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The interrelationship between bone and fat can be described as a seesaw in bone homeostasis, in which both osteogenesis and adipogenesis occur in a delicate balance. Osteoblasts and adipocytes share a common origin and play key roles in osteogenesis and adipogenesis. Bone–fat balance indicates osteogenesis and adipogenesis keeps a balance for concordant distribution of trabecular bone and bone marrow adipose tissue in bone, thereby leading to the balance between bone metabolism and lipid metabolism. Bone–fat balance is crucial for metabolic health. When disrupted by various factors, this balance can lead to several bone-related metabolic diseases and systemic disorders, such as obesity, osteoporosis, and osteoarthritis. Recent research highlights the role of autophagy dysfunction in these metabolic conditions. Restoring autophagic function can help restore metabolic homeostasis and re-establish the bone–fat balance. The current review explores the factors that regulate bone–fat balance, the consequences of imbalance under pathological conditions, and the potential of autophagy modulation as a therapeutic approach. Overall, it can be concluded that targeting autophagy presents a promising strategy for treating metabolic disorders and restoring bone–fat balance.
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1 INTRODUCTION
A delicate balance exists between a bone and its fat levels. In case of an imbalance, bone dysfunction and lipid metabolic disorders can occur. Factors such as aging, hormonal changes, and energy imbalances can disrupt lipid metabolism, impair adipose tissue function, and increase bone marrow adipose tissue (BMAT) (Chandra et al., 2022; Devlin, 2011; Santopaolo et al., 2020; Zaidi et al., 2018). Obesity is also associated with a high risk of fracture and bone loss (Ali et al., 2022; Rinonapoli et al., 2021). Although BMAT is sometimes considered detrimental to bone mass, it has been shown to provide energy during periods of energy deficiency (Li et al., 2022a; Li et al., 2022b; Karsenty, 2006). Therefore, it becomes crucial to explore the underlying mechanism of bone–fat balance.
Bone–fat balance is the balance between BMAT and bone mass, and it is critical in maintaining bone homeostasis. The bone–fat balance is based on the differentiation of mesenchymal stem cells (MSCs) into either osteoblasts or adipocytes (Chen et al., 2016). Osteogenesis inhibits adipogenesis, while adipogenesis suppresses osteoblast differentiation, thereby creating a competitive relationship that ensures the appropriate distribution of bone and fat in the skeleton (Li et al., 2018a; Yuan et al., 2016). Once the balance is broken, the increasing one is at the expense of the decreasing one, like the seesaw. Disruption of this balance leads to increased BMAT, lipid metabolism disorders, reduced bone mass, and bone dysfunction (Tencerova et al., 2018; Deng et al., 2021).
Autophagy, a cellular process of degrading intracellular substances, maintains a dynamic cycle of energy in the body (Montaseri et al., 2020). A bone requires an enormous amount of energy. Autophagy helps remove metabolic products from the bone and provides the energy necessary to maintain normal bone morphology and function (Wang et al., 2023).
Autophagy also participates in the differentiation, proliferation, and mineralization of osteoblasts (Nollet et al., 2014), and in the bone resorption of osteoclasts (Montaseri et al., 2020). Therefore, autophagy is a regulator between bone and adipose tissue and maintains the bone–fat balance to ensure bone homeostasis. By removing lipid byproducts and reducing fatty acid-induced toxicity, autophagy plays a crucial role in maintaining bone health.
Despite growing research, the exact role of autophagy in regulating bone–fat balance remains poorly understood, particularly under pathological conditions. Addressing this knowledge gap is essential to develop targeted therapies for bone-related metabolic disorders. Earlier studies have discussed the role of autophagy in bone–fat interactions, providing a novel perspective by focusing on how autophagy regulation can restore bone–fat balance and correct metabolic imbalances (Yin et al., 2019). The current study aims to clarify the underlying molecular mechanisms of autophagy in this context and explore its potential as a therapeutic target for different diseases associated with bone metabolism. The present review elaborates on the way how autophagy regulates bone-–fat balance and corrects bone fat imbalance with a view to maintaining bone homeostasis under pathological conditions. It also summarizes the molecular mechanisms of autophagy in bone–fat balance. Overall, understanding the precise mechanisms of autophagy can help us evolve suitable treatment interventions for bone metabolic diseases caused by bone–fat imbalance.
2 AUTOPHAGY IN BONE AND FAT
2.1 An outview of autophagy
Autophagy or “self-eating,” is a catabolic process that transports cytosol and cell organelles to the vacuole or lysosome for degradation, macromolecule turnover, and recycling building blocks (Farré et al., 2009; Germain and Kim, 2020). Autophagy can be categorized into macroautophagy, microautophagy, and chaperone-mediated autophagy (Oku and Sakai, 2018). Macroautophagy, the most well-characterized category, is sometimes referred to as “autophagy” (Klionsky, 2005). This process is induced by numerous stress factors, such as starvation, hypoxia, and hormonal changes, thereby helping cells adapt and maintain homeostasis (Wen and Klionsky, 2016).
Autophagy is activated by starvation and the accumulation of metabolic products to decompose stored nutrients and remove excessive metabolic wastes (Galluzzi et al., 2014). The process involves five stages: initiation, vesicle nucleation, vesicle elongation, fusion, and degradation (Klionsky and Emr, 2000). In mammals, autophagy begins with the formation of an autophagosome, a double-membraned vesicle, which engulfs cytosolic components and fuses with the lysosome eventually (Germain and Kim, 2020). The biogenesis of autophagosomes is important and autophagy-related proteins are core mechanisms (Wen and Klionsky, 2016). Overall, autophagy plays a complicated role in the organism to maintain homeostasis.
Although macroautophagy is the most prominent form of autophagy, microautophagy and chaperone-mediated autophagy also perform key functions. Microautophagy directly engulfs cytoplasmic components into the lysosome, whereas chaperone-mediated autophagy selectively transports substrates using chaperone proteins (Tekirdag and Cuervo, 2018). In the current review, we focus on macroautophagy due to its significant role in responding to stress conditions (Klionsky, 2005), which makes it especially relevant for maintaining bone-fat balance and overall bone metabolism. By examining how autophagy responds to stressors such as starvation, hypoxia, and hormonal changes, the present review aims to examine the role of macroautophagy in cellular homeostasis, particularly in bone and lipid metabolism. Autophagy is essential for maintaining the balance between bone and adipose tissue by regulating energy and removing metabolic waste, which is critical for metabolic health.
2.2 Autophagy in bone
Skeleton in a majority of vertebrates develops from activated chondrocytes. Chondrocytes proliferate in hypoxic conditions and synthesize extracellular matrix to nourish their terminal differentiation. Chondrocytes possess a highly activated autophagy level in the intervening period for the local hypoxic cartilaginous tissue (Schaaf et al., 2016). Consequently, osteoblast progenitors, osteoclasts, blood vessel endothelial cells, and hematopoietic cells are removed into hypertrophic cartilage from perichondrium (Berendsen and Olsen, 2015), thereby promoting capillary ingrowth and differentiation of osteoblasts (Buck and Dumanian, 2012). The defection of autophagy has been proven to disturb the functions of normal bone cells. In autophagy, metabolites and dysfunctional organelles are eliminated to promote a normal metabolic cycle. Autophagy plays a crucial role in bone formation due to regulated activity and interaction between BMMSCs (bone marrow mesenchymal stem cells), osteoblasts, osteoclasts, and osteocytes to establish a stabilizing environment. Uncontrolled autophagy also serves as a hub of metabolic products in the body and can cause destructive bone homeostasis and metabolic disease.
2.3 Autophagy in fat
During starvation, greater autophagy occurs and autophagy is damaged in the process of obesity (Yang et al., 2010). Despite the high expression of autophagy-related genes, autophagic flux declines in adipocytes because of chronic inflammation in adipose tissue (Soussi et al., 2016). However, autophagy serves as a protective mechanism to remove cellular metabolic products and can reduce obesity-induced pressure. Autophagy mediates lipolysis, autophagosomes containing lipid droplets (LDs) combine with lysosomes and reduce accumulation of lipids (Singh et al., 2009). In autophagy, an organism is adversely affected by endoplasmic reticulum (ER) stress (Ozcan et al., 2004). When stress signals facilitate an accumulation of unfolded proteins in the ER, autophagy helps remove these proteins and thus reduces obesity-induced ER stress (Ogata et al., 2006). Furthermore, obesity interferes with the function of mitochondria and increases reactive oxygen species (ROS) and oxidative stress levels in mitochondria. Thus, increasing mitochondrial ROS induces mitophagy and improves lipid metabolism (Wang et al., 2021; He et al., 2021). However, obesity-induced mitophagy may not be a compensatory mechanism because of excessive lipid peroxidation products. It is because mitochondrion, a functional organelle, provides adenosine triphosphates (ATPs) and is severely damaged during mitophagy; this indicates role of mitophagy as a self-rescue measurement in extreme situations.
The above findings elucidate that both bone and adipose tissue contain high levels of metabolism. Autophagy eliminates wastes to keep balance cautiously and protects the organism from damage. However, as a flexible regulator, autophagy has a negative influence under extreme pathological conditions. Hence, autophagy needs to be regulated to keep balance within an appropriate range.
3 BONE–FAT BALANCE
For many years, bone metabolism and lipid metabolism were considered two unattached fields. Up to now, several studies have revealed a correlation between bone metabolism and lipid metabolism. Discovery of BMAT, a unique adipose tissue located in bone marrow revealed that the metabolic products and secretory cytokines produced by BMAT affect the bone (Figure 1.). Moreover, bone metabolism affects systematic metabolism through the secretion of bone and regulation of BMAT. Therefore, there is a balance between bone and adipose tissue, associated with bone homeostasis and systemic metabolic homeostasis. In a narrow sense, bone-fat balance reveals the balance between osteogenesis and adipogenesis, and results in the equilibrium of trabecular bone and BMAT in the skeleton, which involves the interaction between bone metabolism and lipid metabolism due to from a broad perspective.
[image: Figure 1]FIGURE 1 | Bone marrow adipose tissue (BMAT). BMAT is a heterogeneous population of cells, containing bone marrow adipocytes (BMADs), preadipocytes, and macrophages. BMAT is a unique form of fat different from white adipose tissue (WAT) and brown adipose tissue (BAT), providing energy to the bone to require the high metabolic demands of bone remodeling and has an endocrine function similar to WAT. BMAT regulates systemic metabolism and bone density by secreting adipokines, such as leptin and adiponectin. BMAD is a significant source of RANKL, which mediates osteoclast-related pathological bone loss by controlling trabecular remodeling. In addition, BMADs and macrophages produce inflammatory factors, leading to a chronic inflammatory environment under pathological conditions. Created in BioRender. Zhang, B. (2025) https://BioRender.com/r61v023.
Bone-fat balance depends upon the differentiation of mesenchymal stem cells (MSCs). Osteogenesis and adipogenesis compete with each other. MSCs are involved in osteogenesis at the expense of adipogenic formation; adipogenesis inhibits osteoblast differentiation of MSCs (Li et al., 2018a; Yuan et al., 2016). This inverse relationship resembles a seesaw, when one process is promoted, the other is inhibited, and vice versa. The differentiation of MSCs toward specific lineages is regulated by different cellular signaling pathways and multiple transcription factors. Signaling pathways involved in the differentiation of MSCs play a role in both osteogenesis and adipogenesis rather than applying differentiation separately. The main signaling pathway during osteogenesis is the Wnt/β-catenin pathway, which mediates an intercellular signaling network that strictly regulates adipose tissue expansion, inhibits adipocyte differentiation by suppressing peroxisome proliferator-activated receptor-γ (PPAR-γ) and C/EBPα expression, and promotes MSC differentiation into osteoblasts (Christodoulides et al., 2009). Conversely, PPARγ inhibits the Wnt/β-catenin pathway, which is involved in DNA methylation and histone acetylation of C/EBP (Zhao et al., 2013; Takada et al., 2009). PPAR-γ decreases RUNX2 expression in osteoblasts to inhibit osteoblast differentiation and diverts the differentiation pathway toward adipogenesis (Liu et al., 2010; Wan, 2010). PPARγ haploinsufficiency stimulates bone marrow progenitor cells to generate osteoblasts resulting in increased bone mass without affecting differentiated osteogenic lineage cells (Akune et al., 2004). The competition in MSC differentiation creates a delicate equilibrium of bone and fat, resulting in the harmonious distribution of trabecular bone and BMAT in the skeleton. Once this equilibrium gets broken, the increasing bone mass is at the expense of the decreasing one. For example, osteoporosis shows high BMAT components and loose trabecular bone; however, high bone mass (HBM) shows exceeding dense trabecular bone and inhibited adipogenesis (Qiu et al., 2007). Despite the competitive relationship between osteogenesis and adipogenesis, bone and fat restrict and impact each other to maintain the bone-fat balance.
3.1 Factors required to maintain bone–fat balance
3.1.1 Adipokines
Adipokines maintain bone homeostasis by engaging bone remodeling and can lead to pathological bone disease, as indicated by skeletal fat infiltration during bone aging (Figure 2) (Ambrosi et al., 2017). Leptin hormone, which is secreted by adipocytes, is positively correlated with fat mass. Leptin has been shown to enhance osteogenesis and inhibit adipogenesis of human MSCs in vitro (Thomas et al., 1999). Adiponectin hormone, that is secreted by adipose tissue, can also directly affect bone volume in vivo by stimulating osteogenesis and inhibiting osteoclastogenesis (Madel et al., 2021). Obesity induces the expression of pro-inflammatory factors in the bone marrow microenvironment, and association analysis reveals a negative correlation between markers causing inflammation and bone metabolism (Labouesse et al., 2014; Fuggle et al., 2018; Russell et al., 2010).
[image: Figure 2]FIGURE 2 | Factors maintaining bone–fat balance. Bone–fat balance is based on MSC differentiation. Additionally, bone–fat balance is maintained by adipokines secreted by BMAT, bone-derived hormones, and other hormones such as GCs, estrogen, insulin, PTH, and EPO. Created in BioRender. Zhang, B. (2025) https://BioRender.com/o20m134.
3.1.2 Bone-derived hormones
A bone can secrete various hormones also to control energy homeostasis and mineral homeostasis as an endocrine organ. Osteocalcin (OCN), secreted by osteoblasts, enhances glucose transport in adipocytes, inhibits the secretion of pro-inflammatory factors, and mediates the release of adiponectin, thereby causing positive effect on bone (Hill et al., 2014). Osteopontins (OPNs), extracellular matrix proteins, are expressed in several tissues and organs. OPN-deficient MSCs tend to differentiate into adipocytes with impaired capacity for bone formation and increased fat deposition in vivo. The possible mechanism behind this is that OPNs inhibit C/EBPα signaling, thereby suppressing adipogenesis (Chen et al., 2014). Bone morphogenetic protein (BMP) plays a dual role in bone and adipose tissue. BMP2, an approved therapeutic agent for bone regeneration, has shown excellent ability to promote bone healing at fracture sites in high-fat diet (HFD)-fed mice; however, BMP2 also promotes adipogenesis (Bhatti et al., 2021).
3.1.3 Other hormones
Glucocorticoids (GCs) can control bone remodeling as a hormonal factor and also most likely affect bone-fat balance through crosstalk with signaling network, and deletion of GC receptors in bone promotes increased BMAT and decreased bone mass (Sharma et al., 2019). Estrogen inhibits transdifferentiation of osteoblasts into bone marrow adipocytes (BMADs) to maintain the bone-fat balance (Gao et al., 2014). In the absence of estrogenic regulation, the β-linked protein forms a new complex with Estrogen Receptor α (Erα) to induce the accumulation of lipid droplets in osteoblasts, thereby indicating the transdifferentiation of osteoblasts to adipocytes (Foo et al., 2007). Insulin, the most important regulator in glucose metabolism, maintains bone-fat balance. Human adipose-derived stem cells derived from obesity show resistance to insulin, which causes increased adipogenesis and reduced osteogenesis (Rawal et al., 2020). Parathyroid hormone (PTH) participates in bone metabolism by regulating serum calcium and controls bone-fat balance by impacting MSC differentiation and osteoclastogenesis via the RANK-RANKL-OPG pathway (Fan et al., 2017; Casado-Diaz et al., 2010). BMAT occupies space inside bone marrow during aging-related bone loss and hematopoietic bone marrow loss. Erythropoietin (EPO) maintains bone-fat balance by regulating the hematopoietic ability of bone marrow to prevent defective hematopoietic ability caused by expanding BMAT (Suresh et al., 2020; Noguchi, 2020).
