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Bone homeostasis refers to the balance between osteoblast-mediated bone formation and osteoclast-mediated bone resorption and the maintenance of stable bone mass. SIRT3 is a class of mitochondrial protein deacetylase that influences various mitochondrial functions and is involved in the mechanisms underlying resistance to aging; regulation of bone marrow mesenchymal stem cells, osteoblasts, and osteoclasts; and development of osteoporosis, osteoarthritis, and other bone diseases. Moreover, exercise affects bones through SIRT3. Thus, studies on SIRT3 may provide insights for the treatment of bone diseases. Although SIRT3 can exert multiple effects on bone, the specific mechanism by which it regulates bone homeostasis remains unclear. By evaluating the relevant literature, this review discusses the structure and function of SIRT3, reveals the role and associated mechanisms of SIRT3 in regulating bone homeostasis and mediating bone health during exercise, and highlights the potential pharmacological value of SIRT3 in treating bone diseases.
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1 INTRODUCTION
Bone health strongly affects quality of life. The World Health Organization indicated that in 2021, approximately 1.71 billion cases of musculoskeletal disorders were reported worldwide, with over 300 million of these cases caused by osteoarthritis (OA) and 463 million caused by fractures1. Thus, bone-associated diseases exert a significant burden on healthcare systems worldwide, which necessitates improvements in prevention and treatment.
Bones maintain homeostasis through continuous bone formation and resorption (Harada and Rodan, 2003). During bone formation, bone marrow mesenchymal stem cells (BMSCs) differentiate into osteoblasts (OBs), which secrete collagen fibers and bone matrix, gradually accumulate calcium, and form bones (Mizoguchi and Ono, 2021); whereas during bone resorption, osteoclasts (OCs) dissolve and resorb the old bone formed via necrotic and apoptotic osteocytes (Da et al., 2021). The interaction between OBs and OCs maintains a normal healthy bone mass (Long, 2011; Croucher et al., 2016; Kalinkovich and Livshits, 2021).
The disruption of bone homeostasis results in several bone-associated diseases (Zaidi, 2007). Indeed, when the balance between OBs and OCs is disturbed, bone structure and function are impaired, ultimately resulting in bone diseases, such as osteoporosis (OP), OA, and intervertebral disc degeneration (IDD) (Feng and McDonald, 2011; Hügle and Geurts, 2017; Sun et al., 2021). Investigating the mechanisms underlying the imbalance in bone homeostasis provides insights into the prevention and treatment of bone diseases.
Sirtuin (SIRT) is a nicotinamide adenine dinucleotide (NAD+)-dependent histone deacetylase, and the SIRT family contains seven members: SIRT1–SIRT7 (Li et al., 2021b). SIRT3 is a longevity-related gene (McDonnell et al., 2015) that is primarily found in the mitochondria, and it can mitigate various aging-related diseases by promoting metabolism, maintaining metabolic homeostasis, alleviating oxidative stress, and delaying cell aging (Kincaid and Bossy-Wetzel, 2013; Zhang et al., 2020d). While previous studies have focused on mitochondrial SIRT3, glycolipid metabolism, and aging, Huh et al. (2016) found that in mice, SIRT3 is involved in maintaining bone homeostasis by regulating the AMP-activated protein kinase-peroxisome proliferator-activated receptor-γ co-activator-1β (AMPK-PGC-1β) axis (Huh et al., 2016). These findings facilitated subsequent studies on the role of SIRT3 in bone homeostasis-related diseases. SIRT3 plays important regulatory roles in the formation and resorption of bone (Gao et al., 2018; Li et al., 2021c) and the development of bone diseases, such as OP, OA, and IDD, by regulating mitochondrial function. For example, SIRT3 overexpression in adeno-associated viral vectors in SAMP6 mice (a model of senile osteoporosis (SOP)) showed that SIRT3 regulates advanced glycation end product (AGE)-induced SOP by modulating mitochondrial autophagy (Guo et al., 2021). Similarly, SIRT3 activators and inhibitors affect the development of OBs and OCs (Ling et al., 2021; Li et al., 2022c).
