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Osteoporosis (OP) is a common clinical systemic bone disease, with insidious onset and usually causes serious complications such as fractures. Studies have found that the dysfunction of a variety of bone cells will lead to enhanced bone resorption and reduced bone formation capacity, thus resulting in the imbalance of bone homeostasis and OP disease. As a class of regulatory death mode that affects cell function, programmed cell death (PCD) has been proved to play an important role in maintaining various bone cells growth activities and maintaining bone homeostasis. In addition, several studies have shown that mitochondria are important regulators of a variety of PCD, and various drugs can target mitochondria to regulate the programmed death of bone cells, which is of great significance to further explore the pathogenesis of OP and look for new and efficient drugs for OP.




Keywords: osteoporosis, mitochondria, programmed cell death, apoptosis, necroptosis, pyroptosis, ferroptosis, mitophagy




1 Introduction

Osteoporosis (OP) is a common systemic disease of the skeletal system, and is usually considered to be associated with bone metabolic disorders in patients, mainly reflected in the imbalance between bone resorption and bone formation. A global epidemiological study of spinal fractures found that about 200 million people worldwide are affected by OP (1). The clinical manifestations of OP include the change of bone microstructure, reduced bone mass, decreased bone strength, and increased bone fragility, which can increase the risk of fracture. However, the development of OP is hidden, and most patients have developed some irreversible injuries such as mobility disorders, which will also bring serious burden to their families and society. Nowadays, with the growth of population and the development of economy, the social demand for labor is increasing, and the demand for OP treatment is becoming more and more urgent. At present, there are many clinical drugs for OP, but these drugs are expensive or have serious side effects. There is few safe and efficient drug to improve the development of OP. Therefore, it is of great significance to study and summarize the potential mechanisms of the development of OP, to explore the targets of the key mechanisms of OP, and to find new and efficient drugs for the treatment of OP.

Various types of PCD pathways play an important role in OP, which affect the development of OP by regulating the growth activity of different types of bone-related cells, and then regulating bone homeostasis. In the traditional sense, cell death can be divided into two main types, accidental cell death (ACD) and regulated cell death(RCD) (2). ACD is a biologically uncontrolled process[3], generally caused by severe physical, chemical, and mechanical stimulation of cells, but ACD is difficult to prevent or regulate, so it cannot be used as a direct target for the treatment and intervention of the disease (3). RCD, distinguished from ACD, has a precise signaling cascade regulated by specific positive-negative or bidirectional effector molecules, and also has unique morphological features, biochemical features, functional and immunological consequences (4). And can use drugs or genetics to alter its course by intervening for critical parts of a specific mechanism in the RCD. Generally, the RCD occurring in a fully physiological context is called “PCD” (3). PCD has been widely studied as an adjustable and actively orderly mode of death of cells. From morphological, biochemical and functional perspectives, common PCD includes apoptosis, necroptosis, pyroptosis, ferroptosis and autophagy (5). Genes determine their ability to actively participate in maintaining normal cellular metabolism and in vivo environmental homeostasis. The use of these PCD pathways has significant flexibility, and their molecular regulation is quite plastic, each with special morphology, regulatory molecules, cellular processes, and outcomes; but different types of PCD can also be regarded as a single and coordinated cell death system, and can flexibly compensate each other to affect cell growth (6). Various PCD pathways in various bone tissue-related cells (bone marrow mesenchymal stem cells (BMSCs), osteoblasts, osteoclasts, osteocyte, bone marrow-derived macrophages (BMDMs), etc. are closely associated with the disease progression of OP. The PCD system of various cells related to OP is of great significance for promoting the research of new therapies for the prevention and treatment of OP, so as to effectively affect the process of OP.

Multiple evidence suggests that mitochondria is an important regulator of a variety of programmed cell death. As one of the important cytoplasmic organelles, mitochondria has its own unique features as a means to maintain its health in response to different signals, such as bilayers, unique genetic material, ATP production through oxidative phosphorylation, and the presence of multiple quality control checkpoints (7) (8). Mitochondria, also known as the power source of cells in all eukaryotes, can not only create energy for cells, but also because their special structure plays an important role in regulating cellular biological processes, including cell metabolism and apoptosis (9). Extensive evidence from preclinical and clinical studies suggests that mitochondria can affect the development of OP by participating in regulating programmed cell death, so targeting mitochondria to regulate cell death shows great potential in the treatment of OP (10). Based on the key role of mitochondria in various cell death, we discuss the mechanisms by which mitochondria regulate multiple programmed cell death patterns mediating the development of OP diseases, providing a new direction for the pathological mechanism of OP and providing more effective strategies for the clinical treatment of OP.




2 Apoptosis and OP



2.1 Definition of apoptosis

Apoptosis, also known as type I PCD, is one of the most common mechanisms of cell death (7). In the early stages of apoptosis, cell shrinkage can be observed by light microscopy (8). As cells contract, they are smaller, with dense cytoplasm, organelles accumulate more tightly, and chromatin condensation occurs (7). Subsequently, the cell plasma membrane blebs, the nucleus breaks and tightly surrounds the cell debris, and finally the surrounding cells undergo phagocytic clearance of the apoptotic bodies of the dying cells. Apoptosis usually occurs during body development and aging, mainly to maintain the homeostasis of the cell population in the tissue, and it also occurs as a defense mechanism in situations such as immune responses or when cells are damaged by toxic substances (11). The occurrence of apoptosis is mainly dependent on the sequential activation of a series of cysteine-aspartic proteases: the central regulator of apoptosis caspases will be activated from the inactive state under appropriate conditions, by autocatalytic lysis to activate itself or lysis and activate other caspases, then start the downstream proteases, thus splitting many cellular proteins, produce irreversible apoptosis, finally lead to cell PCD (12). Due to the different initiation phase, apoptosis is divided into three main regulatory pathways: intrinsic pathway, extrinsic pathway, and perforin/granzyme pathway (13). Among them, the extrinsic pathway can cross-respond with the intrinsic pathway through caspase 8 mediated hydrolysis and cleavage of the BID protein (Bcl-2 homology 3 interacting domain death agonist, BID) (14).




2.2 Mitochondria as the central hub for apoptotic regulation

Mitochondria serve as the central hub for apoptosis regulation, inducing cell death through both caspase-dependent and caspase-independent pathways (Figure 1). Mitochondria primarily mediate apoptosis via the intrinsic mitochondrial pathway, which is triggered by cellular stress or developmental stimuli and regulated byB-cell lymphoma-2 (Bcl-2) family proteins; all members of this family contain at least one Bcl-2 homology (BH) domain and determine cellular fate by controlling mitochondrial outer membrane permeabilization (MOMP). The Bcl-2 protein family includes pro-apoptotic members (Bax, Bak, Bok, Bim, Bik, Bad, Noxa, and Puma) and anti-apoptotic members (Bcl-2, Bcl-XL, and Mcl-1) (10, 15). Activation of pro-apoptotic proteins Bax and Bak induces pore formation in the outer mitochondrial membrane, leading to MOMP; upon MOMP occurrence, cytochrome c (Cyt c) is released into the cytoplasm, where it acts as a key factor in the intrinsic apoptotic pathway by binding apoptotic protease activating factor 1 (Apaf-1) to activate caspase-9 and form the apoptosome, subsequently activating caspases-3/7 to execute apoptosis (16, 17). Additionally, other mitochondrial factors induce apoptosis: second mitochondria-derived activator of caspases (Smac/DIABLO), apoptosis-inducing factor (AIF), mitochondrial DNA (mtDNA), and mitochondrial reactive oxygen species (mtROS). Smac/DIABLO, designated as “second mitochondria-derived activator of caspases,” interacts with the X-linked inhibitor of apoptosis protein (XIAP) to relieve its suppression of caspases-3/7/9, facilitating the caspase cascade, while the high temperature requirement factor A2(Omi/HtrA2)also promotes apoptosis by disrupting XIAP-mediated caspase inhibition (17). When caspases are inactivated, mtDNA leakage into the cytosol activates cGAS-STING signaling, releasing inflammatory factors and promoting inflammation-associated apoptosis (18). Furthermore, AIF functions as a caspase-independent death effector that translocates from mitochondria to the nucleus to trigger chromatin condensation and DNA fragmentation, inducing apoptosis (19). Excessive mtROS accumulation on mitochondria promotes cytochrome c release to induce caspase-dependent apoptosis (20), while mtROS buildup may also cause apoptosis through DNA damage (21, 22).
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Figure 1 | Mitochondria induce apoptosis through both caspase-dependent and caspase- independent pathways; specifically: (1) Mitochondrial outer membrane permeabilization (MOMP) is dynamically regulated by Bcl-2 family proteins, wherein activation of pro-apoptotic proteins Bax/Bak induces MOMP to release cytochrome c (Cyt c), second mitochondria- derived activator of caspases (Smac), mitochondrial DNA (mtDNA), and apoptosis-inducing factor (AIF); (2) Cyt c-dependent apoptosis involves apoptosome formation by Cyt c with apoptotic protease-activating factor 1 (Apaf-1), activating the caspase cascade (caspase-9 and caspases-3/7); (3) Smac antagonizes X-linked inhibitor of apoptosis protein (XIAP) to relieve caspase inhibition; (4) High temperature requirement factor A2(Omi/HtrA2) can promote apoptosis by disrupting XIAP-mediated caspase suppression; (5) AIF directly translocates to the nucleus to trigger DNA fragmentation independent of caspase activity; (6) When caspases are inactivated, leaked mtDNA activates the cyclic GMP-AMP synthase (cGAS)/stimulator of interferon genes (STING) pathway to drive inflammation-associated apoptosis; (7) Mitochondrial reactive oxygen species (mtROS) exert dual pro-apoptotic effects: accumulated mtROS promotes Cyt c release to activate caspase-dependent apoptosis, while also inducing DNA damage-dependent apoptosis via oxidative DNA damage and subsequent activation of the ataxia telangiectasia mutated-checkpoint kinase 2-tumor protein p53 (ATM-CHK2-p53) pathway.






2.3 Mitochondria-mediated apoptosis in the pathogenesis of OP

Apoptosis is a crucial part of bone renewal, repair, and regeneration. The balance of cell proliferation, differentiation and apoptosis in the bone marrow affects the bone growth and development status, so the study of apoptosis of cells in the bone marrow is very necessary in the study of OP. Multiple studies further indicate that mitochondria participate in the apoptosis of OP-associated cells and play an important role in the progression of OP (Supplementary Table 1-1). First, the involvement of mitochondria in the mitochondrial apoptosis pathway in cells in the bone marrow affects OP, mainly reflected in osteoblasts and BMSCs. Zinc deficiency was shown to lead to the translocation of Bax into mitochondria in osteoblast cell lines, which leads to decreased mitochondrial membrane potential and increased mitochondrial membrane permeability, release of cytochrome C and AIF, and activation of mitochondria-associated caspase-dependent and independent pathways leading to osteoblast apoptosis. This may explain the association of reduced bone mass in OP with lower levels of skeletal zinc (23). Glucocorticoid-induced bone loss is the most common form of secondary OP, studies showed that long-term incubation of glucocorticoids has a substantial effect on osteoblast mitochondria, leading to cytochrome C release and mitochondrial breakdown, leading to osteoblast apoptosis (24), and another study confirmed that glucocorticoid-induced bone loss in secondary OP is the accumulation of mitochondrial overactivation and oxidative stress to induce osteoblast apoptosis, regulating mitochondrial function and biogenesis to improve mitochondrial apoptosis of osteoblasts is considered an ideal strategy to prevent glucocorticoid-induced OP (25). Mitochondrial apoptosis pathway also participates in iron overload in osteoblasts and BMSC, causing increased mitochondria-related apoptosis and damage cell osteogenesis and mineralization (26). In addition, mitochondria can directly regulate the apoptosis pathway of osteocytes and affect the process of OP. In clinical studies, it was found that mitochondrial DNA mutations are also associated with low bone mass (27, 28), and the downregulation of mitochondrial transmembrane protein OPA can induce mitochondrial ATP production and inhibit P38 signaling pathway to inhibit bone cell apoptosis and improve OP (29).




2.4 Targeting mitochondrial apoptosis: a therapeutic strategy for bone-related disorders

With the gradual clarity of the mechanism of OP disease occurrence, the reports of targeting mitochondria to regulate cell apoptosis related to OP disease to improve bone blood supply, alleviate bone loss, and promote bone formation are increasing year by year. Some commonly used clinical drugs have been proved to act on mitochondria-related apoptosis in OP., here we summarize relevant research (Supplementary Table 1-2). For example, the traditional hypoglycemic drug metformin (Metformin) was found to alter H2O2 to upregulate SIRT 3 expression through Phosphatidyl-inositol 3-kinase/Serine-threonine kinase (PI3K/AKT) pathway, so as to repair mitochondrial damage, and finally reverse osteoblast apoptosis (30). Estrogen can reduce osteocast numbers by weakening mitochondrial oxidative phosphorylation and ATP production of early osteocast precursors and promote mitochondrial apoptotic death of early osteoclast progenitors (31). Some Chinese medicine monomer can also improve OP by acting on mitochondrial apoptosis, such as natural flavonoids naringoside was found by blocking the endoplasmic reticulum stress and mitochondria-mediated apoptosis pathway to inhibit cell apoptosis in the vascular endothelium, thus regulating endothelial cell function, promote the apoptosis of osteoclasts, and then play a role of anti-OP disease (31, 32). Vanillin activates mitochondria-dependent cell apoptosis and suppresses bone resorption by inducing cytochrome c, lysed Caspase-3, BAX, and Apaf-1 (33). Euphorbia factor L1, isolated from Euphorbia, can inhibit ovariectomy-induced bone loss in mice by reducing the level of reactive oxygen species and regulating PGC-1 β that affects mitochondrial biogenesis, and inducing apoptosis of osteoclasts (34). Virgin olive oil of the important compound hydroxytyrosol (HT) can inhibit oxidative stress-induced mitochondrial dysfunction by reducing OPA 1 (Optic atrophy 1) cleavage and increasing AKT (protein kinase B) and GSK 3 β (Glycogen synthase kinase 3β) phosphorylation, Improve the bone cell apoptosis (35). Puerarin, sulforaphane, tanshinone IIA, curcumin, and grape seed procyanidins can also become important targets for improving OP by inhibiting mitochondria-related cell apoptosis (36–40). Silbinin can downregulate the expression of late glycoclation end product receptor and its mediated cellular mitochondrial apoptosis pathway, Thus preventing the osteoblast apoptosis induced by late glycation end products (41); crocin can prevent dexamethasone-induced osteoblast mitochondrial pathway apoptosis through the ROS/Ca2+ pathway, And then to improve the secondary OP (42); The notoginsenoside R1 isolated in notoginseng can restore oxidative stress-induced mitochondrial membrane potential and abnormal ROS levels by inhibiting the JNK signaling pathway, Promote the osteogenic differentiation of osteoblasts (43); selenium-containing protein from selenium-enriched spirulina platensis reduce osteoblast apoptosis by inhibiting mitochondrial dysfunction and ROS-mediated oxidative damage (44). Fermented oyster extract can regulate mitochondrial dysfunction and improve oxidative stress-induced osteoblast apoptosis through the AKT-GSK 3 β signaling pathway (45). The first-generation statin drug, simvastatin, protected human osteosarcoma cells from oxidative stress-induced apoptosis through mitochondria-mediated signaling (46), and astragalus polysaccharide, the main active ingredient of astragalus, alleviated iron overload-induced BMSC dysfunction by inhibiting mitochondrial ROS (47). In addition, other ways to regulate mitochondria are also involved in the regulation of OP-related apoptosis. For example, vesicles of proteus mirabilis Vesicles can promote mitochondria-dependent apoptosis by regulating the miR 96-5p/Abca 1 axis, thus inhibiting bone loss in osteoclastogenesis and ovariectomized mouse models (48). Inhibition of HMGB can alleviate high glucose-induced apoptosis in BMSC cells by targeting activating the AMPK pathway and relieving mitochondrial dysfunction, and related inhibitors may serve as effective agents for diabetic OP (49). The mitochondria-derived cell-protective polypeptide, HN(Humanin), encoded by mtDNA, can prevent cell apoptosis, Its analogue HNGF6A can effectively prevent osteoblast apoptosis and restore the osteogenic differentiation ability of osteoblasts (50).