3.2 Pathological condition: the imbalance of the seesaw
3.2.1 High bone mass phenotype
Mutation of Wnt pathways-related genes can cause high bone mass (HBM), which is characterized by high trabecular bone density, activated osteogenesis, and reduced adipogenesis (Qiu et al., 2007). Due to the special bone biological property of HBM, the genetic analysis contributes to the converse bone metabolic disease, osteoporosis. Low-density lipoprotein receptor-related protein 5 (LRP5) expresses highly in bone remodeling position (Little et al., 2002), bonding with sclerostin (SOST) to regulate the Wnt signaling pathway negatively. Furthermore, the knockdown of SOST in mice shows a phenotype similar to HBM (Yee et al., 2018). Due to the inhibitory role of the Wnt signaling pathway in adipogenesis, SOST is an important regulator of lipid metabolism (Delgado-Calle and Bellido, 2017). SOST can increase bone marrow adipose tissue formation by inhibiting Wnt signaling in adipocyte progenitor cells (Fairfield et al., 2018). Current research on sclerostin remains limited to the local skeleton and skeletal microenvironment. Still, SOST can be considered a novel target that can connect the skeleton to fat.
3.2.2 Oxidative stress
Oxidative stress indicates that greater levels of oxidants destroy the redox balance, and ROS is widely discussed as a common oxidant (Sies, 2015). ROS affects cells in a dose-dependent way. Low-dose ROS is advantageous to cells; however, high-dose ROS damages cellular viability, proliferation, and functions. ROS accumulates in osteoblasts during osteogenic differentiation, which is related to the activated redox level in the bone remodeling position (Domazetovic et al., 2017). Slight ROS level promotes mineralization but excessive ROS inhibits osteogenesis and induces adipogenesis (Nicolaije et al., 2012; Geissler et al., 2013). Supplement of antioxidants reduces oxidative DNA damage and promotes the proliferation of MSCs (Alves et al., 2013). Upregulation of heme oxygenase-1(HO-1) ), a cellular antioxidant, in MSC-derived adipocytes inhibits adipogenesis and activates the Wnt/β-catenin pathway (Vanella et al., 2013).
3.2.3 Aging
Aging, an important factor, disrupts the bone-fat balance. Aging skeleton shows a higher oxidative stress level, decreasing osteogenesis, increasing BMAT (Chandra et al., 2022; Jilka et al., 2010), and declining sex hormones with aging accelerate bone loss (Almeida et al., 2007). Oxidative stress caused by aging regulates the shift toward adipogenic differentiation (Kim et al., 2012). Higher levels of BMAT in the elderly are negatively associated with low bone mineral density compared to the young due to preferential differentiation of MSC to adipocytes with aging (Shen et al., 2012). Similarly, elevated BMAT-related genes and changing lipid metabolites were observed in aging skeletons (Chandra et al., 2022; Yu et al., 2022). Longitudinal assessment of cellular senescence revealed that BMAT is identified as an essential factor for MSC adipogenicity during bone aging, and inhibition of adipokines could change the fate of MSCs (Chandra et al., 2022). The inverse relationship between increasing bone fat and decreasing bone mass during aging was demonstrated first in spontaneously osteoporotic mice and aged osteoporotic patients (Justesen et al., 2001; Takahashi et al., 1994), which may be related to the lineage tilt of MSCs during aging. Consequently, aging is the primary factor causing an imbalance of MSC differentiation; the aging-related oxidative stress, and reducing sex hormones boost the imbalance.
3.2.4 Inflammation
Adipose tissue is a pro-inflammatory environment. Obese individuals express increasing pro-inflammatory factors and infiltrating Adipose Tissue Macrophages (ATMs) in adipose tissue (Iyengar et al., 2016). An expanding BMAT exists in osteoporosis, and is associated with low bone mineral density and increased fracture risk (Li and Schwartz, 2020; Woods et al., 2020). Although no firm relationship between obesity and osteoporosis has yet been established, a chronic inflammatory environment is suggested to induce osteoporosis in obesity. Lipid metabolism disorders cause a pro-inflammatory environment and induce osteoarthritis. Adipokines released from adipose tissue and metabolites such as fatty acids affect chondrocytes to exhibit a pro-inflammatory phenotype. Obese individuals have shown raised leptin and adiponectin levels compared with healthy controls, and these adipokines act as pro-inflammatory mediators involved in the occurrence and development of osteoarthritis (Vuolteenaho et al., 2012; Ilia et al., 2022; Kroon et al., 2019). Adipokines contribute to inflammation in synovium, production of matrix metalloproteinase (MMP), cartilage degeneration, and bone remodeling in osteoarthritis (OA) (Kroon et al., 2019). Together, these studies indicate a complex role of inflammation in bone-fat balance.
4 HOW AUTOPHAGY REGULATES THE BONE–FAT BALANCE
4.1 Autophagy determines BMMSC differentiation for the bone–fat balance
BMMSCs can differentiate into various cell types, including osteoblasts, adipocytes, and chondrocytes. The differentiation process is tightly controlled by autophagy, which plays a key role in BMMSC differentiation through multiple signaling pathways. Autophagy maintains cellular homeostasis by eliminating metabolic waste, damaged organelles and proteins, while also determining the differentiation lineage of BMMSC through signaling pathways (Table 1). By regulating these pathways, autophagy helps maintain bone-fat balance, supports healthy bone metabolism, and mitigates the onset of bone metabolic diseases, such as osteoporosis (Figure 3).
TABLE 1 | Role of autophagy in regulating BMMSC differentiation through various signaling pathways.
[image: Table 1][image: Figure 3]FIGURE 3 | Autophagy regulates the bone–fat balance. (A) Autophagy regulates BMMSC differentiation through signaling pathways. (B) Autophagy removes SASP to prevent cell aging. (C) Autophagy in mitochondria removes oxidative stress in BMMSCs. (D) Autophagy helps in removing inflammation within the bone–fat balance context. (E) Autophagy’s role in regulating osteoclast differentiation and bone resorption. Created in BioRender. Zhang, B. (2025) https://BioRender.com/l10y832.
4.1.1 mTOR signaling pathway
The interplay between mTOR signaling and autophagy is essential for maintaining bone-fat balance. mTOR signaling occurs through two complexes: mTORC1 (mTOR complex 1) and mTORC2 (mTOR complex 2) (Yang and Guan, 2007). mTORC1 is associated with osteogenesis in BMMSCs, while mTORC2 helps inhibit adipogenesis, thereby maintaining bone-fat balance (Martin et al., 2015). Activation of mTORC1 promotes osteogenesis, while its excessive activation leads to adipogenesis and the accumulation of BMAT, which has been associated with bone loss (Choi et al., 2018). Increased adipogenesis and reduced osteogenesis contribute to age-related bone diseases such as osteoporosis. Autophagy serves as a protective mechanism by degrading fatty acids and cellular debris, thus maintaining bone microenvironment. Modulating autophagy and mTORC1 activity may offer several potential strategies to counteract or slow these age-related changes in BMMSC differentiation.
4.1.2 AMPK signaling pathway
AMPK (5′AMP-activated protein kinase) is a cellular energy sensor activated under conditions of low energy. It regulates cell growth, metabolism, and autophagy by inhibiting the mTOR pathway (Kim et al., 2011). AMPK supports BMMSC differentiation toward osteogenesis by activating autophagy (Wang et al., 2016). AMPK-activated autophagy has been suggested to increase the expression of bone formation-related genes (Runx2 and osteocalcin) (Pantovic et al., 2013). Simultaneously, AMPK inhibits the expression of adipogenesis-related genes (PPARγ and C/EBPα) through autophagy, thereby reducing the differentiation of BMMSCs into adipogenesis (Chava et al., 2018).
4.1.3 Wnt signaling pathway
The Wnt signaling pathway is a crucial regulator in regulating BMMSC differentiation, particularly during osteogenesis. Wnt signals regulate the differentiation of BMMSC toward osteogenesis by stabilizing or activating β-catenin. Autophagy facilitates BMMSC osteogenesis by modulating β-catenin activity and enhances the Wnt/β-catenin signaling transmission (Ge et al., 2023). Autophagy activation helps remove inhibitory factors that block Wnt signaling, thereby increasing the nuclear translocation of β-catenin and the expression of genes related to osteogenesis (Li et al., 2019). Upregulation of β-catenin increases the expression of osteogenesis-related transcription factors, thereby promoting the osteogenesis process (Chen et al., 2007). In BMMSCs, β-catenin activation is closely associated with adipogenesis inhibition (Luo et al., 2019), suggesting the role of autophagy in reducing adipogenesis and promoting osteogenesis by activating Wnt/β-Catenin signaling.
4.1.4 Notch signaling pathway
Notch signaling is a critical intercellular pathway that regulates various biological processes, such as cell differentiation, proliferation, and fate determination. Autophagy affects the differentiation of MSCs in different directions by regulating the degradation and stability of Notch receptors and altering their activity (Rao et al., 2021; Qiu et al., 2017). Activation of Notch signaling upregulates the expression of bone formation-related transcription factors, thereby promoting osteogenesis (Tezuka et al., 2002; Xu et al., 2018). Notch signaling is also closely related to adipogenesis (Garcés et al., 1997). Autophagy inhibits the expression of adipogenesis-related genes by activating Notch signaling, thus reducing adipocyte differentiation, and maintaining bone-fat balance (Song et al., 2015).
4.1.5 TGF-β/Smad signaling pathway
The TGF-β (transforming growth factor β) signaling pathway is a key regulator of cell proliferation, differentiation, migration, and survival. In BMMSCs, the TGF-β/Smad signaling pathway primarily regulates their differentiation into osteoblasts, cartilage, and adipocytes. TGF-β activates Smad2/3 to promote bone formation (Finnson et al., 2008; Dong et al., 2020). Conversely, TGF-β can also inhibit adipogenesis through Smad2/3 (Li et al., 2022c). Furthermore, autophagy could affect the transmission of TGF-β/Smad signaling pathway by regulating the activity and degradation mechanism of TGF-β receptors (Stavropoulos et al., 2022; Pokharel et al., 2016; Tong et al., 2019). Autophagy promotes osteogenic differentiation of BMMSCs by removing factors related to the TGF-β/Smad signaling pathway (such as Smad7) and enhancing the activity of the pathway (Li et al., 2020).
4.1.6 PI3K/Akt signaling pathway
The PI3K/Akt signaling pathway plays an important role in the differentiation of BMMSCs. Activation of the PI3K/Akt signaling pathway can inhibit the expression of adipogenesis-related factors (PPAR-γ and C/EBPα), reduce the differentiation of adipocytes, and thus reduce the accumulation of fat in the bone marrow (Hinoi et al., 2014; Song et al., 2017). Autophagy promotes the differentiation of BMMSCs into osteoblasts by enhancing the activity of the PI3K/Akt signaling pathway, thus removing accumulated waste fat (Shi et al., 2025; Feng et al., 2024; Zheng et al., 2023a; Xu et al., 2025a), and maintaining the bone-fat balance. This process is vital for preserving bone metabolism stability and preventing bone-related diseases, such as osteoporosis.
4.1.7 p38 MAPK signaling pathway
Autophagy plays a complex role in regulating the differentiation of BMMSCs through the p38 MAPK signaling pathway. p38 MAPK (mitogen-activated protein kinase), an important kinase, is involved in cellular responses to oxidative stress, inflammation, and other environmental stimuli (Zarubin and Han, 2005). Autophagy modulates p38 MAPK activity by removing oxidative stress and damaged cellular components (Corcelle et al., 2007), thereby promoting osteogenic differentiation of BMMSCs (Su et al., 2024). Additionally, the p38 MAPK signaling pathway inhibits adipogenesis during BMMSC differentiation. Autophagy further supports this inhibition by eliminating excess adipogenic factors, such as PPARγ and C/EBPα, and inhibiting adipocyte differentiation through interactions with the p38 MAPK pathway (Rahman and Kim, 2020; Wang et al., 2022a).
4.2 Autophagy manipulates cell fate during aging for the bone–fat balance
Senescent cells exhibit reduced autophagic flux (Revuelta and Matheu, 2017). A downregulated autophagy expression in senescent cells has been suggested to help prevent the accumulation of inflammasome components and damaged mitochondria, both of which could promote chronic activation of pro-inflammatory signals (Stahl et al., 2018). In a bone, decreased autophagic flux due to cellular senescence impairs bone regeneration and leads to BMAT expansion (Yu et al., 2018; Salazar et al., 2020). Therefore, enhancing autophagic activity to prolong MSC lifespan offers a promising strategy to improve bone-fat balance (Salminen and Kaarniranta, 2009).
4.2.1 Removal of senescence-associated factors
Senescence-associated secretory phenotype (SASP) factors include pro-inflammatory cytokines (e.g., IL-1, IL-6, TNF-α) and matrix-degrading enzymes that contribute to chronic inflammation and impair the bone microenvironment (Young and Narita, 2009). Autophagy breaks down these components, thus reducing their pro-adipogenic and anti-osteogenic effects (Bai et al., 2023; Yang et al., 2023; Ejaz et al., 2016). Autophagy limits the inflammatory signals that promote bone marrow adiposity and bone loss by removing SASP. Autophagy facilitates the degradation of SASP components, such as pro-inflammatory cytokines (e.g., IL-1β (Guo and Wu, 2021), IL-6 (Zheng et al., 2023b), TNF-α (Zheng et al., 2021)) and MMPs, which disrupt the bone-fat balance by enhancing adipogenesis and inhibiting osteogenesis.
Autophagy helps regulate extracellular matrix (ECM) composition by removing senescence-related MMPs that degrade bone matrix and promote fat deposition (Li et al., 2018b). This regulation preserves the structural integrity of a bone and limits marrow fat expansion (Wood et al., 2020; Zhang et al., 2018a; Jiang et al., 2016). Senescent cells upregulate MMPs, as part of the SASP. These MMPs degrade key components of the bone matrix, such as collagen and proteoglycans, leading to impaired bone formation and structural weakening (Xu et al., 2025b). Excessive MMP activity also promotes fat accumulation in the bone marrow by disrupting the niche required for osteogenesis (Zhang et al., 2018a; Allegra et al., 2018). Autophagy-mediated removal of MMPs prevents excessive degradation of collagen and other ECM components, supporting bone matrix integrity (Lu et al., 2021; Huang et al., 2017).
4.2.2 Selective autophagy receptors
Selective autophagy enables cells to target and degrade specific senescence-associated molecules (Kirkin and Rogov, 2019). This targeted degradation is essential for maintaining bone-fat balance by promoting osteogenesis and limiting adipogenesis. Key receptors such as optineurin (OPTN) and p62 play pivotal roles in this process. Receptors like OPTN mediate selective autophagy, removing aging-related proteins such as fatty acid-binding proteins (FABPs). This process enhances osteogenic differentiation and reduces fat accumulation in bone marrow (Liu et al., 2021; Xu et al., 2024). p62 binds to ubiquitinated senescence-associated proteins and directs them to autophagosomes for degradation (Salazar et al., 2020; Zhang et al., 2025a). This process mitigates the accumulation of pro-inflammatory SASP components, thereby disrupting bone microenvironment (Hu et al., 2023; Chen et al., 2022a). p62-mediated autophagy reduces inflammation, curtails adipogenesis, and enhances osteogenesis (Zhang et al., 2025b; Agas et al., 2022; Chen et al., 2021; Lacava et al., 2019).
4.2.3 Regulation of p53 and SIRT1 pathways
Autophagy modulates senescence-related pathways, including p53 and SIRT1.
p53 is a key regulator of cellular senescence, and its activation inhibits osteogenesis while promoting adipogenesis. Autophagy helps regulate p53 activity, restoring the bone-fat balance. Additionally, Autophagy regulates the levels of ROS and p53 to control the biological properties of MSCs; this is corroborated by previous findings that show that inhibition of autophagy reduces osteogenic differentiation and proliferation while increasing adipogenesis in young MSCs (Ma et al., 2018). Activation of p53 in senescent MSCs impairs osteogenic differentiation, as shown by incomplete upregulation of the transcription factor Osterix (Despars et al., 2013). P53 inhibits osteogenesis by forming the complex with E3 ligase Murine double minute 2 (Mdm2), which also promotes lipogenic differentiation by promoting C/EBP δ expression. Disruption of this complex using Mdm2 inhibitors enhances osteogenic differentiation and highlights the regulatory role of autophagy in MSC differentiation (Hallenborg et al., 2012) (Daniele et al., 2019).