A previous study suggested that SIRT3 also appears to have a potential relationship with exercise, mediating exercise to regulate bone mass and improve bone disorders associated with bone homeostasis. (Li et al., 2022c). Therefore, we reviewed the roles and mechanisms of SIRT3 action in regulating bone homeostasis-related diseases to provide novel insights into the role of SIRT3 in preventing and treating bone homeostasis-related diseases (Figure 1).
[image: Figure 1]FIGURE 1 | Mechanism via which SIRT3 maintains bone homeostasis and its relationship to exercise.
2 MECHANISMS FOR MAINTAINING BONE HOMEOSTASIS
Although bones are inactive at the cellular level, OBs are constantly engaged in cellular metabolism and exchange, and various bone cells play important roles in maintaining bone homeostasis.
BMSCs are tissue-specific cells located in the mesoderm that have multiple differentiation potentials; for example, they can differentiate into OBs, adipocytes, and chondrocytes (Kfoury and Scadden, 2015). OBs are primarily derived from BMSCs (Zhou et al., 2008) and promote bone matrix synthesis, secretion, and mineralization and regulate OC differentiation (Maruotti et al., 2017; Han et al., 2018). OCs are multinucleate cells derived from monocyte/macrophage lineage cells and are mainly located on in the bone matrix surface, and they degrade old bone tissue by secreting acids and protein hydrolases, such as histone K (Roodman, 1996). OBs, chondrocytes, and endothelial cells mediate bone homeostasis by regulating the activity of OBs and OCs, and bone homeostasis is driven by cross-talk between OBs and OCs; therefore, an imbalance between OBs and OCs interferes with bone tissue physiology and can lead to metabolic diseases, such as OP and osteosclerosis (Wang et al., 2020b). Therefore, the mechanisms underlying bone diseases can be better understood by elucidating bone homeostatic regulation via SIRT3 (Figure 2).
[image: Figure 2]FIGURE 2 | Mechanisms maintaining bone homeostasis.
3 STRUCTURE AND FUNCTION OF SIRT3
SIRT3 is a typical class I SIRT that is mainly expressed in mitochondria (Zhang et al., 2020d). SIRT3 proteins are classified into full-length and mature types. Full-length SIRT3 proteins are primarily found in the nucleus, contain 399 amino acids, and lack deacetylase activity. When full-length SIRT3 moves into the mitochondria, it is cleaved by mitochondrial matrix processing peptidases to form an active 28 kDa protein, i.e., mature SIRT3 (Wang et al., 2021). SIRT3 contains a conserved enzyme core region with two structural domains, namely a larger Rossmann folded structural domain bound to DNA+ and a smaller structural domain consisting of a complex helical structure and zinc-binding motif with the acetylated substrate bound in the gap between the two domains (Nguyen et al., 2013).
Notably, acetylation modifications influence all aspects of mitochondrial function and fate. SIRT3 is the predominant mitochondrial deacetylase that directly regulates the acetylation of at least 84 mitochondrial proteins (Yang et al., 2016). These proteins are involved in almost all mitochondrial functions, including mitochondrial mitophagy (CHCHD3 and IMMT), transcription (TFAM and MTIF2), translation (MRPL11 and MRPS34), DNA processing (POLB and POLDIP2), RNA processing (PNPT1 and RNMTL1), lipid metabolism (ACADM and AGK), ETC/OXPHOS (NDUFA5 and ATP5B), the TCA cycle (OGDH and DLST), and amino acid metabolism (GLUD1 and OAT) (Yang et al., 2016). SIRT3 promotes mitochondrial dynamic homeostasis mainly by regulating the acetylation levels of its substrates. SIRT3 regulates numerous cellular physiological and pathological processes by regulating mitochondrial homeostasis (e.g., oxidative stress inhibition), promoting energy metabolism, and regulating mitochondrial autophagy (He et al., 2020). For example, SIRT3 promotes energy metabolism by regulating long-chain acyl-coenzyme A dehydrogenase-induced fatty acid oxidation through its powerful deacetylation function, and systemic SIRT3 knockout mice exhibit impaired fatty acid oxidation during fasting (Hirschey et al., 2010). Therefore, SIRT3 is critical in mitochondrial homeostasis, and its abnormal function can cause mitochondrial dysfunction and various diseases. SIRT3 is mainly associated with aging and age-related diseases, such as neurodegenerative diseases, cardiovascular diseases, sarcopenia, metabolic syndrome, and diabetic nephropathy (Hirschey et al., 2011; Jing et al., 2011; Srivastava et al., 2018; Sun et al., 2018; Anamika et al., 2019). Oxidative stress triggered by mitochondrial dysfunction can also impair OB differentiation and increase OC activity, which can disrupt bone homeostasis and lead to a series of bone diseases (Domazetovic et al., 2017). SIRT3 can downregulate mitochondrial function and biogenesis through the PGC-1α/MnSOD signaling pathway when SIRT3 is knocked down, thereby impairing OB differentiation (Ding et al., 2017). SIRT3 also positively affects bone health by improving OA and resistance to OP (Xu et al., 2021; Hu and Wang, 2022) (Figure 3).
