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Osteoporosis (OP) is a systemic skeletal disorder characterized by reduced bone mass and structural deterioration of bone tissue, resulting in heightened vulnerability to fractures due to increased bone fragility. This condition primarily arises from an imbalance between the processes of bone resorption and formation. Mitochondrial dysfunction has been reported to potentially constitute one of the most crucial mechanisms influencing the pathogenesis of osteoporosis. In essence, mitochondria play a crucial role in maintaining the delicate equilibrium between bone formation and resorption, thereby ensuring optimal skeletal health. Nevertheless, disruption of this delicate balance can arise as a consequence of mitochondrial dysfunction. In dysfunctional mitochondria, the mitochondrial electron transport chain (ETC) becomes uncoupled, resulting in reduced ATP synthesis and increased generation of reactive oxygen species (ROS). Reinforcement of mitochondrial dysfunction is further exacerbated by the accumulation of aberrant mitochondria. In this review, we investigated and analyzed the correlation between mitochondrial dysfunction, encompassing mitochondrial DNA (mtDNA) alterations, oxidative phosphorylation (OXPHOS) impairment, mitophagy dysregulation, defects in mitochondrial biogenesis and dynamics, as well as excessive ROS accumulation, with regards to OP (Figure 1). Furthermore, we explore prospective strategies currently available for modulating mitochondria to ameliorate osteoporosis. Undoubtedly, certain therapeutic strategies still require further investigation to ensure their safety and efficacy as clinical treatments. However, from a mitochondrial perspective, the potential for establishing effective and safe therapeutic approaches for osteoporosis appears promising.
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1 Introduction

Osteoporosis is a highly prevalent metabolic bone disease worldwide, affecting over 20 billion individuals globally. Among them, approximately 50% of women and 20% of men will experience an osteoporotic fracture after the age of 50 years (1, 2). Notably, due to an aging population and increasing life expectancy, it is projected that the number of individuals aged 50 years and older with osteoporosis will surpass 400 million by 2050 (3). Osteoporosis has emerged as a significant and escalating public health concern owing to its widespread occurrence and the severe implications associated with osteoporotic fractures (4). Regrettably, despite extensive research efforts, the precise pathogenesis underlying osteoporosis remains elusive while effective interventions are still lacking.

Mitochondria, complex organelles present in all cells except erythrocytes, are typically located in the cytoplasm and often adjacent to the endoplasmic reticulum (ER) (5). They play a crucial role in various cellular processes, particularly adenosine triphosphate production (6). The process of normal adult bone growth is characterized by a delicate equilibrium between bone resorption and bone formation. Osteoclasts (OCs), located on the surface of dissolved bone, break down existing bone into its fundamental components (primarily type I collagen and inorganic salts), leading to bone resorption. On the other hand, osteoblasts (OBs), situated on the surface of new bone, utilize these broken-down components provided by osteoclasts to generate a fresh matrix for subsequent mineralization (Figure 1). This newly formed matrix is then mineralized by osteoblasts that become entrapped within it and eventually transform into osteocytes. Both osteoclasts and osteoblasts originate from the marrow cavity within bones (7–9). The involvement of mitochondria in bone is crucial for the regulation of nutrient metabolism and maintenance of bone homeostasis (9, 10). Numerous studies have consistently demonstrated that mitochondrial dysfunction is both a causative factor and an indicative symptom of the aging process, owing to the inevitable impairment of cellular function (7, 11). Mitochondrial dysfunction is now recognized as a pivotal factor in the mechanisms underlying aging and has been demonstrated to be a prevalent characteristic associated with age-related diseases (9).




Figure 1 | Mitochondrial dysfunction and osteoporosis. Mitochondria are double-membrane organelles found in eukaryotic cells, playing a pivotal role not only in ATP production through oxidative phosphorylation but also in apoptosis and autophagy. Under physiological conditions, Mitochondria quality control involves mitochondrial fusion and fission, biogenesis, mitophagy, as well as antioxidant defense systems to establish a mitochondrial network that can governs mitochondria homeostasis and ensuring normal cellular function. When under conditions of stress or aging, an imbalance in this control system can lead to the production of abnormally functioning mitochondria. Mitochondrial dysfunction is primarily characterized by alterations in mitochondrial DNA (mtDNA), impaired oxidative phosphorylation (OXPHOS), disruptions in mitochondrial autophagy, defects in mitochondrial biogenesis and dynamics, and excessive accumulation of reactive oxygen species (ROS). Disruption of mitochondrial function leads to impaired homeostasis, resulting in intracellular disorders or cellular dysfunction that ultimately impacts bone homeostasis and induces the onset and progression of osteoporosis.



Notably, it is now tentatively suggested that mitochondrial dysfunction in bone cells may contribute to osteoporosis by disrupting the normal activity of bone cells and impairing their function in maintaining bone homeostasis (12). Currently, only a limited number of studies have elucidated the association between osteoporosis and mitochondrial dysfunction (13–15).Therefore, this paper comprehensively reviews diverse manifestations of mitochondrial dysfunctions in osteoporosis and further investigates the potential therapeutic strategy of modulating mitochondrial function for OP treatment.




2 Mitochondria: structure and function

Mitochondria, the primary source of metabolic energy in aerobic eukaryotic cells, play a pivotal role in generating ATP through OXPHOS (16). Apart from their fundamental function in energy provision, mitochondria are indispensable for regulating cell cycle progression and programmed cell death (17). Furthermore, mitochondria govern various metabolic processes including calcium signaling, the citric acid cycle, amino acid metabolism, and phospholipid biosynthesis (18).

To fulfill these essential functions, mitochondria possess the capacity to modulate their quantity and dimensions in response to cellular metabolic activity (19). Consequently, mitochondria exhibit remarkable dynamism by undergoing fission and fusion events, enabling the formation of interconnected tubular networks (20). Furthermore, mitochondria are semi-autonomous organelles harboring their genetic material (21). Mitochondrial DNA has a circular structure and comprises 16,569 base pairs containing 37 genes encoding 13 mitochondrial proteins, 22 transfer RNAs, and 2 ribosomal RNAs (22). These proteins encoded by mtDNA constitute an integral component of the electron transport chain complex’s central subunit (23). Moreover, over 1000 additional proteins are synthesized from nuclear DNA and subsequently transported across the cytoplasm to fulfill mitochondrial functions (24). The maintenance of normal respiratory chain activity necessitates an intact and functional mitochondrial genome (25). Coordinated interactions between nuclear DNA and mtDNA are indispensable for the preservation of optimal mitochondrial function (26).

Mitochondria are enclosed by a double phospholipid membrane, effectively separating them from the cytoplasm. The outer mitochondrial membrane exhibits porosity and relatively high permeability, lacking a membrane potential. In contrast, the inner mitochondrial membrane functions as a selective diffusion barrier responsible for cellular energy production; its ion selectivity establishes a potential difference across this membrane (27). The ETC, consisting of five complexes [CI-CV], coenzyme Q10 (CoQ10), and cytochrome c, is localized on the inner mitochondrial membrane (28). Energy derived from the process of oxidative phosphorylation through the respiratory chain is utilized for proton pumping, resulting in the establishment of an electrochemical gradient across the inner interstitial space and mitochondrial matrix (29). These proton movements facilitate ATP synthesis via complex V (ATP synthase). Reactive oxygen species, including free radicals and hydrogen peroxide, are also generated during oxidative phosphorylation as by-products (30, 31). These ROS can cause damage to lipids, nucleic acids, and proteins; elevated levels of ROS may be linked to mitochondrial dysfunction and associated disorders (32).




3 Mitochondrial Dysfunctions and OP

The pathogenesis of osteoporosis has been continuously researched. Although the precise etiology of OP remains elusive, investigating mitochondrial dysfunction and exploring its association with OP could enhance our understanding and potentially ameliorate this condition. In this study, we provide a comprehensive overview of OP and mitochondrial dysfunction, followed by an in-depth analysis of six key characteristics pertaining to mitochondria in osteoporosis (Figure 2).




Figure 2 | Overview of Bone Homeostasis. Throughout life, bone undergoes constant remodeling and renewal. Osteoclasts are the exclusive cells responsible for resorbing mineralized bone. They adhere to the bone matrix, forming enclosed folded areas before releasing bone-dissolving minerals such as hydrochloric acid and CTSK. Upon completion of resorption, osteoclasts undergo apoptosis. Mesenchymal stem cells (MSCs) progressively differentiate into mature osteoblasts under the influence of relevant factors. Mature osteoblasts synthesize components of the bone matrix, including collagen type 1 (Col1A1), as well as non-collagenous proteins like Osteocalcin (OCN) and Osteopontin (OPN). These synthesized components contribute to the deposition of calcium in crystalline form known as hydroxyapatite deposits, which fill in gaps created by osteoclast activity. Osteoblasts that have completed their role in bone formation either undergo apoptosis or transform into osteocytes embedded within the bone structure itself. Under normal physiological conditions, there exists a dynamic equilibrium between bone resorption and formation processes. However, during aging or under stressful conditions, an imbalance occurs where resorption surpasses formation leading to pathologies such as bone loss.





3.1 mtDNA Mutation in OP

Human mtDNA is a circular, double-stranded genome spanning 16,569 base pairs in length. It encompasses 37 genes that play a crucial role in supporting aerobic respiration and cellular energy production through OXPHOS. Unlike nuclear DNA, mtDNA lacks protection from histone proteins and does not undergo recombination events, resulting in an approximately 10-100-fold higher mutation rate (33). These mutations can manifest as point mutations, deletions of fragments or larger-scale rearrangements within the mtDNA sequence, all of which directly impair OXPHOS function (34, 35). Emerging clinical evidence suggests a correlation between mitochondrial DNA mutations and decreased bone mass, particularly in patients with inherited metabolic disorders. For instance, Roshal et al. reported bone loss and fracture in a 16-year-old female harboring a mutation in the POLG1 gene, which encodes DNA polymerase γ responsible for mtDNA replication. De Block et al. documented a case of bone loss and fracture caused by a 7301 bp deletion of mtDNA in a 27-year-old female patient with Kearns-Sayre Syndrome (KSS) (13). Furthermore, a case-control study demonstrated reduced bone mass, cortical thickness, and estimated biomechanics at the lumbar spine, hip, and femoral head among individuals carrying the m.3243A>G mutation. Maternally inherited deafness with diabetes patients carrying the mitochondrial m.3243A>G mutation also exhibit signs of osteoporosis. Additionally, MSCs isolated from individuals with the m.3243A>G mutation displayed mitochondrial dysfunction and impaired osteogenic differentiation (10). In addition, numerous studies have demonstrated that mtDNA mutations are associated with cellular dysfunction (36). For instance, mtDNA polymerase γ (Polg), the sole DNA polymerase present in mitochondria responsible for mtDNA replication and repair across all cell types, exhibits accelerated age-related osteoporosis when mutated (9). Additionally, these mutations impair the ability of osteoblasts to form a mineralized matrix and enhance in vitro resorption activity (37). These findings underscore the strong correlation between mtDNA mutations and osteoporosis.