SIRT1 promotes osteogenesis by deacetylating transcription factors FOXO3 while inhibiting adipogenesis. Autophagy stabilizes SIRT1 levels, enhancing its protective role against senescence-induced imbalance. SIRT1 (Sir2), an NAD+-dependent deacetylase, is degraded through the autophagy pathway during aging (Xu et al., 2020). SIRT1 upregulation increases adipogenesis and reduces osteogenesis in female mice with chronic energy deficiency (Louvet et al., 2020). This gender-specific effect is possibly related to the crosstalk between SIRT1 and Erα, which upregulates SIRT1 expression and inhibits autophagy and adipogenesis. Moreover, SIRT1 induces deacetylation of Erα (Tao et al., 2021). These findings suggest that SIRT1 regulates autophagy in a gender-specific way in autophagy and adipogenesis, potentially contributing to bone mass and body weight imbalances as observed in postmenopausal osteoporosis. FOXO3 is an essential molecule that assists SIRT1, deacetylates FOXO3 to attenuate FOXO3-induced apoptosis and promote cell survival, thereby prolonging cell longevity (Brunet et al., 2004). FOXO3, a ROS-sensitive molecule, gets highly acetylated under oxidative stress. SIRT1-mediated deacetylation of FOXO3 activates RUNX2, which is vital for MSC differentiation toward osteogenesis (Lin et al., 2018). Targeting FOXO3 with miRNAs to upregulate its expression enhances autophagy and promotes osteogenic differentiation in MSCs (Long et al., 2021).
4.3 Autophagy removes oxidative stress for the bone–fat balance
Autophagy, a cellular process that involves the degradation of damaged organelles and misfolded proteins, plays a crucial role in managing oxidative stress. By removing damaged mitochondria (mitophagy) and other reactive molecules, autophagy helps protect cells from oxidative damage and thus promotes cellular homeostasis (Shu et al., 2021; Shen et al., 2016). Autophagy is essential for controlling ROS levels, maintaining bone cell function, and regulating fat accumulation in the bone marrow. High ROS levels impair osteogenic differentiation of BMMSCs, thus reducing bone formation (Tan et al., 2015). ROS promotes adipogenic differentiation of BMMSCs, thereby contributing to marrow fat accumulation (Ikeda et al., 2023).
4.3.1 Mitophagy
Autophagy selectively removes damaged mitochondria from a cell, reducing oxidative stress in BMMSCs. Mitophagy removes dysfunctional mitochondria, maintaining a healthy mitochondrial network essential for osteogenesis (Suh et al., 2023). Mitophagy ensures efficient mitochondrial function, supporting ATP production required for bone matrix deposition and osteogenic activity (Fan et al., 2019; Wang et al., 2024a). This process restores cellular homeostasis, by promoting osteogenesis and inhibiting adipogenesis (Feng et al., 2021). Healthy mitochondria are critical for osteoblast differentiation; reduced ROS levels prevent oxidative damage to transcription factors such as Runx2, which are essential for bone formation (Shen et al., 2024). Mitophagy inhibits adipogenic differentiation by decreasing mitochondrial ROS and inhibiting pro-adipogenic factors like PPAR-γ (Wu et al., 2019; Sagar et al., 2023). Efficient mitochondrial turnover shifts BMMSC differentiation away from fat accumulation (Nandy et al., 2023; Liu et al., 2024). This process is regulated by key proteins like PINK1 and Parkin, which tag damaged mitochondria for degradation. This pathway is the primary regulator of mitophagy, supporting osteogenic differentiation while reducing fat deposition (Wang et al., 2024b).
4.3.2 Selective removal of oxidized lipids
Autophagy eliminates oxidized cellular components that interfere with normal signaling pathways and preserves the osteogenic potential of BMMSCs. When the bone-lipid balance is in favor of the fat, lipid metabolism disorder results in lipid peroxidation, which induces oxidative stress to decrease osteogenesis and increase adipogenesis (Almeida et al., 2009). However, autophagy can reduce the stress of lipotoxicity on cells through the management of lipid metabolism. High levels of autophagy were observed in Palmitic Acid (PA)-induced osteoblasts and could be inhibited by the PI3K inhibitor 3-MA, thus protecting osteoblasts from lipotoxicity and cell death (Gunaratnam et al., 2014). Although excessive lipid metabolic products cause oxidative stress, some advantageous fatty acids mitigate damage due to lipid peroxidation. Eicosapentaenoic Acid (EPA), an n-3 PUFA mainly present in fish or fish oil, induces autophagy in various cells to reduce lipotoxicity (Hsu et al., 2018; Yamamoto et al., 2021). EPA induces autophagy and maintains proliferative capacity through the GPR120-mediated AMPK-mTOR signaling pathway in mice MSCs (Gao et al., 2016). Increasing EPA in the diet of mice can reduce inflammation and bone resorption to prevent bone degeneration, possibly through mitochondrial induction of the corresponding oxidative system and autophagy (Gao et al., 2016; Bullon et al., 2013).
4.4 Autophagy removes inflammation for the bone–fat balance
Inflammation regulates bone homeostasis in several complex ways. Inflammatory factors stimulate bone healing after bone fracture while promoting osteoclastogenesis and bone resorption. However, Lipopolysaccharide (LPS) during infection and metabolic products secreted by adipose tissue destroy bone-fat balance and cause bone metabolic disease.
LPS released by bacteria mediates inflammatory bone loss due to the infection in periodontitis and osteomyelitis. LPS facilitates bone resorption to regulate osteogenesis negatively and induce adipogenesis. LPS binding protein increases the resistance of adipocytes to inflammation (Moreno-Navarrete et al., 2015). In addition, LPS stimulates NLRP3 to inhibit osteogenesis and enhance adipogenesis (Wang et al., 2017a). Deficiency of NLRP3 in mice reduces bone resorption and inhibits activated inflammatory mediators produced by adipose tissue (Wang et al., 2017a; Alippe et al., 2021; Wu et al., 2023; Vandanmagsar et al., 2011). These studies suggest that NLRP3 is the regulator binding bone-fat balance in inflammation-related bone loss (Behera et al., 2022). Autophagy controls the secretion and degradation of IL-1β and the resulting formation of NLRP3 to alleviate inflammation (Harris et al., 2011). Therefore, inhibition of NLRP3 to upregulate autophagy is speculated to reverse bone-fat balance and revert to homeostasis. Osteoblasts show low autophagy activity, inhibited osteogenic genes, increased pro-inflammatory cytokines, and NLRP3 under inflammation, stimulating autophagy in BMMSCs promotes osteogenesis (Dai et al., 2021; Guo and Wu, 2021). Recently, inhibition of NLRP3 has been shown to upregulate autophagy and decelerate aging of the ovary in mice, which is similar to the mechanism in postmenopausal osteoporosis to rescue bone loss (Navarro-Pando et al., 2021). MCC950, the specific inhibitor of NLRP3, performed an excellent anti-aging feature by increasing the autophagy activity in old mice (Marín-Aguilar et al., 2020).
Although autophagy protects an organism from inflammation, the regulation of autophagy depends on inflammatory signals. Autophagy is the negative regulator of the Wnt signaling pathway. LPS induces autophagy to downregulate the Wnt pathway and osteoclastogenesis to mediate bone loss in periodontitis (Chen et al., 2020a), and acts as an inhibitor of autophagy to reduce bone loss (He et al., 2020). These studies indicate a flexible adaptive capability of autophagy. Autophagy can be a “defender” to remove damage in temperate inflammatory stimulation; however, autophagy is the accomplice under intensive inflammation. There is a need to study thoroughly the adaptation of autophagy.
In addition, autophagy can clear the inflammatory signals due to lipid metabolism disorders. Autophagy upregulates in obesity responding to the secreted pro-inflammatory adipokines (Jansen et al., 2012). OA tends to be caused by high lipid-induced inflammation, so it can be prevented and treated by regulating autophagy. Decreasing the n-6: n-3 Polyunsaturated Fatty Acid (PUFA) ratio in the diet can prevent osteoarthritis, and reducing the n-6: n-3 ratio through fat-1 transgene expression can prevent OA in cartilage and synovium (Wu et al., 2015). Study groups fed with a high n-3 diet (n-6: n-3 ratio of 1.5:1) showed less calcified cartilage damage and reduced calcified cartilage compared with controls provided with a typical western diet (n-6: n-3 ratio of 22:1); it was evaluated by reducing mineralization markers, collagen lysyl hydroxylation, L-Pyr crosslinking, serum pro-inflammatory cytokines and increasing anti-inflammatory cytokines (Knott et al., 2011; Kimmerling et al., 2020). This alteration of the n-6: n-3 PUFA ratio may prevent OA by promoting autophagy in chondrocytes. Both exogenous and endogenous n-3 PUFAs in fat-1 transgenic (TG) mice promote chondrocyte autophagy by downregulating mTORC1 activity for their survival (Huang et al., 2014).
4.5 Autophagy aims at osteoclasts for maintaining bone–fat balance
Osteoclasts, along with osteoblasts (bone-forming cells), are crucial to bone remodeling, a dynamic process where old bone is resorbed and replaced by new bone tissue. In a bone environment, bone remodeling is important to maintain appropriate bone density and BMAT. Findings of recent studies indicate that the imbalance between osteoclast activity and BMAT accumulation could result in bone-related diseases such as osteoporosis, osteoarthritis, and obesity (Shi et al., 2022; Russo et al., 2023; Rinotas et al., 2024). For instance, increased BMAT has been observed in conditions like aging, obesity, and diabetes, where excessive fat accumulation within the bone marrow contributes to bone fragility. Osteoclasts play a key role in this balance by resorbing bone tissue, which in turn affects BMAT.
Adipogenesis can also influence osteoclast differentiation (Muruganandan et al., 2020). RANKL-RANK signaling regulates the balance between osteogenesis and osteoclastogenesis, and BMADs are one of the primary sources of RANKL. Adipocytes can regulate osteoclast differentiation directly in the absence of osteogenic lineages (Goto et al., 2011). Similar to the network of co-involved transcription factors for osteogenesis and adipogenesis, transcription factors involved in adipogenesis can regulate osteoclast differentiation. PPAR-γ is a major transcription factor in the adipogenesis process and can effectively regulate obesity-related phenotypes. However, PPARγ promotes osteoclast progenitor cells by activating GATA2 transcription and regulating c-fos expression directly to promote osteoclast differentiation. In addition, PPARγ downregulates β-catenin protein and inhibits c-jun activation of PGC1β promoter expression, PGC1β also cooperates with ERRα to mediate mitochondrial biosynthesis and fatty acid oxidation, thereby activating osteoclasts (Wei et al., 2011; Wan et al., 2007a; Wei et al., 2010). Thus, PPAR-γ and its ligands may play some role in promoting osteoclast differentiation and bone resorption (Wan et al., 2007b). In addition, PPAR-γ and its agonists can regulate the level of autophagy in cells (Faghfouri et al., 2021). C/EBPα is also highly expressed in pre-osteoclasts and osteoclasts, thus promoting osteoclastogenesis by upregulating the RANK cytoplasmic IVVY motif to regulate osteoclast markers positively and negatively regulate RBP-J (Chen et al., 2013; Jules et al., 2018). Another transcription factor C/EBPβ function in adipogenesis is considered a switch for osteoclast differentiation, located downstream of the mammalian target of rapamycin kinase (mTOR), which regulates osteoclast formation by controlling the C/EBPβ isoform ratio (Smink et al., 2009; Smink and Leutz, 2010).
Studies elucidate that autophagy-related proteins, such as ATG5, ATG7, and LC3, are essential for osteoclastogenesis (DeSelm et al., 2011). Mice with deficient autophagy in osteoclasts exhibit impaired differentiation and reduced bone resorption, indicating the importance of this process for proper osteoclast activity (Aoki et al., 2020; Gong et al., 2022). Bone resorption mediated by osteoclasts involves the degradation of bone matrix proteins and the production of enzymes, such as cathepsin K, degrading mineralized bone tissue (Antika et al., 2016). Autophagy plays a key role here by maintaining the energy status of osteoclasts and removing dysfunctional components (Zhang et al., 2020a). Additionally, autophagy assists in the recycling of cellular components necessary for bone resorption, such as acidic vesicles and lysosomes (Wang et al., 2017b; Li M. et al., 2022d).
5 TREATMENT STRATEGIES RELATED TO AUTOPHAGY AND BONE–FAT BALANCE
5.1 Treatment interventions related to BMMSC differentiation
The differentiation of BMMSCs under autophagy regulation significantly influences the progression of osteoporosis. Increased autophagic activity promotes osteogenic differentiation of BMMSCs while inhibiting adipogenic differentiation, thereby maintaining bone-fat balance. Modulating key signaling pathways has emerged as a research focus, with the potential to improve BMMSC osteogenic capacity (Table 2).
TABLE 2 | Pharmacological agents targeting autophagy regulate BMMSC differentiation through a cellular signaling pathway.
[image: Table 2]5.2 Treatment for oxidative stress
Oxidative stress is a major pathological factor contributing to osteoporosis and bone loss. Autophagy helps maintain bone health by clearing damaged mitochondria and proteins, reducing oxidative stress accumulation, and preserving osteoblast function. Patients with osteoporosis often exhibit elevated oxidative stress levels. Mitophagy, the autophagic degradation of damaged mitochondria, alleviates oxidative damage to bone cells. Studies indicate that combining antioxidants, such as N-acetylcysteine, can significantly alleviate oxidative stress-related damage in osteoporosis (Yang et al., 2021; Abu-Kheit et al., 2022). Pharmacological activation of autophagy using agents like rapamycin and metformin may reduce oxidative stress and restore the bone-fat balance (Feng et al., 2023; Chen et al., 2023; Yang et al., 2022). Biomarkers such as LC3-II levels and mitochondrial ROS can help monitor autophagy and oxidative stress in bone metabolic disorders, including osteoporosis (Trojani et al., 2024). Stimulating autophagy offers a promising strategy to counteract oxidative stress-induced bone loss and fat accumulation, particularly in aging and metabolic diseases (Tong et al., 2022; Huang et al., 2022; Shi et al., 2020; Wei et al., 2023).
Glucocorticoid-induced oxidative stress and mitochondrial damage are key contributors to secondary osteoporosis. However, GCs also induce oxidative stress and indicate a biphasic property; the dose of GCs determines the fate of osteoblasts toward autophagy or apoptosis (Wang et al., 2020a; Jia et al., 2011). High-dose DEX (≥10−6 M) constantly inhibits osteoblast viability and induces cell apoptosis, whereas low-dose DEX (10−8 M)increases cell viability (Zhang et al., 2018b). This DEX-induced cell apoptosis could result from the mitochondria fusion under increasing oxidative stress (Hsu et al., 2020). Summarizingly, activated autophagy is a self-protective mechanism of osteoblasts, resistance to the stress induced by excess GCs. These studies elucidate that autophagy responds to oxidative stress and regulates bone-fat balance in a secreted way. Autophagy mitigates these effects by clearing damaged mitochondria, reducing osteoblast apoptosis, and enhancing therapeutic outcomes.
5.3 Treatment for aging
Autophagic activity declines with aging, leading to the accumulation of damaged proteins and mitochondria, increased oxidative stress, and impaired bone health. Enhancing autophagy has been shown to mitigate age-related bone loss, reduce bone marrow fat accumulation, and improve bone-fat balance, thus highlighting its potential as a therapeutic target for anti-aging and bone health maintenance.
Polyphenol compounds (such as resveratrol and curcumin) activate autophagy-related signaling pathways, reduce aging-related bone loss, and maintain bone-fat balance (Li et al., 2024a; Qin et al., 2017; Wang et al., 2020b). Enhancing autophagy through genetic interventions may prevent senescence, promoting osteogenesis and reducing BMAT accumulation (Lian et al., 2021; Huang et al., 2021). Autophagy activation could provide therapeutic benefits for conditions like osteoporosis and obesity-related bone loss by rebalancing the bone-fat balance. The modulation of senescence through autophagy offers new strategies for treating age-related musculoskeletal disorders, with implications for regenerative medicine and anti-aging therapies.
5.4 Treatment for inflammatory bone disease
Chronic inflammatory conditions, such as rheumatoid arthritis and ankylosing spondylitis, disrupt the bone-fat balance through pro-inflammatory cytokines like TNF-α and IL-1β, resulting in greater bone resorption and fat deposition (Taylan et al., 2012; Schett and Gravallese, 2012). These processes accelerate the progression of osteoporosis and bone marrow adiposity. Autophagy plays a critical role in regulating immune responses and inflammation, thereby offering a means to alleviate inflammation, protect bone tissue, and prevent excessive fat accumulation. This makes autophagy modulation a promising approach for treating inflammatory bone diseases.