[image: Figure 3]FIGURE 3 | Role of SIRT3 in various organ tissues.
4 MECHANISMS UNDERLYING SIRT3 REGULATION OF BONE HOMEOSTASIS
4.1 Effects of SIRT3 on BMSCs
4.1.1 Regulation of BMSCs differentiation by SIRT3
BMSCs can self-regenerate and exhibit multidirectional differentiation, and their tendency to differentiate into OBs and adipocytes determines the maintenance of bone and fat volume in the bone marrow cavity (Zhou et al., 2014a). Cell differentiation is regulated by differentiation factors induced in specific cell lineages. Therefore, regulating the osteogenic and lipogenic differentiation of BMSCs plays a crucial role in maintaining bone homeostasis.
With aging, the adipose tissue proportion in the bone marrow cavity gradually increases while bone mass decreases due to the increased adipogenic differentiation ability of BMSCs and the decrease in osteogenic differentiation (Ambrosi et al., 2017). In general, a reciprocal relationship is observed between adipogenic and osteogenic differentiation of BMSCs, and its regulation is facilitated by SIRT3.
After transfecting third-generation BMSCs with retroviral vectors targeting shRNA for SIRT3, both the lipogenic and osteogenic differentiation of BMSCs was significantly reduced when SIRT3 was knocked down, while oxidative stress was alleviated and the differentiation capacity and lifespan of aged BMSCs (generation 7) were restored when SIRT3 was overexpressed (Denu, 2017). This suggests that aging-related defects can be mitigated by increasing SIRT3 expression in later-passaged BMSCs, which may represent another emerging mechanism by which SIRT3 regulates aging-related bone disease.
Ho et al. (2017) established a SIRT3-overexpression mouse model and observed that in 13-month-old males, adipocyte numbers in the longitudinal tibial sections were significantly higher, lipogenic differentiation was significantly enhanced, and osteogenic differentiation was inhibited in cultured BMSCs (Ho et al., 2017). This suggests that SIRT3 overexpression in BMSCs promotes adipogenic differentiation in senescent male mice. In the control experiments, the authors observed no skeletal regulation by SIRT3 in 13-month-old female mice and 6-month-old male mice (Ho et al., 2017). Therefore, further investigations are required to determine the effects of SIRT3 on the osteogenic and lipogenic differentiation of BMSCs in young mice.
With regard to differentiation capacity, studies have shown conflicting results. Some studies have shown that the differentiation ability of BMSCs generally decreases with age (Asumda and Chase, 2012); On the other hand, some studies have the idea of “adipogenic switch”, that is, with the progress of aging, the osteogenic differentiation ability of BMSCs decreases, and the adipogenic differentiation ability increases (Moerman et al., 2004). These two views are consistent with the two experimental results described above. SIRT3 appears to have extremely complex regulatory roles in BMSC differentiation and bone homeostasis that may be correlated with age and sex. Therefore, the differences in BMSC differentiation regulated by SIRT3 and the specific underlying mechanisms should be further investigated in terms of age and sex (Figure 4; Table 1).
[image: Figure 4]FIGURE 4 | Mechanism of action of SIRT3 in bone homeostasis.
TABLE 1 | Role of SIRT3 in BMSCs.