3.2 Abnormal mitochondrial OXPHOS in OP

Mitochondrial health is crucial for physiological function, particularly in ATP-demanding tissues. The mitochondrial inner membrane harbors respiratory chain complexes (complexes I, II, III and IV) and ATP synthase complex V, which play a vital role in oxidative phosphorylation (38). Electrons are transferred across the respiratory complexes to generate ATP. Nevertheless, age-related decline occurs in both mitochondrial respiratory capacity and coupling quality control (39). Depletion of the respiratory reserve capacity of mitochondria leads to cellular senescence or death. Bone-forming cells expend significant amounts of energy to sustain their bone-forming capacity and maintain remodeling equilibrium (40). Remarkably, hibernating black bears exhibit an exceptional ability to preserve bone mass throughout the 4-6 months period of hibernation. RNA sequencing analysis of black bears revealed upregulation of the AMPK/PGC1α pathway, which is responsible for mitochondrial biogenesis and respiration. This pathway has been demonstrated to enhance osteoblastogenesis in bone mesenchymal stem cells (BMSCs) (41). Notably, it has been demonstrated that the transition from oxidative metabolism to glycolytic metabolism in aging bones is the primary determinant of bone loss in mice. Stimulation of OXPHOS exhibits an osteoanabolic effect (42). In vivo, treatment with sodium oxalate (OXA), a glycolysis inhibitor, resulted in increased trabecular bone density and cortical bone volume in adult mice after 8 weeks. OXA also ameliorated the glycolytic shift observed in the skeletal system of 18-month-old mice, leading to enhanced trabecular bone volume and cortical bone mineral density (BMD) in aged mice. Furthermore, OXA promoted osteoblast-mediated bone formation without affecting bone resorption (43). Similarly, OXPHOS is associated with bone resorption metabolism. Mice exposed to ionizing radiation showed increased bone loss, exhibiting elevated levels of mitochondrial respiration in osteoclasts (44). In addition, it has been shown that the low age-related bone loss in Sirt3-KO mice may be due to reduced oxidative phosphorylation in osteoclasts (45). In summary, mitochondrial oxidative phosphorylation is closely related to bone metabolism.




3.3 Mitochondrial-Derived ROS Increase in OP

The mitochondrial ETC and NADPH oxidase (NOX) are closely associated with the production of ROS. During mitochondrial electron transport, complexes I and III serve as the primary sites for ROS generation (46, 47). Through NOX activity, NADPH generates ROS. Mitochondria are abundant in NOX and continuously produce ROS under the combined influence of ETC and NOX (48). Due to their toxic by-products, ROS can impair mitochondria and contribute to the pathological mechanisms of osteoporosis. In turn, damaged mitochondria trigger the release of substantial amounts of ROS from neighboring mitochondria, a phenomenon known as “ROS-induced ROS” (49). Elevated levels of ROS represent one of the pathogenic mechanisms underlying osteoporosis (10, 50). For instance, studies conducted in vitro and using mouse models of premature aging have identified mitochondria-generated ROS as a crucial factor in osteoporosis development (9). SOD2-deficient mice exhibit a connective tissue-specific premature aging phenotype accompanied by reduced bone mineral density (51). Other studies have shown that control of H2O2 is a critical part of osteoporosis (52, 53). Production of the intracellular p66shc adaptor protein leads to increased H2O2 production, which is released from the mitochondrial inner membrane inhibitory complex in response to a variety of pro-apoptotic stimuli and reduced to H2O2 by oxidoreductase-catalyzed O2 electron transfer (54, 55). High levels of H2O2 in osteoblasts induce apoptosis and impair osteoblast formation, thereby leading to the development of osteoporosis (56, 57). In contrast, accumulated H2O2 induces osteoclast proliferation and is required for their maturation (58). H202 attenuation contributes to osteoblast formation to promote bone growth through forkhead box O transcription factors (FoxOs) and estrogen regulation (59). The efficacy of these reactive oxygen species defenses diminishes with advancing age (60). Emerging evidence suggests a pivotal role of reactive oxygen species (ROS) in the process of osteoclast formation (15, 61). Initial findings from organ culture experiments indicated the involvement of ROS in osteoclast differentiation and bone resorption, as evidenced by the generation of superoxide anion during osteoclastogenesis induced by parathyroid hormone and interleukin-1, which was attenuated by superoxide dismutase. Subsequent in vitro studies have further proposed that elevated levels of ROS may facilitate osteoclast formation, activation, and survival. However, it is worth noting that all previous investigations have established an indirect association between ROS production and either osteoclastogenesis or enhanced bone resorption (58). ROS hyperreactivity disrupts the homeostasis of antioxidants, resulting in an imbalance between bone morphology and resorption (62). Specifically, during youth, the body’s inherent ROS defense system effectively maintains the equilibrium between bone formation and resorption. However, as individuals age, their defensive mechanisms weaken, leading to osteoclasts dominating bone resorption and subsequently causing a decline in bone mineral density and the development of osteoporosis.




3.4 Reduced mitochondrial biogenesis in OP

Mitochondrial biogenesis refers to the generation of new mitochondrial mass and replication of mtDNA through the proliferation of existing mitochondria (63). The main regulatory factor of mitochondrial biogenesis, PGC1α, directly controls transcription factors to regulate the expression of nuclear genes. Several transcription factors are required for this progression, including nuclear respiratory factor 1 (NRF1), nuclear factor erythroid 2-related factor 2 (NRF2), peroxisome proliferator-activated receptor-α (PPARα), steroid hormone receptor ERR1 and transcriptional repressor protein YY1 (64). Several studies have shown that mitochondrial biogenesis declines with age over the past few decades. PGC-1α is the master regulator of mitochondrial biogenesis. There is ample evidence supporting the role of PGC-1α in aging. Increased expression of PGC-1α could improve mitochondrial dysfunction and compensate for aging phenotypes in mtDNA mutation mice (65–68). Deficiency of PGC1α, a major regulator of mitochondrial biogenesis, leads to bone loss, as evidenced by: PGC1α deficiency impairing cortical bone mass and bone strength. Moreover, bone marrow precursors of PGC1α deficient mice expressed a lower mRNA level of collagen type I α 1 (Col1a1), the most abundant bone matrix protein (69). Similarly, animals knocked down with SIRT3 had reduced SOD2 expression, inhibited mitochondrial biogenesis, reduced Runx2, Osterix (OSX), and ALP expression, inhibited osteogenic differentiation, and reduced bone mass, while overexpression of SIRT3 improved mitochondrial biogenesis and osteogenic differentiation (70). Abnormalities in mitochondrial biogenesis have also been reported in osteoclasts. It has been shown that sir3 reduces mtDNA content and PGC1-α expression to inhibit osteoclast differentiation and thereby increase bone mass in mice (71). In addition, PGC-β regulates energy metabolism by stimulating biogenesis, and knockdown of PGC-β is associated with promotion of osteoclast differentiation and increased bone mass (72).




3.5 Impaired mitochondrial dynamics in OP

Mitochondria demonstrate a remarkable level of dynamism, effectively regulating their quantity, morphology, functionality, and subcellular distribution through the processes of fission and polymerization. Fission facilitates the division of a mitochondrion into two separate entities, while polymerization enables the fusion of two mitochondria together. The hydrolase GTPase plays a crucial role in governing the dynamics of the mitochondrial network. The dynamin DRP1 orchestrates the fission process within mitochondria, whereas MFN1/2 on the outer membrane and OPA1 on the inner membrane mediate mitochondrial fusion (19, 20, 73). When mitochondrial fusion and fission are disrupted, the activity of osteoblasts and osteoclasts is altered, leading to an accelerated onset and progression of osteoporosis. Mitochondrial dynamics play a crucial role in modulating osteogenic processes (74). For instance, senescent BMSCs extracted from individuals with osteoporosis exhibit tubular-shaped mitochondria similar to those found in senescent cells. However, upregulation of miR-21 induces mitochondrial fission, resulting in a decrease in the proportion of tubular mitochondria and an increase in globular mitochondria. Moreover, BMSCs obtained from simple senile osteoporosis patients show down-regulated expression of MFN-1 and MFF (75). Additionally, oxidative stress-induced damage to osteoblasts leads to increased mitochondrial fission that subsequently impairs both mitochondrial morphology and cellular function. Conversely, inhibition or deficiency of Drp1 reduces oxidative stress-induced fragmentation of mitochondria in osteoblasts while mitigating their dysfunction (74). In addition, the modulation of mitochondrial dynamics may play a crucial role in osteoclast-mediated bone resorption. For instance, Ballard et al. developed a murine model with knockout of MFN1 and MFN2 genes in osteoclasts, which resulted in an augmented bone mass and reduced osteoclastogenesis (76). And inhibition of DRP1 suppresses lipopolysaccharide-induced osteoclastogenesis in a cranial model and mitigates ovariectomy-induced bone loss in vivo (77). In summary, perturbations in mitochondrial dynamics contribute to the pathogenesis of osteoporosis.




3.6 Mitophagy damage in OP

Mitophagy refers to the selective degradation and removal of senescent or damaged mitochondria by cells in order to maintain mitochondrial homeostasis and ensure the stability of the intracellular environment (78). Among these mechanisms, the PTEN-induced putative kinase 1 (PINK1)/Parkinson’s disease-associated gene (Parkin) pathway plays a crucial role in mitophagy regulation (79). Impairment of mitophagy leads to an accumulation of dysfunctional mitochondria, which may contribute to abnormal bone metabolism and subsequent bone loss. For instance, reduced expression of PINK1 has been observed in patients with osteoporosis, while ovariectomized mice with PINK1 gene defects exhibited significantly decreased bone mass (80). Furthermore, in vitro experiments have demonstrated that PINK1 expression increases during normal osteogenic differentiation in osteoblasts. Osteoblasts with low levels of PINK1 expression displayed significantly lower expression levels of osteogenic markers such as ALP, bone sialoprotein (BSP), OCN, and OPN (12). Additionally, these cells exhibited more fragmented and abnormal mitochondria. Similarly, inhibition of mitochondrial autophagy results in abnormal mitochondrial accumulation and excessive production of reactive oxygen species, ultimately leading to mitochondria-dependent apoptosis and impaired osteogenic ability in BMSCs (81, 82). Moreover, studies on Sirt3 have revealed aberrant mitophagy in osteoclasts from mice exhibiting less bone loss (45). Current literature on mitochondrial autophagy in osteoclasts in the context of osteoporosis is limited, necessitating further investigation for more comprehensive insights. Nevertheless, it is undeniable that regulation of mitochondrial autophagy holds promising potential as a therapeutic strategy for addressing osteoporosis.





4 Strategies for targeting mitochondria in the treatment of osteoporosis



4.1 OPA1

The OPA1 gene, located at 3q28, is a pivotal gene associated with autosomal dominant optic atrophy (83). Mutations in OPA1 lead to the loss of its function, resulting in disease development. This gene consists of 31 exons that encode diverse isoforms. Mitochondrial processing enzymes cleave OPA1 into long(L-OPA1) and short (S-OPA1) forms, which are respectively anchored to the inner mitochondrial membrane (IMM) and the mitochondrial intermembrane space (84, 85). The OPA1 protein has been identified as playing a crucial role in the regulation of mitochondrial dynamics and energy metabolism, as well as maintaining the stability of the mitochondrial genome (86).