Inflammation-induced oxidative stress and metabolic dysregulation significantly impair the differentiation of BMMSCs. Autophagy addresses these challenges by clearing oxidative stress products and inflammatory mediators, thus promoting osteogenic differentiation while suppressing adipogenesis, and preserving the metabolic health of a bone (Zhang et al., 2024; Li et al., 2023; Wang et al., 2022b).
Furthermore, inflammation-driven bone marrow adiposity not only undermines skeletal health but is also associated with systemic metabolic disorders, such as insulin resistance (Guimarães et al., 2024). Activating autophagy to regulate the bone-fat balance may indirectly improve systemic metabolic health, providing broad therapeutic potential. By inhibiting the release of inflammatory mediators (e.g., suppressing the NLRP3 inflammasome) and modulating immune cell functions (e.g., macrophage polarization), autophagy offers a multifunctional strategy to protect bone tissue, reduce fat deposition, and address inflammation in the treatment of inflammatory diseases (Hu et al., 2023; Cheng et al., 2024).
6 OUTLOOK
In conclusion, the balance between bone and BMAT mediates the crosstalk between bone and lipid metabolism. Contrastively, based on the triad of interactions among osteoblasts, adipocytes, and osteoclasts at the cellular level, enhanced bone marrow adipogenesis leads to decreased osteogenic differentiation of BMMSCs and promotes osteoclast formation to accelerate bone loss. Furthermore, obesity and lipid metabolism affect bone, and bone can regulate BMAT function and energy metabolism as an endocrine organ. Autophagy is a cellular mechanism that primarily serves to protect itself through the eat-me signal. Autophagy is also associated with lipid metabolism for its responsiveness to nutrients. Autophagy drives lipolysis and maintains lipid homeostasis by regulating lipid signaling pathways. It can also remove accumulated free lipid metabolic products or inflammation to ensure a relatively stable level of oxidative stress in skeletal cells. However, unbalanced autophagy homeostasis can also lead to bone diseases. Thus it can be proposed that autophagy can link and balance bone-lipid metabolism to affect bone health. Much uncertainty still exists about the topic. We still need to understand this process more comprehensively and identify the signaling pathways and molecules that play a role in autophagy in bone-fat homeostasis. Autophagy is a novel field of drug development and a potential therapeutic approach for bone metabolic diseases by affecting bone-fat metabolism through autophagy.
AUTHOR CONTRIBUTIONS
BZ: resources, writing–original draft, and writing–review and editing. JC: writing–review and editing. XZ: writing–review and editing. ZP: writing–review and editing. LD: validation and writing–review and editing. RY: resources and writing–review and editing. LW: resources and writing–review and editing. WZ: resources and writing–review and editing. LH: supervision and writing–review and editing. DL: funding acquisition and writing–review and editing. HS: funding acquisition and writing–review and editing.
FUNDING
The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This work was supported by the Science and Technology Development Project of Jilin Province (20210101251JC).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Abu-Kheit, R., Kotev-Emeth, S., Hiram-Bab, S., Gabet, Y., and Savion, N. (2022). S-allylmercapto-N-acetylcysteine protects bone cells from oxidation and improves femur microarchitecture in healthy and diabetic mice. Exp. Biol. Med. 247 (16), 1489–1500. doi:10.1177/15353702221095047
 Agas, D., Gabai, V., Sufianov, A. A., Shneider, A., and Giovanna Sabbieti, M. (2022). P62/SQSTM1 enhances osteogenesis and attenuates inflammatory signals in bone marrow microenvironment. General Comp. Endocrinol. 320, 114009. doi:10.1016/j.ygcen.2022.114009
 Akune, T., Ohba, S., Kamekura, S., Yamaguchi, M., Chung, U. I., Kubota, N., et al. (2004). PPARgamma insufficiency enhances osteogenesis through osteoblast formation from bone marrow progenitors. J. Clin. Invest 113 (6), 846–855. doi:10.1172/JCI19900
 Ali, D., Figeac, F., Caci, A., Ditzel, N., Schmal, C., Kerckhofs, G., et al. (2022). High-fat diet-induced obesity augments the deleterious effects of estrogen deficiency on bone: evidence from ovariectomized mice. Aging Cell 21 (12), e13726. doi:10.1111/acel.13726
 Alippe, Y., Kress, D., Ricci, B., Sun, K., Yang, T., Wang, C., et al. (2021). Actions of the NLRP3 and NLRC4 inflammasomes overlap in bone resorption. Faseb J. 35 (9), e21837. doi:10.1096/fj.202100767RR
 Allegra, A., Innao, V., Gerace, D., Allegra, A. G., Vaddinelli, D., Bianco, O., et al. (2018). The adipose organ and multiple myeloma: impact of adipokines on tumor growth and potential sites for therapeutic intervention. Eur. J. Intern. Med. 53, 12–20. doi:10.1016/j.ejim.2018.05.033
 Almeida, M., Ambrogini, E., Han, L., Manolagas, S. C., and Jilka, R. L. (2009). Increased lipid oxidation causes oxidative stress, increased peroxisome proliferator-activated receptor-gamma expression, and diminished pro-osteogenic Wnt signaling in the skeleton. J. Biol. Chem. 284 (40), 27438–27448. doi:10.1074/jbc.M109.023572
 Almeida, M., Han, L., Martin-Millan, M., Plotkin, L. I., Stewart, S. A., Roberson, P. K., et al. (2007). Skeletal involution by age-associated oxidative stress and its acceleration by loss of sex steroids. J. Biol. Chem. 282 (37), 27285–27297. doi:10.1074/jbc.M702810200
 Alves, H., Mentink, A., Le, B., van Blitterswijk, C. A., and de Boer, J. (2013). Effect of antioxidant supplementation on the total yield, oxidative stress levels, and multipotency of bone marrow-derived human mesenchymal stromal cells. Tissue Eng. Part A 19 (7-8), 928–937. doi:10.1089/ten.tea.2011.0700
 Ambrosi, T. H., Scialdone, A., Graja, A., Gohlke, S., Jank, A. M., Bocian, C., et al. (2017). Adipocyte accumulation in the bone marrow during obesity and aging impairs stem cell-based hematopoietic and bone regeneration. Cell Stem Cell 20 (6), 771–784. doi:10.1016/j.stem.2017.02.009
 Antika, L. D., Kim, Y. H., Kang, M. K., Park, S. H., Lee, E. J., Choi, Y. J., et al. (2016). Dietary compound gossypetin inhibits bone resorption through down-regulating lysosomal cathepsin K activity and autophagy-related protein induction in actin ring-bearing osteoclasts. J. Funct. Foods 24, 390–402. doi:10.1016/j.jff.2016.04.022
 Aoki, S., Shimizu, K., and Ito, K. (2020). Autophagy-dependent mitochondrial function regulates osteoclast differentiation and maturation. Biochem. Biophysical Res. Commun. 527 (4), 874–880. doi:10.1016/j.bbrc.2020.04.155
 Bai, L., Liu, Y., Zhang, X., Chen, P., Hang, R., Xiao, Y., et al. (2023). Osteoporosis remission via an anti-inflammaging effect by icariin activated autophagy. Biomaterials 297, 122125. doi:10.1016/j.biomaterials.2023.122125
 Behera, J., Ison, J., Voor, M. J., and Tyagi, N. (2022). Exercise-linked skeletal irisin ameliorates diabetes-associated osteoporosis by inhibiting the oxidative damage-dependent miR-150-FNDC5/pyroptosis Axis. Diabetes 71, 2777–2792. doi:10.2337/db21-0573
 Berendsen, A. D., and Olsen, B. R. (2015). Bone development. Bone 80, 14–18. doi:10.1016/j.bone.2015.04.035
 Bhatti, F. U. R., Dadwal, U. C., Valuch, C. R., Tewari, N. P., Awosanya, O. D., de Andrade Staut, C., et al. (2021). The effects of high fat diet, bone healing, and BMP-2 treatment on endothelial cell growth and function. Bone 146, 115883. doi:10.1016/j.bone.2021.115883
 Brunet, A., Sweeney, L. B., Sturgill, J. F., Chua, K. F., Greer, P. L., Lin, Y., et al. (2004). Stress-dependent regulation of FOXO transcription factors by the SIRT1 deacetylase. Science 303 (5666), 2011–2015. doi:10.1126/science.1094637
 Buck, D. W., and Dumanian, G. A. (2012). Bone biology and physiology: Part I. The fundamentals. Plast. Reconstr. Surg. 129 (6), 1314–1320. doi:10.1097/PRS.0b013e31824eca94
 Bullon, P., Battino, M., Varela-Lopez, A., Perez-Lopez, P., Granados-Principal, S., Ramirez-Tortosa, M. C., et al. (2013). Diets based on virgin olive oil or fish oil but not on sunflower oil prevent age-related alveolar bone resorption by mitochondrial-related mechanisms. PLoS One 8 (9), e74234. doi:10.1371/journal.pone.0074234
 Casado-Diaz, A., Santiago-Mora, R., and Quesada, J. M. (2010). The N- and C-terminal domains of parathyroid hormone-related protein affect differently the osteogenic and adipogenic potential of human mesenchymal stem cells. Exp. Mol. Med. 42 (2), 87–98. doi:10.3858/emm.2010.42.2.010
 Chandra, A., Lagnado, A. B., Farr, J. N., Schleusner, M., Monroe, D. G., Saul, D., et al. (2022). Bone marrow adiposity in models of radiation- and aging-related bone loss is dependent on cellular senescence. J. Bone Min. Res. 37 (5), 997–1011. doi:10.1002/jbmr.4537
 Chava, S., Chennakesavulu, S., Gayatri, B. M., and Reddy, A. B. M. (2018). A novel phosphorylation by AMP-activated kinase regulates RUNX2 from ubiquitination in osteogenesis over adipogenesis. Cell death & Dis. 9 (7), 754. doi:10.1038/s41419-018-0791-7
 Chen, B., He, Q., Yang, J., Pan, Z., Xiao, J., Chen, W., et al. (2023). Metformin suppresses oxidative stress induced by high glucose via activation of the Nrf2/HO-1 signaling pathway in type 2 diabetic osteoporosis. Life Sci. 312, 121092. doi:10.1016/j.lfs.2022.121092
 Chen, L., Yang, Y., Bao, J., Wang, Z., Xia, M., Dai, A., et al. (2020a). Autophagy negative-regulating Wnt signaling enhanced inflammatory osteoclastogenesis from Pre-OCs in vitro. Biomed. Pharmacother. 126, 110093. doi:10.1016/j.biopha.2020.110093
 Chen, Q., Fan, K., Song, G., Wang, X., Zhang, J., Chen, H., et al. (2022b). Rapamycin regulates osteogenic differentiation through Parkin-mediated mitophagy in rheumatoid arthritis. Int. Immunopharmacol. 113, 109407. doi:10.1016/j.intimp.2022.109407
 Chen, Q., Shou, P., Zhang, L., Xu, C., Zheng, C., Han, Y., et al. (2014). An osteopontin-integrin interaction plays a critical role in directing adipogenesis and osteogenesis by mesenchymal stem cells. Stem Cells 32 (2), 327–337. doi:10.1002/stem.1567
 Chen, Q., Shou, P., Zheng, C., Jiang, M., Cao, G., Yang, Q., et al. (2016). Fate decision of mesenchymal stem cells: adipocytes or osteoblasts?Cell Death & Differ. 23 (7), 1128–1139. doi:10.1038/cdd.2015.168
 Chen, W., Zhu, G., Hao, L., Wu, M., Ci, H., and Li, Y. P. (2013). C/EBPα regulates osteoclast lineage commitment. Proc. Natl. Acad. Sci. U. S. A. 110 (18), 7294–7299. doi:10.1073/pnas.1211383110
 Chen, X., Gong, W., Shao, X., Shi, T., Zhang, L., Dong, J., et al. (2022a). METTL3-mediated m6A modification of ATG7 regulates autophagy-GATA4 axis to promote cellular senescence and osteoarthritis progression. Ann. rheumatic Dis. 81 (1), 87–99. doi:10.1136/annrheumdis-2021-221091
 Chen, X., Sun, K., Zhao, S., Geng, T., Fan, X., Sun, S., et al. (2020b). Irisin promotes osteogenic differentiation of bone marrow mesenchymal stem cells by activating autophagy via the Wnt//β-catenin signal pathway. Cytokine 136, 155292. doi:10.1016/j.cyto.2020.155292
 Chen, X., Yang, K., Jin, X., Meng, Z., Liu, B., Yu, H., et al. (2021). Bone autophagy: a potential way of exercise-mediated Meg3/P62/Runx2 pathway to regulate bone formation in T2DM mice. Diabetes, Metabolic Syndrome Obes. 14, 2753–2764. doi:10.2147/DMSO.S299744
 Chen, Y., Whetstone, H. C., Youn, A., Nadesan, P., Chow, E. C., Lin, A. C., et al. (2007). Beta-catenin signaling pathway is crucial for bone morphogenetic protein 2 to induce new bone formation. J. Biol. Chem. 282 (1), 526–533. doi:10.1074/jbc.M602700200
 Cheng, Y., Liu, G., Huang, X., Xiong, Y., Song, N., An, Z., et al. (2024). Zoledronic acid inhibits lipopolysaccharide-induced osteoclastogenesis by suppressing macrophage NLRP3-mediated autophagy pathway. Immun. Inflamm. Dis. 12 (12), e70094. doi:10.1002/iid3.70094
 Choi, H. K., Yuan, H., Fang, F., Wei, X., Liu, L., Li, Q., et al. (2018). Tsc1 regulates the balance between osteoblast and adipocyte differentiation through autophagy/notch1/β-catenin cascade. J. Bone Mineral Res. 33 (11), 2021–2034. doi:10.1002/jbmr.3530
 Christodoulides, C., Lagathu, C., Sethi, J. K., and Vidal-Puig, A. (2009). Adipogenesis and WNT signalling. Trends Endocrinol. Metab. 20 (1), 16–24. doi:10.1016/j.tem.2008.09.002
 Colucci, S. C., Buccoliero, C., Sanesi, L., Errede, M., Colaianni, G., Annese, T., et al. (2021). Systemic administration of recombinant irisin accelerates fracture healing in mice. Int. J. Mol. Sci. 22 (19), 10863. doi:10.3390/ijms221910863
 Corcelle, E., Djerbi, N., Mari, M., Nebout, M., Fiorini, C., Fénichel, P., et al. (2007). Control of the autophagy maturation step by the MAPK ERK and p38: lessons from environmental carcinogens. Autophagy 3 (1), 57–59. doi:10.4161/auto.3424
 Dai, W., Wang, M., Wang, P., Wen, J., Wang, J., Cha, S., et al. (2021). lncRNA NEAT1 ameliorates LPS-induced inflammation in MG63 cells by activating autophagy and suppressing the NLRP3 inflammasome. Int. J. Mol. Med. 47 (2), 607–620. doi:10.3892/ijmm.2020.4827
 Daniele, S., Giacomelli, C., Pietrobono, D., Barresi, E., Piccarducci, R., La Pietra, V., et al. (2019). Long lasting inhibition of Mdm2-p53 interaction potentiates mesenchymal stem cell differentiation into osteoblasts. Biochim. Biophys. Acta Mol. Cell Res. 1866 (5), 737–749. doi:10.1016/j.bbamcr.2019.01.012