[image: Table 1]4.1.2 Role and mechanism of action of SIRT3 in BMSC aging
BMSC senescence plays an important role in bone homeostasis. Along with aging, BMSCs show skeletal senescence characteristics after exposure to various endogenous and exogenous senescence factors, including mitochondrial autophagy, oxidative stress, chromatin organization distortion, and DNA damage. Such characteristics lead to the abnormal lipogenic/osteogenic differentiation of BMSCs, which disrupts bone homeostasis and decreases bone mass (Qadir et al., 2020).
SIRT3 has been shown to regulate mitochondrial autophagy via the Forkhead box O3a/PTEN-inducible putative kinase protein 1 (Foxo3a/PINK1)-Parkin signaling pathway, which promotes diabetic corneal epithelial wound healing in vivo and in vitro and improves diabetic keratopathy (Hu et al., 2019). Mitochondrial autophagy is closely related to aging (Guo and Chiang, 2022). AGEs promote BMSC aging by inhibiting mitochondrial autophagy (Guo et al., 2021). Notably, the overexpression of SIRT3 in SAMP6 mice (SOP model) reverses AGE-induced senescence in BMSCs, while silencing SIRT3 exacerbates this effect (Guo et al., 2021). These findings suggest that SIRT3 can reverse AGE-induced senescence in BMSCs by activating mitochondrial autophagy and improving mitochondrial function.
Improving mitochondrial autophagy by targeting SIRT3 is a potential therapeutic strategy to attenuate AGE-associated SOP (Guo et al., 2021). SIRT3 directly deacetylates and activates PINK1, which recruits Parkin from the cytoplasm to the mitochondria, ubiquitinates mitochondrial outer membrane proteins, and ultimately achieves mitochondrial autophagy (Wang et al., 2020a; Ling et al., 2021; Li et al., 2022a). ERRα binds to the proximal SIRT3 gene promoter region to promote SIRT3 expression (Giralt et al., 2011). Li et al. (2023a) found that in ovariectomized rats, genistein mitigates the upregulation of SIRT3 expression via ERRα, promotes mitochondrial biogenesis, and reduces mitochondrial autophagy, which in turn alleviates senescence in BMSCs (Li et al., 2023a). In contrast, ERRα siRNA treatment significantly inhibits SIRT3 expression. SIRT3 is involved in the positive effects of ERRα on BMSC aging by regulating mitochondrial biogenesis and autophagy. Although the above findings suggest that SIRT3-based regulation of mitochondrial autophagy may be a mechanism of aging and senile OP in BMSCs, the specific mechanism and changes in the related signaling pathways remain to be explored. Further research into the relationship among SIRT3, aging, and mitochondrial autophagy in BMSCs will provide novel insights.
SIRT3 is a key oxidative stress regulator that protects cardiomyocytes from stress-mediated apoptosis through Ku70 deacetylation (Sundaresan et al., 2008). However, Ma et al. (2020) compared age-associated natural senescence and a rat model of hydrogen peroxide (H2O2)-induced premature senescence in BMSCs and found that the expression of SIRT3 was significantly reduced in both models and closely associated with changes in the cellular reactive oxygen species (ROS) levels and increased DNA damage. SIRT3 supplementation partially reverses the senescence-related phenotypic features of both naturally and prematurely senescent BMSCs. SIRT3 ameliorates oxidative stress damage by upregulating the expression and activity of manganese superoxide dismutase (MnSOD) and reducing ROS levels (Ma et al., 2020). Similarly, SIRT3 overexpression enhances the anti-oxidative stress activity of BMSCs by activating MnSOD and catalase, thereby increasing the cell survival rate (Wang et al., 2014). In addition, SIRT3 can positively regulate catalase and MnSOD by translocating FOXO3a into the nucleus, thereby protecting aged BMSCs from oxidative stress injury (Zhang et al., 2018; Zhang et al., 2020a.). The above results indicate that SIRT3 delays the aging of BMSCs through antioxidant effects and reveal that MnSOD is an important linking factor in the regulation of aging in BMSCs by SIRT3. Further mechanistic studies are warranted to explore the close connection between the two, which may provide deeper insights into the treatment of aging-related metabolic bone diseases.