The expression level of OPA1 was downregulated in osteoblast apoptosis. Jia et al. demonstrated that cadmium-induced osteoblast apoptosis resulted in mitochondrial dysfunction and reduced expression levels of the mitochondrial fusion proteins OPA1 and MFN2 (87). Similarly, Cai et al.’s study revealed that activation of the AKT-GSK3β signaling pathway by hydroxyl butyl alcohol decreased OPA1 cleavage, effectively maintaining the balance between fusion and fission processes, thereby reducing mitochondrial dysfunction and oxidative stress-induced osteoblast apoptosis (88). Moreover, elevated levels of ROS can induce mitochondrial damage and impair the osteoblastic potential of bone-associated MSCs (89). Chen et al. successfully enhanced superoxide dismutase and catalase activities on implants through a metal-organic skeleton coating with biological functions, leading to ROS decomposition in MSCs, restoration of their mitochondrial function, and significant upregulation of mitochondrial fusion protein expression such as OPA1 and MFN2 (90).

Collectively, these findings underscore the potential role of OPA1 in mitigating or retarding bone loss associated with osteoporosis. The mechanism underlying osteoporosis remains incompletely understood; however, mounting evidence suggests that mitochondrial dynamics plays a pivotal role in this pathological process. Recent investigations have identified the modulation of mitochondrial function as a novel research avenue for treating osteoporosis (14, 91). Several pharmacological formulations and traditional medicines containing biologically active compounds have demonstrated potential in targeting mitochondrial dynamics for the treatment of osteoporosis progression. For instance, hydroxytyrosyl activates the AKT-GSK3β signaling pathway, thereby reducing OPA1 cleavage and maintaining the equilibrium between mitochondrial fusion and fission, consequently mitigating mitochondrial dysfunction and oxidative stress-induced apoptosis in osteoblasts (88). Similarly, silymarin inhibits L-OPA1 cleavage into S-OPA1 and downregulates FIS1 expression in osteoblasts, thus favoring mitochondrial fusion over fission and suppressing advanced glycation end product-induced apoptosis of osteoblasts (92). Although most bioactive substances used for treating osteoporosis are still at the preclinical stage, large-scale clinical trials are warranted to validate their efficacy and safety.

OPA1 plays a crucial role in regulating mitochondrial dynamics by reducing the excessive production of ROS through mitochondrial fusion and timely removing damaged mitochondria via mitochondrial fission, thereby maintaining the integrity of the respiratory chain and stability of mtDNA. Recent studies have highlighted that mitochondrial dysfunction is a significant factor contributing to the occurrence and progression of osteoporosis, while OPA1 has shown promising potential in improving mitochondrial dynamics and preserving mitochondrial morphology and function. Despite some drug molecules and bioactive components being identified for enhancing mitochondrial dynamics and delaying osteoporosis progression, further research on the regulatory mechanism involving OPA1 is still lacking. Insufficient research has been conducted on the impact of OPA1 on bone resorption. Therefore, future investigations should focus on exploring the involvement of OPA1-mediated mitochondrial dynamics in osteoporosis to provide a theoretical foundation for its potential as a therapeutic target for osteoporosis.




4.2 PINK

A key regulator of mitophagy is PINK. Under physiological conditions, in a healthy inner mitochondrial membrane, PINK translocates and undergoes rapid degradation (93). However, upon depolarization or loss of membrane potential leading to mitochondrial damage, PINK accumulates on the outer membrane where it phosphorylates Parkin and other outer membrane proteins after recruitment of autophagy machinery, formation of autophagosomes, and subsequent clearance of unhealthy mitochondria (94). Studies suggest that PINK may play a role in the regulation of bone metabolism, potentially through its involvement in the normal regulation of mitochondrial autophagy. Disruption of PINK has been shown to impair mitochondrial autophagy, which can negatively impact osteoblast differentiation and mineralization. Conversely, restoration of mitochondrial autophagy inhibits osteoclast formation and bone resorption, thereby contributing to the mitigation of bone loss (95). Therefore, it is reasonable to hypothesize that PINK-mediated mitochondrial autophagy is implicated in the regulation of osteoporosis occurrence and development.



4.2.1 PINK regulates bone formation

PINK-mediated mitophagy enhances osteoblast differentiation and function, thereby attenuating the progression of osteoporosis (96). Lee et al. demonstrated that PINK deficiency disrupts osteoblast differentiation by perturbing mitochondrial homeostasis (80). The results of tissue staining and uCT analysis in animal experiments demonstrated that PINK1 knockout exacerbated ovariectomy-induced bone loss, while an increased presence of abnormal mitochondria was observed in osteoblasts within the femur of PINK knockout mice. Furthermore, a significant reduction in PINK expression was observed in bone tissue from patients with osteoporosis. In cellular experiments, it was discovered that PINK regulates osteoblast differentiation (80). The beneficial impact of PINK-mediated mitophagy on osteoporosis has also been documented in other investigations. For instance, researchers have discovered that NIPA2 (Prader-Willi/Angelman syndrome region protein 2) deactivates PINK-mediated mitophagy, thereby exerting a positive regulatory effect on the osteogenic capacity of osteoblasts treated with high glucose (97). Similarly, it has been demonstrated that PINK-mediated mitochondrial autophagy inhibits advanced oxidation protein products-induced apoptosis in osteoblasts. In vitro studies revealed that rapamycin further activates PINK-mediated mitochondrial autophagy in AOPP-stimulated MC3T3-E1 cells and significantly alleviates AOPP-induced apoptosis by eliminating ROS and damaged mitochondria. In vivo studies showed that PINK-mediated mitochondrial autophagy reduces plasma AOPP concentration and inhibits AOPP-induced osteoblast apoptosis, thereby ameliorating bone loss, bone microarchitectural disruption, and bone mineral density loss associated with AOPP accumulation (98). Furthermore, PINK1-mediated mitophagy has been demonstrated to contribute to the production of cathepsin K in osteocytes induced by glucocorticoids. Osteocyte mitophagy may play a crucial role in GC-induced bone loss, suggesting that targeted PINK bone cells mediated by mitochondrial autophagy could be a potential treatment for relieving osteoporosis caused by GC (99).




4.2.2 PINK regulates bone resorption

PINK-mediated mitophagy also exerts an inhibitory effect on osteoclast-mediated bone resorption (100). Wen et al. demonstrated that SIRT3 promotes mitochondrial autophagy in osteoclasts through the deacetylation of PINK, leading to the inhibition of bone resorption. Partial knockdown of SIRT3 impeded osteoclast development and function, resulting in attenuated bone resorption and reduced bone loss associated with estrogen deficiency or aging. These findings suggest that targeted inhibition of Sirt3 can effectively impair osteoclast mitochondrial function via PINK-mediated mitochondrial autophagy, thereby offering a potential strategy for preventing age- and estrogen deficiency-induced osteoporosis (45).




4.2.3 Therapeutic implications

Based on the above introduction, we can conclude that PINK-mediated mitochondrial autophagy ameliorates the progression of osteoporosis by both promoting osteoblast differentiation and function and inhibiting osteoclast formation and/or activity. However, this contradicts the current mechanism of autophagy regulation of bone homeostasis. Specifically, enhanced autophagy contributes to osteoclast differentiation, migration and function, and also to osteoblast activity and function. And there is a lack of directly relevant evidence regarding the role of mitochondrial autophagy on osteoclasts in osteoporosis. Therefore, more studies are needed to clarify the effect of mitochondrial autophagy on the resorptive role of osteoclasts. In addition, besides PINK, there are a number of potential upstream regulators such as Apelin-13, SIRT1, SIRT3, LRRc17, NIPA and MiR-181a that may be involved in the mitochondrial autophagy process (97, 101, 102). Some macromolecular compounds such as resveratrol, laxative salts and vitamin K2 have been reported to modulate mitochondrial autophagy and directly or indirectly improve the osteoporosis condition (103, 104). However, these results are mainly based on animal experiments, and it is not certain whether the same effect can occur in the human body, which needs to be further investigated and verified. Therefore, large-scale clinical trials are necessary to verify whether there is a correlation between mitochondrial autophagy/dysfunction and osteoporosis in humans, and to provide a basis for the development of potential treatments for bone diseases in the future.





4.3 Sirtuins

Mammalian sirtuins play a pivotal role in the pathogenesis of age-related diseases and stress response (105). Enhanced sirtuin activity has been associated with reduced susceptibility to age-related ailments, including cancer, cardiovascular disease, and diabetes, as well as potential lifespan extension. These favorable effects may be attributed to the involvement of sirtuins in mitochondrial biogenesis, heightened resistance against oxidative stress, and anti-inflammatory mechanisms. Modulating sirtuin expression or activity holds promise as an innovative therapeutic strategy for preventing and treating osteoporosis (57, 106).



4.3.1 SIRT1

The Sirtuin protein family comprises seven members, namely SIRT1-7, with SIRT1 being the largest in terms of molecular mass and extensively studied (107). Through deacetylating lysine residues on histones or non-histone proteins at both transcriptional and translational levels, SIRT1 achieves epigenetic silencing of key proteins such as p53, FoxOs, and β-catenin (108). Moreover, SIRT1 plays a crucial role in various cellular metabolic processes including tumorigenesis, oxidative stress response, apoptosis, and inflammation. Its ability to resist oxidative stress associated with aging and extend lifespan has earned its recognition as a longevity factor (109). However, there are still significant knowledge gaps regarding the precise mechanisms through which SIRT1 regulates bone homeostasis (110). Earlier studies have demonstrated that knockdown of SIRT1 leads to delayed cortical bone and trabeculae development in young mice, while other studies have indicated that knockdown of SIRT1 results in reduced bone mineral density and an imbalance in osteoblasts/osteoclasts ratio (111).



4.3.1.1 SIRT1 regulates bone formation

The expression level of SIRT1 is associated with bone density and bone fragility. According to clinical studies, the expression of SIRT1 in the femoral neck of osteoporosis patients was significantly reduced. The activity of SIRT1 in peripheral blood mononuclear cells was simultaneously reduced (112, 113). The bone formation ability of SIRT1 knockout mice was found to be diminished, while an increase in bone mass was observed in a mouse model overexpressing SIRT1. Collectively, these findings strongly suggest a close association between SIRT1 and osteoporosis. Moreover, Studies have shown that SIRT1-FoxOs pathways can facilitate osteogenic differentiation by indirectly resisting oxidative stress. According to Jiang, SIRT1 can also deacetylate FoxO1 and promote its nuclear translocation, upregulating the expression of SOD (114). Thus, SIRT1 and FOXOs can scavenge ROS and inhibit diabetes and postmenopausal osteoporosis. And, by reducing ROS in mitochondria and increasing mitochondria biogenesis, SIRT1 can attenuate the inhibition of osteogenic differentiation (115).