3 Necroptosis and OP



3.1 Definition of necroptosis

Necroptosis, also called programmed necrosis, initially first defined by Degterev et al. (51), belongs to nonapoptotic cell death independent of the caspase pathway. Necroptosis is a process of regulated necrotizing cell death mediated by RIP1 (Receptor-Interacting Protein 1) and RIP 3 (Receptor-Interacting Protein 3) kinases, which differs from apoptosis and other forms of programmed necrotic cell death, operates independently of caspase activity and represents a self-destructive mechanism activated when apoptosis is compromised. Various stimuli can trigger necroptosis in cells, including the activation of Tumor Necrosis Factor Receptor (TNFR) superfamily members, Pattern Recognition Receptors (PRRs), and T cell receptors. These stimuli ultimately induce necroptosis by activating pathogen-associated molecular patterns (such as RIG-I-like receptors or Toll-like receptors) or responding to signals like oxidative stress. (4). In the activation pathway of necroptosis, TNF α/TNFR (Tumor necrosis factor- α/Tumor necrosis factor receptor) signaling pathway is considered one of the most deeply studied ways. Typically, extracellular stimuli trigger ligand binding and activate death receptors such as TNFR1 in the cell membrane, where the receptor recruits RIPK1 (Receptor-interacting serine/threonine-protein kinase 1) to its intracellular domain via adaptor proteins TRADD and TRAF2, followed by ubiquitination through ubiquitin ligase cIAP1/2; ubiquitinated RIPK1 activates the NF-κB (Nuclear factor kappa-B) pathway through the IKK (inhibitor of kappa B kinase) complex, thereby promoting cell survival. Upon removal of ubiquitin chains by deubiquitinating enzymes, released RIPK1 undergoes autophosphorylation and conformational changes that expose its oligomerization domain, enabling recruitment and activation of RIPK3 (Receptor-interacting serine/threonine-protein kinase 3); activated RIPK3 phosphorylates MLKL (Mixed Lineage Kinase Domain-Like), leading to MLKL oligomerization and translocation to the plasma membrane, where it induces phospholipid scrambling, disrupts membrane integrity, and forms pores, resulting in Ca²+/Na+ influx and release of cytokines and DAMPs (Damage-associated molecular patterns), ultimately causing plasma membrane rupture and cell death. Besides the TNFR1 pathway, RIPK3 is oligomerized by TRIF (Toll/IL-1 receptor domain-containing adaptor inducing IFN- β) and activated by ZBP 1 (Z-DNA-binding protein 1) to promote Necroptosis. Oligomerized RIPK3 also binds RIPK1 and then recruitment disrupts the FADD-caspase-8-c-FLIP complex, and Necroptosis occurs when the function of the caspase-8-c-FLIP dimer is inhibited or disrupted (52). Characteristic alterations in necroptosis include early loss of plasma membrane integrity, release of cellular contents, and organelle swelling. In-depth investigation into the regulatory mechanisms of this cell death modality will offer novel therapeutic perspectives for inflammatory diseases and conditions such as osteoporosis.




3.2 Mitochondrial multi-pathway regulation of necroptosis

Recent studies show a direct association between mitochondria and cell Necroptosis (53). First, plasma membrane permeabilization induced by MLKL usually leads to pore formation by ion influx, releasing mtDNA (53) and other factors to affect necrotitic apoptosis of cells. Second, multiple studies indicate that the accumulation of mtROS, mitochondrial function-related proteins, opening of the mitochondrial permeability transition pore (mPTP), and release of mtDNA collectively regulate cellular necroptosis (Figure 2). Research by Zhang et al. found that elevated mtROS activates RIP kinases, leading to the recruitment of RIPK3 by RIPK1, forming a functional necrosome that induces necroptosis (54). Concurrently, the study discovered that the rapid influx of Ca²+ from the extracellular matrix into mitochondria, releasing ROS, promotes RIPK1/RIPK3-dependent necroptosis (55). Emerging evidence indicates a close association between mitochondrial function-related proteins—mitochondrial phosphatase Phosphoglycerate mutase 5 (PGAM5) and Drp1—and necroptosis. Drp1 downregulation-mediated mitochondrial fragmentation inhibits TNF-induced necroptosis in HeLa and HT-29 cells (56). PGAM5 has also been found to act at key points in multiple necroptosis-related death pathways (56). Research by Zhou et al. demonstrated that downstream of RIPK1/RIPK3/MLKL, PGAM5 dephosphorylates Drp1, inducing mitochondrial fragmentation and promoting necroptosis (57). Furthermore, PGAM5, acting downstream of RIP3/MLKL, can also activate CypD to regulate necroptosis (58). Downregulation of mitochondrial fusion proteins Mfn1/2 and OPA1 can prevent classical necroptosis by reducing TAK1-mediated RIP1-Ser166 phosphorylation (59). A recent study revealed that mPTP opening is also associated with cellular necroptosis; RIPK3 can activate CaMKII, which phosphorylates the mitochondrial calcium uniporter (MCU), leading to mitochondrial Ca²+ overload. This triggers mPTP opening, generating excessive ROS and promoting necroptosis (60, 61). Research by Liu et al. found that regulating mtDNA can prevent necroptosis in post-mitotic cardiomyocytes (62). The mechanism by which mtDNA promotes necroptosis may involve activating the mtDNA-STING signaling pathway. However, another study suggested that mitochondria are not essential for necroptosis (63). Tait SW et al. specifically removed mitochondria via mitophagy and induced RIPK3 activation; the results showed that extensive mitochondrial depletion through mitophagy did not affect necroptosis (64). Therefore, mitochondria are important players in necroptosis under certain conditions, but they are not absolutely essential.
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Figure 2 | The specific mitochondrial regulatory mechanisms in necroptosis are as follows: (1) Dynamin-Related Protein 1 (DRP1)-dependent mitochondrial fission is enhanced through dephosphorylation by Phosphoglycerate Mutase Family Member 5 (PGAM5), promoting necrosome signal transduction; (2) Acting downstream of RIPK3/MLKL, PGAM5 amplifies necroptosis by activating Cyclophilin D (CypD) to facilitate mitochondrial permeability transition pore (mPTP) opening; (3) Mitofusins 1/2 (MFN1/2) and Optic Atrophy 1 (OPA1) suppress necroptosis by inhibiting TGF-β-Activated Kinase 1 (TAK1)-mediated phosphorylation of Receptor-Interacting Protein 1 (RIPK1); (4) mtROS accumulation: mtROS activates Receptor- Interacting Protein Kinase 1/3 (RIPK1/RIPK3) via oxidative modification, forming necrosome complexes that drive Mixed Lineage Kinase Domain-Like Protein (MLKL) phosphorylation and plasma membrane pore formation; (5) mPTP opening: RIPK3 activates Calcium/Calmodulin- Dependent Protein Kinase II (CaMKII), which phosphorylates the Mitochondrial Calcium Uniporter (MCU), causing mitochondrial Ca²+ overload that triggers mPTP opening. This process induces mtROS accumulation and necroptosis;(6) mtDNA release: MLKL-mediated membrane permeabilization facilitates mtDNA efflux, activating the STING- dependent pronecrotic signaling cascade through the TANK-Binding Kinase 1 (TBK1)-Interferon Regulatory Factor 3 (IRF3) pathway, thereby amplifying inflammatory responses. NF-κB, Nuclear factor kappa-B; IKK, Inhibitor of kappa B kinase complex; TRADD, Tumor Necrosis Factor Receptor Type 1-associated death domain protein; TRAF2, TNF receptor-associated factor 2; FADD, Fas-associated death domain protein; cIAPs, Cellular inhibitor of apoptosis proteins.






3.3 Mitochondria-driven necroptosis as a key pathway in the development of OP

Cells in bone tissue contain bone marrow mesenchymal stem cells, osteoblasts, osteoclasts, osteocytes, etc., which are involved in the formation and destruction of bone and are critical for the maintenance of bone homeostasis. Several studies have confirmed that Necroptosis may be an important target for restoring bone mass in OP characterized by bone loss, altered bone microstructure, and increased bone fragility. Studies have found that necrotitic apoptosis is one of the key factors in bone cell death and bone loss in ovariectomy (OVX) induced OP (65), and specific inhibitors of necrotitic apoptosis can prevent bone loss in estrogen deficiency (66). Chronic heavy alcohol drinking can also regulate the Necroptosis of osteoblasts to induce osteopenia. Numerous studies have confirmed that the involvement of mitochondria in regulating Necroptosis of various bone-related cells, which then affects OP disease progression, such as in bone cells, Zhang et al. found that mtROS can also mediate necroptotic apoptosis of osteocytes through the activation of the JNK/IL-18 pathway (67). In the osteoblasts, Tian et al. found that Necroptosis in osteoblasts is similarly regulated by mitochondria, Reactive oxygen species (Reactive Oxygen Species, Packaging of ROS) can trigger the mPTP open one’s mouth, Causing a necrotizing apoptotic pattern of osteoblasts (68), While Feng et al. found that during dexamethasone-induced anterior osteoblast cell death, Necroptosis and apoptosis are accompanied by reciprocal changes in mitochondrial function (69). In BMSCs, RIPK1 deficiency causes mPTP opening, mtDNA damage, mitochondrial dysfunction, and thus induced Necroptosis in BMSCs (70), while another study confirmed that BMSCs-derived mitochondria can effectively ameliorate Necroptosis in other damaged cells (71). In addition, mitochondria can also affect the Necroptosis of other cells in the bone marrow. For example, Wei et al. found that mouse monocyte macrophages can differentiate into osteoclasts under the action of cigarette smoke extract, the change of mitochondrial function leads to the occurrence of Necroptosis of RAW 264.7 cells (72). Spencer et al. showed that RAW 264.7 cells treated with LPS (Lipopolysaccharide) and Z-VAD could release mitochondria-containing Microparticles (MPs) to induce further cell death (73). Multiple studies demonstrate that intervertebral disc degeneration and osteoporosis are bidirectionally correlated and mutually reinforcing (74, 75), with nucleus pulposus (NP) cells serving as key cellular mediators in this process. Research indicates that in bone disease-associated NP cells, ROS, the respiratory chain substrates of the inner mitochondrial membrane, regulates ER stress and “endoplasmic reticulum-mitochondrial Ca2+ crosstalk” promotes compression-induced Necroptosis of rat nucleus pulposus cells (76). Although many of the above studies have proved that mitochondria regulate Necroptosis in bone-related cells (Supplementary Table 2-1), there are relatively few further studies on them in OP and still need further exploration.




3.4 Inhibiting mitochondrial necroptosis: a therapeutic strategy for bone-related diseases

Currently, it has been demonstrated that targeting mitochondria can regulate the Necroptosis pathway of BMSCs and bone cells involved in the OP disease process (Supplementary Table 2-2). The study by Tian et al. revealed that RIPK1 enhances proliferation, differentiation, and migration of BMSCs in OP by maintaining mitochondrial homeostasis via p53(Tumor protein 53), thereby suppressing necroptosis (70), Feng found that drugs associated with necroptosis inhibitor Necrostatin-1, Can ameliorate the necrotic morphology and mitochondrial lesions exhibited by bone cells, accelerated glucocorticoid-induced bone formation in OP rats (77). However, there are relatively few studies targeting mitochondria to regulate Necroptosis to improve OP, and more studies reveal the mechanism by which targeting mitochondria regulates necrotizing apoptosis to improve the process of other Musculoskeletal-related diseases. For example, in intervertebral disc degeneration, the inhibition of MyD 88 signal can effectively reduce the ROS level and ATP level, change the mitochondrial ultrastructure, and rescue the Necroptosis of nucleus pulposus cells (78). Mitochondria are an important source of ROS, and studies have found that targeting oxidative stress with amobarbital(Amo), can reduce cell Necroptosis and prevent intervertebral disc degeneration (79). RIPK1-mediated mitochondrial dysfunction and oxidative stress induced Necroptosis of nucleus pulposus cells during compressive injury, while the apoptosis inhibitor necrostatin-1 (Necrostatin-1, Nec-1) and mPTP inhibitor cyclosporinA (CsA) can restore the mitochondrial function of NP cells and reduce their oxidative stress status and improve Necroptosis (80). Further studies revealed that the synergistic utilization of Necrostatin-1 and Z-VAD-FMK improved compression-mediated Necroptosis of nucleus pulposus cells by restoring mitochondrial function (81). In osteoarthritis (OA), mitochondrial transplantation can enhance ATP synthesis, oxygen consumption and cell viability, and improve the Necroptosis of chondrocytes (82). In spinal cord injury (SCI), necrostatin-1 can reduce mitochondrial dysfunction and promote cytoprotection and physiological function after SCI, mainly mitochondria-mediated (83, 84). Inflammation can increase bone resorption and reduce bone formation, and patients with chronic inflammatory diseases have a higher risk of OP. In inflammatory conditions, LPS protects against hydrogen peroxide-induced BMDMs from PARP-1-dependent death by downregulating PARP-1 (Polymerase-1) expression, upregulation of antioxidant proteins and the metabolic transition from mitochondrial respiration to aerobic glycolysis (85).





4 Pyroptosis and OP



4.1 Definition of pyroptosis

Charptosis, also known as cell inflammatory necrosis. Unlike apoptosis, pyroptosis is characterized by cell expansion causing membrane rupture, which in turn leads to the release of cytokines and the activation of a series of cascades (86). Pyroptosis is a programmed cell death mediated by the assembly of the inflammasome, accompanied by the cleavage of the gasdermin D (GSDMD) family proteins and the release of proinflammatory cytokines, in which GSDMD is a key process to stimulate pyroptosis (87, 88). In the classical pyroptosis pathway, pathogen-related molecular pattern (PAMP) or cell-derived damage-associated molecular pattern, (DAMPs) into the cytosolic cytosol, Initiate the assembly of the activated NLRP 3 (NOD-like receptor thermal protein domain associated protein 3) inflammasome. Subsequently, the inflammasome proteins oligomerize and act through the recruitment of apoptosis-associated speck-like protein (ASC) to continue forming ASC oligomers, activating inflammatory cysteine protease caspase-1 to cleave GSDMD and the cytokine pro-IL-1 β, pro-IL-18.Next, the cleaved GSDMD-N domain binds to phosphoinositides (PIs) in the plasma membrane and oligomerizes to form a nonselective pore penetrating the cell membrane, releasing the cell content and the entire inflammasome complex to the outside, finally leading to water flow into the cell, cell lysis and pyroptosis (89). In the non-classical pyroptosis pathway, cell pyroptosis is associated with various biomolecules, such as caspase and granzyme. Cytosolic inflammatory factors such as LPS can activate mouse caspase-11 and cleave GSDMD, thereby triggering pyroptosis. GSDMD can also be cleaved by active caspase-8, which ultimately mediate the assembly of NLRP 3 inflammasome and the cleavage of IL-1 β and IL-18 precursors, triggering pyroptosis.Activated caspase-11 and caspase-3 can also induce cell pyroptosis. In the granzyme-mediated pathway, killer T cells (natural killer T cells) can trigger extensive target cell pyroptosis by directly cleaving and activating granzyme A (GzmA) and granzyme B granzyme B (GzmB) and GSDME, respectively. GzmB can also indirectly activate GSDME to trigger cell death via the cleavage of caspase-3 (90). Pyroptosis is believed to be widely involved in the development of various metabolic diseases such as OP.