 Delgado-Calle, J., and Bellido, T. (2017). New insights into the local and systemic functions of sclerostin: regulation of quiescent bone lining cells and beige adipogenesis in peripheral fat depots. J. Bone Min. Res. 32 (5), 889–891. doi:10.1002/jbmr.3141
 Deng, P., Yuan, Q., Cheng, Y., Li, J., Liu, Z., Liu, Y., et al. (2021). Loss of KDM4B exacerbates bone-fat imbalance and mesenchymal stromal cell exhaustion in skeletal aging. Cell stem cell 28 (6), 1057–1073. e7. doi:10.1016/j.stem.2021.01.010
 DeSelm, C. J., Miller, B. C., Zou, W., Beatty, W. L., van Meel, E., Takahata, Y., et al. (2011). Autophagy proteins regulate the secretory component of osteoclastic bone resorption. Dev. cell 21 (5), 966–974. doi:10.1016/j.devcel.2011.08.016
 Despars, G., Carbonneau, C. L., Bardeau, P., Coutu, D. L., and Beauséjour, C. M. (2013). Loss of the osteogenic differentiation potential during senescence is limited to bone progenitor cells and is dependent on p53. PLoS One 8 (8), e73206. doi:10.1371/journal.pone.0073206
 Devlin, M. J. (2011). Why does starvation make bones fat?Am. J. Hum. Biol. 23 (5), 577–585. doi:10.1002/ajhb.21202
 Domazetovic, V., Marcucci, G., Iantomasi, T., Brandi, M. L., and Vincenzini, M. T. (2017). Oxidative stress in bone remodeling: role of antioxidants. Clin. Cases Min. Bone Metab. 14 (2), 209–216. doi:10.11138/ccmbm/2017.14.1.209
 Dong, H., Liu, R., Zou, K., Jin, Z., Kang, J., Zhang, Y., et al. (2020). Higenamine promotes osteogenesis via IQGAP1/SMAD4 signaling pathway and prevents age-and estrogen-dependent bone loss in mice. J. Bone Mineral Res. 38 (5), 775–791. doi:10.1002/jbmr.4800
 Ejaz, A., Mitterberger, M. C., Lu, Z., Mattesich, M., Zwierzina, M. E., Hörl, S., et al. (2016). Weight loss upregulates the small GTPase DIRAS3 in human white adipose progenitor cells, which negatively regulates adipogenesis and activates autophagy via Akt–mTOR inhibition. EBioMedicine 6, 149–161. doi:10.1016/j.ebiom.2016.03.030
 Faghfouri, A. H., Khajebishak, Y., Payahoo, L., Faghfuri, E., and Alivand, M. (2021). PPAR-gamma agonists: potential modulators of autophagy in obesity. Eur. J. Pharmacol. 912, 174562. doi:10.1016/j.ejphar.2021.174562
 Fairfield, H., Falank, C., Harris, E., Demambro, V., McDonald, M., Pettitt, J. A., et al. (2018). The skeletal cell-derived molecule sclerostin drives bone marrow adipogenesis. J. Cell Physiol. 233 (2), 1156–1167. doi:10.1002/jcp.25976
 Fan, P., Yu, X. Y., Xie, X. H., Chen, C. H., Zhang, P., Yang, C., et al. (2019). Mitophagy is a protective response against oxidative damage in bone marrow mesenchymal stem cells. Life Sci. 229, 36–45. doi:10.1016/j.lfs.2019.05.027
 Fan, Y., Hanai, J. I., Le, P. T., Bi, R., Maridas, D., DeMambro, V., et al. (2017). Parathyroid hormone directs bone marrow mesenchymal cell fate. Cell Metab. 25 (3), 661–672. doi:10.1016/j.cmet.2017.01.001
 Farré, J. C., Krick, R., Subramani, S., and Thumm, M. (2009). Turnover of organelles by autophagy in yeast. Curr. Opin. Cell Biol. 21 (4), 522–530. doi:10.1016/j.ceb.2009.04.015
 Feng, C., Liu, Y., Zhang, B. Y., Zhang, H., Shan, F. Y., Li, T. Q., et al. (2023). Rapamycin inhibits osteoclastogenesis and prevents LPS-induced alveolar bone loss by oxidative stress suppression. ACS Omega 8 (23), 20739–20754. doi:10.1021/acsomega.3c01289
 Feng, P., Pang, P., Sun, Z., Xie, Z., Chen, T., Wang, S., et al. (2024). Enhancer-mediated FOXO3 expression promotes MSC adipogenic differentiation by activating autophagy. Biochimica Biophysica Acta (BBA)-Molecular Basis Dis. 1870 (2), 166975. doi:10.1016/j.bbadis.2023.166975
 Feng, X., Yin, W., Wang, J., Feng, L., and Kang, Y. J. (2021). Mitophagy promotes the stemness of bone marrow-derived mesenchymal stem cells. Exp. Biol. Med. 246 (1), 97–105. doi:10.1177/1535370220964394
 Finnson, K. W., Parker, W. L., ten Dijke, P., Thorikay, M., and Philip, A. (2008). ALK1 opposes ALK5/Smad3 signaling and expression of extracellular matrix components in human chondrocytes. J. bone mineral Res. 23 (6), 896–906. doi:10.1359/jbmr.080209
 Foo, C., Frey, S., Yang, H. H., Zellweger, R., and Filgueira, L. (2007). Downregulation of beta-catenin and transdifferentiation of human osteoblasts to adipocytes under estrogen deficiency. Gynecol. Endocrinol. 23 (9), 535–540. doi:10.1080/09513590701556483
 Fuggle, N. R., Westbury, L. D., Syddall, H. E., Duggal, N. A., Shaw, S. C., Maslin, K., et al. (2018). Relationships between markers of inflammation and bone density: findings from the Hertfordshire Cohort Study. Osteoporos. Int. 29 (7), 1581–1589. doi:10.1007/s00198-018-4503-z
 Galluzzi, L., Pietrocola, F., Levine, B., and Kroemer, G. (2014). Metabolic control of autophagy. Cell 159 (6), 1263–1276. doi:10.1016/j.cell.2014.11.006
 Gao, B., Han, Y. H., Wang, L., Lin, Y. J., Sun, Z., Lu, W. G., et al. (2016). Eicosapentaenoic acid attenuates dexamethasome-induced apoptosis by inducing adaptive autophagy via GPR120 in murine bone marrow-derived mesenchymal stem cells. Cell Death Dis. 7 (5), e2235. doi:10.1038/cddis.2016.144
 Gao, B., Huang, Q., Lin, Y. S., Wei, B. Y., Guo, Y. S., Sun, Z., et al. (2014). Dose-dependent effect of estrogen suppresses the osteo-adipogenic transdifferentiation of osteoblasts via canonical Wnt signaling pathway. PLoS One 9 (6), e99137. doi:10.1371/journal.pone.0099137
 Garcés, C., Ruiz-Hidalgo, M. J., Font de Mora, J., Park, C., Miele, L., Goldstein, J., et al. (1997). Notch-1 controls the expression of fatty acid-activated transcription factors and is required for adipogenesis. J. Biol. Chem. 272 (47), 29729–29734. doi:10.1074/jbc.272.47.29729
 Ge, J., Yu, Y. J., Li, J. Y., Li, M. Y., Xia, S. M., Xue, K., et al. (2023). Activating Wnt/β-catenin signaling by autophagic degradation of APC contributes to the osteoblast differentiation effect of soy isoflavone on osteoporotic mesenchymal stem cells. Acta Pharmacol. Sin. 44 (9), 1841–1855. doi:10.1038/s41401-023-01066-x
 Ge, X., and Zhou, G. (2021). Protective effects of naringin on glucocorticoid-induced osteoporosis through regulating the PI3K/Akt/mTOR signaling pathway. Am. J. Transl. Res. 13 (6), 6330–6341. doi:10.1016/j.bbamcr.2019.01.012
 Geissler, S., Textor, M., Schmidt-Bleek, K., Klein, O., Thiele, M., Ellinghaus, A., et al. (2013). In serum veritas-in serum sanitas? Cell non-autonomous aging compromises differentiation and survival of mesenchymal stromal cells via the oxidative stress pathway. Cell Death Dis. 4 (12), e970. doi:10.1038/cddis.2013.501
 Germain, K., and Kim, P. K. (2020). Pexophagy: a model for selective autophagy. Int. J. Mol. Sci. 21 (2), 578. doi:10.3390/ijms21020578
 Gong, W., Liu, M., Zhang, Q., Zhang, Q., Wang, Y., Zhao, Q., et al. (2022). Orcinol glucoside improves senile osteoporosis through attenuating oxidative stress and autophagy of osteoclast via activating Nrf2/Keap1 and mTOR signaling pathway. Oxidative Med. Cell. Longev. 2022 (1), 5410377. doi:10.1155/2022/5410377
 Goto, H., Hozumi, A., Osaki, M., Fukushima, T., Sakamoto, K., Yonekura, A., et al. (2011). Primary human bone marrow adipocytes support TNF-α-induced osteoclast differentiation and function through RANKL expression. Cytokine 56 (3), 662–668. doi:10.1016/j.cyto.2011.09.005
 Guimarães, G. C., Coelho, J. B. C., Silva, J. G. O., de Sant'Ana, A. C. C., de Sá, C. A. C., Moreno, J. M., et al. (2024). Obesity, diabetes and risk of bone fragility: how BMAT behavior is affected by metabolic disturbances and its influence on bone health. Osteoporos. Int. 35 (4), 575–588. doi:10.1007/s00198-023-06991-5
 Gunaratnam, K., Vidal, C., Gimble, J. M., and Duque, G. (2014). Mechanisms of palmitate-induced lipotoxicity in human osteoblasts. Endocrinology 155 (1), 108–116. doi:10.1210/en.2013-1712
 Guo, X., and Wu, Z. (2021). GABARAP ameliorates IL-1β-induced inflammatory responses and osteogenic differentiation in bone marrow-derived stromal cells by activating autophagy. Sci. Rep. 11 (1), 11561. doi:10.1038/s41598-021-90586-9
 Hahm, J. R., Noh, H. S., Ha, J. H., Roh, G. S., and Kim, D. R. (2014). Alpha-lipoic acid attenuates adipocyte differentiation and lipid accumulation in 3T3-L1 cells via AMPK-dependent autophagy. Life Sci. 100 (2), 125–132. doi:10.1016/j.lfs.2014.02.001
 Hallenborg, P., Feddersen, S., Francoz, S., Murano, I., Sundekilde, U., Petersen, R. K., et al. (2012). Mdm2 controls CREB-dependent transactivation and initiation of adipocyte differentiation. Cell Death Differ. 19 (8), 1381–1389. doi:10.1038/cdd.2012.15
 Harris, J., Hartman, M., Roche, C., Zeng, S. G., O'Shea, A., Sharp, F. A., et al. (2011). Autophagy controls IL-1beta secretion by targeting pro-IL-1beta for degradation. J. Biol. Chem. 286 (11), 9587–9597. doi:10.1074/jbc.M110.202911
 He, F., Huang, Y., Song, Z., Zhou, H. J., Zhang, H., Perry, R. J., et al. (2021). Mitophagy-mediated adipose inflammation contributes to type 2 diabetes with hepatic insulin resistance. J. Exp. Med. 218 (3), e20201416. doi:10.1084/jem.20201416
 He, S., Zhou, Q., Luo, B., Chen, B., Li, L., and Yan, F. (2020). Chloroquine and 3-methyladenine attenuates periodontal inflammation and bone loss in experimental periodontitis. Inflammation 43 (1), 220–230. doi:10.1007/s10753-019-01111-0
 Hill, H. S., Grams, J., Walton, R. G., Liu, J., Moellering, D. R., and Garvey, W. T. (2014). Carboxylated and uncarboxylated forms of osteocalcin directly modulate the glucose transport system and inflammation in adipocytes. Horm. Metab. Res. 46 (5), 341–347. doi:10.1055/s-0034-1368709
 Hinoi, E., Iezaki, T., Fujita, H., Watanabe, T., Odaka, Y., Ozaki, K., et al. (2014). PI3K/Akt is involved in brown adipogenesis mediated by growth differentiation factor-5 in association with activation of the Smad pathway. Biochem. biophysical Res. Commun. 450 (1), 255–260. doi:10.1016/j.bbrc.2014.05.108
 Hsu, C. N., Jen, C. Y., Chen, Y. H., Peng, S. Y., Wu, S. C., and Yao, C. L. (2020). Glucocorticoid transiently upregulates mitochondrial biogenesis in the osteoblast. Chin. J. Physiol. 63 (6), 286–293. doi:10.4103/CJP.CJP_51_20
 Hsu, H. C., Li, S. J., Chen, C. Y., and Chen, M. F. (2018). Eicosapentaenoic acid protects cardiomyoblasts from lipotoxicity in an autophagy-dependent manner. Cell Biol. Toxicol. 34 (3), 177–189. doi:10.1007/s10565-017-9406-9
 Hu, R., Luo, H., Ji, Y., Wang, Z., Zheng, P., Ouyang, H., et al. (2023). Activation of NLRP3 signaling contributes to cadmium-induced bone defects, associated with autophagic flux obstruction. Sci. Total Environ. 893, 164787. doi:10.1016/j.scitotenv.2023.164787
 Huang, C., Li, R., Yang, C., Ding, R., Li, Q., Xie, D., et al. (2021). PAX8-AS1 knockdown facilitates cell growth and inactivates autophagy in osteoblasts via the miR-1252-5p/GNB1 axis in osteoporosis. Exp. & Mol. Med. 53 (5), 894–906. doi:10.1038/s12276-021-00621-y
 Huang, L., Su, W., Wu, Z., Zheng, L., and Lv, C. (2022). Glucosamine suppresses oxidative stress and induces protective autophagy in osteoblasts by blocking the ROS/Akt/mTOR signaling pathway. Cell Biol. Int. 46 (5), 829–839. doi:10.1002/cbin.11783
 Huang, M. J., Wang, L., Jin, D. d., Zhang, Z. M., Chen, T. Y., Jia, C. H., et al. (2014). Enhancement of the synthesis of n-3 PUFAs in fat-1 transgenic mice inhibits mTORC1 signalling and delays surgically induced osteoarthritis in comparison with wild-type mice. Ann. Rheum. Dis. 73 (9), 1719–1727. doi:10.1136/annrheumdis-2013-203231
 Huang, W., Ao, P., Li, J., Wu, T., Xu, L., Deng, Z., et al. (2017). Autophagy protects advanced glycation end product-induced apoptosis and expression of MMP-3 and MMP-13 in rat chondrocytes. BioMed Res. Int. 2017 (1), 6341919. doi:10.1155/2017/6341919
 Ikeda, N., Ishii, M., Miyata, H., Nishi, Y., Suehiro, F., Komabashiri, N., et al. (2023). Role of reactive oxygen species (ROS) in the regulation of adipogenic differentiation of human maxillary/mandibular bone marrow-derived mesenchymal stem cells. Mol. Biol. Rep. 50 (7), 5733–5745. doi:10.1007/s11033-023-08528-9
 Ilia, I., Nitusca, D., and Marian, C. (2022). Adiponectin in osteoarthritis: pathophysiology, relationship with obesity and presumptive diagnostic biomarker potential. Diagn. (Basel) 12 (2), 455. doi:10.3390/diagnostics12020455
 Iyengar, N. M., Gucalp, A., Dannenberg, A. J., and Hudis, C. A. (2016). Obesity and cancer mechanisms: tumor microenvironment and inflammation. J. Clin. Oncol. 34 (35), 4270–4276. doi:10.1200/JCO.2016.67.4283
 Jansen, H. J., van Essen, P., Koenen, T., Joosten, L. A. B., Netea, M. G., Tack, C. J., et al. (2012). Autophagy activity is up-regulated in adipose tissue of obese individuals and modulates proinflammatory cytokine expression. Endocrinology 153 (12), 5866–5874. doi:10.1210/en.2012-1625
 Jia, J., Yao, W., Guan, M., Dai, W., Shahnazari, M., Kar, R., et al. (2011). Glucocorticoid dose determines osteocyte cell fate. Faseb J. 25 (10), 3366–3376. doi:10.1096/fj.11-182519
 Jiang, L.-B., Lee, S., Wang, Y., Xu, Q. T., Meng, D. H., and Zhang, J. (2016). Adipose-derived stem cells induce autophagic activation and inhibit catabolic response to pro-inflammatory cytokines in rat chondrocytes. Osteoarthr. Cartil. 24 (6), 1071–1081. doi:10.1016/j.joca.2015.12.021
 Jilka, R. L., Almeida, M., Ambrogini, E., Han, L., Roberson, P. K., Weinstein, R. S., et al. (2010). Decreased oxidative stress and greater bone anabolism in the aged, when compared to the young, murine skeleton with parathyroid hormone administration. Aging Cell 9 (5), 851–867. doi:10.1111/j.1474-9726.2010.00616.x