4.3.1.2 SIRT1 regulates bone resorption

The anti-oxidative property of SIRT1 inhibits osteoclastogenic differentiation. Through the SIRT1/FoxOs pathway, SIRT1 can reduce ROS levels and inhibit osteoclastogenic differentiation, thus stimulating the expression of FoxOs-mediated catalase and heme oxygenase-1 (116). Oxidative stress can crosstalk with the NF-κB pathway. The NF-κB pathway is activated by oxidative stress through p66Shc phosphorylation. Qu et al. suggested that SIRT1 inhibits the ROS/NF-κB pathway by deacetylating p66Shc, thereby inhibiting osteoclastogenic differentiation (117). Moreover, Feng et al. demonstrated that SIRT1 exerts inhibitory effects on P65 expression in the NF-κB pathway and enhances IκBα expression, thereby effectively suppressing osteoclast differentiation and mitigating bone loss (118).





4.3.2 SIRT3

Sirtuin 3 is a mitochondrial protein that exhibits significant deacetylase activity. It consists of two distinct domains, namely a small zinc finger domain and a large Rossman fold domain responsible for NAD+ binding (119). SIRT3 has been demonstrated to regulate various aspects of mitochondrial function, encompassing energy metabolism, oxidative stress response, mitophagy and beyond (120). For instance, in the presence of hydrogen peroxide, SIRT3 may deacetylate FOXO3, thereby regulating ATP synthesis, maintaining mitochondrial quality, and facilitating damaged mitochondria clearance (121).



4.3.2.1 SIRT3 regulates bone formation

The accumulating body of evidence suggests that targeted intervention towards SIRT3 exhibits promising potential for the treatment of osteoporosis (100). Guo et al. proposed that Sirt3 exerts a protective role against AGEs-induced senescence and SOP of BMSCs. In cellular experiments, they observed that knockdown of Sirt3 exacerbated AGEs-induced senescence in BMSCs by promoting mitochondrial dysfunction induced by AGEs and inhibiting mitochondrial autophagy. In animal experiments, it was discovered that overexpression of Sirt3 had an inhibitory effect on osteoporosis in SAMP6 mice (122). Furthermore, Gao et al. have provided evidence supporting the beneficial impact of Sirt3 on osteoporosis. Specifically, their study demonstrated that the regulation of mitochondrial stress through SIRT3/SOD2 is essential for osteoblast differentiation and bone formation. Notably, mice lacking SIRT3 exhibited significant bone loss accompanied by impaired osteoblast function, whereas overexpression of either SOD2 or SIRT3 enhanced the differentiation potential of primary osteoblasts derived from SIRT3-deficient mice (70). Similarly, Liu et al. have elucidated the distinct role of the SIRT3 S-sulfhydration mechanism in preserving chromatin stability and maintaining mitochondrial homeostasis, thereby impeding the aging process of BMSCs. This discovery highlights a potential therapeutic target for degenerative bone diseases (123).




4.3.2.2 SIRT3 regulates bone resorption

However, several researchers have also demonstrated the detrimental impact of Sirt3 on osteoporosis. For instance, Wen et al. proposed that mitochondrial Sirt3 contributes to age-related or estrogen deficiency-induced bone loss. Their findings revealed that Sirt3-KO mice exhibit reduced mitochondrial respiration and impaired mitochondrial autophagy in osteoclasts, thereby preventing age-related bone loss (45). Similarly, Li et al. demonstrated that deficiency of SIRT3 impeded osteoclastogenesis and mitigated age- or estrogen deficiency-induced bone loss in female mice (71). The authors postulated that the disparate effects of Sirt3 deletion on murine bone phenotypes might be attributed to variations in genetic backgrounds among the mice (45). However, the underlying mechanisms responsible for the disparate effects of Sirt3 on osteoporosis remain incompletely elucidated.





4.3.3 Therapeutic implications

Here we provide a concise overview of the pivotal role played by SIRT1 and SIRT3 in maintaining the delicate equilibrium between bone formation and resorption. In addition to their involvement in mitochondrial regulation of bone metabolism, it is noteworthy that SIRT1 also governs bone vascular homeostasis by promoting angiogenesis while inhibiting vascular calcification. Given the current body of research, targeting SIRT1 emerges as a highly promising strategy for enhancing osteoporosis management. Nevertheless, further investigations encompassing drug trials and animal studies are imperative to unravel the comprehensive impact of SIRT1 on skeletal health. Intriguingly, conflicting findings have emerged regarding the effects of SIRT3. Wen and Li et al.’s work demonstrated that inhibition of sirt3 ameliorated age-related or estrogen deficiency-induced bone loss; conversely, Guo and Gao et al.’s study revealed an exacerbation in bone loss upon sirt3 inhibition but improvement with its overexpression for treating osteoporosis (45, 70, 122). Some researchers hypothesize that these divergent outcomes may be attributed to genetic variations among mouse strains; however, additional studies are warranted to validate this hypothesis (71).






4.4mitochondrial-derived peptide

The mitochondrial-derived peptides (MDPs) are translated peptides encoded by mitochondrial DNA genes with short open reading frames (sORFs). It is known that MDPs play a cytoprotective role in preserving mitochondrial function and cell viability during times of stress (124, 125). Two rRNAs, the 12S and 16S rRNAs, and thirteen mRNAs are encoded by the mammalian mtDNA and are involved in the electron transport chain. Eight MDPs are known to exist, and they are all produced from sORFs in mtDNA genes that code for 12S and 16S rRNA transcripts (26). Several MDPs, including humanin (HN), SHLPs, and mitochondrial open Reading Frames (ORFs) of the twelve S-c (MOTS-c), modulate cellular metabolism and provide cytoprotection, changing mitochondrial activity (26, 126).



4.4.1 HN

The mitochondrial polypeptide humanin (HN) was initially identified by Hashimoto in 2001 through screening a cDNA library derived from healthy brain tissue samples of individuals with Alzheimer’s disease (127). HN exhibits anti-apoptotic and neuroprotective properties. It represents the first known example of a mitochondrial-derived polypeptide (MDP) and is encoded by a 75-bp open reading frame (ORF) segment within the mitochondrial 16S ribosomal RNA (rRNA) molecule (128).

Glucocorticoids (GCs) are extensively utilized as immunosuppressive and anti-inflammatory agents in pediatric and adult patients with chronic illnesses (129). Zaman et al. have identified HN as a novel regulator of Hedgehog (Hh) signaling, which effectively prevents GC-induced bone growth disorders while not impeding the expected action of GCs (130). The study demonstrated that overexpression of HN in mice, treatment with HN in wild-type mice, and treatment with HN in cultured rats successfully prevented GC-induced bone growth disorders and chondrocyte apoptosis specifically in metatarsal bones. Additionally, HN exhibited inhibitory effects on GC-induced chondrocyte proliferation. Moreover, it was observed that GC administration reduced the expression of Indian Hedgehog protein in the growth plates of wild-type mice but had no impact on either HN-overexpressing mice or HN-treated wild-type animals (130). Similar investigations conducted on HN have demonstrated that HNGF6A exerts a protective effect against oxidative stress-induced apoptosis in osteoblasts and mitigates the suppression of osteoblast phenotype by modulating the Circ_0001843/miR-214 pathway, as well as downstream kinases p38 and JNK. As an analogue of HN, HNGF6A exhibits cytoprotective and osteopromotive properties in MC3T3-E1 cells, significantly upregulating the expression of proteins associated with the osteoblast phenotype (131). However, the impact of HN on bone loss remains uncertain.




4.4.2 MOTS-c

In 2015, researchers discovered a new MDP called MOTS-c, which follows the discovery of humanin in 2001. MOTS-c colocalizes with mitochondria in a range of tissues and is present in both rodent and human plasma (124, 132). As well as being important for cellular functions, MOTS-c may play a role in hormone regulation.

MOTS-c exhibits several potential applications in the treatment of osteoporosis, including the enhancement of bone density, volume ratio, and cell quantity. The wear-induced osteolysis model of Ultra-High Molecular Weight Polyethylene Particles (UHMWPE) leads to implant loosening and peri-implant fractures by causing bone loss (106, 107). Excessive bone resorption, insufficient bone synthesis, and elevated TNF-α, IL-1, and IL-6 levels brought on by UHMWPE particles are the main causes of bone loss. Interestingly, immunofluorescence assays showed MOTS-c reduced macrophage activity that caused inflammation. Also, MOTS-c injections into UHMWPE particles significantly reduced and reversed bone loss. The study reports that higher levels of TGF-β, SMAD7, and COL1A2 expression were observed at both the mRNA and protein levels in the hFOB1.19 (Human Fatal Osteoblastic) cells treated with MOTS-c (133). Bone organic matter is made up of 80–90% collagen type I (COL1A2). An imbalance between the synthesis and absorption of bone minerals and organic compounds, especially Type I collagen, may cause osteoporosis (134). The findings demonstrated that osteoblasts were stimulated by MOTS-c to produce type I collagen via the TGF-β/SMAD pathway (135). Similarly, MOTS-c treatment increased osteogenic differentiation and TGF-β, SMAD7, and COL1A2 expression in BMSCs at both mRNA and protein levels (136). Additionally, it is also reported that MOTS-c treatment significantly attenuates bone loss in ovariectomized 8-week-old C57BL/6 female mice by inhibiting osteoclast formation in an AMPK-dependent manner (137).

These findings suggest that mitochondria-derived peptides hold promise as a potential therapeutic intervention for osteoporosis. However, several unresolved queries regarding the mechanism of action of mitochondria-derived peptides on osteoporosis necessitate further animal and clinical trials to establish their efficacy.





4.4 Mitochondrial transfer

A significant amount of attention is currently being devoted to mitochondrial transfer, a process in which donor cells release mitochondria into the extracellular space for recipient cells to uptake and incorporate into their mitochondrial network, thereby influencing the bioenergy status and other functions of the recipient cells (138). Microvesicles (MVs) and tunneling nanotubes (TNTs) are recognized as the two predominant channels for facilitating mitochondrial transport (139). Donor mitochondria can integrate into the native mitochondrial network of receptor cells through mitochondrial transfer between cells, altering the bioenergy status and other functions of the recipient cells (140).

It has been demonstrated that the distribution of mitochondria in primary osteocyte dendrites declines with age (141). Notably, intercellular mitochondrial transfer also occurs within the osteocyte dendritic network, and transferred mitochondria can restore cellular metabolism in stressed osteocytes lacking functional mitochondria. Moreover, it has been shown that ER-mitochondrial contacts play a pivotal role in mediating mitochondrial transfer between osteocytes, and the involvement of Mfn2 protein is reduced in senescent osteocytes, potentially impacting mitochondrial transfer among these cells (142). Therefore, it is highly plausible that mitochondrial transfer within the dendritic network of osteocytes plays a crucial role in maintaining bone homeostasis and preserving osteocyte viability. Inspired by endogenous intercellular mitochondrial transfer observed during tissue injury to salvage cell or tissue function, we have discovered that artificial in vitro mitochondrial transfer to transplanted damaged cells or tissues can effectively repair their damage (143). For instance, recent findings indicate that macrophages present in the bone marrow microenvironment regulate the bioenergetic state and osteogenic differentiation of MSCs by transferring mitochondria into MSCs. Increased transfer of mitochondria from M1-like macrophages (LPS-treated) to MSCs resulted in mice developing symptoms resembling osteoporosis; conversely, transplantation of normal macrophage-derived mitochondria ameliorated bone loss symptoms following OVX surgery (143). Similarly, Guo et al., reported enhanced proliferation, migration and osteogenic differentiation of bone marrow MSCs as well as improved healing of bone defects through mitochondrial transfer therapy (144).