4.2 Mitochondrial molecular mechanisms in pyroptosis: synergistic effects and homeostatic imbalance

As the initiation factor of pyroptosis, mitochondria are able to induce pyroptosis through various pathways (Figure 3). Mitochondria can influence NLRP3 activation through dynamic changes. Mitochondrial dynamics refers to the process by which mitochondria maintain the dynamic balance of the mitochondrial network through continuous fission and fusion. Mitochondrial fission is mediated by fission proteins, enabling the separation of healthy and damaged mitochondria and mitochondrial distribution during mitosis (91), regulated by the key factor DRP1 which can be recruited to form active fission sites on the outer mitochondrial membrane (OMM) to promote fission. Mitochondrial fusion plays a crucial role in energy exchange between mitochondria and maintaining mitochondrial morphology/functional integrity, primarily mediated by Mitofusin 1 (MFN1), MFN2 and OPA1 (91). MFN2 serves as the core regulatory protein for OMM fusion, localizing to the OMM as a key factor in fusion and morphology maintenance (92); MFN2 mutations cause fusion defects while MFN1/2-deficient cells exhibit severe fragmentation (93). Zou et al. demonstrated that DRP1 activates the NLRP3 inflammasome by promoting fission, exacerbating pyroptosis, whereas inhibiting DRP1 phosphorylation and upregulating fusion-related MFN2 blocks NLRP3 activation, reducing GSDMD-mediated pyroptosis and IL-1β release (94). Further research suggests that DRP1’s activation of NLRP3 may be linked to its mechanism of inducing excessive mitochondrial fission, which forms damaged mitochondria, thereby promoting the accumulation of mtROS that activates NLRP3 (95). Additionally, DRP1 directly interacts with mPTP-associated hexokinase 2 (HK2), causing excessive mPTP opening that exacerbates mtROS accumulation and pyroptosis (96). DRP1 also activates NLRP3 via inflammation-related pathways like NF-κB (97). mtROS and mitophagy regulate NLRP3 activity (98). mtROS can inhibit respiratory chain complexes I/III generate mtROS promoting spontaneous NLRP3 activation (99). mtROS acts as a key NLRP3 activator through multiple mechanisms—oxidatively modifying GSDMD (90), releasing oxidized mtDNA (ox-mtDNA) after mitochondrial damage to activate NLRP3 (100, 101), promoting ASC oligomerization into pyroptosomes, and disrupting TXNIP-Thioredoxin(TRX) interactions while enhancing TXNIP-NLRP3 binding (102). NLRP3 activation conversely promotes mtROS generation (103). Mitophagy regulation also inhibits NLRP3-induced pyroptosis (104), though its role is context-dependent: impaired mitophagy causes persistent mtROS-producing mitochondria driving spontaneous inflammasome activation (99), while damaged mitophagy activates mtDNA/cGAS/STING signaling promoting hepatocyte pyroptosis (103). Notably, mtROS scavengers alleviated upregulated ox-mtDNA and mitophagy to suppress NLRP3 activation in NaAsO2-induced hepatic insulin resistance models (105). Additional studies indicate that excessive Ca²+ mobilization triggers mitochondrial damage, releasing mtDNA and thereby promoting NLRP3 inflammasome activation (106). Oxidized mtDNA (ox-mtDNA) can directly bind to and activate NLRP3 (107). Alternatively, mtDNA released into the cytosol may activate NLRP3 by triggering the cGAS-STING signaling pathway (108). As mentioned above, mitochondria are associated with cell ferroptosis, and mitochondria can affect cell ferroptosis through a variety of pathways.
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Figure 3 | Mitochondria coordinately regulate pyroptosis through multiple mechanisms:(1) DRP1 promotes NLRP3 (NOD-like Receptor Pyrin Domain Containing 3) inflammasome activation via enhancing mtROS accumulation, mPTP opening, and NF-κB pathway stimulation; (2) MFN2-mediated mitochondrial fusion antagonizes the aforementioned processes; (3) The interaction between DRP1 and Hexokinase 2 (HK2) regulates mPTP opening; disruption of this interaction promotes pathological mPTP opening, exacerbating mtROS accumulation and pyroptosis; (4) The mtROS cascade: Mitochondrial ROS (mtROS) generated by respiratory chain inhibition activates NLRP3-dependent pyroptosis through: inducing autophagy; enhancing TXNIP-NLRP3 interaction; and inducing oxidized mtDNA (ox-mtDNA) release which further activates NLRP3. Additionally, mtROS can promote pyroptosis by inducing oxidation of GSDMD; (5) Mitophagy regulation: Mitophagy exhibits dual modulation of pyroptosis—mtROS upregulation may enhance mitophagy to promote NLRP3 activation, whereas damaged mitochondria clearance via mitophagy suppresses inflammasome assembly by inhibiting mtROS/mtDNA release; (6) mtDNA signaling: Released ox-mtDNA directly binds and activates NLRP3 to trigger pyroptosis; alternatively, mtDNA activates the cGAS-STING pathway, amplifying inflammatory responses that promote pyroptosis . IL-18, Interleukin-18; IL-1β, Interleukin-1 beta; pro-IL-18, Pro-Interleukin-18; pro-IL-1β, Pro-Interleukin-1 beta; HK2, Hexokinase 2; GSDMD-N, Gasdermin D N-terminal domain; GSDMD-C, Gasdermin D C-terminal domain.






4.3 Mitochondria-regulated pyroptosis in the pathogenesis of OP

Several studies have proved that pyroptosis and its inducing factors influence the occurrence and development of OP. Proptosis inducing factor NLRP 3 is a key participant in osteoporosis, Yang et al. confirmed that knockdown of NLRP 3 can inhibit pyroptosis, improve the inflammatory status of bone tissue and promote osteogenic differentiation of osteoblasts (109), while the overexpression of deubiquitination enzyme USP 1 can also play a protective effect on MC3T1-E3 (110). In addition, Li et al. found that by activating Ca2+ influx, it affects mitochondrial dynamics and can inhibit NLRP 3 inflammasome activation, thus regulating the osteogenic effect of BMMCs (111). GSDMD, a key factor of pyroptosis, can play an important role in regulating bone homeostasis by regulating osteoclast function (112). Several studies have found that mitochondria play an important regulatory role in a types of OP-associated pyroptosis. Liu et al. found that lncRNA H19 could inhibit LDL-induced NF- κ B activation, leading to mitochondrial dysfunction and reducing the production of reactive oxygen species (ROS), thus playing a role in cell pyroptosis (113). Lysosomal disruptors (Apilimod) can activate the NLRP 3 inflammasome in the BMDMs through lysosomal (Lysosomes) -mediated mitochondrial damage (114). Another study found that NLRP 3 inflammasome activation and pyroptosis inhibition in BMDMs were achieved by promoting mitophagy (115). GSDMD targeting the plasma membrane in BMDMs promotes rapid mitochondrial collapse as well as the initial accumulation of mitochondrial DNA in the cytoplasm, and then promotes DNA release from cells in the event of plasma membrane rupture to complete the process of pyroptosis (116). In bone-like cells MLO-Y4, bisphenol A (BPA) can induce pyroptosis of MLO-Y4 cells through the ROS/NLRP 3/Caspase-1 pathway (117). In the development of bone, osteolipid differentiation imbalance is an important cause of OP, and the function of adipocytes may be associated with mitochondria-mediated cell pyroptosis, Qian, et al., found that bone morphogenetic protein type II receptor (BMPR 2) knockout can regulate mitochondria and induce adipocyte pyroptosis and inflammation level (118). Alternatively, in NP cells, mitochondrial DNA can induce NP cell pyroptosis through the TLR 9-NF- κ B-NLRP 3 axis (119). MFN2 and DRP1 play crucial roles in maintaining bone homeostasis (120–122) and preserving the function of relevant bone cells MFN2 levels change during osteoblast differentiation, and MFN2 conditional knockout in 8-week-old female mice showed a mild increase in cortical bone; by 30 weeks of age, both bone volume fraction and cortical bone were significantly increased (123). Research by Yao et al. found that regulating mitochondrial dynamics in mesenchymal stem cells and upregulating levels of dynamics-related proteins like MFN2 can promote cell proliferation and osteogenic differentiation capacity (121). Additionally, MFN2 plays a key role in regulating pyroptosis and NLRP3 inflammasome activation in NP cells: MFN2-knockout NP cells showed reduced Lactate dehydrogenase (LDH) release, while MFN2-overexpressing NP cells exhibited increased Caspase-1 activation, enhanced IL-1β cleavage, and elevated NLRP3 protein and mRNA expression levels, indicating that MFN2 can promote NLPR3 expression and activate the NLRP3 inflammasome, leading to NP cell pyroptosis (124). These studies demonstrate that mitochondria regulate pyroptosis or the expression of pyroptosis-inducing factors in relevant bone cells, which may influence the development of osteoporosis or other bone-related diseases (Supplementary Table 3-1).




4.4 Targeting mitochondria to suppress pyroptosis: a therapeutic strategy for bone disorders

At present, existing studies have confirmed that targeting mitochondria can become a therapeutic strategy to effectively regulate pyroptosis involved in osteogenesis process, such as Wang et al., found that BMSCs can be used as mitochondrial donor cells, the mitochondria donated to blast lasts, thus reducing the mtROS produced by mitochondria, and reduce the resulting NLRP 3 inflammasome induced odontoblasts pyroptosis (125). However, more studies have focused on other bone-related diseases, such as in myelodysplastic syndromes (MDSs), where abnormal hematopoietic stem cells and progenitor cells (HSPCs) affect the activation of inflammasomes by releasing oxidized mitochondrial DNA (ox-mtDNA) (126). In spinal cord injury, the novel mitochondria-targeted peptide elamipretide (EPT) can inhibit NLRP 3 inflammasome activation and pyroptosis in spinal cord tissue, and promote the functional recovery after spinal cord injury (127). Liang’s study showed that the mitochondrial antioxidant SS-31 could inhibit LPS-induced pyroptosis and inflammation in NP cells by scavenging ROS and maintaining the stability of mitochondrial dynamics (128). In multiple myeloma (Multiple Myeloma, MM)), proteasome inhibitor PIs can trigger pyroptosis of myeloma cells (Myeloma cells) through the mitochondrial BAX/GSDME pathway and improve the therapeutic efficiency of multiple myeloma treatment (129). In the treatment of mitochondria-targeting polymer micelle(OPDEA-PDCA), targeting mitochondria, can induce osteosarcoma cell pyroptosis by initiating mitochondrial oxidative stress (115). In some other inflammation-related models, drugs can inhibit the activation of pyroptosis or pyroptosis-related inducers by regulating or protecting mitochondrial homeostasis in BMDMs. For example, bergamot can inhibit NLRP 3 inflammasome activation and pyroptosis in BMDMs by promoting mitophagy and maintaining mitochondrial homeostasis (130). While another study found that TRPV 4 knockdown could ameliorate mitochondrial dysfunction and alleviate mtROS-mediated cell pyroptosis and cartilage degeneration through the DRP1-HK2 axis (96). Reduction of PIM-1 can inhibit mitochondrial reactive oxygen species/chloride intracellular channel proteins (mtROS/CLICs) in synovial macrophages, eventually leading to ASC oligomerization, blocking the activation of the NLRP 3 inflammasome, and relieving osteoarthritis (131). In rheumatoid arthritis, leakage of mtDNA in MRE11A low-expressing T cells triggers the inflammasome, causing activation of caspase-1, release of IL-1 β, triggering pyroptosis, while MRE11A-overexpressing T cells can reduce synovial inflammation in this model (132). In gouty arthritis, resveratrol can promote mitochondrial autophagy in BMDM through the activation of the Pink1/Parkin pathway, and subsequently inhibit the activation of the NLRP 3 inflammasome (133). Feng et al. found that the natural compound Scoparone, isolated from the Chinese herbal Artemisia capillary, could block NLRP 3 inflammasome activation by enhancing mitophagy in BMDM, thus showing effective anti-inflammatory effects and treating inflammasome-related diseases (134). 1 ′ -acetyloxycholitol acetate prevents pyroptosis by inhibiting inflammasome activation through mitochondrial ROS, mtROS, in mouse BMDM (135). Stomatin-like protein-2 (SLP-2) can attenuate BMDM cell pyroptosis by protecting mitochondrial function under hypoxia (136). The above research indicates that targeting mitochondria for pyroptosis intervention is an effective therapeutic strategy in skeletal system disorders (as summarized in Supplementary Table 3-2); however, studies on its role in osteoporosis remain limited and require further experimental validation.





5 Ferroptosis and OP



5.1 Definition of ferroptosis

Ferroptosis is a novel, iron-dependent, non-apoptotic form of programmed cell death (137). It is characterized by the accumulation of iron-dependent lipid peroxides (138), which leads to the change of cell mitochondrial morphology, the accumulation of reactive oxygen radicals, cellular membrane rupture, and iron ions participate in this process. Under normal conditions, lipoxygenase usually oxidizes polyunsaturated fatty acids (PUFA), but the lipid repair Recombinant Glutathione Peroxidase 4(GPX 4) and its cofactor glutathione (GSH) lead to a rapid decrease in the level of PUFAs oxidized by lipoxygenase. The ferroptosis process is caused by the inhibition of the cystine-glutamate transport receptor System Xc, which can transport glutamicacid out of cells and transport cystine into cells to synthesize GSH. The inhibition of System Xc will further lead to the reduction of GSH biosynthesis and the inactivation of GPX 4. Subsequently, the cells die due to the overwhelming lipid peroxidation (LPO) (139–142). Inhibition of the GPX 4 enzyme can also directly lead to this effect. But ferroptosis is essentially a flexible mechanism, and dozens of metabolites and proteins can be involved in the regulation of toxic accumulation of membrane lipid peroxides, including those involved metabolites and protein (143). However, the two main initiation pathways include: exogenous or transporter-dependent pathway (e. g. System Xc) and endogenous or enzyme regulation pathway (e. g. GPX 4) (144). In addition, ferroptosis suppressor protein-1(FSP 1) has been proposed to be another important way to affect ferroptosis. FSP 1 can prevent lipid oxidation to inhibit cell ferroptosis by reducing CoQ 10.




5.2 Mitochondrial damage-induced ferroptosis

Ferroptosis, as a novel form of PCD, is often accompanied by mitochondrial morphological changes, including reduced mitochondrial volume, rupture of the OMM, and decreased or absent mitochondrial cristae (141). Previous studies suggested ferroptosis did not require mitochondrial involvement (139); however, recent research increasingly reveals that mitochondria play a key role primarily in cysteine deprivation-induced ferroptosis, but have a limited role in glutathione Peroxidase 4 (GPX4) inhibition-induced ferroptosis. In-depth studies demonstrate that mitochondria participate in ferroptosis regulation through multiple molecular mechanisms, primarily involving mtROS, the tricarboxylic acid (TCA) cycle, oxidative phosphorylation (OXPHOS), iron ion regulation, mtDNA, and mitochondrial dynamics (145) (Figure 4). Research indicates that the mechanism of mitochondrial damage-induced ferroptosis differs from traditional pathways; the main mechanism may be cellular ROS accumulation exceeding the redox capacity maintained by GSH and GSH-based phospholipid hydroperoxidases, where the burst of lethal mtROS and accumulation of lipid peroxidation products affect iron metabolism-related proteins in mitochondrial membranes, serving as the primary cause mediating neuronal ferroptosis (146, 147). The mitochondrial TCA cycle and electron transport chain(ETC) promote ferroptosis by mediating lipid peroxide production. ETC dysfunction can also reduce NADPH synthesis, weaken the antioxidant defense system, and promote cellular ferroptosis (145). Mitochondrial OXPHOS is a core metabolic pathway for ATP generation via the ETC and ATP synthase; OXPHOS damage causes mitochondrial membrane potential collapse and excessive mtROS accumulation, while restoring OXPHOS complexes can recover membrane potential, improve mitochondrial function, and antagonize ferroptosis (148). Mitochondria regulate iron homeostasis via mitochondrial ferritin (FtMt). After iron ions enter the cell extracellularly, they can access mitochondria via solute carrier family 25 member 37/mitoferrin-1(SLC25A37) and solute carrier family 25 member 28/mitoferrin-2(SLC25A28), and mitochondria regulate cellular iron metabolism through FtMt. FtMt prevents iron-induced oxidative stress ferroptosis by chelating excess free iron ions (149). Multiple studies indicate mtDNA involvement in ferroptosis: mtDNA depletion in hepatocytes of patients causes mitochondrial dysfunction, reduced ATP production, and enhanced ROS, leading to GSH depletion-induced ferroptosis (150). mtDNA leakage in HK-2 cells increases STING expression and interacts with acyl-CoA synthetase long chain family member 4(ACSL4), inducing ACSL4-dependent ferroptosis (151). At the dynamics regulation level, DRP1-mediated mitochondrial fission and Mfn1/2-regulated fusion processes affect ferroptosis sensitivity through different mechanisms. Miao et al. reported that Hsp90 overexpression and calcineurin (CN)-mediated dephosphorylation of DRP1 at serine 637 (Ser637) promote ferroptosis by altering mitochondrial morphology and increasing ACSL4-mediated lipid peroxidation (152). Mitochondrial MFN1/2 can also form complexes with STING, mediating mtROS production via mitochondrial fusion, leading to lipid peroxidation and promoting ferroptosis (153). Additionally, ROS release activates the mPTP, causing Ca²+ release and endoplasmic reticulum (ER) stress-induced autophagy-dependent ferroptosis (154). Another study showed that activating mitophagy enhances cellular resistance to ferroptosis by clearing damaged mitochondria (146). However, it is particularly noteworthy that the role of mitochondria in ferroptosis may be context-dependent. Studies indicate that inhibiting mitochondrial function effectively blocks cysteine deprivation-induced ferroptosis, but in GPX4 inactivation models, cells can still undergo ferroptosis independently of mitochondria (146). This difference suggests that ferroptosis may involve heterogeneous molecular mechanisms under different induction conditions, and its specific regulatory network requires further elucidation.


