunction in bone marrow mesenchymal
stem cells, leading to abnormal bone metabolism, bone marrow adipogenesis, and aggravated blood supply insufficiency.
This transformation from “autophagy balance of cell communities and subgroups” to “autophagy imbalance of cell
communities and subgroups” is influenced by multiple factors, including oxidative stress, inflammatory signaling
pathways, and dysfunction of the autophagy-lysosome system. At present, the above-mentioned imbalanced state can
be intervened through phased drug administration, autophagy, lysosomal function repair, and combined drug adminis-
tration methods. With the help of biomimetic macrophage membrane delivery systems or temporally coordinated
materials, new paths are opened up for the dynamic regulation of autophagy. Further research is needed to identify the
molecular switches that regulate the phenotypic transition of autophagy, clarify the regulatory mechanisms of key
autophagy proteins mediated by ROS and inflammatory factors, and draw the spatiotemporal expression maps of
autophagy-related genes in specific intervals through single-cell sequencing technology combined with spatial transcrip-
tomics and other techniques. This will help determine the autophagy patterns of different cell types in various cell
interactions and construct the autophagy-mediated signaling network among cell populations or subpopulations, thereby
explaining the role of “autophagy balance in cell communities and subpopulations” in maintaining bone homeostasis.
Clinically speaking, it is also very necessary to apply autophagy activity detection to the research of preclinical diagnosis,
staged treatment and other aspects. In addition, efforts should be made to actively optimize the research and development
of autophagy regulators such as rapamycin derivatives and curcuminoids, accelerate the transformation of related drugs
to clinical research, and give full play to their roles. In addition, when promoting multi-disciplinary exchanges, it is
possible to achieve simultaneous structural repair and functional regulation by constructing 3D printed bone organoids
loaded with autophagy regulators; and to establish a large database composed of genes, phenotypes, therapeutic effects,
etc. through artificial intelligence, and build prediction models for genes, phenotypes, and therapeutic effects to promote
the implementation of individualized treatment in clinical applications. Explore the regulatory targets of active compo-
nents in traditional Chinese medicine such as tanshinone and icaritin, and realize a comprehensive treatment strategy
combining traditional Chinese and Western medicine. Based on the above, we have fully recognized the dialectical
relationship of “precise regulation of autophagic balance”, which provides new ideas for analyzing the mechanism of
occurrence and development of such diseases. Ultimately, it aims to precisely regulate “autophagic balance precise
regulation”, transforming the treatment strategy from symptomatic treatment to etiological intervention, laying
a foundation for improving the quality of life of patients.

In summary, future research should focus on the following key directions. First, it is essential to identify the
molecular switches that regulate the phenotypic transition of autophagy and elucidate their mechanisms of action at
different pathological stages of SONFH. Second, leveraging cutting-edge technologies such as single-cell sequencing
and spatial transcriptomics will enable the construction of spatiotemporal expression maps of autophagy-related genes
across distinct cell subpopulations in bone tissue, revealing the heterogeneity and network interactions of autophagy
regulation among cells. Third, integrating artificial intelligence to develop multidimensional prediction models—
combining genomic, phenotypic, and treatment response data—will provide decision-making support for individua-
lized and dynamic precision regulation of autophagy. Furthermore, active efforts should be made to advance the
clinical translation of autophagy modulators (eg, rapamycin derivatives, active components of traditional Chinese
medicine) and to explore the optimal timing and administration strategies for stage-specific intervention in SONFH.
Through these efforts, the regulation of autophagy is expected to evolve from “symptom-based intervention” to
“etiology-based treatment”, ultimately offering more precise and effective clinical solutions for patients with
SONFH. In the future, cutting-edge technologies such as single-cell sequencing and spatial transcriptomics should
be employed to map the spatiotemporal expression profiles of autophagy-related genes across distinct cell subpopula-
tions in bone tissue, revealing the heterogeneity and network interactions of autophagic regulation among cells.
Meanwhile, artificial intelligence should be integrated to construct multidimensional prediction models that combine
genomic, phenotypic, and treatment response data, providing decision-making support for individualized and dynamic

precision regulation of autophagy.'%*~'%’
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