As previously mentioned, mitochondrial transfer from cells has the potential to serve as an efficacious strategy for mitigating mitochondrial dysfunction. However, the application of mitochondrial transfer in the context of osteoporosis still encounters significant challenges that necessitate further exploration, such as donor cell selection, dosage determination, and optimization of cell delivery techniques.





5 Conclusions and perspective

Mitochondria play a crucial role in cellular function, encompassing genetic material, energy production, and participation in various metabolic activities. Consequently, any impairment in mitochondrial function can disrupt mtDNA replication, energy generation, and other essential processes, potentially leading to the development of associated disorders. In this study, we primarily investigate the correlation between osteoporosis and mitochondrial dysfunction. Mitochondrial dysfunction in MSCs, osteoblasts, and osteoclasts has been implicated in the pathogenesis of osteoporosis. As our understanding of this disease deepens, we have identified six key features associated with mitochondrial dysfunction leading to osteoporosis: mtDNA mutations, impaired mitochondrial autophagy, reduced oxidative phosphorylation, and increased production of mitochondria-derived ROS. Based on previous descriptions, it is evident that osteoblast mitochondria in osteoporosis undergo a metabolic shift from oxidative phosphorylation to glycolysis, resulting in decreased OXPHOS activity; whereas there is an increase in oxidative phosphorylation observed in osteoclast mitochondria (43–45). Most studies investigating mitochondrial DNA mutations in relation to osteoporosis have primarily focused on patients with inherited metabolic diseases, while other types of studies have been relatively limited. Therefore, further investigations are warranted to establish the association between mitochondrial DNA mutations and osteoporosis. In the literature on mitochondrial autophagy, biogenesis, and kinetic abnormalities in osteoporosis, studies have primarily focused on indirectly substantiating regulatory dysfunctions in osteoporosis by demonstrating increased bone loss through knockdown of a regulatory factor in animal models. However, there is a scarcity of direct evidence showcasing aberrations in mitochondrial autophagy, biogenesis, and kinetics specifically within the context of osteoporosis. Given the predominant reliance on animal and cellular experiments in current research on mitochondrial dysfunction in osteoporosis, it is imperative to conduct more clinical studies to ascertain its relevance to the human condition.

We hypothesize that modulation of mitochondrial dysfunction could serve as a promising therapeutic strategy for improving osteoporosis. In the existing literature, modulation of mitochondrial dysfunction primarily involves mechanisms related to mitochondrial quality control (MQC) (145). Therefore, targeting mitochondrial quality control may offer potential benefits in stabilizing mitochondrial, cellular, and tissue activity and function. Among the various aspects of MQC, extensive research has focused on mitochondrial protein quality control, antioxidant defense systems within mitochondria, regulation of mitochondrial dynamics, promotion of mitochondrial biogenesis, and induction of mitophagy (63, 146–148). Numerous intervention experiments based on animal and human models have been designed by researchers to explore more effective therapeutic strategies for osteoporosis associated with mitochondrial dysfunction. In this review article, we have identified several therapeutic strategies with the potential to modulate mitochondrial function for the treatment of osteoporosis and provided a concise overview of these approaches. Undoubtedly, large-scale clinical trials are warranted in the future to obtain conclusive evidence in patients that can further validate the association between mitochondrial dysfunction and osteoporosis while also facilitating the development of targeted drugs specifically regulating bone homeostasis. Furthermore, recent studies have unveiled a novel mechanism for maintaining mitochondrial quality known as mitochondrial-derived vesicles (MDVs) (149). It can selectively package damaged mitochondrial components into mitochondria-derived vesicles for intracellular transport to lysosomes and peroxisomes for degradation (150). In this way, the structural and functional integrity of mitochondria is maintained. Suh et al. demonstrated in vivo and in vitro that mitochondria and MDVs secreted by mature OBs can promote osteoblast activity and osteogenesis (151). However, the studies on mitochondria-derived vesicles and bone loss are fewer at present, and more relevant investigations are needed. But undoubtedly, it will also become an effective treatment with the potential to treat osteoporosis.





Author contributions

JL drafted the manuscript and drew the figures. ZG and XL reviewed and revised the manuscript. All authors contributed to the article and approved the submitted version.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This study was supported by the National Key R&D Program of China (2018YFC2002000).





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.





References

1. Lorentzon, M. Treating osteoporosis to prevent fractures: current concepts and future developments. J Intern Med (2019) 285:381–94. doi: 10.1111/joim.12873

2. Sambrook, P, and Cooper, C. Osteoporosis. Lancet (2006) 367:2010–8. doi: 10.1016/s0140-6736(06)68891-0

3. Talevski, J, Sanders, KM, Busija, L, Beauchamp, A, Duque, G, Borgström, F, et al. Health service use pathways associated with recovery of quality of life at 12-months for individual fracture sites: Analyses of the International Costs and Utilities Related to Osteoporotic fractures Study (ICUROS). Bone (2021) 144:115805. doi: 10.1016/j.bone.2020.115805

4. Ensrud, KE, and Crandall, CJ. Osteoporosis. Ann Intern Med (2017) 167:Itc17–itc32. doi: 10.7326/aitc201708010

5. Forbes, JM, and Thorburn, DR. Mitochondrial dysfunction in diabetic kidney disease. Nat Rev Nephrol (2018) 14:291–312. doi: 10.1038/nrneph.2018.9

6. Emma, F, Montini, G, Parikh, SM, and Salviati, L. Mitochondrial dysfunction in inherited renal disease and acute kidney injury. Nat Rev Nephrol (2016) 12:267–80. doi: 10.1038/nrneph.2015.214

7. Durdan, MM, Azaria, RD, and Weivoda, MM. Novel insights into the coupling of osteoclasts and resorption to bone formation. Semin Cell Dev Biol (2022) 123:4–13. doi: 10.1016/j.semcdb.2021.10.008

8. Kespohl, B, Schumertl, T, Bertrand, J, Lokau, J, and Garbers, C. The cytokine interleukin-11 crucially links bone formation, remodeling and resorption. Cytokine Growth Factor Rev (2021) 60:18–27. doi: 10.1016/j.cytogfr.2021.04.002

9. Lane, RK, Hilsabeck, T, and Rea, SL. The role of mitochondrial dysfunction in age-related diseases. Biochim Biophys Acta (2015) 1847:1387–400. doi: 10.1016/j.bbabio.2015.05.021

10. Wang, FS, Wu, RW, Chen, YS, Ko, JY, Jahr, H, and Lian, WS. Biophysical modulation of the mitochondrial metabolism and redox in bone homeostasis and osteoporosis: how biophysics converts into bioenergetics. Antioxidants (Basel) (2021) 10:1394. doi: 10.3390/antiox10091394

11. Miwa, S, Kashyap, S, Chini, E, and von Zglinicki, T. Mitochondrial dysfunction in cell senescence and aging. J Clin Invest (2022) 132:e158447. doi: 10.1172/jci158447

12. Yan, C, Shi, Y, Yuan, L, Lv, D, Sun, B, Wang, J, et al. Mitochondrial quality control and its role in osteoporosis. Front Endocrinol (Lausanne) (2023) 14:1077058. doi: 10.3389/fendo.2023.1077058

13. Catheline, SE, Kaiser, E, and Eliseev, RA. Mitochondrial genetics and function as determinants of bone phenotype and aging. Curr Osteoporos Rep (2023) 21:540–51. doi: 10.1007/s11914-023-00816-4

14. 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

15. Zhang, C, Li, H, Li, J, Hu, J, Yang, K, and Tao, L. Oxidative stress: A common pathological state in a high-risk population for osteoporosis. BioMed Pharmacother (2023) 163:114834. doi: 10.1016/j.biopha.2023.114834

16. Weil, R, Laplantine, E, Curic, S, and Génin, P. Role of optineurin in the mitochondrial dysfunction: potential implications in neurodegenerative diseases and cancer. Front Immunol (2018) 9:1243. doi: 10.3389/fimmu.2018.01243

17. Nuevo-Tapioles, C, Santacatterina, F, Stamatakis, K, Núñez de Arenas, C, Gómez de Cedrón, M, Formentini, L, et al. Coordinate β-adrenergic inhibition of mitochondrial activity and angiogenesis arrest tumor growth. Nat Commun (2020) 11:3606. doi: 10.1038/s41467-020-17384-1

18. Bui, HT, and Shaw, JM. Dynamin assembly strategies and adaptor proteins in mitochondrial fission. Curr Biol (2013) 23:R891–899. doi: 10.1016/j.cub.2013.08.040

19. Wai, T, and Langer, T. Mitochondrial dynamics and metabolic regulation. Trends Endocrinol Metab (2016) 27:105–17. doi: 10.1016/j.tem.2015.12.001

20. Giacomello, M, Pyakurel, A, Glytsou, C, and Scorrano, L. The cell biology of mitochondrial membrane dynamics. Nat Rev Mol Cell Biol (2020) 21:204–24. doi: 10.1038/s41580-020-0210-7

21. Hu, SY, Zhuang, QQ, Qiu, Y, Zhu, XF, and Yan, QF. Cell models and drug discovery for mitochondrial diseases. J Zhejiang Univ Sci B (2019) 20:449–56. doi: 10.1631/jzus.B1900196

22. Huang, X, Zeng, Z, Li, S, Xie, Y, and Tong, X. The therapeutic strategies targeting mitochondrial metabolism in cardiovascular disease. Pharmaceutics (2022) 14:2760. doi: 10.3390/pharmaceutics14122760

23. Khan, T, Waseem, R, Zehra, Z, Aiman, A, Bhardwaj, P, Ansari, J, et al. Mitochondrial dysfunction: pathophysiology and mitochondria-targeted drug delivery approaches. Pharmaceutics (2022) 14:2657. doi: 10.3390/pharmaceutics14122657

24. Onyango, IG. Modulation of mitochondrial bioenergetics as a therapeutic strategy in Alzheimer's disease. Neural Regener Res (2018) 13:19–25. doi: 10.4103/1673-5374.224362

25. Priesnitz, C, and Becker, T. Pathways to balance mitochondrial translation and protein import. Genes Dev (2018) 32:1285–96. doi: 10.1101/gad.316547.118

26. Gustafsson, CM, Falkenberg, M, and Larsson, NG. Maintenance and expression of mammalian mitochondrial DNA. Annu Rev Biochem (2016) 85:133–60. doi: 10.1146/annurev-biochem-060815-014402

27. Kühlbrandt, W. Structure and function of mitochondrial membrane protein complexes. BMC Biol (2015) 13:89. doi: 10.1186/s12915-015-0201-x

28. Henze, K, and Martin, W. Evolutionary biology: essence of mitochondria. Nature (2003) 426:127–8. doi: 10.1038/426127a

29. Rehman, J. Empowering self-renewal and differentiation: the role of mitochondria in stem cells. J Mol Med (Berl) (2010) 88:981–6. doi: 10.1007/s00109-010-0678-2

30. Müller, S. Redox and antioxidant systems of the malaria parasite Plasmodium falciparum. Mol Microbiol (2004) 53:1291–305. doi: 10.1111/j.1365-2958.2004.04257.x