Chromatin abnormalities are important epigenetic alterations that contribute to aging (Saul and Kosinsky, 2021). However, data on the association of SIRT3 with chromatin abnormalities are limited. SIRT3 interacts with nuclear lamins and heterochromatin-associated proteins to promote heterochromatin structural stabilization, and CRISPR/cas9-mediated deletion of SIRT3 impairs the nuclear integrity of human mesenchymal stem cells (hMSCs), causes heterochromatin loss, and accelerates senescence (Diao et al., 2021). Supplementing SIRT3 in SIRT3-deficient hMSCs attenuates chromatin loss and hMSC senescence, suggesting that SIRT3 may protect aged hMSCs partly by stabilizing heterochromatin (Diao et al., 2021). In addition, the S-sulfhydration of cysteine residues enhances SIRT3 activity through the formation of persulfides and the exogenous hydrogen sulfide (H2S) donor NaHS-mediated enhancement of SIRT3 rescues the senescent phenotype of BMSCs (Liu et al., 2023). Conversely, SIRT3 deficiency accelerates oxidative stress-induced senescence in BMSCs by increasing mitochondrial dysfunction and heterochromatin instability.
Moreover, H2S-mediated S-sulfhydration modification ameliorates dithiothreitol (S-sulfhydration inhibitor)-induced heterochromatin abnormalities and mitochondrial fragmentation, thereby promoting osteogenic differentiation and inhibiting BMSC senescence (Liu et al., 2023).
However, a mutation in the CXXC position of the SIRT3 zinc finger motif eliminates the anti-aging effect of S-sulfhydration modification on BMSCs, which suggests that the effect of the S-sulfhydration modification is closely related to SIRT3. A more in-depth mechanistic study revealed that S-sulfhydration regulates the lipogenic/osteogenic differentiation of BMSCs through the SIRT3/RUNX2/PPARγ axis (Liu et al., 2023). This finding showed for the first time that H2S-mediated S-sulfhydration is a novel post-translational modification of SIRT3 that counteracts senescence in BMSCs by modulating mitochondrial and heterochromatin homeostasis, thereby providing novel insights into restoring the senescence-induced failure of BMSCs. However, whether an intrinsic link occurs between mitochondrial homeostasis and heterochromatin mediated by SIRT3 S-sulfhydration remains to be determined.
In summary, SIRT3 mainly affects BMSC differentiation and senescence. Under normal conditions, SIRT3 promotes the conversion of BMSCs to adipocytes, which adversely affects BMSCs, whereas under aging conditions, SIRT3 delays the conversion of BMSCs by activating mitochondrial autophagy, inhibiting oxidative stress, and consolidating chromatin stability. Unlike previous studies that attributed SIRT3-based regulation of cellular senescence to the regulation of mitochondrial function, the above studies suggest that SIRT3 may also resist BMSC senescence by consolidating heterochromatin stability. These new findings not only expand our understanding of the epigenetic regulation of heterochromatin during human cellular senescence but also provide deeper insights into the mechanisms by which SIRT3 regulates the mechanism underlying BMSC senescence, thus providing potential drug targets for developing and preventing novel therapeutic strategies for bone diseases associated with bone homeostasis (Figure 4; Table 1).
4.2 Role of SIRT3 in OBs
Osteogenic differentiation is key in OB-mediated bone formation and essential for bone homeostasis. Mitochondrial dysfunction is the underlying pathological cause of dysfunctional osteogenic differentiation; therefore, maintaining normal mitochondrial function and biogenic homeostasis is essential for osteogenic differentiation (Tsai et al., 2015). SIRT3 expression and deacetylase activity are essential for the osteogenic differentiation of the mouse pre-osteogenic cell line MC3T3-E1. After infecting MC3T3-E1 with a lentivirus carrying SIRT3 and stabilizing and knocking down the SIRT3, SIRT3 deletion significantly reduces the peroxisome proliferator-activated receptor-γ co-activator-1ɑ (PGC-1α)/MnSOD signaling pathway-mediated reduction in mitochondrial function and biogenesis, thereby inhibiting osteogenic differentiation (Ding et al., 2017). Meanwhile, MnSOD can be specifically induced to eliminate excess mitochondrial superoxide and protein oxidation during OB differentiation, whereas increased SIRT3 expression enhances MnSOD activity by deacetylating K68 (Gao et al., 2018). The knockdown of MnSOD and SIRT3 inhibits OB differentiation. SIRT3-deficient mice exhibit significant bone loss and OB dysfunction, whereas the overexpression of either MnSOD or SIRT3 enhances primary OB differentiation in SIRT3-deficient mice (Gao et al., 2018). These findings suggest that the SIRT3/MnSOD axis plays a crucial role in OB differentiation by regulating mitochondrial function and that activating SIRT3 is a potential therapeutic strategy for treating related bone diseases. SIRT3/MnSOD plays an important role in BMSC senescence and is highly relevant to OB. Further investigations are warranted to explore the mechanism of SIRT3/MnSOD activation and determine the molecular correlation between OB and OC.