 Jules, J., Chen, W., Feng, X., and Li, Y. P. (2018). C/EBPα transcription factor is regulated by the RANK cytoplasmic (535)IVVY(538) motif and stimulates osteoclastogenesis more strongly than c-Fos. J. Biol. Chem. 293 (4), 1480–1492. doi:10.1074/jbc.M116.736009
 Justesen, J., Stenderup, K., Ebbesen, E. N., Mosekilde, L., Steiniche, T., and Kassem, M. (2001). Adipocyte tissue volume in bone marrow is increased with aging and in patients with osteoporosis. Biogerontology 2 (3), 165–171. doi:10.1023/a:1011513223894
 Karsenty, G. (2006). Convergence between bone and energy homeostases: leptin regulation of bone mass. Cell Metab. 4 (5), 341–348. doi:10.1016/j.cmet.2006.10.008
 Kim, I.-R., Kim, S. E., Baek, H. S., Kim, B. J., Kim, C. H., Chung, I. K., et al. (2016). The role of kaempferol-induced autophagy on differentiation and mineralization of osteoblastic MC3T3-E1 cells. BMC Complementary Altern. Med. 16 (1), 333. doi:10.1186/s12906-016-1320-9
 Kim, J., Kundu, M., Viollet, B., and Guan, K. L. (2011). AMPK and mTOR regulate autophagy through direct phosphorylation of Ulk1. Nat. cell Biol. 13 (2), 132–141. doi:10.1038/ncb2152
 Kim, M., Kim, C., Choi, Y. S., Park, C., and Suh, Y. (2012). Age-related alterations in mesenchymal stem cells related to shift in differentiation from osteogenic to adipogenic potential: implication to age-associated bone diseases and defects. Mech. Ageing Dev. 133 (5), 215–225. doi:10.1016/j.mad.2012.03.014
 Kimmerling, K. A., Oswald, S. J., Huebner, J. L., Little, D., Kraus, V. B., Kang, J. X., et al. (2020). Transgenic conversion of ω-6 to ω-3 polyunsaturated fatty acids via fat-1 reduces the severity of post-traumatic osteoarthritis. Arthritis Res. Ther. 22 (1), 83. doi:10.1186/s13075-020-02170-7
 Kirkin, V., and Rogov, V. V. (2019). A diversity of selective autophagy receptors determines the specificity of the autophagy pathway. Mol. cell 76 (2), 268–285. doi:10.1016/j.molcel.2019.09.005
 Klionsky, D. J. (2005). Autophagy. Curr. Biol. 15 (8), R282–R283. doi:10.1016/j.cub.2005.04.013
 Klionsky, D. J., and Emr, S. D. (2000). Autophagy as a regulated pathway of cellular degradation. Science 290 (5497), 1717–1721. doi:10.1126/science.290.5497.1717
 Knott, L., Avery, N. C., Hollander, A. P., and Tarlton, J. F. (2011). Regulation of osteoarthritis by omega-3 (n-3) polyunsaturated fatty acids in a naturally occurring model of disease. Osteoarthr. Cartil. 19 (9), 1150–1157. doi:10.1016/j.joca.2011.06.005
 Kroon, F. P. B., Veenbrink, A. I., de Mutsert, R., Visser, A. W., van Dijk, K. W., le Cessie, S., et al. (2019). The role of leptin and adiponectin as mediators in the relationship between adiposity and hand and knee osteoarthritis. Osteoarthr. Cartil. 27 (12), 1761–1767. doi:10.1016/j.joca.2019.08.003
 Labouesse, M. A., Gertz, E. R., Piccolo, B. D., Souza, E. C., Schuster, G. U., Witbracht, M. G., et al. (2014). Associations among endocrine, inflammatory, and bone markers, body composition and weight loss induced bone loss. Bone 64, 138–146. doi:10.1016/j.bone.2014.03.047
 Lacava, G., Laus, F., Amaroli, A., Marchegiani, A., Censi, R., Di Martino, P., et al. (2019). P62 deficiency shifts mesenchymal/stromal stem cell commitment toward adipogenesis and disrupts bone marrow homeostasis in aged mice. J. Cell. physiology 234 (9), 16338–16347. doi:10.1002/jcp.28299
 Li, C.-X., Cui, L. H., Zhuo, Y. Z., Hu, J. G., Cui, N. Q., and Zhang, S. K. (2018b). Inhibiting autophagy promotes collagen degradation by regulating matrix metalloproteinases in pancreatic stellate cells. Life Sci. 208, 276–283. doi:10.1016/j.lfs.2018.07.049
 Li, H., Luo, D., Xie, W., Ye, W., Chen, J., Alberton, P., et al. (2024b). Irisin reduces senile osteoporosis by inducing osteocyte mitophagy through Ampk activation. Iscience 27 (11), 111042. doi:10.1016/j.isci.2024.111042
 Li, L., Yang, S., Xu, L., Li, Y., Fu, Y., Zhang, H., et al. (2019). Nanotopography on titanium promotes osteogenesis via autophagy-mediated signaling between YAP and β-catenin. Acta biomater. 96, 674–685. doi:10.1016/j.actbio.2019.07.007
 Li, M., Xie, Z., Li, J., Lin, J., Zheng, G., Liu, W., et al. (2020). GAS5 protects against osteoporosis by targeting UPF1/SMAD7 axis in osteoblast differentiation. Elife 9, e59079. doi:10.7554/eLife.59079
 Li, M., Yang, D., Yan, H., Tang, Z., Jiang, D., Zhang, J., et al. (2022d). Gasdermin D maintains bone mass by rewiring the endo-lysosomal pathway of osteoclastic bone resorption. Dev. Cell 57 (20), 2365–2380. e8. doi:10.1016/j.devcel.2022.09.013
 Li, Q., Yue, T., Du, X., Tang, Z., Cui, J., Wang, W., et al. (2023). HSC70 mediated autophagic degradation of oxidized PRL2 is responsible for osteoclastogenesis and inflammatory bone destruction. Cell Death & Differ. 30 (3), 647–659. doi:10.1038/s41418-022-01068-y
 Li, W., Huang, Y., Fan, L., Yangzom, D., Zhang, K., Shen, L., et al. (2024a). Curcumin liposomes alleviate senescence of bone marrow mesenchymal stem cells by activating mitophagy. Sci. Rep. 14 (1), 31291. doi:10.1038/s41598-024-82614-1
 Li, X., and Schwartz, A. V. (2020). MRI assessment of bone marrow composition in osteoporosis. Curr. Osteoporos. Rep. 18 (1), 57–66. doi:10.1007/s11914-020-00562-x
 Li, Y., Jin, D., Xie, W., Wen, L., Chen, W., Xu, J., et al. (2018a). PPAR-Γ and Wnt regulate the differentiation of MSCs into adipocytes and osteoblasts respectively. Curr. Stem Cell Res. Ther. 13 (3), 185–192. doi:10.2174/1574888X12666171012141908
 Li, Y., Yang, S., Liu, Y., Qin, L., and Yang, S. (2022c). IFT20 governs mesenchymal stem cell fate through positively regulating TGF-β-Smad2/3-Glut1 signaling mediated glucose metabolism. Redox Biol. 54, 102373. doi:10.1016/j.redox.2022.102373
 Li, Z., Bagchi, D. P., Zhu, J., Bowers, E., Yu, H., Hardij, J., et al. (2022a). Constitutive bone marrow adipocytes suppress local bone formation. JCI Insight 7 (21), e160915. doi:10.1172/jci.insight.160915
 Li, Z., Bai, H., Wang, Z., Liu, Y., Ren, M., Wang, X., et al. (2022e). Ultrasound-mediated rapamycin delivery for promoting osseointegration of 3D printed prosthetic interfaces via autophagy regulation in osteoporosis. Mater. & Des. 216, 110586. doi:10.1016/j.matdes.2022.110586
 Li, Z., Bowers, E., Zhu, J., Yu, H., Hardij, J., Bagchi, D. P., et al. (2022b). Lipolysis of bone marrow adipocytes is required to fuel bone and the marrow niche during energy deficits. Elife 11, e78496. doi:10.7554/eLife.78496
 Lian, W.-S., Wu, R. W., Chen, Y. S., Ko, J. Y., Wang, S. Y., Jahr, H., et al. (2021). MicroRNA-29a mitigates osteoblast senescence and counteracts bone loss through oxidation resistance-1 control of FoxO3 methylation. Antioxidants 10 (8), 1248. doi:10.3390/antiox10081248
 Lin, C. H., Cheng, H. S., and Yen, M. L. (2018). Oxidative stress induces imbalance of adipogenic/osteoblastic lineage commitment in mesenchymal stem cells through decreasing SIRT1 functions. J. Cell Mol. Med. 22 (2), 786–796. doi:10.1111/jcmm.13356
 Little, R. D., Carulli, J. P., Del Mastro, R. G., Dupuis, J., Osborne, M., Folz, C., et al. (2002). A mutation in the LDL receptor-related protein 5 gene results in the autosomal dominant high-bone-mass trait. Am. J. Hum. Genet. 70 (1), 11–19. doi:10.1086/338450
 Liu, J., Bao, X., Huang, J., Chen, R., Tan, Y., Zhang, Z., et al. (2024). TMEM135 maintains the equilibrium of osteogenesis and adipogenesis by regulating mitochondrial dynamics. Metabolism 152, 155767. doi:10.1016/j.metabol.2023.155767
 Liu, L. F., Shen, W. J., Zhang, Z. H., Wang, L. J., and Kraemer, F. B. (2010). Adipocytes decrease Runx2 expression in osteoblastic cells: roles of PPARγ and adiponectin. J. Cell Physiol. 225 (3), 837–845. doi:10.1002/jcp.22291
 Liu, Z. Z., Hong, C. G., Hu, W. B., Chen, M. L., Duan, R., Li, H. M., et al. (2021). Autophagy receptor OPTN (optineurin) regulates mesenchymal stem cell fate and bone-fat balance during aging by clearing FABP3. Autophagy 17 (10), 2766–2782. doi:10.1080/15548627.2020.1839286
 Long, C., Cen, S., Zhong, Z., Zhou, C., and Zhong, G. (2021). FOXO3 is targeted by miR-223-3p and promotes osteogenic differentiation of bone marrow mesenchymal stem cells by enhancing autophagy. Hum. Cell 34 (1), 14–27. doi:10.1007/s13577-020-00421-y
 Louvet, L., Leterme, D., Delplace, S., Miellot, F., Marchandise, P., Gauthier, V., et al. (2020). Sirtuin 1 deficiency decreases bone mass and increases bone marrow adiposity in a mouse model of chronic energy deficiency. Bone 136, 115361. doi:10.1016/j.bone.2020.115361
 Lu, H., Jia, C., Wu, D., Jin, H., Lin, Z., Pan, J., et al. (2021). Fibroblast growth factor 21 (FGF21) alleviates senescence, apoptosis, and extracellular matrix degradation in osteoarthritis via the SIRT1-mTOR signaling pathway. Cell Death & Dis. 12 (10), 865. doi:10.1038/s41419-021-04157-x
 Luo, Y., Zhang, Y., Miao, G., Zhang, Y., Liu, Y., and Huang, Y. (2019). Runx1 regulates osteogenic differentiation of BMSCs by inhibiting adipogenesis through Wnt/β-catenin pathway. Archives Oral Biol. 97, 176–184. doi:10.1016/j.archoralbio.2018.10.028
 Ma, Y., Qi, M., An, Y., Zhang, L., Yang, R., Doro, D. H., et al. (2018). Autophagy controls mesenchymal stem cell properties and senescence during bone aging. Aging Cell 17 (1), e12709. doi:10.1111/acel.12709
 Madel, M. B., Fu, H., Pierroz, D. D., Schiffrin, M., Winkler, C., Wilson, A., et al. (2021). Lack of adiponectin drives hyperosteoclastogenesis in lipoatrophic mice. Front. Cell Dev. Biol. 9, 627153. doi:10.3389/fcell.2021.627153
 Marín-Aguilar, F., Castejón-Vega, B., Alcocer-Gómez, E., Lendines-Cordero, D., Cooper, M. A., de la Cruz, P., et al. (2020). NLRP3 inflammasome inhibition by MCC950 in aged mice improves health via enhanced autophagy and PPARα activity. J. Gerontol. A Biol. Sci. Med. Sci. 75 (8), 1457–1464. doi:10.1093/gerona/glz239
 Martin, S. K., Fitter, S., Dutta, A. K., Matthews, M. P., Walkley, C. R., Hall, M. N., et al. (2015). Brief report: the differential roles of mTORC1 and mTORC2 in mesenchymal stem cell differentiation. Stem Cells 33 (4), 1359–1365. doi:10.1002/stem.1931
 Montaseri, A., Giampietri, C., Rossi, M., Riccioli, A., Del Fattore, A., and Filippini, A. (2020). The role of autophagy in osteoclast differentiation and bone resorption function. Biomolecules 10 (10), 1398. doi:10.3390/biom10101398
 Moreno-Navarrete, J. M., Escoté, X., Ortega, F., Camps, M., Ricart, W., Zorzano, A., et al. (2015). Lipopolysaccharide binding protein is an adipokine involved in the resilience of the mouse adipocyte to inflammation. Diabetologia 58 (10), 2424–2434. doi:10.1007/s00125-015-3692-7
 Muruganandan, S., Ionescu, A. M., and Sinal, C. J. (2020). At the crossroads of the adipocyte and osteoclast differentiation programs: future therapeutic perspectives. Int. J. Mol. Sci. 21 (7), 2277. doi:10.3390/ijms21072277
 Nandy, A., Helderman, R. C. M., Thapa, S., Jayapalan, S., Richards, A., Narayani, N., et al. (2023). Lipolysis supports bone formation by providing osteoblasts with endogenous fatty acid substrates to maintain bioenergetic status. Bone Res. 11 (1), 62. doi:10.1038/s41413-023-00297-2
 Navarro-Pando, J. M., Alcocer-Gómez, E., Castejón-Vega, B., Navarro-Villarán, E., Condés-Hervás, M., Mundi-Roldan, M., et al. (2021). Inhibition of the NLRP3 inflammasome prevents ovarian aging. Sci. Adv. 7 (1), eabc7409. doi:10.1126/sciadv.abc7409
 Nicolaije, C., Koedam, M., and van Leeuwen, J. P. (2012). Decreased oxygen tension lowers reactive oxygen species and apoptosis and inhibits osteoblast matrix mineralization through changes in early osteoblast differentiation. J. Cell Physiol. 227 (4), 1309–1318. doi:10.1002/jcp.22841
 Noguchi, C. T. (2020). Erythropoietin regulates metabolic response in mice via receptor expression in adipose tissue, brain, and bone. Exp. Hematol. 92, 32–42. doi:10.1016/j.exphem.2020.09.190
 Nollet, M., Santucci-Darmanin, S., Breuil, V., Al-Sahlanee, R., Cros, C., Topi, M., et al. (2014). Autophagy in osteoblasts is involved in mineralization and bone homeostasis. Autophagy 10 (11), 1965–1977. doi:10.4161/auto.36182
 Ogata, M., Hino, S. i., Saito, A., Morikawa, K., Kondo, S., Kanemoto, S., et al. (2006). Autophagy is activated for cell survival after endoplasmic reticulum stress. Mol. Cell Biol. 26 (24), 9220–9231. doi:10.1128/MCB.01453-06
 Oku, M., and Sakai, Y. (2018). Three distinct types of microautophagy based on membrane dynamics and molecular machineries. Bioessays 40 (6), e1800008. doi:10.1002/bies.201800008
 Ozcan, U., Cao, Q., Yilmaz, E., Lee, A. H., Iwakoshi, N. N., Ozdelen, E., et al. (2004). Endoplasmic reticulum stress links obesity, insulin action, and type 2 diabetes. Science 306 (5695), 457–461. doi:10.1126/science.1103160
 Pantovic, A., Krstic, A., Janjetovic, K., Kocic, J., Harhaji-Trajkovic, L., Bugarski, D., et al. (2013). Coordinated time-dependent modulation of AMPK/Akt/mTOR signaling and autophagy controls osteogenic differentiation of human mesenchymal stem cells. Bone 52 (1), 524–531. doi:10.1016/j.bone.2012.10.024
 Pokharel, S. M., Shil, N. K., and Bose, S. (2016). Autophagy, TGF-β, and SMAD-2/3 signaling regulates interferon-β response in respiratory syncytial virus infected macrophages. Front. Cell. Infect. Microbiol. 6, 174. doi:10.3389/fcimb.2016.00174