31. Murphy, MP. How mitochondria produce reactive oxygen species. Biochem J (2009) 417:1–13. doi: 10.1042/bj20081386

32. Dai, DF, Chen, T, Wanagat, J, Laflamme, M, Marcinek, DJ, Emond, MJ, et al. Age-dependent cardiomyopathy in mitochondrial mutator mice is attenuated by overexpression of catalase targeted to mitochondria. Aging Cell (2010) 9:536–44. doi: 10.1111/j.1474-9726.2010.00581.x

33. Luo, J, Shen, S, Xia, J, Wang, J, and Gu, Z. Mitochondria as the essence of yang qi in the human body. Phenomics (2022) 2:336–48. doi: 10.1007/s43657-022-00060-3

34. Zhu, Z, and Wang, X. Significance of mitochondria DNA mutations in diseases. Adv Exp Med Biol (2017) 1038:219–30. doi: 10.1007/978-981-10-6674-0_15

35. Zhu, Y, You, J, Xu, C, and Gu, X. Associations of mitochondrial DNA 3777-4679 region mutations with maternally inherited essential hypertensive subjects in China. BMC Med Genet (2020) 21:105. doi: 10.1186/s12881-020-01045-7

36. Foote, K, Reinhold, J, Yu, EPK, Figg, NL, Finigan, A, Murphy, MP, et al. Restoring mitochondrial DNA copy number preserves mitochondrial function and delays vascular aging in mice. Aging Cell (2018) 17:e12773. doi: 10.1111/acel.12773

37. Dobson, PF, Dennis, EP, Hipps, D, Reeve, A, Laude, A, Bradshaw, C, et al. Mitochondrial dysfunction impairs osteogenesis, increases osteoclast activity, and accelerates age related bone loss. Sci Rep (2020) 10:11643. doi: 10.1038/s41598-020-68566-2

38. Porter, C, Hurren, NM, Cotter, MV, Bhattarai, N, Reidy, PT, Dillon, EL, et al. Mitochondrial respiratory capacity and coupling control decline with age in human skeletal muscle. Am J Physiol Endocrinol Metab (2015) 309:E224–232. doi: 10.1152/ajpendo.00125.2015

39. Ho, DH, Nam, D, Seo, MK, Park, SW, Seol, W, and Son, I. LRRK2 kinase inhibitor rejuvenates oxidative stress-induced cellular senescence in neuronal cells. Oxid Med Cell Longev (2021) 2021:9969842. doi: 10.1155/2021/9969842

40. Rendina-Ruedy, E, and Rosen, CJ. Parathyroid hormone (PTH) regulation of metabolic homeostasis: An old dog teaches us new tricks. Mol Metab (2022) 60:101480. doi: 10.1016/j.molmet.2022.101480

41. Goropashnaya, AV, Tøien, Ø, Ramaraj, T, Sundararajan, A, Schilkey, FD, Barnes, BM, et al. Transcriptional changes and preservation of bone mass in hibernating black bears. Sci Rep (2021) 11:8281. doi: 10.1038/s41598-021-87785-9

42. Lin, PI, Tai, YT, Chan, WP, Lin, YL, Liao, MH, and Chen, RM. Estrogen/ERα signaling axis participates in osteoblast maturation via upregulating chromosomal and mitochondrial complex gene expressions. Oncotarget (2018) 9:1169–86. doi: 10.18632/oncotarget.23453

43. Hollenberg, AM, Smith, CO, Shum, LC, Awad, H, and Eliseev, RA. Lactate dehydrogenase inhibition with oxamate exerts bone anabolic effect. J Bone Miner Res (2020) 35:2432–43. doi: 10.1002/jbmr.4142

44. Richardson, KK, Ling, W, Krager, K, Fu, Q, Byrum, SD, Pathak, R, et al. Ionizing radiation activates mitochondrial function in osteoclasts and causes bone loss in young adult male mice. Int J Mol Sci (2022) 23:675. doi: 10.3390/ijms23020675

45. 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

46. Chen, Q, Vazquez, EJ, Moghaddas, S, Hoppel, CL, and Lesnefsky, EJ. Production of reactive oxygen species by mitochondria: central role of complex III. J Biol Chem (2003) 278:36027–31. doi: 10.1074/jbc.M304854200

47. Brand, MD. Mitochondrial generation of superoxide and hydrogen peroxide as the source of mitochondrial redox signaling. Free Radic Biol Med (2016) 100:14–31. doi: 10.1016/j.freeradbiomed.2016.04.001

48. Moghadam, ZM, Henneke, P, and Kolter, J. From flies to men: ROS and the NADPH oxidase in phagocytes. Front Cell Dev Biol (2021) 9:628991. doi: 10.3389/fcell.2021.628991

49. Pagan, LU, Gomes, MJ, Gatto, M, Mota, GAF, Okoshi, K, and Okoshi, MP. The role of oxidative stress in the aging heart. Antioxidants (Basel) (2022) 11:336. doi: 10.3390/antiox11020336

50. Chen, K, Qiu, P, Yuan, Y, Zheng, L, He, J, Wang, C, et al. Pseurotin A inhibits osteoclastogenesis and prevents ovariectomized-induced bone loss by suppressing reactive oxygen species. Theranostics (2019) 9:1634–50. doi: 10.7150/thno.30206

51. Treiber, N, Maity, P, Singh, K, Kohn, M, Keist, AF, Ferchiu, F, et al. Accelerated aging phenotype in mice with conditional deficiency for mitochondrial superoxide dismutase in the connective tissue. Aging Cell (2011) 10:239–54. doi: 10.1111/j.1474-9726.2010.00658.x

52. Tian, X, Cong, F, Guo, H, Fan, J, Chao, G, and Song, T. Downregulation of Bach1 protects osteoblasts against hydrogen peroxide-induced oxidative damage in vitro by enhancing the activation of Nrf2/ARE signaling. Chem Biol Interact (2019) 309:108706. doi: 10.1016/j.cbi.2019.06.019

53. Xu, D, Zhu, H, Wang, C, Zhu, X, Liu, G, Chen, C, et al. microRNA-455 targets cullin 3 to activate Nrf2 signaling and protect human osteoblasts from hydrogen peroxide. Oncotarget (2017) 8:59225–34. doi: 10.18632/oncotarget.19486

54. Thompson, J, Maceyka, M, and Chen, Q. Targeting ER stress and calpain activation to reverse age-dependent mitochondrial damage in the heart. Mech Ageing Dev (2020) 192:111380. doi: 10.1016/j.mad.2020.111380

55. Giorgio, M, Migliaccio, E, Orsini, F, Paolucci, D, Moroni, M, Contursi, C, et al. Electron transfer between cytochrome c and p66Shc generates reactive oxygen species that trigger mitochondrial apoptosis. Cell (2005) 122:221–33. doi: 10.1016/j.cell.2005.05.011

56. Zhu, C, Shen, S, Zhang, S, Huang, M, Zhang, L, and Chen, X. Autophagy in bone remodeling: A regulator of oxidative stress. Front Endocrinol (Lausanne) (2022) 13:898634. doi: 10.3389/fendo.2022.898634

57. Li, Q, Cheng, JC, Jiang, Q, and Lee, WY. Role of sirtuins in bone biology: Potential implications for novel therapeutic strategies for osteoporosis. Aging Cell (2021) 20:e13301. doi: 10.1111/acel.13301

58. Bartell, SM, Kim, HN, Ambrogini, E, Han, L, Iyer, S, Serra Ucer, S, et al. FoxO proteins restrain osteoclastogenesis and bone resorption by attenuating H2O2 accumulation. Nat Commun (2014) 5:3773. doi: 10.1038/ncomms4773

59. Feng, X, and McDonald, JM. Disorders of bone remodeling. Annu Rev Pathol (2011) 6:121–45. doi: 10.1146/annurev-pathol-011110-130203

60. Veronesi, F, Contartese, D, Di Sarno, L, Borsari, V, Fini, M, and Giavaresi, G. In vitro models of cell senescence: A systematic review on musculoskeletal tissues and cells. Int J Mol Sci (2023) 24:15617. doi: 10.3390/ijms242115617

61. Callaway, DA, and Jiang, JX. Reactive oxygen species and oxidative stress in osteoclastogenesis, skeletal aging and bone diseases. J Bone Miner Metab (2015) 33:359–70. doi: 10.1007/s00774-015-0656-4

62. Li, L, Chen, B, Zhu, R, Li, R, Tian, Y, Liu, C, et al. Fructus Ligustri Lucidi preserves bone quality through the regulation of gut microbiota diversity, oxidative stress, TMAO and Sirt6 levels in aging mice. Aging (Albany NY) (2019) 11:9348–68. doi: 10.18632/aging.102376

63. Tang, C, Cai, J, Yin, XM, Weinberg, JM, Venkatachalam, MA, and Dong, Z. Mitochondrial quality control in kidney injury and repair. Nat Rev Nephrol (2021) 17:299–318. doi: 10.1038/s41581-020-00369-0

64. Dominy, JE, and Puigserver, P. Mitochondrial biogenesis through activation of nuclear signaling proteins. Cold Spring Harb Perspect Biol (2013) 5:a015008. doi: 10.1101/cshperspect.a015008

65. Dillon, LM, Williams, SL, Hida, A, Peacock, JD, Prolla, TA, Lincoln, J, et al. Increased mitochondrial biogenesis in muscle improves aging phenotypes in the mtDNA mutator mouse. Hum Mol Genet (2012) 21:2288–97. doi: 10.1093/hmg/dds049

66. Guo, Y, Guan, T, Shafiq, K, Yu, Q, Jiao, X, Na, D, et al. Mitochondrial dysfunction in aging. Ageing Res Rev (2023) 88:101955. doi: 10.1016/j.arr.2023.101955

67. Leduc-Gaudet, JP, Hussain, SNA, Barreiro, E, and Gouspillou, G. Mitochondrial dynamics and mitophagy in skeletal muscle health and aging. Int J Mol Sci (2021) 22:8179. doi: 10.3390/ijms22158179

68. Palikaras, K, Lionaki, E, and Tavernarakis, N. Coordination of mitophagy and mitochondrial biogenesis during ageing in C. elegans. Nature (2015) 521:525–8. doi: 10.1038/nature14300

69. Buccoliero, C, Dicarlo, M, Pignataro, P, Gaccione, F, Colucci, S, Colaianni, G, et al. The novel role of PGC1α in bone metabolism. Int J Mol Sci (2021) 22:4670. doi: 10.3390/ijms22094670

70. Gao, J, Feng, Z, Wang, X, Zeng, M, Liu, J, Han, S, et al. SIRT3/SOD2 maintains osteoblast differentiation and bone formation by regulating mitochondrial stress. Cell Death Differ (2018) 25:229–40. doi: 10.1038/cdd.2017.144

71. Li, Q, Wang, H, Zhang, J, Kong, AP, Li, G, Lam, TP, et al. Deletion of SIRT3 inhibits osteoclastogenesis and alleviates aging or estrogen deficiency-induced bone loss in female mice. Bone (2021) 144:115827. doi: 10.1016/j.bone.2020.115827