[image: ]

Figure 4 | Core molecular mechanisms of mitochondrial regulation of ferroptosis. Ferroptosis is accompanied by alterations in mitochondrial morphology, and mitochondria can also regulate cellular ferroptosis through multiple pathways. The specific mechanisms are as follows:(1) Research indicates that the mechanism of mitochondrial damage-induced ferroptosis differs from traditional pathways; the primary mechanism may be cellular ROS accumulation exceeding the redox capacity maintained by GSH and GSH-based phospholipid hydroperoxidases; (2) The tricarboxylic acid (TCA) cycle drives ferroptosis by promoting mtROS generation; electron transport chain (ETC) dysfunction can also reduce NADPH synthesis, weaken the antioxidant defense system, and promote cellular ferroptosis; (3) Mitochondrial Ferritin (FtMt): Chelates free iron ions (Fe²+), inhibiting iron-dependent lipid peroxidation; (4) mtDNA abnormalities: Trigger ferroptosis via the STING-Acyl-CoA Synthetase Long Chain Family Member 4 (ACSL4) pathway or by promoting mtROS accumulation, leading to GSH depletion; (5) DRP1 dephosphorylation promotes mitochondrial fission, activates ACSL4, and accelerates ferroptosis; (6) Mitofusin 1/2 (MFN1/2)-mediated mitochondrial fusion increases mtROS generation, inducing ferroptosis; (7) mPTP: mPTP opening causes Ca²+ efflux and endoplasmic reticulum (ER) stress, ultimately promoting autophagy-dependent ferroptosis; (8) Mitophagy suppresses ferroptosis by clearing damaged mitochondria. GSSG, Glutathione Disulfide; GPX4, Glutathione Peroxidase 4; SLC25A37, Solute Carrier Family 25 Member 37/Mitoferrin-1; SLC25A28, Solute Carrier Family 25 Member 28/Mitoferrin-2.






5.3 Mitochondria-mediated ferroptosis in the development of OP

Increasing evidence suggests that ferroptosis plays an important role in the course of OP. Iron overload reduces the levels of superoxide dismutase and glutathione, increases the generation of reactive oxygen species, triggers lipid peroxidation, increases the expression of ferroptosis-related proteins, and induces ultrastructural changes in mitochondria, reduces osteoblasts viability and suppresses their in vitro osteogenic differentiation and mineralization. Therefore, maintaining iron homeostasis and targeting ferroptosis in osteoblasts are considered a potential measure for the treatment or prevention of iron overload-induced OP (155). Further studies show that mitochondrial reactive oxygen species, mitochondrial dysfunction, mitochondrial autophagy, Mitochondrial dynamics and other mechanisms mediating the occurrence of cell ferroptosis are closely related to the disease progression of OP (Supplementary Table 4-1). Jin et al. found improved mitochondrial dysfunction and suppressed BMSCs ferroptosis in OP in type 2 diabetes by regulation of the AMPK/SIRT 1 pathway (156). Ferritin, mitochondrial(Ft Mt) is a protein that stores iron ions and blocks toxic iron ions in mitochondria. Wang et al. showed that Ft knockdown can promote mitophagy ferroptosis in type 2 diabetic osteoblasts, the study also confirmed the classic mitophagy and oxidative stress related pathways to induce mitophagy can participate in the regulation of ferroptosis in osteoblasts (157). Research by Yao et al. indicates that regulating mitochondrial fusion and fission, as well as the PI3K/AKT/mTOR and MAPK pathways, can effectively alleviate iron overload-induced inhibition of proliferation and osteogenic differentiation in BMSCs (121). Thus, targeting mitochondria to ameliorate cellular ferroptosis may serve as an effective strategy for treating osteoporosis.




5.4 Targeting mitochondria to inhibit ferroptosis: a therapeutic strategy for bone- related diseases

Mitochondria-related ferroptosis plays an important role in OP and related diseases, and targeting mitochondria to regulate ferroptosis has become one of the important strategies to study the therapeutic drugs for OP and related diseases (Supplementary Table 4-2). First, the occurrence of ferroptosis is necessarily accompanied by ultrastructural changes in the mitochondria. In addition, it was found that the iron chelators deferriamine and siristatin-1 can significantly alleviate the negative effects of ferroptosis in osteoblasts, improve the ultrastructure of mitochondria, and promote bone formation in the in vivo model of OP (155). Melatonin can also improve the morphological changes of mitochondria by activating the Nrf 2/HO-1 pathway associated with oxidative stress in vitro and in vivo, and significantly reducing the level of ferroptosis in osteoblasts (158). Meanwhile, it have found that changing mitophagy, regulating reactive oxygen species in mitochondria and improving mitochondrial function can inhibit ferroptosis in OP. Mitochondrial ferritin FtMt can inhibit the occurrence of ferroptosis in osteoblasts by reducing the oxidative stress caused by excess ferrous iron ions through mitophagy (157). Mitochondria are the main source of reactive oxygen species in cells, and studies have shown that antioxidants are able to prevent ferroptosis by reducing ROS and LPO production (159). In a rat model of OP with bilateral oophorectomy, the intestinal flora affected the de novo synthesis of glutathione (GSH), a key factor for ferroptosis, by inhibiting mitochondrial biological activity and ROS accumulation by regulating its key glutamate-cysteine ligase catalytic subunit (Gclc) and the cAMP response element-binding(CREB) pathway (160). In many other correlated diseases of the skeletal system, mitochondria have also been used as targets for the study of novel drugs regulating cell ferroptosis in diseases. B-BMSCs pretreated with δ -tocotrienol promotes wound healing ability by inhibiting BACH 1-related (The BTB and CNC homology 1) ferroptosis (161). In femoral head necrosis, exogenous melatonin can inhibit BMSCs ferroptosis, maintain cell activity, and reduce bone loss in rats with femoral head necrosis by improving mitochondrial damage and cellular lipid peroxidation (162). Oxidative stress is an important cause of cell ferroptosis. Studies have shown that actin can reduce cell oxidative stress damage by enhancing osteoblast antioxidant defense and mitochondrial biogenesis (160). In a cellular model of age-related bone loss, sciadopitysin can protect mitochondria from oxidative stress damage by preventing oxidochondrial membrane potential dissipation, loss of ATP, and release of ROS (163).





6 Autophagy and OP



6.1 Definition of autophagy

Autophagy is a conserved lysosomal degradation pathway in which cellular components are dynamically degraded and re-processed to maintain physical homeostasis (164). Autophagy can be roughly divided into three types: macroautophagy, chaperone-mediated autophagy (CMA), and microautophagy. Macroautophagy is recognized as the main autophagy type and a key homeostatic pathway that promotes the degradation and recycling of cellular material (165). In the process of macroautophagy, autophagy-related proteins (ATG) form double membrane vesicles, called autophagosome, by coordinating with ULK 1 complex and class III PI3K kinase complex, and their wrapped cell contents fuse with the lysosome, leading to the degradation of through the activity of lysosomal hydrolase (166). cargo recruitment of macroautophagy can be divided into non-selective and selective depending on whether the degraded substrate is specific. Macroautophagy can be divided into non-selective autophagy and bulk autophagy and selective autophagy. Non-selective autophagy occurs in a non-selective manner, including random intake of cytoplasmic material for degradation. Non-selective autophagy mainly plays an important role in cell starvation, providing amino acids for cells to meet the nutritional requirements (165). Selective autophagy, regulated by autophagic cargo receptors, binds to specific cargo that have been degraded by ubiquitin-dependent or related processes, selectively degrades specific cell components, mainly used to protect cell structure (167). Chaperone-mediated autophagy and microautophagy do not require the activity of ATG proteins, in which delivery of cargo to the lysosome depends on the activity of the chaperone and invagination of the lysosomal membrane to encapsulate the cellular material, respectively (115).




6.2 Mitophagy as a critical mechanism of selective autophagy

Mitochondria are organelles within cells and serve as the central hub for energy metabolism in eukaryotic cells. When mitochondria are damaged, they release harmful substances that threaten cell survival. Therefore, clearing damaged mitochondria to perform mitochondrial quality control is vital for cellular health (168). Mitophagy, as a key pathway of selective autophagy, achieves mitochondrial quality control by selectively eliminating damaged mitochondria (Figure 5). Mitophagy is mainly divided into two categories: one is the ubiquitination pathway, which is mainly the PINK 1-Parkin pathway-mediated mitophagy and receptor-initiated pathway. In the PINK 1 -induced (PTEN induced putative kinase 1) pathway, PINK 1 regulates the active of Parkin during mitochondrial depolarization (169). In the damaged mitochondria, the altered mitochondrial membrane potential and PARL protease activity promote the recruitment of PINK 1 to the outer mitochondrial membrane. PINK 1-mediated phosphorylation transforms Parkin from the inactive form to the active form upon mitochondrial depolarization, Then ubiquitinate some mitochondrial outer membrane proteins, Polyubiquitinated protein is recognized by p62 (p62/Sequestosome-1) and associated with LC3 (microtubule-associated proteins 1A/1B-light chain 3, MAP1LC3) Interactions to form autophagic vesicles to produce phagosomes to remove damaged mitochondrial (170), Mediates defective mitochondria (168). In the non-ubiquitinated receptor initiation pathway, FUNDC1 (FUN14 domain-containing 1) and others act as receptors for hypoxia-induced mitophagy, and dephosphorylation interacts with LC3 to induce mitophagy (171, 172). Under adverse conditions such as hypoxia, stimulation of FUNDC1 receptors activates mitophagy receptors, thereby further promoting the formation of autophagosomes that mediate mitophagy (173). Mitophagy, as a cellular protective mechanism, maintains mitochondrial homeostasis by selectively clearing damaged mitochondria. Its activation is closely linked to mitochondrial functional status. Metabolites released from damaged mitochondria—such as mtROS, ATP, and mtDNA—can trigger mitophagy through ubiquitin-dependent pathways (e.g., the PINK1/Parkin pathway) and ubiquitin-independent (receptor-mediated) pathways (174–176). Mitochondrial dynamics are intimately associated with mitophagy regulation. The mitochondrial fission protein DRP1 significantly influences both Parkin-mediated mitophagy and BNIP3-related mitophagy (177, 178). Overexpression of the mitochondrial fusion protein MFN2 promotes mitophagy via the PINK1/Parkin pathway (179), while MFN2 deficiency can trigger BNIP3-related mitophagy (180).
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Figure 5 | Mitophagy regulates mitochondrial quality control through dual pathways to maintain cellular homeostasis: Ubiquitin-Dependent Pathway: During mitochondrial depolarization, PTEN-induced Putative Kinase 1 (PINK1) accumulates on the outer mitochondrial membrane (OMM), recruiting and activating Parkin. This mediates ubiquitination of OMM proteins. Autophagy adaptor proteins (e.g., p62/SQSTM1) recognize ubiquitinated substrates and bind Microtubule-associated protein 1A/1B-light chain 3 (LC3), facilitating autophagosome formation. Receptor-Dependent Pathway: Under hypoxia or stress conditions, receptors including FUN14 Domain Containing 1 (FUNDC1) and BCL2/Adenovirus E1B 19 kDa Interacting Protein 3-Like (NIX/BNIP3L) undergo dephosphorylation. These receptors directly interact with LC3 to initiate autophagosomal engulfment of damaged mitochondria. Regulatory Network: mtROS, ATP levels, mtDNA, and mitochondrial dynamics (fission/fusion balance) collectively regulate mitophagy. These factors synergistically determine mitochondrial health and cellular viability. FIP200, Focal Adhesion Kinase Family Interacting Protein of 200 kDa; ATG, Autophagy-related protein; ULK1, Unc-51 Like Autophagy Activating Kinase 1; VPS, Vacuolar Protein Sorting; PE, Phosphatidylethanolamine; p62/SQSTM1, Sequestosome 1.






6.3 Mitochondria and selective autophagy in the pathogenesis of OP

As a complex dynamic process, autophagy is widely involved in bone tissue metabolism. An increasing number of studies also demonstrate that mitochondrial autophagy plays a key role in the proliferation and differentiation of bone-related cells, such as osteoblasts, osteoclasts, and mesenchymal stem cells (181). Research indicates that LRRc17 knockdown can inhibit BMSCs senescence by activating mitophagy, thereby enhancing BMSCs’ therapeutic efficacy for osteoporosis (182). Li et al. demonstrate that PINK1/Parkin-mediated mitophagy reduces AOPP-induced osteoblast apoptosis, improving bone loss, microstructural deterioration, and bone mineral density (BMD) impairment (183); Maity et al. find that inducing Kruppel-like factor 2 (KLF2)-mediated mitophagy stimulates DPSCs differentiation toward osteoblasts (184). Conversely, Pink1-/- mice exhibit significantly reduced bone mass and collagen deposition in femurs (184), while Pink1-downregulated MC3T3-E1 cells show impaired mitochondrial homeostasis with suppressed osteogenic differentiation (185). Pink1 silencing or deficiency further promotes excessive osteoclast differentiation and bone resorption (186). Additionally, interventions targeting ROS and mitochondrial dynamics-related proteins influence mitophagy and bone metabolism mechanisms; similarly, L-arginine treatment effectively ameliorates osteoporosis in ovariectomized mouse models; Ling et al. reveal that Sirtuin3 (Sirt3) deficiency induces excessive osteoclast ROS production and autophagy loss, accelerating age-induced bone impairment (187). Another study shows that inducing ROS production and recruiting PINK1/Parkin enhances mitophagy, while activating DRP1 strengthens mitophagy pathways to promote mitochondrial fission and osteoblast differentiation (188). Chen et al. confirm that upregulating the PINK1/DRP1 pathway activates mitophagy to restore osteoblast differentiation capacity (189). MFN2 critically maintains bone homeostasis through mitochondrial network regulation, suppressing oxygen consumption during early osteogenesis to limit differentiation and cortical bone accumulation (123). Reduced MFN2 expression correlates with impaired osteoblast differentiation/function and decreased viable osteocytes (190). Studies demonstrate MFN2 mediates mitochondria-ER tethering to facilitate mitophagy, and its tethering function controls osteoclast differentiation via the Ca²+-NFATc1 axis (190). Furthermore, inhibiting mTOR/PI3K signaling promotes mitophagy to prevent BMSCs senescence, whereas mitophagy inhibition accelerates this process (191). These studies provide new therapeutic strategies for osteoporosis (Supplementary Table 5-1).




6.4 Targeting mitophagy: a therapeutic strategy for bone-related disorders

Targeting mitophagy to regulate bone-related cells may serve as an effective strategy for improving osteoporosis (Supplementary Table 5-2). Recent studies have found that enhancing PINK 1 activity, possibly by triggering selective autophagy of mitochondria, and participating in mitochondrial regeneration in improving bone loss in an ovariectomy mouse model (185). Another study found that the HIV proteins Tat and Nef could promote human BMSCs senescence and alter osteoblast differentiation through mitochondria-associated autophagy (192). besides, The study found that 17 β -estradiol could be expressed through GPR 30 (G protein-coupled receptor 30) and ERK 1/2 (Extracellular-regulated kinase 1/2) signaling pathways, Enhanced mitophagy in the mouse MC3T3-E1 osteoblast cell line (193); Small interfering RNAmiR-21-5p can regulate the mitochondria-associated mitochondrial fission and fusion processes, Thus promoting the BMSCs dry recovery of senile OP, enhancing the expression of the osteogenesis-related gene RUNX-2, While reducing of TRAP accumulation in cells with deteriorating phenotypes (194). Metal ion high Mg2+ can also regulate MVs mediated mineralization by inhibiting mitochondrial calcium, regulate autophagy of hBMSCs during osteogenesis, leading to reduced deposition of extracellular mineralization matrix, and exogenous ATP can reverse the inhibitory effect of high Mg2+ by increasing autophagy levels (195). Upregulation of Parkin and downregulation of P53 in BMSCs could significantly enhance mitophagy in BMSCs and reduce the accumulation of damaged mitochondria in cells, thus effectively resisting stress-induced apoptosis and senescence of BMSCs (196). At present, there are relatively few studies on targeting mitophagy to improve OP, and the specific mechanism is still unclear and needs further study.





7 Conclusion

Mitochondria, as organelles with multifaceted biological functions, exhibit dysfunction closely linked to diverse pathophysiological processes (197). Recent research demonstrates their pivotal role in OP pathogenesis through regulating energy metabolism and multiple PCD pathways (10). This review systematically elucidates mitochondrial mechanisms governing bone cell fate via apoptosis, necroptosis, pyroptosis, ferroptosis, and autophagy, revealing intimate connections between mitochondrial dysfunction and OP pathological progression. At molecular level, mitochondria-derived bioactive molecules exert multifaceted regulatory effects on PCD: mtROS serves not only as a trigger for apoptosis and necroptosis (67, 198), but also drives pyroptosis and ferroptosis cascades by activating the NLRP3 inflammasome and promoting lipid peroxidation (135, 146, 147). Additionally, abnormal mtDNA release has been confirmed to modulate multiple PCD pathways including apoptosis (18), necroptosis (70), and pyroptosis (132).

Notably, significant crosstalk exists among multiple programmed cell death (PCD) pathways in osteoporosis; within mitochondrial regulation of OP-related PCD, mitochondria coordinate apoptosis through Bcl-2 family proteins and necroptosis via RIPK1/3 signaling, with these two pathways maintaining dynamic equilibrium that collectively impacts bone homeostasis (69). Mitophagy not only suppresses pyroptosis in BMDM cells but also inhibits ferroptosis in osteoblasts (130, 157). These findings indicate that mitochondrial dual-regulation of apoptosis/necroptosis balance and the pleiotropic effects of mitophagy represent crucial future research directions for OP.