 Polat, B., Halici, Z., Cadirci, E., Albayrak, A., Karakus, E., Bayir, Y., et al. (2013). The effect of alpha-lipoic acid in ovariectomy and inflammation-mediated osteoporosis on the skeletal status of rat bone. Eur. J. Pharmacol. 718 (1), 469–474. doi:10.1016/j.ejphar.2013.07.033
 Qin, N., Wei, L., Li, W., Yang, W., Cai, L., Qian, Z., et al. (2017). Local intra-articular injection of resveratrol delays cartilage degeneration in C57BL/6 mice by inducing autophagy via AMPK/mTOR pathway. J. Pharmacol. Sci. 134 (3), 166–174. doi:10.1016/j.jphs.2017.06.002
 Qiu, W., Andersen, T. E., Bollerslev, J., Mandrup, S., Abdallah, B. M., and Kassem, M. (2007). Patients with high bone mass phenotype exhibit enhanced osteoblast differentiation and inhibition of adipogenesis of human mesenchymal stem cells. J. Bone Min. Res. 22 (11), 1720–1731. doi:10.1359/jbmr.070721
 Qiu, W., Sun, B., He, F., and Zhang, Y. (2017). MTA-induced Notch activation enhances the proliferation of human dental pulp cells by inhibiting autophagic flux. Int. Endod. J. 50, e52–e62. doi:10.1111/iej.12811
 Rahman, M. S., and Kim, Y.-S. (2020). PINK1–PRKN mitophagy suppression by mangiferin promotes a brown-fat-phenotype via PKA-p38 MAPK signalling in murine C3H10T1/2 mesenchymal stem cells. Metabolism 107, 154228. doi:10.1016/j.metabol.2020.154228
 Rao, P., Lou, F., Luo, D., Huang, C., Huang, K., Yao, Z., et al. (2021). Decreased autophagy impairs osteogenic differentiation of adipose-derived stem cells via Notch signaling in diabetic osteoporosis mice. Cell. Signal. 87, 110138. doi:10.1016/j.cellsig.2021.110138
 Rawal, K., Patel, T. P., Purohit, K. M., Israni, K., Kataria, V., Bhatt, H., et al. (2020). Influence of obese phenotype on metabolic profile, inflammatory mediators and stemness of hADSC in adipose tissue. Clin. Nutr. 39 (12), 3829–3835. doi:10.1016/j.clnu.2020.02.032
 Revuelta, M., and Matheu, A. (2017). Autophagy in stem cell aging. Aging Cell 16 (5), 912–915. doi:10.1111/acel.12655
 Rinonapoli, G., Pace, V., Ruggiero, C., Ceccarini, P., Bisaccia, M., Meccariello, L., et al. (2021). Obesity and bone: a complex relationship. Int. J. Mol. Sci. 22 (24), 13662. doi:10.3390/ijms222413662
 Rinotas, V., Gkikopoulou, E., Tzortzis, E., Kritikos, K., Siatra, P., Papadopoulos, A., et al. (2024). Interplay between bone marrow adiposity and bone resorption in RANKL-mediated modelled osteoporosis. J. Cell. Physiology 239, e31434. doi:10.1002/jcp.31434
 Russell, M., Mendes, N., Miller, K. K., Rosen, C. J., Lee, H., Klibanski, A., et al. (2010). Visceral fat is a negative predictor of bone density measures in obese adolescent girls. J. Clin. Endocrinol. Metab. 95 (3), 1247–1255. doi:10.1210/jc.2009-1475
 Russo, S., Scotto di Carlo, F., Maurizi, A., Fortunato, G., Teti, A., Licastro, D., et al. (2023). A mutation in the ZNF687 gene that is responsible for the severe form of Paget’s disease of bone causes severely altered bone remodeling and promotes hepatocellular carcinoma onset in a knock-in mouse model. Bone Res. 11 (1), 16. doi:10.1038/s41413-023-00250-3
 Sagar, S., Faizan, M. I., Chaudhary, N., Singh, V., Singh, P., Gheware, A., et al. (2023). Obesity impairs cardiolipin-dependent mitophagy and therapeutic intercellular mitochondrial transfer ability of mesenchymal stem cells. Cell Death & Dis. 14 (5), 324. doi:10.1038/s41419-023-05810-3
 Salazar, G., Cullen, A., Huang, J., Zhao, Y., Serino, A., Hilenski, L., et al. (2020). SQSTM1/p62 and PPARGC1A/PGC-1alpha at the interface of autophagy and vascular senescence. Autophagy 16 (6), 1092–1110. doi:10.1080/15548627.2019.1659612
 Salminen, A., and Kaarniranta, K. (2009). Regulation of the aging process by autophagy. Trends Mol. Med. 15 (5), 217–224. doi:10.1016/j.molmed.2009.03.004
 Santopaolo, M., Gu, Y., Spinetti, G., and Madeddu, P. (2020). Bone marrow fat: friend or foe in people with diabetes mellitus?Clin. Sci. (Lond) 134 (8), 1031–1048. doi:10.1042/CS20200220
 Schaaf, M. B., Keulers, T. G., Vooijs, M. A., and Rouschop, K. M. A. (2016). LC3/GABARAP family proteins: autophagy-(un)related functions. Faseb J. 30 (12), 3961–3978. doi:10.1096/fj.201600698R
 Schett, G., and Gravallese, E. (2012). Bone erosion in rheumatoid arthritis: mechanisms, diagnosis and treatment. Nat. Rev. Rheumatol. 8 (11), 656–664. doi:10.1038/nrrheum.2012.153
 Sharma, A. K., Shi, X., Isales, C. M., and McGee-Lawrence, M. E. (2019). Endogenous glucocorticoid signaling in the regulation of bone and marrow adiposity: lessons from metabolism and cross talk in other tissues. Curr. Osteoporos. Rep. 17 (6), 438–445. doi:10.1007/s11914-019-00554-6
 Shen, M., Jiang, Y., Guan, Z., Cao, Y., Sun, S. C., and Liu, H. (2016). FSH protects mouse granulosa cells from oxidative damage by repressing mitophagy. Sci. Rep. 6 (1), 38090. doi:10.1038/srep38090
 Shen, W., Chen, J., Gantz, M., Punyanitya, M., Heymsfield, S. B., Gallagher, D., et al. (2012). MRI-measured pelvic bone marrow adipose tissue is inversely related to DXA-measured bone mineral in younger and older adults. Eur. J. Clin. Nutr. 66 (9), 983–988. doi:10.1038/ejcn.2012.35
 Shen, Y., Wang, H., Xie, H., Zhang, J., Ma, Q., Wang, S., et al. (2024). l-arginine promotes angio-osteogenesis to enhance oxidative stress-inhibited bone formation by ameliorating mitophagy. J. Orthop. Transl. 46, 53–64. doi:10.1016/j.jot.2024.03.003
 Shi, J., Wen, J., and Hu, L. (2025). 17β-estradiol promotes osteogenic differentiation of BMSCs by regulating mitophagy through ARC. J. Orthop. Surg. Res. 20 (1), 35. doi:10.1186/s13018-024-05400-9
 Shi, Y., Liu, X. Y., Jiang, Y. P., Zhang, J. B., Zhang, Q. Y., Wang, N. N., et al. (2020). Monotropein attenuates oxidative stress via Akt/mTOR-mediated autophagy in osteoblast cells. Biomed. & Pharmacother. 121, 109566. doi:10.1016/j.biopha.2019.109566
 Shi, Z., Wang, L., Luan, J., Yin, L., Ji, X., Zhang, W., et al. (2022). Exercise promotes bone marrow microenvironment by inhibiting adipsin in diet-induced male obese mice. Nutrients 15 (1), 19. doi:10.3390/nu15010019
 Shu, L., Hu, C., Xu, M., Yu, J., He, H., Lin, J., et al. (2021). ATAD3B is a mitophagy receptor mediating clearance of oxidative stress-induced damaged mitochondrial DNA. EMBO J. 40 (8), e106283. doi:10.15252/embj.2020106283
 Sies, H. (2015). Oxidative stress: a concept in redox biology and medicine. Redox Biol. 4, 180–183. doi:10.1016/j.redox.2015.01.002
 Singh, R., Kaushik, S., Wang, Y., Xiang, Y., Novak, I., Komatsu, M., et al. (2009). Autophagy regulates lipid metabolism. Nature 458 (7242), 1131–1135. doi:10.1038/nature07976
 Smink, J. J., Bégay, V., Schoenmaker, T., Sterneck, E., de Vries, T. J., and Leutz, A. (2009). Transcription factor C/EBPbeta isoform ratio regulates osteoclastogenesis through MafB. Embo J. 28 (12), 1769–1781. doi:10.1038/emboj.2009.127
 Smink, J. J., and Leutz, A. (2010). Rapamycin and the transcription factor C/EBPbeta as a switch in osteoclast differentiation: implications for lytic bone diseases. J. Mol. Med. Berl. 88 (3), 227–233. doi:10.1007/s00109-009-0567-8
 Song, B.-q., Chi, Y., Li, X., Du, W. j., Han, Z. B., Tian, J. j., et al. (2015). Inhibition of Notch signaling promotes the adipogenic differentiation of mesenchymal stem cells through autophagy activation and PTEN-PI3K/AKT/mTOR pathway. Cell. Physiology Biochem. 36 (5), 1991–2002. doi:10.1159/000430167
 Song, F., Jiang, D., Wang, T., Wang, Y., Lou, Y., Zhang, Y., et al. (2017). Mechanical stress regulates osteogenesis and adipogenesis of rat mesenchymal stem cells through PI3K/Akt/GSK-3β/β-Catenin signaling pathway. BioMed Res. Int. 2017 (1), 6027402. doi:10.1155/2017/6027402
 Soussi, H., Clément, K., and Dugail, I. (2016). Adipose tissue autophagy status in obesity: expression and flux--two faces of the picture. Autophagy 12 (3), 588–589. doi:10.1080/15548627.2015.1106667
 Stahl, E. C., Haschak, M. J., Popovic, B., and Brown, B. N. (2018). Macrophages in the aging liver and age-related liver disease. Front. Immunol. 9, 2795. doi:10.3389/fimmu.2018.02795
 Stavropoulos, A., Divolis, G., Manioudaki, M., Gavriil, A., Kloukina, I., Perrea, D. N., et al. (2022). Coordinated activation of TGF-β and BMP pathways promotes autophagy and limits liver injury after acetaminophen intoxication. Sci. Signal. 15 (740), eabn4395. doi:10.1126/scisignal.abn4395
 Su, Z., Chen, D., Huang, J., Liang, Z., Ren, W., Zhang, Z., et al. (2024). Isoliquiritin treatment of osteoporosis by promoting osteogenic differentiation and autophagy of bone marrow mesenchymal stem cells. Phytotherapy Res. 38 (1), 214–230. doi:10.1002/ptr.8032
 Suh, J., Kim, N. K., Shim, W., Lee, S. H., Kim, H. J., Moon, E., et al. (2023). Mitochondrial fragmentation and donut formation enhance mitochondrial secretion to promote osteogenesis. Cell metab. 35 (2), 345–360. e7. doi:10.1016/j.cmet.2023.01.003
 Suresh, S., Alvarez, J. C., Dey, S., and Noguchi, C. T. (2020). Erythropoietin-induced changes in bone and bone marrow in mouse models of diet-induced obesity. Int. J. Mol. Sci. 21 (5), 1657. doi:10.3390/ijms21051657
 Takada, I., Kouzmenko, A. P., and Kato, S. (2009). Wnt and PPARgamma signaling in osteoblastogenesis and adipogenesis. Nat. Rev. Rheumatol. 5 (8), 442–447. doi:10.1038/nrrheum.2009.137
 Takahashi, K., Tsuboyama, T., Matsushita, M., Kasai, R., Okumura, H., Yamamuro, T., et al. (1994). Modification of strain-specific femoral bone density by bone marrow-derived factors administered neonatally: a study on the spontaneously osteoporotic mouse, SAMP6. Bone Min. 24 (3), 245–255. doi:10.1016/s0169-6009(08)80141-9
 Tan, J., Xu, X., Tong, Z., Lin, J., Yu, Q., Lin, Y., et al. (2015). Decreased osteogenesis of adult mesenchymal stem cells by reactive oxygen species under cyclic stretch: a possible mechanism of age related osteoporosis. Bone Res. 3 (1), 15003–15006. doi:10.1038/boneres.2015.3
 Tao, Z., Shi, L., Parke, J., Zheng, L., Gu, W., Dong, X. C., et al. (2021). Sirt1 coordinates with ERα to regulate autophagy and adiposity. Cell Death Discov. 7 (1), 53. doi:10.1038/s41420-021-00438-8
 Taylan, A., Sari, I., Akinci, B., Bilge, S., Kozaci, D., Akar, S., et al. (2012). Biomarkers and cytokines of bone turnover: extensive evaluation in a cohort of patients with ankylosing spondylitis. BMC Musculoskelet. Disord. 13 (1), 191. doi:10.1186/1471-2474-13-191
 Tekirdag, K., and Cuervo, A. M. (2018). Chaperone-mediated autophagy and endosomal microautophagy: joint by a chaperone. J. Biol. Chem. 293 (15), 5414–5424. doi:10.1074/jbc.R117.818237
 Tencerova, M., Figeac, F., Ditzel, N., Taipaleenmäki, H., Nielsen, T. K., and Kassem, M. (2018). High-fat diet–induced obesity promotes expansion of bone marrow adipose tissue and impairs skeletal stem cell functions in mice. J. Bone Mineral Res. 33 (6), 1154–1165. doi:10.1002/jbmr.3408
 Tezuka, K. I., Yasuda, M., Watanabe, N., Morimura, N., Kuroda, K., Miyatani, S., et al. (2002). Stimulation of osteoblastic cell differentiation by Notch. J. Bone Mineral Res. 17 (2), 231–239. doi:10.1359/jbmr.2002.17.2.231
 Thomas, T., Gori, F., Khosla, S., Jensen, M. D., Burguera, B., and Riggs, B. L. (1999). Leptin acts on human marrow stromal cells to enhance differentiation to osteoblasts and to inhibit differentiation to adipocytes. Endocrinology 140 (4), 1630–1638. doi:10.1210/endo.140.4.6637
 Tong, H., Yin, H., Hossain, M. A., Wang, Y., Wu, F., Dong, X., et al. (2019). Starvation-induced autophagy promotes the invasion and migration of human bladder cancer cells via TGF-β1/Smad3-mediated epithelial-mesenchymal transition activation. J. Cell. Biochem. 120 (4), 5118–5127. doi:10.1002/jcb.27788
 Tong, X., Yu, G., Liu, Q., Zhang, X., Bian, J., Liu, Z., et al. (2022). Puerarin alleviates cadmium-induced oxidative damage to bone by reducing autophagy in rats. Environ. Toxicol. 37 (4), 720–729. doi:10.1002/tox.23437
 Trojani, M.-C., Clavé, A., Bereder, I., Camuzard, O., Bernard De Dompsure, R., Gonzalez, J. F., et al. (2024). Autophagy markers are decreased in bone of osteoporotic patients: a monocentric comparative study. Eur. J. Endocrinol. 190 (3), K27–K31. doi:10.1093/ejendo/lvae017
 Vandanmagsar, B., Youm, Y. H., Ravussin, A., Galgani, J. E., Stadler, K., Mynatt, R. L., et al. (2011). The NLRP3 inflammasome instigates obesity-induced inflammation and insulin resistance. Nat. Med. 17 (2), 179–188. doi:10.1038/nm.2279
 Vanella, L., Sodhi, K., Kim, D. H., Puri, N., Maheshwari, M., Hinds, T. D., et al. (2013). Increased heme-oxygenase 1 expression in mesenchymal stem cell-derived adipocytes decreases differentiation and lipid accumulation via upregulation of the canonical Wnt signaling cascade. Stem Cell Res. Ther. 4 (2), 28. doi:10.1186/scrt176
 Vuolteenaho, K., Koskinen, A., Moilanen, T., and Moilanen, E. (2012). Leptin levels are increased and its negative regulators, SOCS-3 and sOb-R are decreased in obese patients with osteoarthritis: a link between obesity and osteoarthritis. Ann. Rheum. Dis. 71 (11), 1912–1913. doi:10.1136/annrheumdis-2011-201242
 Wan, Y. (2010). PPARγ in bone homeostasis. Trends Endocrinol. Metab. 21 (12), 722–728. doi:10.1016/j.tem.2010.08.006
 Wan, Y., Chong, L. W., and Evans, R. M. (2007a). PPAR-gamma regulates osteoclastogenesis in mice. Nat. Med. 13 (12), 1496–1503. doi:10.1038/nm1672
 Wan, Y., Chong, L.-W., and Evans, R. M. (2007b). PPAR-γ regulates osteoclastogenesis in mice. Nat. Med. 13 (12), 1496–1503. doi:10.1038/nm1672