In addition to MnSOD, there are also some external factors that can affect SIRT3 expression. Nicotinamide (NAM), the water-soluble form of vitamin B3, is a food additive with a favorable safety profile in clinical trials (Chen et al., 2015). As one of the precursors of nicotinamide adenine dinucleotide (NAD), NAM induces the activation of SIRTs (e.g., SIRT1 and SIRT3) and transcriptional regulators (e.g., PGC1A and FOXO) by increasing the NAD level and promoting mitochondrial biogenesis and functions (Srivastava, 2016). Ex vivo, NAM also alleviates mitochondrial ROS levels and stimulates OB differentiation by enhancing the expression and activity of mitochondrial antioxidant enzymes (Yoon et al., 2023). In MC3T3-E1 cells, NAM has been shown to dose-dependently increase SIRT3 activity and activate FOXO3a through SIRT3, which in turn promotes the expression of mitochondrial antioxidant enzymes, ultimately promoting OB differentiation (Yoon et al., 2023). These results suggest that NAM may represent a therapeutic or preventive agent to improve bone health, and SIRT3 undoubtedly plays a crucial role. The upstream and downstream factors of SIRT3 that regulate bone health and their mechanisms should be further explored to provide a development direction for new clinical drugs.
Nicotine is the main addictive agent in tobacco products and represents a risk factor for various diseases; moreover, it regulates OB differentiation in vitro, thus affecting bone metabolism (Kim et al., 2012). Nicotine significantly reduces MnSOD activity by decreasing SIRT3 levels, which leads to mitochondrial oxidative stress and DNA damage in OBs. In contrast, high SIRT3 expression upregulates MnSOD activity by deacetylating MnSOD. These findings indicate that the SIRT3-MnSOD axis is affected by nicotine and increased SIRT3 expression alleviates nicotine-induced mitochondrial oxidative stress and mitochondrial DNA damage in OBs (Li et al., 2015).
Prolonged exposure to microgravity in space or on space stations can pose numerous hazards to the musculoskeletal system. Based on the statistics, continuous exposure to microgravity can result in a monthly bone loss of up to 1%, with an average decrease in skeletal muscle strength of 30% (Williams et al., 2009; Willey et al., 2011). Consequently, reducing the musculoskeletal system damage caused by exposure to microgravity is of substantial importance for promoting the development of space exploration. Moreover, recent studies have determined that activating SIRT3 induces mitochondrial autophagy in myoblasts (C2C12) and reduces C2C12 death induced by microgravity, maintaining the expression of C2C12 differentiation markers (Aventaggiato et al., 2023), which suggests that activating SIRT3 may reduce muscle tissue damage caused by microgravity. Notably, muscles and bones are closely related, and together, they constitute the musculoskeletal regulatory system, integrating relevant biological functions. As mentioned earlier, mitochondrial autophagy also has a remarkable effect in promoting osteoblast differentiation. Consequently, considering the crucial role of SIRT3 in bone formation, investigating whether activating SIRT3 can also mitigate the hazards of microgravity in the skeletal system is highly valuable. Simultaneously, this suggests that activating SIRT3 could represent a targeted molecular strategy. Subsequent investigations will be required to identify external agents or pharmaceuticals capable of stimulating SIRT3 expression, thereby facilitating the development of novel strategies to enhance bone health.