Despite the promising therapeutic potential of mitochondrial targeting in OP, several key scientific questions require resolution: First, the precise regulatory networks through which mitochondria coordinate different PCD pathways need further elucidation; second, the heterogeneity of mitochondrial functions among distinct bone cells—including osteoblasts, osteoclasts, and osteocytes—and its pathological significance demand in-depth investigation.

Collectively, the multidimensional regulatory properties of mitochondria in OP provide novel perspectives for understanding bone metabolism complexity; future research should integrate cutting-edge technologies like single-cell sequencing and gene editing to target key mitochondrial regulatory nodes, thereby advancing the development of novel anti-osteoporosis therapeutics with enhanced theoretical foundations and druggable targets.

All images were created using BioRender (https://biorender.com/).





Author contributions

KW: Writing – original draft, Writing – review & editing. ZW: Supervision, Writing – review & editing. CM: Supervision, Visualization, Writing – review & editing. JY: Methodology, Supervision, Writing – original draft. SX: Supervision, Visualization, Writing – original draft. BS: Funding acquisition, Supervision, Visualization, Writing – original draft. CG: Methodology, Supervision, Writing – original draft. WS: Methodology, Supervision, Writing – original draft. TC: Methodology, Supervision, Writing – original draft. YW: Funding acquisition, Methodology, Resources, Supervision, Writing – review & editing. MB: Conceptualization, Investigation, Supervision, Writing – original draft, Writing – review & editing.





Funding

The author(s) declare that financial support was received for the research and/or publication of this article. University Industry Support Program Project funded by the Gansu Education Department, Project No.:2025CYZC-052;University Teacher Innovation Fund Project funded by the Gansu Education Department, Project No.:2025A-108;Pingliang City Key Research and Development Program supported by Pingliang Municipal Science and Technology Bureau, Project No.:PL-STK-2024A-031;Project supported by open Foundation of Key Laboratory of Dunhuang Medicine and Transformation,No.:DHYX24-18;Gansu Provincial Science and Technology Project supported by Science and Technology Program of Gansu Province, Project No.: 23YFFA0068.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fendo.2025.1576597/full#supplementary-material




References

1. Ballane, G, Cauley, JA, Luckey, MM, and El-Hajj Fuleihan, G. Worldwide prevalence and incidence of osteoporotic vertebral fractures. Osteoporos Int. (2017) 28:1531–42. doi: 10.1007/s00198-017-3909-3

2. Tang, D, Kang, R, Berghe, TV, Vandenabeele, P, and Kroemer, G. The molecular machinery of regulated cell death. Cell Res. (2019) 29:347–64. doi: 10.1038/s41422-019-0164-5

3. Galluzzi, L, Bravo-San Pedro, JM, Vitale, I, Aaronson, SA, Abrams, JM, Adam, D, et al. Essential versus accessory aspects of cell death: recommendations of the NCCD 2015. Cell Death Differ. (2015) 22:58–73. doi: 10.1038/cdd.2014.137

4. Del Re, DP, Amgalan, D, Linkermann, A, Liu, Q, and Kitsis, RN. Fundamental mechanisms of regulated cell death and implications for heart disease. Physiol Rev. (2019) 99:1765–817. doi: 10.1152/physrev.00022.2018

5. Galluzzi, L, Vitale, I, Aaronson, SA, Abrams, JM, Adam, D, Agostinis, P, et al. Molecular mechanisms of cell death: recommendations of the Nomenclature Committee on Cell Death 2018. Cell Death Differ. (2018) 25:486–541. doi: 10.1038/s41418-017-0012-4

6. Bedoui, S, Herold, MJ, and Strasser, A. Emerging connectivity of programmed cell death pathways and its physiological implications. Nat Rev Mol Cell Biol. (2020) 21:678–95. doi: 10.1038/s41580-020-0270-8

7. Elmore, S. Apoptosis: a review of programmed cell death. Toxicol Pathol. (2007) 35:495–516. doi: 10.1080/01926230701320337

8. Kerr, JF, Wyllie, AH, and Currie, AR. Apoptosis: a basic biological phenomenon with wide-ranging implications in tissue kinetics. Br J Cancer. (1972) 26:239–57. doi: 10.1038/bjc.1972.33

9. Pangou, E, and Sumara, I. The multifaceted regulation of mitochondrial dynamics during mitosis. Front Cell Dev Biol. (2021) 9:767221. doi: 10.3389/fcell.2021.767221

10. Tian, C, Liu, Y, Li, Z, Zhu, P, and Zhao, M. Mitochondria related cell death modalities and disease. Front Cell Dev Biol. (2022) 10:832356. doi: 10.3389/fcell.2022.832356

11. Wang, JY. Cellular responses to DNA damage. Curr Opin Cell Biol. (1998) 10:240–7. doi: 10.1016/s0955-0674(98)80146-4

12. Tower, J. Programmed cell death in aging. Ageing Res Rev. (2015) 23:90–100. doi: 10.1016/j.arr.2015.04.002

13. Wang, B, Wang, Y, Zhang, J, Hu, C, Jiang, J, Li, Y, et al. ROS-induced lipid peroxidation modulates cell death outcome: mechanisms behind apoptosis, autophagy, and ferroptosis. Arch Toxicol. (2023) 97:1439–51. doi: 10.1007/s00204-023-03476-6

14. Bock, FJ, and Tait, SWG. Mitochondria as multifaceted regulators of cell death. Nat Rev Mol Cell Biol. (2020) 21:85–100. doi: 10.1038/s41580-019-0173-8

15. Belkacemi, L. Exploiting the extrinsic and the intrinsic apoptotic pathways for cancer therapeutics. (2018) 1:1004.

16. Chipuk, JE, Bouchier-Hayes, L, and Green, DR. Mitochondrial outer membrane permeabilization during apoptosis: the innocent bystander scenario. Cell Death Differ. (2006) 13:1396–402. doi: 10.1038/sj.cdd.4401963

17. Green, DR. The mitochondrial pathway of apoptosis: part I: MOMP and beyond. Cold Spring Harb Perspect Biol. (2022) 14:a041038. doi: 10.1101/cshperspect.a041038

18. Wang, H, Zhang, C, Li, M, Liu, C, Wang, J, Ou, X, et al. Antimicrobial peptides mediate apoptosis by changing mitochondrial membrane permeability. Int J Mol Sci. (2022) 23:12732. doi: 10.3390/ijms232112732

19. Hangen, E, Blomgren, K, Bénit, P, Kroemer, G, and Modjtahedi, N. Life with or without AIF. Trends Biochem Sci. (2010) 35:278–87. doi: 10.1016/j.tibs.2009.12.008

20. Zhou, F, Feng, T, Lu, X, Wang, H, Chen, Y, Zhang, Q, et al. Interleukin 35 protects cardiomyocytes following ischemia/reperfusion-induced apoptosis via activation of mitochondrial STAT3. Acta Biochim Biophys Sin (Shanghai). (2021) 53:410–8. doi: 10.1093/abbs/gmab007

21. Carrillo-Gálvez, AB, Gálvez-Peisl, S, González-Correa, JE, de Haro-Carrillo, M, Ayllón, V, Carmona-Sáez, P, et al. GARP is a key molecule for mesenchymal stromal cell responses to TGF-β and fundamental to control mitochondrial ROS levels. Stem Cells Transl Med. (2020) 9:636–50. doi: 10.1002/sctm.19-0372

22. Wang, X, Chen, J, Hu, H, Gong, M, Wu, M, Ye, B, et al. The resveratrol attenuates reactive oxygen species mediated DNA damage in cardiac malformations caused by 4-tert-octylphenol. Toxicol Appl Pharmacol. (2025) 498:117284. doi: 10.1016/j.taap.2025.117284

23. Guo, B, Yang, M, Liang, D, Yang, L, Cao, J, and Zhang, L. Cell apoptosis induced by zinc deficiency in osteoblastic MC3T3-E1 cells via a mitochondrial-mediated pathway. Mol Cell Biochem. (2012) 361:209–16. doi: 10.1007/s11010-011-1105-x

24. Chen, YH, Peng, SY, Cheng, MT, Hsu, YP, Huang, ZX, Cheng, WT, et al. Different susceptibilities of osteoclasts and osteoblasts to glucocorticoid-induced oxidative stress and mitochondrial alterations. Chin J Physiol. (2019) 62:70–9. doi: 10.4103/cjp.Cjp_7_19

25. Hsu, CN, Jen, CY, Chen, YH, Peng, SY, Wu, SC, and Yao, CL. Glucocorticoid transiently upregulates mitochondrial biogenesis in the osteoblast. Chin J Physiol. (2020) 63:286–93. doi: 10.4103/cjp.Cjp_51_20

26. Tian, Q, Wu, S, Dai, Z, Yang, J, Zheng, J, Zheng, Q, et al. Iron overload induced death of osteoblasts in vitro: involvement of the mitochondrial apoptotic pathway. PeerJ. (2016) 4:e2611. doi: 10.7717/peerj.2611

27. Langdahl, JH, Frederiksen, AL, Hansen, SJ, Andersen, PH, Yderstraede, KB, Dunø, M, et al. Mitochondrial point mutation m.3243A>G associates with lower bone mineral density, thinner cortices, and reduced bone strength: A case-control study. J Bone Miner Res. (2017) 32:2041–8. doi: 10.1002/jbmr.3193

28. Zhu, J, Yang, P, Liu, X, Yan, L, Rampersad, S, Li, F, et al. The clinical characteristics of patients with mitochondrial tRNA Leu(UUR)m.3243A > G mutation: Compared with type 1 diabetes and early onset type 2 diabetes. J Diabetes Complications. (2017) 31:1354–9. doi: 10.1016/j.jdiacomp.2017.04.001

29. Wang, WD, Kang, WB, Zhou, XQ, Yao, GF, and Wang, XJ. Mitochondrial protein OPA mediates osteoporosis induced by radiation through the P38 signaling pathway. Eur Rev Med Pharmacol Sci. (2018) 22:8091–7. doi: 10.26355/eurrev_201812_16499

30. Yang, K, Pei, L, Zhou, S, Tao, L, and Zhu, Y. Metformin attenuates H(2)O(2)-induced osteoblast apoptosis by regulating SIRT3 via the PI3K/AKT pathway. Exp Ther Med. (2021) 22:1316. doi: 10.3892/etm.2021.10751

31. Kim, HN, Ponte, F, Nookaew, I, Ucer Ozgurel, S, Marques-Carvalho, A, Iyer, S, et al. Estrogens decrease osteoclast number by attenuating mitochondria oxidative phosphorylation and ATP production in early osteoclast precursors. Sci Rep. (2020) 10:11933. doi: 10.1038/s41598-020-68890-7

32. Shangguan, WJ, Zhang, YH, Li, ZC, Tang, LM, Shao, J, and Li, H. Naringin inhibits vascular endothelial cell apoptosis via endoplasmic reticulum stress− and mitochondrial−mediated pathways and promotes intraosseous angiogenesis in ovariectomized rats. Int J Mol Med. (2017) 40:1741–9. doi: 10.3892/ijmm.2017.3160

33. Chen, Y, Dou, C, Yi, J, Tang, R, Yu, T, Zhou, L, et al. Inhibitory effect of vanillin on RANKL-induced osteoclast formation and function through activating mitochondrial-dependent apoptosis signaling pathway. Life Sci. (2018) 208:305–14. doi: 10.1016/j.lfs.2018.07.048

34. Hong, SE, Lee, J, Seo, DH, In Lee, H, Ri Park, D, Lee, GR, et al. Euphorbia factor L1 inhibits osteoclastogenesis by regulating cellular redox status and induces Fas-mediated apoptosis in osteoclast. Free Radic Biol Med. (2017) 112:191–9. doi: 10.1016/j.freeradbiomed.2017.07.030

35. Cai, WJ, Chen, Y, Shi, LX, Cheng, HR, Banda, I, Ji, YH, et al. AKT-GSK3β Signaling pathway regulates mitochondrial dysfunction-associated OPA1 cleavage contributing to osteoblast apoptosis: preventative effects of hydroxytyrosol. Oxid Med Cell Longev. (2019) 2019:4101738. doi: 10.1155/2019/4101738

36. Dai, P, Mao, Y, Sun, X, Li, X, Muhammad, I, Gu, W, et al. Attenuation of oxidative stress-induced osteoblast apoptosis by curcumin is associated with preservation of mitochondrial functions and increased Akt-GSK3β Signaling. Cell Physiol Biochem. (2017) 41:661–77. doi: 10.1159/000457945

37. Li, J, He, C, Tong, W, Zou, Y, Li, D, Zhang, C, et al. Tanshinone IIA blocks dexamethasone-induced apoptosis in osteoblasts through inhibiting Nox4-derived ROS production. Int J Clin Exp Pathol. (2015) 8:13695–706.

38. Lin, H, Wei, B, Li, G, Zheng, J, Sun, J, Chu, J, et al. Sulforaphane reverses glucocorticoid-induced apoptosis in osteoblastic cells through regulation of the Nrf2 pathway. Drug Des Devel Ther. (2014) 8:973–82. doi: 10.2147/dddt.S65410

39. Yu, D, Mu, S, Zhao, D, Wang, G, Chen, Z, Ren, H, et al. Puerarin attenuates glucocorticoid-induced apoptosis of hFOB1.19 cells through the JNK- and Akt-mediated mitochondrial apoptotic pathways. Int J Mol Med. (2015) 36:345–54. doi: 10.3892/ijmm.2015.2258

40. Zhang, Z, Zheng, L, Zhao, Z, Shi, J, Wang, X, and Huang, J. Grape seed proanthocyanidins inhibit H2O2-induced osteoblastic MC3T3-E1 cell apoptosis via ameliorating H2O2-induced mitochondrial dysfunction. J Toxicol Sci. (2014) 39:803–13. doi: 10.2131/jts.39.803

41. Mao, YX, Cai, WJ, Sun, XY, Dai, PP, Li, XM, Wang, Q, et al. RAGE-dependent mitochondria pathway: a novel target of silibinin against apoptosis of osteoblastic cells induced by advanced glycation end products. Cell Death Dis. (2018) 9:674. doi: 10.1038/s41419-018-0718-3

42. Nie, Z, Deng, S, Zhang, L, Chen, S, Lu, Q, and Peng, H. Crocin protects against dexamethasone−induced osteoblast apoptosis by inhibiting the ROS/Ca2+−mediated mitochondrial pathway. Mol Med Rep. (2019) 20:401–8. doi: 10.3892/mmr.2019.10267

43. Li, X, Lin, H, Zhang, X, Jaspers, RT, Yu, Q, Ji, Y, et al. Notoginsenoside R1 attenuates oxidative stress-induced osteoblast dysfunction through JNK signalling pathway. J Cell Mol Med. (2021) 25:11278–89. doi: 10.1111/jcmm.17054

44. Sun, JY, Hou, YJ, Fu, XY, Fu, XT, Ma, JK, Yang, MF, et al. Selenium-containing protein from selenium-enriched spirulina platensis attenuates cisplatin-induced apoptosis in MC3T3-E1 mouse preosteoblast by inhibiting mitochondrial dysfunction and ROS-mediated oxidative damage. Front Physiol. (2018) 9:1907. doi: 10.3389/fphys.2018.01907

45. Park, C, Lee, H, Han, MH, Jeong, JW, Kim, SO, Jeong, SJ, et al. Cytoprotective effects of fermented oyster extracts against oxidative stress-induced DNA damage and apoptosis through activation of the Nrf2/HO-1 signaling pathway in MC3T3-E1 osteoblasts. Excli J. (2020) 19:1102–19. doi: 10.17179/excli2020-2376

46. Zhao, XH, Xu, ZR, Zhang, Q, and Yang, YM. Simvastatin protects human osteosarcoma cells from oxidative stress-induced apoptosis through mitochondrial-mediated signaling. Mol Med Rep. (2012) 5:483–8. doi: 10.3892/mmr.2011.641

47. Yang, F, Yan, G, Li, Y, Han, Z, Zhang, L, Chen, S, et al. Astragalus polysaccharide attenuated iron overload-induced dysfunction of mesenchymal stem cells via suppressing mitochondrial ROS. Cell Physiol Biochem. (2016) 39:1369–79. doi: 10.1159/000447841

48. Wang, T, Mo, L, Ou, J, Fang, Q, Wu, H, Wu, Y, et al. Proteus mirabilis Vesicles Induce Mitochondrial Apoptosis by Regulating miR96-5p/Abca1 to Inhibit Osteoclastogenesis and Bone Loss. Front Immunol. (2022) 13:833040. doi: 10.3389/fimmu.2022.833040