 Wang, A., Carraro-Lacroix, L. R., Owen, C., Gao, B., Corey, P. N., Tyrrell, P., et al. (2017b). Activity-independent targeting of mTOR to lysosomes in primary osteoclasts. Sci. Rep. 7 (1), 3005. doi:10.1038/s41598-017-03494-2
 Wang, J., Zhang, Y., Cao, J., Wang, Y., Anwar, N., Zhang, Z., et al. (2023). The role of autophagy in bone metabolism and clinical significance. Autophagy 19 (9), 2409–2427. doi:10.1080/15548627.2023.2186112
 Wang, K., Peng, X., Zhang, R., Wu, X., and Mao, L. (2024a). COL6A3 enhances the osteogenic differentiation potential of BMSCs by promoting mitophagy in the osteoporotic microenvironment. Mol. Biol. Rep. 51 (1), 206. doi:10.1007/s11033-023-08918-z
 Wang, L., Chen, K., Wan, X., Wang, F., Guo, Z., and Mo, Z. (2017a). NLRP3 inflammasome activation in mesenchymal stem cells inhibits osteogenic differentiation and enhances adipogenic differentiation. Biochem. Biophys. Res. Commun. 484 (4), 871–877. doi:10.1016/j.bbrc.2017.02.007
 Wang, S., Mi, R., Cai, Z., Wang, Z., Zeng, C., Xie, Z., et al. (2022a). DAPK1 interacts with the p38 isoform MAPK14, preventing its nuclear translocation and stimulation of bone marrow adipogenesis. Stem Cells 40 (5), 508–522. doi:10.1093/stmcls/sxac013
 Wang, S., Tao, J., Chen, H., Kandadi, M. R., Sun, M., Xu, H., et al. (2021). Ablation of Akt2 and AMPKα2 rescues high fat diet-induced obesity and hepatic steatosis through Parkin-mediated mitophagy. Acta Pharm. Sin. B 11 (11), 3508–3526. doi:10.1016/j.apsb.2021.07.006
 Wang, T., Liu, X., and He, C. (2020a). Glucocorticoid-induced autophagy and apoptosis in bone. Apoptosis 25 (3-4), 157–168. doi:10.1007/s10495-020-01599-0
 Wang, W., Wang, Q., Li, W., Xu, H., Liang, X., Wang, W., et al. (2024b). Targeting APJ drives BNIP3-PINK1-PARKIN induced mitophagy and improves systemic inflammatory bone loss. J. Adv. Res . doi:10.1016/j.jare.2024.12.033
 Wang, W., Zhang, L. M., Guo, C., and Han, J. F. (2020b). Resveratrol promotes osteoblastic differentiation in a rat model of postmenopausal osteoporosis by regulating autophagy. Nutr. & Metabolism 17 (1), 29. doi:10.1186/s12986-020-00449-9
 Wang, Y., Zhang, T., Xu, Y., Chen, R., Qu, N., Zhang, B., et al. (2022b). Suppressing phosphoinositide-specific phospholipases Cγ1 promotes mineralization of osteoarthritic subchondral bone osteoblasts via increasing autophagy, thereby ameliorating articular cartilage degeneration. Bone 154, 116262. doi:10.1016/j.bone.2021.116262
 Wang, Y.-g., Qu, X. H., Yang, Y., Han, X. G., Wang, L., Qiao, H., et al. (2016). AMPK promotes osteogenesis and inhibits adipogenesis through AMPK-Gfi1-OPN axis. Cell. Signal. 28 (9), 1270–1282. doi:10.1016/j.cellsig.2016.06.004
 Wei, L., Chai, S., Yue, C., Zhang, H., Li, J., and Qin, N. (2023). Resveratrol protects osteocytes against oxidative stress in ovariectomized rats through AMPK/JNK1-dependent pathway leading to promotion of autophagy and inhibition of apoptosis. Cell Death Discov. 9 (1), 16. doi:10.1038/s41420-023-01331-2
 Wei, W., Wang, X., Yang, M., Smith, L. C., Dechow, P. C., Sonoda, J., et al. (2010). PGC1beta mediates PPARgamma activation of osteoclastogenesis and rosiglitazone-induced bone loss. Cell Metab. 11 (6), 503–516. doi:10.1016/j.cmet.2010.04.015
 Wei, W., Zeve, D., Wang, X., Du, Y., Tang, W., Dechow, P. C., et al. (2011). Osteoclast progenitors reside in the peroxisome proliferator-activated receptor γ-expressing bone marrow cell population. Mol. Cell Biol. 31 (23), 4692–4705. doi:10.1128/MCB.05979-11
 Wen, X., and Klionsky, D. J. (2016). An overview of macroautophagy in yeast. J. Mol. Biol. 428 (9 Pt A), 1681–1699. doi:10.1016/j.jmb.2016.02.021
 Wood, C. L., Suchacki, K. J., van 't Hof, R., Cawthorn, W. P., Dillon, S., Straub, V., et al. (2020). A comparison of the bone and growth phenotype of mdx, mdx: cmah−/− and mdx: utrn+/− murine models with the C57BL/10 wild-type mouse. Dis. Models & Mech. 13 (2), dmm040659. doi:10.1242/dmm.040659
 Woods, G. N., Ewing, S. K., Sigurdsson, S., Kado, D. M., Eiriksdottir, G., Gudnason, V., et al. (2020). Greater bone marrow adiposity predicts bone loss in older women. J. Bone Min. Res. 35 (2), 326–332. doi:10.1002/jbmr.3895
 Wu, C. L., Jain, D., McNeill, J. N., Little, D., Anderson, J. A., Huebner, J. L., et al. (2015). Dietary fatty acid content regulates wound repair and the pathogenesis of osteoarthritis following joint injury. Ann. Rheum. Dis. 74 (11), 2076–2083. doi:10.1136/annrheumdis-2014-205601
 Wu, H., Wang, Y., Li, W., Chen, H., Du, L., Liu, D., et al. (2019). Deficiency of mitophagy receptor FUNDC1 impairs mitochondrial quality and aggravates dietary-induced obesity and metabolic syndrome. Autophagy 15 (11), 1882–1898. doi:10.1080/15548627.2019.1596482
 Wu, X., Zhou, Z., Cao, Q., Chen, Y., Gong, J., Zhang, Q., et al. (2023). Reprogramming of Treg cells in the inflammatory microenvironment during immunotherapy: a literature review. Front. Immunol. 14, 1268188. doi:10.3389/fimmu.2023.1268188
 Xu, C., Wang, L., Fozouni, P., Evjen, G., Chandra, V., Jiang, J., et al. (2020). SIRT1 is downregulated by autophagy in senescence and ageing. Nat. Cell Biol. 22 (10), 1170–1179. doi:10.1038/s41556-020-00579-5
 Xu, H., Zhou, Z., Wen, F., Sun, H., and Hou, J. (2025a). Inhibiting autophagy further promotes Ginkgolide B's anti-osteoclastogenesis ability. Bone 192, 117348. doi:10.1016/j.bone.2024.117348
 Xu, J., Wang, G., Hou, Y., Sun, K., Zheng, Z., Guo, Z., et al. (2025b). RICTOR-mediated activation of AKT/mTOR signaling and autophagy inhibition promote osteoarthritis. Int. Immunopharmacol. 144, 113681. doi:10.1016/j.intimp.2024.113681
 Xu, Y., Shu, B., Tian, Y., Chelly, M., Morandi, M. M., Barton, S., et al. (2018). Notch activation promotes osteoblast mineralization by inhibition of apoptosis. J. Cell. physiology 233 (10), 6921–6928. doi:10.1002/jcp.26592
 Xu, Y., Sun, B., Wang, H., Cai, Y., Chu, D., Cao, R., et al. (2024). Autophagy regulates age-related delayed jawbone regeneration and decreased osteoblast osteogenesis by degrading FABP3. FASEB J. 38 (14), e23824. doi:10.1096/fj.202400549RR
 Yamamoto, T., Takabatake, Y., Minami, S., Sakai, S., Fujimura, R., Takahashi, A., et al. (2021). Eicosapentaenoic acid attenuates renal lipotoxicity by restoring autophagic flux. Autophagy 17 (7), 1–14. doi:10.1080/15548627.2020.1782034
 Yang, K., Cao, F., Qiu, S., Jiang, W., Tao, L., and Zhu, Y. (2022). Metformin promotes differentiation and attenuates H2O2-induced oxidative damage of osteoblasts via the PI3K/AKT/Nrf2/HO-1 pathway. Front. Pharmacol. 13, 829830. doi:10.3389/fphar.2022.829830
 Yang, L., Li, P., Fu, S., Calay, E. S., and Hotamisligil, G. S. (2010). Defective hepatic autophagy in obesity promotes ER stress and causes insulin resistance. Cell Metab. 11 (6), 467–478. doi:10.1016/j.cmet.2010.04.005
 Yang, Q., and Guan, K.-L. (2007). Expanding mTOR signaling. Cell Res. 17 (8), 666–681. doi:10.1038/cr.2007.64
 Yang, Q., Zou, Y., Wei, X., Ye, P., Wu, Y., Ai, H., et al. (2023). PTP1B knockdown alleviates BMSCs senescence via activating AMPK-mediated mitophagy and promotes osteogenesis in senile osteoporosis. Biochimica Biophysica Acta (BBA)-Molecular Basis Dis. 1869 (7), 166795. doi:10.1016/j.bbadis.2023.166795
 Yang, Y., Sun, Y., Mao, W. W., Zhang, H., Ni, B., and Jiang, L. (2021). Oxidative stress induces downregulation of TP53INP2 and suppresses osteogenic differentiation of BMSCs during osteoporosis through the autophagy degradation pathway. Free Radic. Biol. Med. 166, 226–237. doi:10.1016/j.freeradbiomed.2021.02.025
 Yee, C. S., Manilay, J. O., Chang, J. C., Hum, N. R., Murugesh, D. K., Bajwa, J., et al. (2018). Conditional deletion of sost in MSC-derived lineages identifies specific cell-type contributions to bone mass and B-cell development. J. Bone Min. Res. 33 (10), 1748–1759. doi:10.1002/jbmr.3467
 Yin, X., Zhou, C., Li, J., Liu, R., Shi, B., Yuan, Q., et al. (2019). Autophagy in bone homeostasis and the onset of osteoporosis. Bone Res. 7, 28. doi:10.1038/s41413-019-0058-7
 Young, A. R., and Narita, M. (2009). SASP reflects senescence. EMBO Rep. 10 (3), 228–230. doi:10.1038/embor.2009.22
 Yu, B., Huo, L., Liu, Y., Deng, P., Szymanski, J., Li, J., et al. (2018). PGC-1α controls skeletal stem cell fate and bone-fat balance in osteoporosis and skeletal aging by inducing TAZ. Cell Stem Cell 23 (2), 615–623. doi:10.1016/j.stem.2018.09.001
 Yu, X., Sun, H., Gao, X., Zhang, C., Sun, Y., Wang, H., et al. (2022). A comprehensive analysis of age-related metabolomics and transcriptomics reveals metabolic alterations in rat bone marrow mesenchymal stem cells. Aging (Albany NY) 14 (2), 1014–1032. doi:10.18632/aging.203857
 Yuan, Z., Li, Q., Luo, S., Liu, Z., Luo, D., Zhang, B., et al. (2016). PPARγ and Wnt signaling in adipogenic and osteogenic differentiation of mesenchymal stem cells. Curr. Stem Cell Res. Ther. 11 (3), 216–225. doi:10.2174/1574888x10666150519093429
 Zaidi, M., Lizneva, D., Kim, S. M., Sun, L., Iqbal, J., New, M. I., et al. (2018). FSH, bone mass, body fat, and biological aging. Endocrinology 159 (10), 3503–3514. doi:10.1210/en.2018-00601
 Zarubin, T., and Han, J. (2005). Activation and signaling of the p38 MAP kinase pathway. Cell Res. 15 (1), 11–18. doi:10.1038/sj.cr.7290257
 Zhang, C., Chiu, K. Y., Chan, B. P. M., Li, T., Wen, C., Xu, A., et al. (2018a). Knocking out or pharmaceutical inhibition of fatty acid binding protein 4 (FABP4) alleviates osteoarthritis induced by high-fat diet in mice. Osteoarthr. Cartil. 26 (6), 824–833. doi:10.1016/j.joca.2018.03.002
 Zhang, H., Lin, J., Chen, X., Dai, J., and Lin, H. (2024). Lipopolysaccharide inhibits osteoblast formation and receptor activator of nuclear factor-κB ligand degradation via autophagy inhibition. Endocr. J. 71 (4), 417–427. doi:10.1507/endocrj.ej23-0484
 Zhang, S., Liu, Y., and Liang, Q. (2018b). Low-dose dexamethasone affects osteoblast viability by inducing autophagy via intracellular ROS. Mol. Med. Rep. 17 (3), 4307–4316. doi:10.3892/mmr.2018.8461
 Zhang, X., Huang, F., Chen, X., Wu, X., and Zhu, J. (2020b). Ginsenoside Rg3 attenuates ovariectomy-induced osteoporosis via AMPK/mTOR signaling pathway. Drug Dev. Res. 81 (7), 875–884. doi:10.1002/ddr.21705
 Zhang, Y., Cui, Y., Wang, L., and Han, J. (2020a). Autophagy promotes osteoclast podosome disassembly and cell motility athrough the interaction of kindlin3 with LC3. Cell. Signal. 67, 109505. doi:10.1016/j.cellsig.2019.109505
 Zhang, Y., Zhao, Y., Liu, Y. Q., Fang, Y. P., Sun, L., Wei, S. Z., et al. (2025a). High glucose induces renal tubular epithelial cell senescence by inhibiting autophagic flux. Hum. Cell 38 (2), 43–13. doi:10.1007/s13577-024-01156-w
 Zhang, Y., Zhou, L., Fu, Q., and Liu, Z. (2025b). FOXG1 promotes osteogenesis of bone marrow-derived mesenchymal stem cells by activating autophagy through regulating USP14. Commun. Biol. 8 (1), 59. doi:10.1038/s42003-024-07429-2
 Zhao, B., Peng, Q., Poon, E. H. L., Chen, F., Zhou, R., Shang, G., et al. (2021). Leonurine promotes the osteoblast differentiation of rat BMSCs by activation of autophagy via the PI3K/Akt/mTOR pathway. Front. Bioeng. Biotechnol. 9, 615191. doi:10.3389/fbioe.2021.615191
 Zhao, J., Wu, J., Xu, B., Yuan, Z., Leng, Y., Min, J., et al. (2019). Kaempferol promotes bone formation in part via the mTOR signaling pathway. Mol. Med. Rep. 20 (6), 5197–5207. doi:10.3892/mmr.2019.10747
 Zhao, Q. H., Wang, S. G., Liu, S. X., Li, J. P., Zhang, Y. X., Sun, Z. Y., et al. (2013). PPARγ forms a bridge between DNA methylation and histone acetylation at the C/EBPα gene promoter to regulate the balance between osteogenesis and adipogenesis of bone marrow stromal cells. Febs J. 280 (22), 5801–5814. doi:10.1111/febs.12500
 Zheng, J., Gao, Y., Lin, H., Yuan, C., and Zhi, K. (2021). Enhanced autophagy suppresses inflammation-mediated bone loss through ROCK1 signaling in bone marrow mesenchymal stem cells. Cells & Dev. 167, 203687. doi:10.1016/j.cdev.2021.203687
 Zheng, X., Wu, X., Wen, Q., Tang, H., Zhao, L., Shi, F., et al. (2023a). Eriodictyol alleviated lps/D-galn-induced acute liver injury by inhibiting oxidative stress and cell apoptosis via pi3k/akt signaling pathway. Nutrients 15 (20), 4349. doi:10.3390/nu15204349
 Zheng, Y., Wu, S., Ke, H., Peng, S., and Hu, C. (2023b). Secretion of IL-6 and IL-8 in the senescence of bone marrow mesenchymal stem cells is regulated by autophagy via FoxO3a. Exp. Gerontol. 172, 112062. doi:10.1016/j.exger.2022.112062
GLOSSARY
AMPK AMP-activated protein kinase
ATG autophagy-related gene
ATM adipose tissue macrophage
ATP adenosine triphosphate
BMAD bone marrow adipocyte
BMAT bone marrow adipose tissue
BMMSC bone marrow mesenchymal stem cell
BMP bone morphogenetic protein
DEX dexamethasone
ECM extracellular matrix
EPA eicosapentaenoic acid
ER endoplasmic reticulum
EPO erythropoietin
GC glucocorticoid
HFD high-fat diet
HO-1 heme oxygenase-1
IL interleukin
LD lipid droplet
LPS lipopolysaccharide
MMP matrix metalloproteinase
MSC mesenchymal stem cell
mTORC1 mechanistic target of rapamycin kinase complex 1
mTORC2 mechanistic target of rapamycin kinase complex 2
OA osteoarthritis
OCN osteocalcin
OPG osteoprotegerin
OPN osteopontin
PA palmitate
PPARγ peroxisome proliferator-activated receptor-γ
PTH parathyroid hormone
PUFA polyunsaturated fatty acid
ROS reactive oxygen species
SASP senescence-associated secretory phenotype
SOST sclerostin
TNF tumor necrosis factor
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