72. Ishii, KA, Fumoto, T, Iwai, K, Takeshita, S, Ito, M, Shimohata, N, et al. Coordination of PGC-1beta and iron uptake in mitochondrial biogenesis and osteoclast activation. Nat Med (2009) 15:259–66. doi: 10.1038/nm.1910

73. Chan, DC. Mitochondrial dynamics and its involvement in disease. Annu Rev Pathol (2020) 15:235–59. doi: 10.1146/annurev-pathmechdis-012419-032711

74. Gan, X, Huang, S, Yu, Q, Yu, H, and Yan, SS. Blockade of Drp1 rescues oxidative stress-induced osteoblast dysfunction. Biochem Biophys Res Commun (2015) 468:719–25. doi: 10.1016/j.bbrc.2015.11.022

75. 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

76. 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

77. Jeong, S, Seong, JH, Kang, JH, Lee, DS, and Yim, M. Dynamin-related protein 1 positively regulates osteoclast differentiation and bone loss. FEBS Lett (2021) 595:58–67. doi: 10.1002/1873-3468.13963

78. Vives-Bauza, C, Zhou, C, Huang, Y, Cui, M, de Vries, RL, Kim, J, et al. PINK1-dependent recruitment of Parkin to mitochondria in mitophagy. Proc Natl Acad Sci U.S.A. (2010) 107:378–83. doi: 10.1073/pnas.0911187107

79. Wang, T, Zhu, Q, Cao, B, Yuan, Y, Wen, S, and Liu, Z. Cadmium induces mitophagy via AMP-activated protein kinases activation in a PINK1/Parkin-dependent manner in PC12 cells. Cell Prolif (2020) 53:e12817. doi: 10.1111/cpr.12817

80. 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

81. 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

82. Shen, Y, Wu, L, Qin, D, Xia, Y, Zhou, Z, Zhang, X, et al. Carbon black suppresses the osteogenesis of mesenchymal stem cells: the role of mitochondria. Part Fibre Toxicol (2018) 15:16. doi: 10.1186/s12989-018-0253-5

83. Romanello, V, and Sandri, M. Implications of mitochondrial fusion and fission in skeletal muscle mass and health. Semin Cell Dev Biol (2023) 143:46–53. doi: 10.1016/j.semcdb.2022.02.011

84. Casuso, RA, and Huertas, JR. The emerging role of skeletal muscle mitochondrial dynamics in exercise and ageing. Ageing Res Rev (2020) 58:101025. doi: 10.1016/j.arr.2020.101025

85. Gilkerson, R, de la Torre, P, and St Vallier, S. Mitochondrial OMA1 and OPA1 as gatekeepers of organellar structure/function and cellular stress response. Front Cell Dev Biol (2021) 9:626117. doi: 10.3389/fcell.2021.626117

86. Noone, J, O'Gorman, DJ, and Kenny, HC. OPA1 regulation of mitochondrial dynamics in skeletal and cardiac muscle. Trends Endocrinol Metab (2022) 33:710–21. doi: 10.1016/j.tem.2022.07.003

87. Jia, L, Ma, T, Lv, L, Yu, Y, Zhao, M, Chen, H, et al. Endoplasmic reticulum stress mediated by ROS participates in cadmium exposure-induced MC3T3-E1 cell apoptosis. Ecotoxicol Environ Saf (2023) 251:114517. doi: 10.1016/j.ecoenv.2023.114517

88. 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

89. Bonewald, L. Use it or lose it to age: A review of bone and muscle communication. Bone (2019) 120:212–8. doi: 10.1016/j.bone.2018.11.002

90. Chen, M, Wang, D, Li, M, He, Y, He, T, Chen, M, et al. Nanocatalytic biofunctional MOF coating on titanium implants promotes osteoporotic bone regeneration through cooperative pro-osteoblastogenesis MSC reprogramming. ACS Nano (2022) 16:15397–412. doi: 10.1021/acsnano.2c07200

91. Chandra, A, and Rajawat, J. Skeletal aging and osteoporosis: mechanisms and therapeutics. Int J Mol Sci (2021) 22:3553. doi: 10.3390/ijms22073553

92. 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

93. Fang, EF, Hou, Y, Palikaras, K, Adriaanse, BA, Kerr, JS, Yang, B, et al. Mitophagy inhibits amyloid-β and tau pathology and reverses cognitive deficits in models of Alzheimer's disease. Nat Neurosci (2019) 22:401–12. doi: 10.1038/s41593-018-0332-9

94. Rasool, S, Soya, N, Truong, L, Croteau, N, Lukacs, GL, and Trempe, JF. PINK1 autophosphorylation is required for ubiquitin recognition. EMBO Rep (2018) 19:e44981. doi: 10.15252/embr.201744981

95. Jing, X, Du, T, Yang, X, Zhang, W, Wang, G, Liu, X, et al. Desferoxamine protects against glucocorticoid-induced osteonecrosis of the femoral head via activating HIF-1α expression. J Cell Physiol (2020) 235:9864–75. doi: 10.1002/jcp.29799

96. Zeng, Z, Zhou, X, Wang, Y, Cao, H, Guo, J, Wang, P, et al. Mitophagy-A new target of bone disease. Biomolecules (2022) 12:1420. doi: 10.3390/biom12101420

97. Zhao, W, Zhang, W, Ma, H, and Yang, M. NIPA2 regulates osteoblast function by modulating mitophagy in type 2 diabetes osteoporosis. Sci Rep (2020) 10:3078. doi: 10.1038/s41598-020-59743-4

98. 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

99. Yuan, J, Gao, YS, Liu, DL, Pang Tai, AC, Zhou, H, Papadimitriou, JM, et al. PINK1-mediated mitophagy contributes to glucocorticoid-induced cathepsin K production in osteocytes. J Orthop Translat (2023) 38:229–40. doi: 10.1016/j.jot.2022.11.003

100. Hu, S, and Wang, S. The role of SIRT3 in the osteoporosis. Front Endocrinol (Lausanne) (2022) 13:893678. doi: 10.3389/fendo.2022.893678

101. 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

102. 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

103. Chen, L, Shi, X, Weng, SJ, Xie, J, Tang, JH, Yan, DY, et al. Vitamin K2 can rescue the dexamethasone-induced downregulation of osteoblast autophagy and mitophagy thereby restoring osteoblast function in vitro and in vivo. Front Pharmacol (2020) 11:1209. doi: 10.3389/fphar.2020.01209

104. Zhao, B, Peng, Q, Wang, D, Zhou, R, Wang, R, Zhu, Y, et al. Leonurine protects bone mesenchymal stem cells from oxidative stress by activating mitophagy through PI3K/akt/mTOR pathway. Cells (2022) 11:1724. doi: 10.3390/cells11111724

105. Wątroba, M, Dudek, I, Skoda, M, Stangret, A, Rzodkiewicz, P, and Szukiewicz, D. Sirtuins, epigenetics and longevity. Ageing Res Rev (2017) 40:11–9. doi: 10.1016/j.arr.2017.08.001

106. Kincaid, B, and Bossy-Wetzel, E. Forever young: SIRT3 a shield against mitochondrial meltdown, aging, and neurodegeneration. Front Aging Neurosci (2013) 5:48. doi: 10.3389/fnagi.2013.00048

107. Imai, SI, and Guarente, L. It takes two to tango: NAD(+) and sirtuins in aging/longevity control. NPJ Aging Mech Dis (2016) 2:16017. doi: 10.1038/npjamd.2016.17

108. Shen, P, Deng, X, Chen, Z, Ba, X, Qin, K, Huang, Y, et al. SIRT1: A potential therapeutic target in autoimmune diseases. Front Immunol (2021) 12:779177. doi: 10.3389/fimmu.2021.779177

109. Shinozaki, S, Chang, K, Sakai, M, Shimizu, N, Yamada, M, Tanaka, T, et al. Inflammatory stimuli induce inhibitory S-nitrosylation of the deacetylase SIRT1 to increase acetylation and activation of p53 and p65. Sci Signal (2014) 7:ra106. doi: 10.1126/scisignal.2005375

110. Xia, Y, Zhang, H, Wang, H, Wang, Q, Zhu, P, Gu, Y, et al. Identification and validation of ferroptosis key genes in bone mesenchymal stromal cells of primary osteoporosis based on bioinformatics analysis. Front Endocrinol (Lausanne) (2022) 13:980867. doi: 10.3389/fendo.2022.980867

111. Chen, Y, Zhou, F, Liu, H, Li, J, Che, H, Shen, J, et al. SIRT1, a promising regulator of bone homeostasis. Life Sci (2021) 269:119041. doi: 10.1016/j.lfs.2021.119041

112. El-Haj, M, Gurt, I, Cohen-Kfir, E, Dixit, V, Artsi, H, Kandel, L, et al. Reduced Sirtuin1 expression at the femoral neck in women who sustained an osteoporotic hip fracture. Osteoporos Int (2016) 27:2373–8. doi: 10.1007/s00198-016-3536-4

113. Abdelmohsen, K, Pullmann, R Jr., Lal, A, Kim, HH, Galban, S, Yang, X, et al. Phosphorylation of HuR by Chk2 regulates SIRT1 expression. Mol Cell (2007) 25:543–57. doi: 10.1016/j.molcel.2007.01.011

114. Jiang, Y, Luo, W, Wang, B, Wang, X, Gong, P, and Xiong, Y. Resveratrol promotes osteogenesis via activating SIRT1/FoxO1 pathway in osteoporosis mice. Life Sci (2020) 246:117422. doi: 10.1016/j.lfs.2020.117422

115. Ma, J, Wang, Z, Zhao, J, Miao, W, Ye, T, and Chen, A. Resveratrol attenuates lipopolysaccharides (LPS)-induced inhibition of osteoblast differentiation in MC3T3-E1 cells. Med Sci Monit (2018) 24:2045–52. doi: 10.12659/msm.905703

116. Kim, HN, Han, L, Iyer, S, de Cabo, R, Zhao, H, O'Brien, CA, et al. Sirtuin1 suppresses osteoclastogenesis by deacetylating foxOs. Mol Endocrinol (2015) 29:1498–509. doi: 10.1210/me.2015-1133

117. Qu, B, Gong, K, Yang, H, Li, Y, Jiang, T, Zeng, Z, et al. SIRT1 suppresses high glucose and palmitate-induced osteoclast differentiation via deacetylating p66Shc. Mol Cell Endocrinol (2018) 474:97–104. doi: 10.1016/j.mce.2018.02.015

118. Feng, J, Liu, S, Ma, S, Zhao, J, Zhang, W, Qi, W, et al. Protective effects of resveratrol on postmenopausal osteoporosis: regulation of SIRT1-NF-κB signaling pathway. Acta Biochim Biophys Sin (Shanghai) (2014) 46:1024–33. doi: 10.1093/abbs/gmu103

119. Nguyen, GT, Schaefer, S, Gertz, M, Weyand, M, and Steegborn, C. Structures of human sirtuin 3 complexes with ADP-ribose and with carba-NAD+ and SRT1720: binding details and inhibition mechanism. Acta Crystallogr D Biol Crystallogr (2013) 69:1423–32. doi: 10.1107/s0907444913015448