49. Liu, B, Gan, X, Zhao, Y, Gao, J, and Yu, H. Inhibition of HMGB1 reduced high glucose-induced BMSCs apoptosis via activation of AMPK and regulation of mitochondrial functions. J Physiol Biochem. (2021) 77:227–35. doi: 10.1007/s13105-021-00784-2

50. Zhu, X, Zhao, Z, Zeng, C, Chen, B, Huang, H, Chen, Y, et al. HNGF6A inhibits oxidative stress-induced MC3T3-E1 cell apoptosis and osteoblast phenotype inhibition by targeting circ_0001843/miR-214 pathway. Calcif Tissue Int. (2020) 106:518–32. doi: 10.1007/s00223-020-00660-z

51. Degterev, A, Huang, Z, Boyce, M, Li, Y, Jagtap, P, Mizushima, N, et al. Chemical inhibitor of nonapoptotic cell death with therapeutic potential for ischemic brain injury. Nat Chem Biol. (2005) 1:112–9. doi: 10.1038/nchembio711

52. Green, DR. The coming decade of cell death research: five riddles. Cell. (2019) 177:1094–107. doi: 10.1016/j.cell.2019.04.024

53. Rahmani, S, Roohbakhsh, A, and Karimi, G. Inhibition of Drp1-dependent mitochondrial fission by natural compounds as a therapeutic strategy for organ injuries. Pharmacol Res. (2023) 188:106672. doi: 10.1016/j.phrs.2023.106672

54. Zhang, Y, Su, SS, Zhao, S, Yang, Z, Zhong, CQ, Chen, X, et al. RIP1 autophosphorylation is promoted by mitochondrial ROS and is essential for RIP3 recruitment into necrosome. Nat Commun. (2017) 8:14329. doi: 10.1038/ncomms14329

55. Wang, P, Zheng, SY, Jiang, RL, Wu, HD, Li, YA, Lu, JL, et al. Necroptosis signaling and mitochondrial dysfunction cross-talking facilitate cell death mediated by chelerythrine in glioma. Free Radic Biol Med. (2023) 202:76–96. doi: 10.1016/j.freeradbiomed.2023.03.021

56. Wang, Z, Jiang, H, Chen, S, Du, F, and Wang, X. The mitochondrial phosphatase PGAM5 functions at the convergence point of multiple necrotic death pathways. Cell. (2012) 148:228–43. doi: 10.1016/j.cell.2011.11.030

57. Zhou, X, Hong, Y, Chen, J, Yu, Y, Wang, S, Wei, Y, et al. The necroptosis-mediated imbalance of mitochondrial dynamics is involved in DEHP-induced toxicity to immature testes via the PGAM5-DRP1 interaction. Environ pollut. (2024) 346:123585. doi: 10.1016/j.envpol.2024.123585

58. Cheng, M, Lin, N, Dong, D, Ma, J, Su, J, and Sun, L. PGAM5: A crucial role in mitochondrial dynamics and programmed cell death. Eur J Cell Biol. (2021) 100:151144. doi: 10.1016/j.ejcb.2020.151144

59. Toda, Y, Ong, SB, Yano, T, Kuno, A, Kouzu, H, Sato, T, et al. Downregulation of mitochondrial fusion protein expression affords protection from canonical necroptosis in H9c2 cardiomyoblasts. Int J Mol Sci. (2024) 25:2905. doi: 10.3390/ijms25052905

60. Chen, S, Guan, S, Yan, Z, Ouyang, F, Li, S, Liu, L, et al. Role of RIPK3−CaMKII−mPTP signaling pathway−mediated necroptosis in cardiovascular diseases (Review). Int J Mol Med. (2023) 52:98. doi: 10.3892/ijmm.2023.5301

61. Dabravolski, SA, Kalmykov, VA, Maksaeva, AO, Rozhkova, UV, Lapshina, KO, and Orekhov, AN. Necroptosis in myocardial ischaemia-reperfusion injury: current update on mechanisms, therapeutic targets, and translational potential. Apoptosis. (2025) 30:1216–34. doi: 10.1007/s10495-025-02108-x

62. Liu, J, Wen, T, Dong, K, He, X, Zhou, H, Shen, J, et al. TEAD1 protects against necroptosis in postmitotic cardiomyocytes through regulation of nuclear DNA-encoded mitochondrial genes. Cell Death Differ. (2021) 28:2045–59. doi: 10.1038/s41418-020-00732-5

63. Zhang, X, Wu, J, Liu, Q, Li, X, Li, S, Chen, J, et al. mtDNA-STING pathway promotes necroptosis-dependent enterocyte injury in intestinal ischemia reperfusion. Cell Death Dis. (2020) 11:1050. doi: 10.1038/s41419-020-03239-6

64. Tait, SW, Oberst, A, Quarato, G, Milasta, S, Haller, M, Wang, R, et al. Widespread mitochondrial depletion via mitophagy does not compromise necroptosis. Cell Rep. (2013) 5:878–85. doi: 10.1016/j.celrep.2013.10.034

65. He, B, Zhu, Y, Cui, H, Sun, B, Su, T, and Wen, P. Comparison of necroptosis with apoptosis for OVX-induced osteoporosis. Front Mol Biosci. (2021) 8:790613. doi: 10.3389/fmolb.2021.790613

66. Cui, H, Zhu, Y, Yang, Q, Zhao, W, Zhang, S, Zhou, A, et al. Necrostatin-1 treatment inhibits osteocyte necroptosis and trabecular deterioration in ovariectomized rats. Sci Rep. (2016) 6:33803. doi: 10.1038/srep33803

67. Zhang, T, Shen, Y, Zhu, R, Shan, W, Li, Y, Yan, M, et al. Benzo[a]pyrene exposure promotes RIP1-mediated necroptotic death of osteocytes and the JNK/IL-18 pathway activation via generation of reactive oxygen species. Toxicology. (2022) 476:153244. doi: 10.1016/j.tox.2022.153244

68. Tian, Q, Qin, B, Gu, Y, Zhou, L, Chen, S, Zhang, S, et al. ROS-mediated necroptosis is involved in iron overload-induced osteoblastic cell death. Oxid Med Cell Longev. (2020) 2020:1295382. doi: 10.1155/2020/1295382

69. Feng, M, Zhang, R, Yang, P, Wang, K, and Qiang, H. Interaction between necroptosis and apoptosis in MC3T3-E1 cell death induced by dexamethasone. Nan Fang Yi Ke Da Xue Xue Bao. (2019) 39:1030–7. doi: 10.12122/j.issn.1673-4254.2019.09.05

70. Tian, Q, Cao, C, Qiu, W, Wu, H, Zhou, L, Dai, Z, et al. RIPK1 Coordinates Bone Marrow Mesenchymal Stem Cell Survival by Maintaining Mitochondrial Homeostasis via p53. Stem Cells Int. (2021) 2021:5540149. doi: 10.1155/2021/5540149

71. Tang, LX, Wei, B, Jiang, LY, Ying, YY, Li, K, Chen, TX, et al. Intercellular mitochondrial transfer as a means of revitalizing injured glomerular endothelial cells. World J Stem Cells. (2022) 14:729–43. doi: 10.4252/wjsc.v14.i9.729

72. Wei, JS, Tian, Y, Yu, XY, Guan, MQ, and Wei, JJ. Effects of cigarette smoke extract on mitochondrial function of macrophages. Zhongguo Ying Yong Sheng Li Xue Za Zhi. (2022) 38:628–32. doi: 10.12047/j.cjap.6370.2022.114

73. Spencer, DM, Dye, JR, Piantadosi, CA, and Pisetsky, DS. The release of microparticles and mitochondria from RAW 264.7 murine macrophage cells undergoing necroptotic cell death in vitro. Exp Cell Res. (2018) 363:151–9. doi: 10.1016/j.yexcr.2017.12.024

74. Wang, XY, Jiao, LY, He, JL, Fu, ZA, and Guo, RJ. Parathyroid hormone 1−34 inhibits senescence in rat nucleus pulposus cells by activating autophagy via the m−TOR pathway. Mol Med Rep. (2018) 18:2681–8. doi: 10.3892/mmr.2018.9229

75. Xiao, ZF, He, JB, Su, GY, Chen, MH, Hou, Y, Chen, SD, et al. Osteoporosis of the vertebra and osteochondral remodeling of the endplate causes intervertebral disc degeneration in ovariectomized mice. Arthritis Res Ther. (2018) 20:207. doi: 10.1186/s13075-018-1701-1

76. Lin, H, Peng, Y, Li, J, Wang, Z, Chen, S, Qing, X, et al. Reactive oxygen species regulate endoplasmic reticulum stress and ER-mitochondrial Ca(2+) crosstalk to promote programmed necrosis of rat nucleus pulposus cells under compression. Oxid Med Cell Longev. (2021) 2021:8810698. doi: 10.1155/2021/8810698

77. Feng, M, Zhang, R, Gong, F, Yang, P, Fan, L, Ni, J, et al. Protective effects of necrostatin-1 on glucocorticoid-induced osteoporosis in rats. J Steroid Biochem Mol Biol. (2014) 144 Pt B:455–62. doi: 10.1016/j.jsbmb.2014.09.005

78. Fan, H, Chen, Z, Tang, HB, Shan, LQ, Chen, ZY, Liu, SC, et al. Necroptosis of nucleus pulposus cells involved in intervertebral disc degeneration through MyD88 signaling. Front Endocrinol (Lausanne). (2022) 13:994307. doi: 10.3389/fendo.2022.994307

79. Seol, D, Coleman, MC, Martin, JA, Song, I, Jaidev, LR, Salem, AK, et al. Targeting oxidative stress with amobarbital to prevent intervertebral disc degeneration: Part I. in vitro and ex vivo studies. Spine J. (2021) 21:1021–30. doi: 10.1016/j.spinee.2021.02.008

80. Chen, S, Lv, X, Hu, B, Zhao, L, Li, S, Li, Z, et al. Critical contribution of RIPK1 mediated mitochondrial dysfunction and oxidative stress to compression-induced rat nucleus pulposus cells necroptosis and apoptosis. Apoptosis. (2018) 23:299–313. doi: 10.1007/s10495-018-1455-x

81. Chen, S, Tian, Q, Shang, C, Yang, L, Wei, N, Shang, G, et al. Synergistic utilization of necrostatin-1 and Z-VAD-FMK efficiently promotes the survival of compression-induced nucleus pulposus cells via alleviating mitochondrial dysfunction. BioMed Res Int. (2020) 2020:6976317. doi: 10.1155/2020/6976317

82. Lee, AR, Woo, JS, Lee, SY, Na, HS, Cho, KH, Lee, YS, et al. Mitochondrial transplantation ameliorates the development and progression of osteoarthritis. Immune Netw. (2022) 22:e14. doi: 10.4110/in.2022.22.e14

83. Wang, Y, Wang, H, Tao, Y, Zhang, S, Wang, J, and Feng, X. Necroptosis inhibitor necrostatin-1 promotes cell protection and physiological function in traumatic spinal cord injury. Neuroscience. (2014) 266:91–101. doi: 10.1016/j.neuroscience.2014.02.007

84. Wang, Y, Wang, J, Yang, H, Zhou, J, Feng, X, Wang, H, et al. Necrostatin-1 mitigates mitochondrial dysfunction post-spinal cord injury. Neuroscience. (2015) 289:224–32. doi: 10.1016/j.neuroscience.2014.12.061

85. Regdon, Z, Robaszkiewicz, A, Kovács, K, Rygielska, Ż, Hegedűs, C, Bodoor, K, et al. LPS protects macrophages from AIF-independent parthanatos by downregulation of PARP1 expression, induction of SOD2 expression, and a metabolic shift to aerobic glycolysis. Free Radic Biol Med. (2019) 131:184–96. doi: 10.1016/j.freeradbiomed.2018.11.034

86. Wan, S, Zhang, G, Liu, R, Abbas, MN, and Cui, H. Pyroptosis, ferroptosis, and autophagy cross-talk in glioblastoma opens up new avenues for glioblastoma treatment. Cell Commun Signal. (2023) 21:115. doi: 10.1186/s12964-023-01108-1

87. Kayagaki, N, Stowe, IB, Lee, BL, O’Rourke, K, Anderson, K, Warming, S, et al. Caspase-11 cleaves gasdermin D for non-canonical inflammasome signalling. Nature. (2015) 526:666–71. doi: 10.1038/nature15541

88. Shi, J, Zhao, Y, Wang, K, Shi, X, Wang, Y, Huang, H, et al. Cleavage of GSDMD by inflammatory caspases determines pyroptotic cell death. Nature. (2015) 526:660–5. doi: 10.1038/nature15514

89. Fang, Y, Tang, Y, and Huang, B. Pyroptosis: A road to next-generation cancer immunotherapy. Semin Immunol. (2023) 68:101782. doi: 10.1016/j.smim.2023.101782

90. Wang, Y, Shi, P, Chen, Q, Huang, Z, Zou, D, Zhang, J, et al. Mitochondrial ROS promote macrophage pyroptosis by inducing GSDMD oxidation. J Mol Cell Biol. (2019) 11:1069–82. doi: 10.1093/jmcb/mjz020

91. Tian, X, Lou, S, and Shi, R. From mitochondria to sarcopenia: role of 17β-estradiol and testosterone. Front Endocrinol (Lausanne). (2023) 14:1156583. doi: 10.3389/fendo.2023.1156583

92. Wang, S, Zhao, H, Lin, S, Lv, Y, Lin, Y, Liu, Y, et al. New therapeutic directions in type II diabetes and its complications: mitochondrial dynamics. Front Endocrinol (Lausanne). (2023) 14:1230168. doi: 10.3389/fendo.2023.1230168

93. Misko, AL, Sasaki, Y, Tuck, E, Milbrandt, J, and Baloh, RH. Mitofusin2 mutations disrupt axonal mitochondrial positioning and promote axon degeneration. J Neurosci. (2012) 32:4145–55. doi: 10.1523/jneurosci.6338-11.2012

94. Zou, X, Xie, L, Wang, W, Zhao, G, Tian, X, and Chen, M. FK866 alleviates cerebral pyroptosis and inflammation mediated by Drp1 in a rat cardiopulmonary resuscitation model. Int Immunopharmacol. (2020) 89:107032. doi: 10.1016/j.intimp.2020.107032

95. Su, ZD, Li, CQ, Wang, HW, Zheng, MM, and Chen, QW. Inhibition of DRP1-dependent mitochondrial fission by Mdivi-1 alleviates atherosclerosis through the modulation of M1 polarization. J Transl Med. (2023) 21:427. doi: 10.1186/s12967-023-04270-9

96. Yan, Z, He, Z, Jiang, H, Zhang, Y, Xu, Y, and Zhang, Y. TRPV4-mediated mitochondrial dysfunction induces pyroptosis and cartilage degradation in osteoarthritis via the Drp1-HK2 axis. Int Immunopharmacol. (2023) 123:110651. doi: 10.1016/j.intimp.2023.110651

97. Wang, Q, and Qiu, H. Deubiquitinase USP16 induces gouty arthritis via Drp1-dependent mitochondrial fission and NLRP3 inflammasome activation. Arthritis Res Ther. (2023) 25:126. doi: 10.1186/s13075-023-03095-7

98. Dominic, A, Le, NT, and Takahashi, M. Loop between NLRP3 inflammasome and reactive oxygen species. Antioxid Redox Signal. (2022) 36:784–96. doi: 10.1089/ars.2020.8257

99. Zhou, R, Yazdi, AS, Menu, P, and Tschopp, J. A role for mitochondria in NLRP3 inflammasome activation. Nature. (2011) 469:221–5. doi: 10.1038/nature09663

100. Guan, Z, Li, H, Zhang, C, Huang, Z, Ye, M, Zhang, Y, et al. RVFV virulence factor NSs triggers the mitochondrial MCL-1-BAK axis to activate pathogenic NLRP3 pyroptosis. PloS Pathog. (2024) 20:e1012387. doi: 10.1371/journal.ppat.1012387

101. Shimada, K, Crother, TR, Karlin, J, Dagvadorj, J, Chiba, N, Chen, S, et al. Oxidized mitochondrial DNA activates the NLRP3 inflammasome during apoptosis. Immunity. (2012) 36:401–14. doi: 10.1016/j.immuni.2012.01.009

102. Guo, Y, Gu, D, Huang, T, Li, A, Zhou, Y, Kang, X, et al. Salmonella Enteritidis T1SS protein SiiD inhibits NLRP3 inflammasome activation via repressing the mtROS-ASC dependent pathway. PloS Pathog. (2023) 19:e1011381. doi: 10.1371/journal.ppat.1011381

103. Liu, Z, Wang, M, Wang, X, Bu, Q, Wang, Q, Su, W, et al. XBP1 deficiency promotes hepatocyte pyroptosis by impairing mitophagy to activate mtDNA-cGAS-STING signaling in macrophages during acute liver injury. Redox Biol. (2022) 52:102305. doi: 10.1016/j.redox.2022.102305

104. Yu, X, Hao, M, Liu, Y, Ma, X, Lin, W, Xu, Q, et al. Liraglutide ameliorates non-alcoholic steatohepatitis by inhibiting NLRP3 inflammasome and pyroptosis activation via mitophagy. Eur J Pharmacol. (2019) 864:172715. doi: 10.1016/j.ejphar.2019.172715

105. Jia, X, Qiu, T, Yao, X, Jiang, L, Wang, N, Wei, S, et al. Arsenic induces hepatic insulin resistance via mtROS-NLRP3 inflammasome pathway. J Hazard Mater. (2020) 399:123034. doi: 10.1016/j.jhazmat.2020.123034

106. Murakami, T, Ockinger, J, Yu, J, Byles, V, McColl, A, Hofer, AM, et al. Critical role for calcium mobilization in activation of the NLRP3 inflammasome. Proc Natl Acad Sci U.S.A. (2012) 109:11282–7. doi: 10.1073/pnas.1117765109

107. Xian, H, Watari, K, Sanchez-Lopez, E, Offenberger, J, Onyuru, J, Sampath, H, et al. Oxidized DNA fragments exit mitochondria via mPTP- and VDAC-dependent channels to activate NLRP3 inflammasome and interferon signaling. Immunity. (2022) 55:1370–1385.e1378. doi: 10.1016/j.immuni.2022.06.007

108. Yan, M, Li, Y, Luo, Q, Zeng, W, Shao, X, Li, L, et al. Mitochondrial damage and activation of the cytosolic DNA sensor cGAS-STING pathway lead to cardiac pyroptosis and hypertrophy in diabetic cardiomyopathy mice. Cell Death Discov. (2022) 8:258. doi: 10.1038/s41420-022-01046-w

109. Yang, C, Song, B, Han, L, and Gao, Z. Study on the mechanism of NLRP3 effect on the skeleton of de-ovalized mice. Biochem Biophys Rep. (2023) 35:101496. doi: 10.1016/j.bbrep.2023.101496

110. Sun, D, Peng, Y, Ge, S, and Fu, Q. USP1 inhibits NF-κB/NLRP3 induced pyroptosis through TRAF6 in osteoblastic MC3T3-E1 cells. J Musculoskelet Neuronal Interact. (2022) 22:536–45.

111. Li, Q, Wang, H, Liu, L, Weng, Y, Xu, S, Li, L, et al. Suppression of the NLRP3 inflammasome through activation of the transient receptor potential channel melastatin 2 promotes osteogenesis in tooth extraction sockets of periodontitis. Am J Pathol. (2023) 193:213–32. doi: 10.1016/j.ajpath.2022.10.009

112. Li, M, Yang, D, Yan, H, Tang, Z, Jiang, D, Zhang, J, et al. Gasdermin D maintains bone mass by rewiring the endo-lysosomal pathway of osteoclastic bone resorption. Dev Cell. (2022) 57:2365–2380.e2368. doi: 10.1016/j.devcel.2022.09.013

113. Liu, S, Xu, DS, Ma, JL, Huang, P, Wu, D, and Ren, LQ. LncRNA H19 mitigates oxidized low-density lipoprotein induced pyroptosis via caspase-1 in raw 264.7 cells. Inflammation. (2021) 44:2407–18. doi: 10.1007/s10753-021-01511-1

114. Hou, Y, He, H, Ma, M, and Zhou, R. Apilimod activates the NLRP3 inflammasome through lysosome-mediated mitochondrial damage. Front Immunol. (2023) 14:1128700. doi: 10.3389/fimmu.2023.1128700

115. Jin, J, Yuan, P, Yu, W, Lin, J, Xu, A, Xu, X, et al. Mitochondria-targeting polymer micelle of dichloroacetate induced pyroptosis to enhance osteosarcoma immunotherapy. ACS Nano. (2022) 16:10327–40. doi: 10.1021/acsnano.2c00192

116. de Torre-Minguela, C, Gómez, AI, Couillin, I, and Pelegrín, P. Gasdermins mediate cellular release of mitochondrial DNA during pyroptosis and apoptosis. FASEB J. (2021) 35:e21757. doi: 10.1096/fj.202100085R

117. Zhang, Y, Yan, M, Shan, W, Zhang, T, Shen, Y, Zhu, R, et al. Bisphenol A induces pyroptotic cell death via ROS/NLRP3/Caspase-1 pathway in osteocytes MLO-Y4. Food Chem Toxicol. (2022) 159:112772. doi: 10.1016/j.fct.2021.112772

118. Qian, S, Pan, J, Su, Y, Tang, Y, Wang, Y, Zou, Y, et al. BMPR2 promotes fatty acid oxidation and protects white adipocytes from cell death in mice. Commun Biol. (2020) 3:200. doi: 10.1038/s42003-020-0928-y

119. Lu, P, Zheng, H, Meng, H, Liu, C, Duan, L, Zhang, J, et al. Mitochondrial DNA induces nucleus pulposus cell pyroptosis via the TLR9-NF-κB-NLRP3 axis. J Transl Med. (2023) 21:389. doi: 10.1186/s12967-023-04266-5

120. Ballard, A, Zeng, R, Zarei, A, Shao, C, Cox, L, Yan, H, et al. The tethering function of mitofusin2 controls osteoclast differentiation by modulating the Ca(2+)-NFATc1 axis. J Biol Chem. (2020) 295:6629–40. doi: 10.1074/jbc.RA119.012023

121. Yao, X, Jing, X, Guo, J, Sun, K, Deng, Y, Zhang, Y, et al. Icariin protects bone marrow mesenchymal stem cells against iron overload induced dysfunction through mitochondrial fusion and fission, PI3K/AKT/mTOR and MAPK pathways. Front Pharmacol. (2019) 10:163. doi: 10.3389/fphar.2019.00163

122. Zhai, Y, Behera, J, Tyagi, SC, and Tyagi, N. Hydrogen sulfide attenuates homocysteine-induced osteoblast dysfunction by inhibiting mitochondrial toxicity. J Cell Physiol. (2019) 234:18602–14. doi: 10.1002/jcp.28498

123. Zarei, A, Ballard, A, Cox, L, Bayguinov, P, Harris, T, Davis, JL, et al. Osteolineage depletion of mitofusin2 enhances cortical bone formation in female mice. Bone. (2021) 148:115941. doi: 10.1016/j.bone.2021.115941

124. Guo, W, Mu, K, Li, WS, Gao, SX, Wang, LF, Li, XM, et al. Identification of mitochondria-related key gene and association with immune cells infiltration in intervertebral disc degeneration. Front Genet. (2023) 14:1135767. doi: 10.3389/fgene.2023.1135767

125. Wang, K, Zhou, L, Mao, H, Liu, J, Chen, Z, and Zhang, L. Intercellular mitochondrial transfer alleviates pyroptosis in dental pulp damage. Cell Prolif. (2023) 56:e13442. doi: 10.1111/cpr.13442

126. Ward, GA, Dalton, RP 3rd, Meyer, BS, McLemore, AF, Aldrich, AL, Lam, NB, et al. Oxidized mitochondrial DNA engages TLR9 to activate the NLRP3 inflammasome in myelodysplastic syndromes. Int J Mol Sci. (2023) 24:3896. doi: 10.3390/ijms24043896

127. Jiang, W, He, F, Ding, G, and Wu, J. Elamipretide reduces pyroptosis and improves functional recovery after spinal cord injury. CNS Neurosci Ther. (2023) 29:2843–56. doi: 10.1111/cns.14221

128. Peng, X, Wang, K, Zhang, C, Bao, JP, Vlf, C, Gao, JW, et al. The mitochondrial antioxidant SS-31 attenuated lipopolysaccharide-induced apoptosis and pyroptosis of nucleus pulposus cells via scavenging mitochondrial ROS and maintaining the stability of mitochondrial dynamics. Free Radic Res. (2021) 55:1080–93. doi: 10.1080/10715762.2021.2018426

129. Liang, JP, He, YM, Cui, YL, Sun, YN, He, GS, Zhu, ZG, et al. Proteasomal inhibitors induce myeloma cell pyroptosis via the BAX/GSDME pathway. Acta Pharmacol Sin. (2023) 44:1464–74. doi: 10.1038/s41401-023-01060-3

130. Luo, T, Jia, X, Feng, WD, Wang, JY, Xie, F, Kong, LD, et al. Bergapten inhibits NLRP3 inflammasome activation and pyroptosis via promoting mitophagy. Acta Pharmacol Sin. (2023) 44:1867–78. doi: 10.1038/s41401-023-01094-7

131. Zhang, Z, Xie, S, Qian, J, Gao, F, Jin, W, Wang, L, et al. Targeting macrophagic PIM-1 alleviates osteoarthritis by inhibiting NLRP3 inflammasome activation via suppressing mitochondrial ROS/Cl(-) efflux signaling pathway. J Transl Med. (2023) 21:452. doi: 10.1186/s12967-023-04313-1

132. Li, Y, Shen, Y, Jin, K, Wen, Z, Cao, W, Wu, B, et al. The DNA repair nuclease MRE11A functions as a mitochondrial protector and prevents T cell pyroptosis and tissue inflammation. Cell Metab. (2019) 30:477–492.e476. doi: 10.1016/j.cmet.2019.06.016

133. Fan, W, Chen, S, Wu, X, Zhu, J, and Li, J. Resveratrol relieves gouty arthritis by promoting mitophagy to inhibit activation of NLRP3 inflammasomes. J Inflammation Res. (2021) 14:3523–36. doi: 10.2147/jir.S320912

134. Feng, WD, Wang, Y, Luo, T, Jia, X, Cheng, CQ, Wang, HJ, et al. Scoparone suppresses mitophagy-mediated NLRP3 inflammasome activation in inflammatory diseases. Acta Pharmacol Sin. (2023) 44:1238–51. doi: 10.1038/s41401-022-01028-9

135. Sok, SPM, Ori, D, Wada, A, Okude, H, Kawasaki, T, Momota, M, et al. 1’-Acetoxychavicol acetate inhibits NLRP3-dependent inflammasome activation via mitochondrial ROS suppression. Int Immunol. (2021) 33:373–86. doi: 10.1093/intimm/dxab016

136. Fan, R, Jiang, H, Hu, Y, Xu, Y, Zhou, Y, Chen, G, et al. Stomatin-like protein-2 attenuates macrophage pyroptosis and H9c2 cells apoptosis by protecting mitochondrial function. Biochem Biophys Res Commun. (2022) 636:112–20. doi: 10.1016/j.bbrc.2022.10.047

137. Bao, WD, Pang, P, Zhou, XT, Hu, F, Xiong, W, Chen, K, et al. Loss of ferroportin induces memory impairment by promoting ferroptosis in Alzheimer’s disease. Cell Death Differ. (2021) 28:1548–62. doi: 10.1038/s41418-020-00685-9

138. Jia, M, Qin, D, Zhao, C, Chai, L, Yu, Z, Wang, W, et al. Redox homeostasis maintained by GPX4 facilitates STING activation. Nat Immunol. (2020) 21:727–35. doi: 10.1038/s41590-020-0699-0

139. Dixon, SJ, Lemberg, KM, Lamprecht, MR, Skouta, R, Zaitsev, EM, Gleason, CE, et al. Ferroptosis: an iron-dependent form of nonapoptotic cell death. Cell. (2012) 149:1060–72. doi: 10.1016/j.cell.2012.03.042

140. Hassannia, B, Vandenabeele, P, and Vanden Berghe, T. Targeting ferroptosis to iron out cancer. Cancer Cell. (2019) 35:830–49. doi: 10.1016/j.ccell.2019.04.002

141. Stockwell, BR, Friedmann Angeli, JP, Bayir, H, Bush, AI, Conrad, M, Dixon, SJ, et al. Ferroptosis: A regulated cell death nexus linking metabolism, redox biology, and disease. Cell. (2017) 171:273–85. doi: 10.1016/j.cell.2017.09.021

142. Yang, WS, SriRamaratnam, R, Welsch, ME, Shimada, K, Skouta, R, Viswanathan, VS, et al. Regulation of ferroptotic cancer cell death by GPX4. Cell. (2014) 156:317–31. doi: 10.1016/j.cell.2013.12.010

143. Dixon, SJ, and Pratt, DA. Ferroptosis: A flexible constellation of related biochemical mechanisms. Mol Cell. (2023) 83:1030–42. doi: 10.1016/j.molcel.2023.03.005

144. Gao, M, and Jiang, X. To eat or not to eat-the metabolic flavor of ferroptosis. Curr Opin Cell Biol. (2018) 51:58–64. doi: 10.1016/j.ceb.2017.11.001

145. Sun, K, Zhi, Y, Ren, W, Li, S, Zhou, X, Gao, L, et al. The mitochondrial regulation in ferroptosis signaling pathway and its potential strategies for cancer. BioMed Pharmacother. (2023) 169:115892. doi: 10.1016/j.biopha.2023.115892

146. Gao, M, Yi, J, Zhu, J, Minikes, AM, Monian, P, Thompson, CB, et al. Role of mitochondria in ferroptosis. Mol Cell. (2019) 73:354–363.e353. doi: 10.1016/j.molcel.2018.10.042

147. Garanina, AS, Khashba, LA, and Onishchenko, GE. Stages of cell cannibalism–entosis–in normal human keratinocyte culture. Biochem (Mosc). (2015) 80:1469–77. doi: 10.1134/s0006297915110085

148. Chen, H, Zhu, J, Le, Y, Pan, J, Liu, Y, Liu, Z, et al. Salidroside inhibits doxorubicin-induced cardiomyopathy by modulating a ferroptosis-dependent pathway. Phytomedicine. (2022) 99:153964. doi: 10.1016/j.phymed.2022.153964

149. Song, Y, Gao, M, Wei, B, Huang, X, Yang, Z, Zou, J, et al. Mitochondrial ferritin alleviates ferroptosis in a kainic acid-induced mouse epilepsy model by regulating iron homeostasis: Involvement of nuclear factor erythroid 2-related factor 2. CNS Neurosci Ther. (2024) 30:e14663. doi: 10.1111/cns.14663

150. Guo, J, Duan, L, He, X, Li, S, Wu, Y, Xiang, G, et al. A Combined Model of Human iPSC-Derived Liver Organoids and Hepatocytes Reveals Ferroptosis in DGUOK Mutant mtDNA Depletion Syndrome. Adv Sci (Weinh). (2021) 8:2004680. doi: 10.1002/advs.202004680

151. Gao, L, Zhang, J, Yang, T, Jiang, L, Liu, X, Wang, S, et al. STING/ACSL4 axis-dependent ferroptosis and inflammation promote hypertension-associated chronic kidney disease. Mol Ther. (2023) 31:3084–103. doi: 10.1016/j.ymthe.2023.07.026

152. Miao, Z, Tian, W, Ye, Y, Gu, W, Bao, Z, Xu, L, et al. Hsp90 induces Acsl4-dependent glioma ferroptosis via dephosphorylating Ser637 at Drp1. Cell Death Dis. (2022) 13:548. doi: 10.1038/s41419-022-04997-1

153. Li, C, Liu, J, Hou, W, Kang, R, and Tang, D. STING1 promotes ferroptosis through MFN1/2-dependent mitochondrial fusion. Front Cell Dev Biol. (2021) 9:698679. doi: 10.3389/fcell.2021.698679

154. Zhao, Z, Wu, Y, Liang, X, Liu, J, Luo, Y, Zhang, Y, et al. Sonodynamic therapy of NRP2 monoclonal antibody-guided MOFs@COF targeted disruption of mitochondrial and endoplasmic reticulum homeostasis to induce autophagy-dependent ferroptosis. Adv Sci (Weinh). (2023) 10:e2303872. doi: 10.1002/advs.202303872

155. Jiang, Z, Wang, H, Qi, G, Jiang, C, Chen, K, and Yan, Z. Iron overload-induced ferroptosis of osteoblasts inhibits osteogenesis and promotes osteoporosis: An in vitro and in vivo study. IUBMB Life. (2022) 74:1052–69. doi: 10.1002/iub.2656

156. Jin, C, Tan, K, Yao, Z, Lin, BH, Zhang, DP, Chen, WK, et al. A novel anti-osteoporosis mechanism of VK2: interfering with ferroptosis via AMPK/SIRT1 pathway in type 2 diabetic osteoporosis. J Agric Food Chem. (2023) 71:2745–61. doi: 10.1021/acs.jafc.2c05632

157. Wang, X, Ma, H, Sun, J, Zheng, T, Zhao, P, Li, H, et al. Mitochondrial ferritin deficiency promotes osteoblastic ferroptosis via mitophagy in type 2 diabetic osteoporosis. Biol Trace Elem Res. (2022) 200:298–307. doi: 10.1007/s12011-021-02627-z