120. Chen, Y, Fu, LL, Wen, X, Wang, XY, Liu, J, Cheng, Y, et al. Sirtuin-3 (SIRT3), a therapeutic target with oncogenic and tumor-suppressive function in cancer. Cell Death Dis (2014) 5:e1047. doi: 10.1038/cddis.2014.14

121. Tseng, AH, Shieh, SS, and Wang, DL. SIRT3 deacetylates FOXO3 to protect mitochondria against oxidative damage. Free Radic Biol Med (2013) 63:222–34. doi: 10.1016/j.freeradbiomed.2013.05.002

122. Guo, Y, Jia, X, Cui, Y, Song, Y, Wang, S, Geng, Y, et al. Sirt3-mediated mitophagy regulates AGEs-induced BMSCs senescence and senile osteoporosis. Redox Biol (2021) 41:101915. doi: 10.1016/j.redox.2021.101915

123. Liu, F, Yuan, L, Li, L, Yang, J, Liu, J, Chen, Y, et al. S-sulfhydration of SIRT3 combats BMSC senescence and ameliorates osteoporosis via stabilizing heterochromatic and mitochondrial homeostasis. Pharmacol Res (2023) 192:106788. doi: 10.1016/j.phrs.2023.106788

124. Lee, C, Zeng, J, Drew, BG, Sallam, T, Martin-Montalvo, A, Wan, J, et al. The mitochondrial-derived peptide MOTS-c promotes metabolic homeostasis and reduces obesity and insulin resistance. Cell Metab (2015) 21:443–54. doi: 10.1016/j.cmet.2015.02.009

125. Kim, SJ, Xiao, J, Wan, J, Cohen, P, and Yen, K. Mitochondrially derived peptides as novel regulators of metabolism. J Physiol (2017) 595:6613–21. doi: 10.1113/jp274472

126. Kim, SJ, Miller, B, Kumagai, H, Silverstein, AR, Flores, M, and Yen, K. Mitochondrial-derived peptides in aging and age-related diseases. Geroscience (2021) 43:1113–21. doi: 10.1007/s11357-020-00262-5

127. Paharkova, V, Alvarez, G, Nakamura, H, Cohen, P, and Lee, KW. Rat Humanin is encoded and translated in mitochondria and is localized to the mitochondrial compartment where it regulates ROS production. Mol Cell Endocrinol (2015) 413:96–100. doi: 10.1016/j.mce.2015.06.015

128. Reynolds, JC, Bwiza, CP, and Lee, C. Mitonuclear genomics and aging. Hum Genet (2020) 139:381–99. doi: 10.1007/s00439-020-02119-5

129. Rao, Z, Brunner, E, Giszas, B, Iyer-Bierhoff, A, Gerstmeier, J, Börner, F, et al. Glucocorticoids regulate lipid mediator networks by reciprocal modulation of 15-lipoxygenase isoforms affecting inflammation resolution. Proc Natl Acad Sci U.S.A. (2023) 120:e2302070120. doi: 10.1073/pnas.2302070120

130. 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

131. Zaman, F, Zhao, Y, Celvin, B, Mehta, HH, Wan, J, Chrysis, D, et al. Humanin is a novel regulator of Hedgehog signaling and prevents glucocorticoid-induced bone growth impairment. FASEB J (2019) 33:4962–74. doi: 10.1096/fj.201801741R

132. Vaziri, H, Dessain, SK, Ng Eaton, E, Imai, SI, Frye, RA, Pandita, TK, et al. hSIR2(SIRT1) functions as an NAD-dependent p53 deacetylase. Cell (2001) 107:149–59. doi: 10.1016/s0092-8674(01)00527-x

133. Yan, Z, Zhu, S, Wang, H, Wang, L, Du, T, Ye, Z, et al. MOTS-c inhibits Osteolysis in the Mouse Calvaria by affecting osteocyte-osteoclast crosstalk and inhibiting inflammation. Pharmacol Res (2019) 147:104381. doi: 10.1016/j.phrs.2019.104381

134. Mohtashami, Z, Singh, MK, Salimiaghdam, N, Ozgul, M, and Kenney, MC. MOTS-c, the most recent mitochondrial derived peptide in human aging and age-related diseases. Int J Mol Sci (2022) 23:11991. doi: 10.3390/ijms231911991

135. Che, N, Qiu, W, Wang, JK, Sun, XX, Xu, LX, Liu, R, et al. MOTS-c improves osteoporosis by promoting the synthesis of type I collagen in osteoblasts via TGF-β/SMAD signaling pathway. Eur Rev Med Pharmacol Sci (2019) 23:3183–9. doi: 10.26355/eurrev_201904_17676

136. Hu, BT, and Chen, WZ. MOTS-c improves osteoporosis by promoting osteogenic differentiation of bone marrow mesenchymal stem cells via TGF-β/Smad pathway. Eur Rev Med Pharmacol Sci (2018) 22:7156–63. doi: 10.26355/eurrev_201811_16247

137. Ming, W, Lu, G, Xin, S, Huanyu, L, Yinghao, J, Xiaoying, L, et al. Mitochondria related peptide MOTS-c suppresses ovariectomy-induced bone loss via AMPK activation. Biochem Biophys Res Commun (2016) 476:412–9. doi: 10.1016/j.bbrc.2016.05.135

138. Levoux, J, Prola, A, Lafuste, P, Gervais, M, Chevallier, N, Koumaiha, Z, et al. Platelets facilitate the wound-healing capability of mesenchymal stem cells by mitochondrial transfer and metabolic reprogramming. Cell Metab (2021) 33:283–299.e289. doi: 10.1016/j.cmet.2020.12.006

139. Saha, T, Dash, C, Jayabalan, R, Khiste, S, Kulkarni, A, Kurmi, K, et al. Intercellular nanotubes mediate mitochondrial trafficking between cancer and immune cells. Nat Nanotechnol (2022) 17:98–106. doi: 10.1038/s41565-021-01000-4

140. Sinha, P, Islam, MN, Bhattacharya, S, and Bhattacharya, J. Intercellular mitochondrial transfer: bioenergetic crosstalk between cells. Curr Opin Genet Dev (2016) 38:97–101. doi: 10.1016/j.gde.2016.05.002

141. Bonewald, LF. The amazing osteocyte. J Bone Miner Res (2011) 26:229–38. doi: 10.1002/jbmr.320

142. Gao, J, Qin, A, Liu, D, Ruan, R, Wang, Q, Yuan, J, et al. Endoplasmic reticulum mediates mitochondrial transfer within the osteocyte dendritic network. Sci Adv (2019) 5:eaaw7215. doi: 10.1126/sciadv.aaw7215

143. Cai, W, Zhang, J, Yu, Y, Ni, Y, Wei, Y, Cheng, Y, et al. Mitochondrial transfer regulates cell fate through metabolic remodeling in osteoporosis. Adv Sci (Weinh) (2023) 10:e2204871. doi: 10.1002/advs.202204871

144. Guo, Y, Chi, X, Wang, Y, Heng, BC, Wei, Y, Zhang, X, et al. Mitochondria transfer enhances proliferation, migration, and osteogenic differentiation of bone marrow mesenchymal stem cell and promotes bone defect healing. Stem Cell Res Ther (2020) 11:245. doi: 10.1186/s13287-020-01704-9

145. Ng, MYW, Wai, T, and Simonsen, A. Quality control of the mitochondrion. Dev Cell (2021) 56:881–905. doi: 10.1016/j.devcel.2021.02.009

146. Ni, HM, Williams, JA, and Ding, WX. Mitochondrial dynamics and mitochondrial quality control. Redox Biol (2015) 4:6–13. doi: 10.1016/j.redox.2014.11.006

147. Jiao, H, Jiang, D, Hu, X, Du, W, Ji, L, Yang, Y, et al. Mitocytosis, a migrasome-mediated mitochondrial quality-control process. Cell (2021) 184:2896–2910.e2813. doi: 10.1016/j.cell.2021.04.027

148. Song, J, Herrmann, JM, and Becker, T. Quality control of the mitochondrial proteome. Nat Rev Mol Cell Biol (2021) 22:54–70. doi: 10.1038/s41580-020-00300-2

149. König, T, Nolte, H, Aaltonen, MJ, Tatsuta, T, Krols, M, Stroh, T, et al. MIROs and DRP1 drive mitochondrial-derived vesicle biogenesis and promote quality control. Nat Cell Biol (2021) 23:1271–86. doi: 10.1038/s41556-021-00798-4

150. Sugiura, A, McLelland, GL, Fon, EA, and McBride, HM. A new pathway for mitochondrial quality control: mitochondrial-derived vesicles. EMBO J (2014) 33:2142–56. doi: 10.15252/embj.201488104

151. Suh, J, Kim, NK, Shim, W, Lee, SH, Kim, HJ, Moon, E, et al. Mitochondrial fragmentation and donut formation enhance mitochondrial secretion to promote osteogenesis. Cell Metab (2023) 35:345–360.e347. doi: 10.1016/j.cmet.2023.01.003




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 © 2024 Liu, Gao and Liu. 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-15-1325317-g001.jpg
Aging or stress

Osteoclast precursor Bone resorption Bone formation ) Mineralisation and
activation by osteoclasts by osteoblasts osteocyte formation
Osteoclast
_ precusor

: s

J Mesenchymal stem cell






OEBPS/Images/logo.jpg
, frontiers ’ Frontiers in Endocrinology





OEBPS/Images/fendo-15-1325317-g002.jpg





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Mitochondrial dysfunction and therapeutic perspectives in osteoporosis

      

        		

          1 Introduction

        



        		

          2 Mitochondria: structure and function

        



        		

          3 Mitochondrial Dysfunctions and OP

        

          		

            3.1 mtDNA Mutation in OP

          



          		

            3.2 Abnormal mitochondrial OXPHOS in OP

          



          		

            3.3 Mitochondrial-Derived ROS Increase in OP

          



          		

            3.4 Reduced mitochondrial biogenesis in OP

          



          		

            3.5 Impaired mitochondrial dynamics in OP

          



          		

            3.6 Mitophagy damage in OP

          



        



        



        		

          4 Strategies for targeting mitochondria in the treatment of osteoporosis

        

          		

            4.1 OPA1

          



          		

            4.2 PINK

          

            		

              4.2.1 PINK regulates bone formation

            



            		

              4.2.2 PINK regulates bone resorption

            



            		

              4.2.3 Therapeutic implications

            



          



          



          		

            4.3 Sirtuins

          

            		

              4.3.1 SIRT1

            

              		

                4.3.1.1 SIRT1 regulates bone formation

              



              		

                4.3.1.2 SIRT1 regulates bone resorption

              



            



            



            		

              4.3.2 SIRT3

            

              		

                4.3.2.1 SIRT3 regulates bone formation

              



              		

                4.3.2.2 SIRT3 regulates bone resorption

              



            



            



            		

              4.3.3 Therapeutic implications

            



          



          



          		

            4.4mitochondrial-derived peptide

          

            		

              4.4.1 HN

            



            		

              4.4.2 MOTS-c

            



          



          



          		

            4.4 Mitochondrial transfer

          



        



        



        		

          5 Conclusions and perspective

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fendo.2024.1325317_cover.jpg
& frontiers | Frontiers in Endocrinology

Mitochondrial dysfunction and therapeutic
perspectives in osteoporosis