158. Ma, H, Wang, X, Zhang, W, Li, H, Zhao, W, Sun, J, et al. Melatonin suppresses ferroptosis induced by high glucose via activation of the Nrf2/HO-1 signaling pathway in type 2 diabetic osteoporosis. Oxid Med Cell Longev. (2020) 2020:9067610. doi: 10.1155/2020/9067610

159. Luo, C, Xu, W, Tang, X, Liu, X, Cheng, Y, Wu, Y, et al. Canonical Wnt signaling works downstream of iron overload to prevent ferroptosis from damaging osteoblast differentiation. Free Radic Biol Med. (2022) 188:337–50. doi: 10.1016/j.freeradbiomed.2022.06.236

160. Yuan, Y, Yang, J, Zhuge, A, Li, L, and Ni, S. Gut microbiota modulates osteoclast glutathione synthesis and mitochondrial biogenesis in mice subjected to ovariectomy. Cell Prolif. (2022) 55:e13194. doi: 10.1111/cpr.13194

161. He, X, Wang, D, Yi, Y, Tan, Y, Wu, M, Wang, H, et al. δ-Tocotrienol preconditioning improves the capability of bone marrow-derived mesenchymal stem cells in promoting wound healing by inhibiting BACH1-related ferroptosis. Cell Death Discov. (2023) 9:349. doi: 10.1038/s41420-023-01653-1

162. Li, W, Li, W, Zhang, W, Wang, H, Yu, L, Yang, P, et al. Exogenous melatonin ameliorates steroid-induced osteonecrosis of the femoral head by modulating ferroptosis through GDF15-mediated signaling. Stem Cell Res Ther. (2023) 14:171. doi: 10.1186/s13287-023-03371-y

163. Suh, KS, Lee, YS, Kim, YS, and Choi, EM. Sciadopitysin protects osteoblast function via its antioxidant activity in MC3T3-E1 cells. Food Chem Toxicol. (2013) 58:220–7. doi: 10.1016/j.fct.2013.04.028

164. Shu, F, Xiao, H, Li, QN, Ren, XS, Liu, ZG, Hu, BW, et al. Epigenetic and post-translational modifications in autophagy: biological functions and therapeutic targets. Signal Transduct Target Ther. (2023) 8:32. doi: 10.1038/s41392-022-01300-8

165. Mizushima, N, and Komatsu, M. Autophagy: renovation of cells and tissues. Cell. (2011) 147:728–41. doi: 10.1016/j.cell.2011.10.026

166. Griffey, CJ, and Yamamoto, A. Macroautophagy in CNS health and disease. Nat Rev Neurosci. (2022) 23:411–27. doi: 10.1038/s41583-022-00588-3

167. Shaid, S, Brandts, CH, Serve, H, and Dikic, I. Ubiquitination and selective autophagy. Cell Death Differ. (2013) 20:21–30. doi: 10.1038/cdd.2012.72

168. Ashrafi, G, and Schwarz, TL. The pathways of mitophagy for quality control and clearance of mitochondria. Cell Death Differ. (2013) 20:31–42. doi: 10.1038/cdd.2012.81

169. Li, A, Gao, M, Liu, B, Qin, Y, Chen, L, Liu, H, et al. Mitochondrial autophagy: molecular mechanisms and implications for cardiovascular disease. Cell Death Dis. (2022) 13:444. doi: 10.1038/s41419-022-04906-6

170. Lacombe, A, and Scorrano, L. The interplay between mitochondrial dynamics and autophagy: From a key homeostatic mechanism to a driver of pathology. Semin Cell Dev Biol. (2024) 161-162:1–19. doi: 10.1016/j.semcdb.2024.02.001

171. Liu, L, Feng, D, Chen, G, Chen, M, Zheng, Q, Song, P, et al. Mitochondrial outer-membrane protein FUNDC1 mediates hypoxia-induced mitophagy in mammalian cells. Nat Cell Biol. (2012) 14:177–85. doi: 10.1038/ncb2422

172. Towers, CG, Wodetzki, DK, Thorburn, J, Smith, KR, Caino, MC, and Thorburn, A. Mitochondrial-derived vesicles compensate for loss of LC3-mediated mitophagy. Dev Cell. (2021) 56:2029–2042.e2025. doi: 10.1016/j.devcel.2021.06.003

173. Chu, CT, Ji, J, Dagda, RK, Jiang, JF, Tyurina, YY, Kapralov, AA, et al. Cardiolipin externalization to the outer mitochondrial membrane acts as an elimination signal for mitophagy in neuronal cells. Nat Cell Biol. (2013) 15:1197–205. doi: 10.1038/ncb2837

174. Shu, L, Hu, C, Xu, M, Yu, J, He, H, Lin, J, et al. ATAD3B is a mitophagy receptor mediating clearance of oxidative stress-induced damaged mitochondrial DNA. EMBO J. (2021) 40:e106283. doi: 10.15252/embj.2020106283

175. Su, L, Zhang, J, Gomez, H, Kellum, JA, and Peng, Z. Mitochondria ROS and mitophagy in acute kidney injury. Autophagy. (2023) 19:401–14. doi: 10.1080/15548627.2022.2084862

176. Zhang, T, Liu, Q, Gao, W, Sehgal, SA, and Wu, H. The multifaceted regulation of mitophagy by endogenous metabolites. Autophagy. (2022) 18:1216–39. doi: 10.1080/15548627.2021.1975914

177. Lee, Y, Lee, HY, Hanna, RA, and Gustafsson Å, B. Mitochondrial autophagy by Bnip3 involves Drp1-mediated mitochondrial fission and recruitment of Parkin in cardiac myocytes. Am J Physiol Heart Circ Physiol. (2011) 301:H1924–1931. doi: 10.1152/ajpheart.00368.2011

178. Tanaka, A, Cleland, MM, Xu, S, Narendra, DP, Suen, DF, Karbowski, M, et al. Proteasome and p97 mediate mitophagy and degradation of mitofusins induced by Parkin. J Cell Biol. (2010) 191:1367–80. doi: 10.1083/jcb.201007013

179. Chen, Y, Lin, J, Chen, J, Huang, C, Zhang, Z, Wang, J, et al. Mfn2 is involved in intervertebral disc degeneration through autophagy modulation. Osteoarthritis Cartilage. (2020) 28:363–74. doi: 10.1016/j.joca.2019.12.009

180. Sebastián, D, Sorianello, E, Segalés, J, Irazoki, A, Ruiz-Bonilla, V, Sala, D, et al. Mfn2 deficiency links age-related sarcopenia and impaired autophagy to activation of an adaptive mitophagy pathway. EMBO J. (2016) 35:1677–93. doi: 10.15252/embj.201593084

181. Wang, S, Deng, Z, Ma, Y, Jin, J, Qi, F, Li, S, et al. The role of autophagy and mitophagy in bone metabolic disorders. Int J Biol Sci. (2020) 16:2675–91. doi: 10.7150/ijbs.46627

182. Liu, F, Yuan, Y, Bai, L, Yuan, L, Li, L, Liu, J, et al. LRRc17 controls BMSC senescence via mitophagy and inhibits the therapeutic effect of BMSCs on ovariectomy-induced bone loss. Redox Biol. (2021) 43:101963. doi: 10.1016/j.redox.2021.101963

183. Li, W, Jiang, WS, Su, YR, Tu, KW, Zou, L, Liao, CR, et al. PINK1/Parkin-mediated mitophagy inhibits osteoblast apoptosis induced by advanced oxidation protein products. Cell Death Dis. (2023) 14:88. doi: 10.1038/s41419-023-05595-5

184. Maity, J, Barthels, D, Sarkar, J, Prateeksha, P, Deb, M, Rolph, D, et al. Ferutinin induces osteoblast differentiation of DPSCs via induction of KLF2 and autophagy/mitophagy. Cell Death Dis. (2022) 13:452. doi: 10.1038/s41419-022-04903-9

185. Lee, SY, An, HJ, Kim, JM, Sung, MJ, Kim, DK, Kim, HK, et al. PINK1 deficiency impairs osteoblast differentiation through aberrant mitochondrial homeostasis. Stem Cell Res Ther. (2021) 12:589. doi: 10.1186/s13287-021-02656-4

186. Jang, JS, Hong, SJ, Mo, S, Kim, MK, Kim, YG, Lee, Y, et al. PINK1 restrains periodontitis-induced bone loss by preventing osteoclast mitophagy impairment. Redox Biol. (2024) 69:103023. doi: 10.1016/j.redox.2023.103023

187. Ling, W, Krager, K, Richardson, KK, Warren, AD, Ponte, F, Aykin-Burns, N, et al. Mitochondrial Sirt3 contributes to the bone loss caused by aging or estrogen deficiency. JCI Insight. (2021) 6:e146728. doi: 10.1172/jci.insight.146728

188. Ling, Z, Ge, X, Jin, C, Song, Z, Zhang, H, Fu, Y, et al. Copper doped bioactive glass promotes matrix vesicles-mediated biomineralization via osteoblast mitophagy and mitochondrial dynamics during bone regeneration. Bioact Mater. (2025) 46:195–212. doi: 10.1016/j.bioactmat.2024.12.010

189. Chen, XJ, Yang, YY, Pan, ZC, Xu, JZ, Jiang, T, Zhang, LL, et al. The inhibition of PINK1/Drp1-mediated mitophagy by hyperglycemia leads to impaired osteoblastogenesis in diabetes. iScience. (2025) 28:111519. doi: 10.1016/j.isci.2024.111519

190. Zhu, M, Zeiss, C, Hamrick, MW, Weinstein, RS, Sun, BH, Brotto, M, et al. Mitofusin 2 plays a critical role in maintaining the functional integrity of the neuromuscular-skeletal axis. Bone. (2024) 184:117086. doi: 10.1016/j.bone.2024.117086

191. Chen, L, Shi, X, Xie, J, Weng, SJ, Xie, ZJ, Tang, JH, et al. Apelin-13 induces mitophagy in bone marrow mesenchymal stem cells to suppress intracellular oxidative stress and ameliorate osteoporosis by activation of AMPK signaling pathway. Free Radic Biol Med. (2021) 163:356–68. doi: 10.1016/j.freeradbiomed.2020.12.235

192. Beaupere, C, Garcia, M, Larghero, J, Fève, B, Capeau, J, and Lagathu, C. The HIV proteins Tat and Nef promote human bone marrow mesenchymal stem cell senescence and alter osteoblastic differentiation. Aging Cell. (2015) 14:534–46. doi: 10.1111/acel.12308

193. Sun, X, Yang, X, Zhao, Y, Li, Y, and Guo, L. Effects of 17β-estradiol on mitophagy in the murine MC3T3-E1 osteoblast cell line is mediated via G protein-coupled estrogen receptor and the ERK1/2 signaling pathway. Med Sci Monit. (2018) 24:903–11. doi: 10.12659/msm.908705

194. Sikora, M, Śmieszek, A, Pielok, A, and Marycz, K. MiR-21-5p regulates the dynamic of mitochondria network and rejuvenates the senile phenotype of bone marrow stromal cells (BMSCs) isolated from osteoporotic SAM/P6 mice. Stem Cell Res Ther. (2023) 14:54. doi: 10.1186/s13287-023-03271-1

195. Li, Y, Wang, J, Yue, J, Wang, Y, Yang, C, and Cui, Q. High magnesium prevents matrix vesicle-mediated mineralization in human bone marrow-derived mesenchymal stem cells via mitochondrial pathway and autophagy. Cell Biol Int. (2018) 42:205–15. doi: 10.1002/cbin.10888

196. Zhang, F, Peng, W, Zhang, J, Dong, W, Wu, J, Wang, T, et al. P53 and Parkin co-regulate mitophagy in bone marrow mesenchymal stem cells to promote the repair of early steroid-induced osteonecrosis of the femoral head. Cell Death Dis. (2020) 11:42. doi: 10.1038/s41419-020-2238-1

197. Martínez-Reyes, I, and Chandel, NS. Mitochondrial TCA cycle metabolites control physiology and disease. Nat Commun. (2020) 11:102. doi: 10.1038/s41467-019-13668-3

198. Zhang, F, Dong, Z, Gao, S, Chen, G, and Liu, D. AT1R-mediated apoptosis of bone marrow mesenchymal stem cells is associated with mtROS production and mtDNA reduction. Oxid Med Cell Longev. (2019) 2019:4608165. doi: 10.1155/2019/4608165




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.


Copyright © 2025 Wang, Wang, Ma, Yang, Xing, Song, Guo, Song, Cao, Bai and Wang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fendo.2025.1576597_cover.jpg
& frontiers | Frontiers in Endocrinology

Mitochondria: a key regulator of
programmed cell death in OP





OEBPS/Images/fendo-16-1576597-g004.jpg
I Mitochondria
@\ (A2 o~

NADPH OXPHOS

Maintain
® GSH mitochondrial
° . . Cysteine — synthesis function
o Cystine —
Glutamate®, /T~ "O\°, 17)
System Xc \ émPTP
SN -
............................................. @ °

MltochondrlaII, l
fusion - 4

Nucleus

Lipid Peroxidation

«———— activation

————— suppression

Autophagy

Mltophagy |
Ferroptosis






OEBPS/Images/fendo-16-1576597-g002.jpg
MFN1/2,
3) OPA1

2)q Nucleus

signal

\ pathway ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Necroptosis

«————— activation

————— suppression

@ CaMKil

5 caspase-8 , PGAMS

@» TAK1

cyt okiness/
DMAPs/...





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Mitochondria: a key regulator of programmed cell death in OP

      

        		

          1 Introduction

        



        		

          2 Apoptosis and OP

        

          		

            2.1 Definition of apoptosis

          



          		

            2.2 Mitochondria as the central hub for apoptotic regulation

          



          		

            2.3 Mitochondria-mediated apoptosis in the pathogenesis of OP

          



          		

            2.4 Targeting mitochondrial apoptosis: a therapeutic strategy for bone-related disorders

          



        



        



        		

          3 Necroptosis and OP

        

          		

            3.1 Definition of necroptosis

          



          		

            3.2 Mitochondrial multi-pathway regulation of necroptosis

          



          		

            3.3 Mitochondria-driven necroptosis as a key pathway in the development of OP

          



          		

            3.4 Inhibiting mitochondrial necroptosis: a therapeutic strategy for bone-related diseases

          



        



        



        		

          4 Pyroptosis and OP

        

          		

            4.1 Definition of pyroptosis

          



          		

            4.2 Mitochondrial molecular mechanisms in pyroptosis: synergistic effects and homeostatic imbalance

          



          		

            4.3 Mitochondria-regulated pyroptosis in the pathogenesis of OP

          



          		

            4.4 Targeting mitochondria to suppress pyroptosis: a therapeutic strategy for bone disorders

          



        



        



        		

          5 Ferroptosis and OP

        

          		

            5.1 Definition of ferroptosis

          



          		

            5.2 Mitochondrial damage-induced ferroptosis

          



          		

            5.3 Mitochondria-mediated ferroptosis in the development of OP

          



          		

            5.4 Targeting mitochondria to inhibit ferroptosis: a therapeutic strategy for bone- related diseases

          



        



        



        		

          6 Autophagy and OP

        

          		

            6.1 Definition of autophagy

          



          		

            6.2 Mitophagy as a critical mechanism of selective autophagy

          



          		

            6.3 Mitochondria and selective autophagy in the pathogenesis of OP

          



          		

            6.4 Targeting mitophagy: a therapeutic strategy for bone-related disorders

          



        



        



        		

          7 Conclusion

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Generative AI statement

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fendo-16-1576597-g001.jpg
l Nucleus

Caspase-9 DNA damage

DNA damage

cGAS/STING

<+— activation

suppression

@ Omi/HtrA2

LR — inflammation ApO ptOSiS

DT mtDNA 3\ Apaf-1

&[ﬂ caspase-3/7 @@ Smac

[ ) Cytc






OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fendo-16-1576597-g005.jpg
healthy

Ub-dependent pathway Ub-independent pathway

LC3/ATG8

mtROS
& ATP
Au:)phagosome mtD NA

o «
| 73
o

membrane

amplification mitOChondriaI dynamiCS
(DRP1, MFN2)

<«—— activation

suppression

Autophagosome

Lysosome

Macroautophagy





OEBPS/Images/fendo-16-1576597-g003.jpg
NF-kB signal pathway

Mitochondrial fission

.......................... .:

Ol [ Pro-caspase-1 |

!

+«——— activation

——————— suppression

‘ GSDMD-N
D esomo-c

# Inflammasome cellcontents |  —cccmmcmm e mmmm i cmcmmmcnmcmcmmcmcee i m e m e mmccmcmmmccmmmmcmmmcmcccmm e e

@ TxNIP






OEBPS/Images/logo.jpg
’ frontiers ’ Frontiers in Cellular and Infection Microbiology