Peripheral prosthetic osteolysis is the main factor underlying implant failure in arthroplasty, which occurs via titanium particle wear (Goodman, 2007). Titanium ions induce the overproduction of mitochondrial ROS, which damage OBs (Wang et al., 2020c) and is particularly important in counteracting oxidative stress and promoting osteogenic differentiation. The upregulation of SIRT3 can improve periprosthetic osteolysis by inhibiting NLRP3 inflammatory vesicles, promoting osteogenesis via the glycogen synthase kinase-3β (GSK-3β)/β-connexin signaling pathway, and improving titanium particle-induced osteogenesis inhibition (Zheng et al., 2021). These results suggest that SIRT3 is a positive regulator of osteogenic and OB differentiation. SIRT3/MnSOD is a potential target for promoting bone health and treating bone diseases related to bone homeostasis (Figure 4; Table 2).
TABLE 2 | Role of SIRT3 in the OB.
[image: Table 2]4.3 Role of SIRT3 in OCs
Human OCs are unique bone-resorbing cells with an important role in normal bone transformation, regeneration, and remodeling. Damage to OC activity may progressively reduce bone regeneration capacity with age; thus, strict regulation of OC formation is essential for bone homeostasis (McArdle et al., 2015). The effect of SIRT3 on OCs is complex and likely age-related.
SIRT3 contributes to increased OC bone resorption during skeletal aging. Ling et al. investigated the role of SIRT3 in age-associated bone loss in mice and found that 16-month-old SIRT3 systemic knockout (KO) mice had significantly greater cortical thickness than WT controls of the same age (Ling et al., 2021). Serum from these SIRT3 KO mice had significantly reduced levels of c-terminal peptide of type 1 collagen (bone resorption marker), suggesting that the high bone mass phenotype of SIRT3 KO aged mice is at least partially due to OC-mediated bone resorption in SIRT3 KO mice. Moreover, following the isolation of primary bone marrow-derived macrophages (BMDMs) from SIRT3 KO senescent mice and induction of osteoclastogenesis, the OCs of KO mice were significantly smaller than those of WT mice, suggesting impaired OC function (Ling et al., 2021).
Mechanistic studies have shown that SIRT3 deficiency can impair bone resorption by attenuating mitochondrial respiration and mitosis in OCs (Ling et al., 2021). This finding highlights a promising strategy for treating age-related bone diseases via the manipulation of SIRT3 expression in OCs to regulate the dynamic homeostasis of bone. It also reconfirms the contribution of SIRT3-regulated mitochondrial function to bone diseases. Similarly, overexpression of SIRT3 during the aging stage has a positive effect on promoting bone resorption. For example, Ho et al. found that the bone mass of 13-month-old SIRT3-overexpressing mice was significantly reduced compared with that of control mice (Ho et al., 2017) while the number of tartrate resistant acid phosphatase-positive cells/bone surface increased by 2.5-fold compared with that of the controls. These findings further support the notion that SIRT3 regulates bone mass in part through OC-mediated bone resorption. More in-depth mechanistic studies have shown that SIRT3 primarily activates the mammalian target of rapamycin (mTOR) pathway to positively affect OC formation (Ho et al., 2017). Collectively, these results suggest that SIRT3 enhances osteogenesis during senescence and promotes OC and bone resorption functions.
Notably, SIRT3 negatively regulates OC differentiation, and its systemic knockdown significantly enhances OC differentiation in 8-week-old wild mice, which causes a marked reduction in bone mass (Huh et al., 2016). Moreover, following the induction of OC formation via BMDM treatment with receptor activator of nuclear factor-κB ligand (RANKL), the overexpression of PGC-1β significantly increases the expression of SIRT3 mRNA and protein levels. Similarly, PGC-1β knockdown downregulates SIRT3 expression levels, suggesting that RANKL induces pGC-1β expression by increasing SIRT3 at the transcriptional level (Huh et al., 2016). In addition, the siRNA-mediated KO of SIRT3 in BMDMs results in a significant decrease in the total protein and phosphorylation levels of AMPKα. Following the overexpression of AMPKα in SIRT3-KO BMDMs, OC production becomes significantly reduced compared to that of the controls (Huh et al., 2016), suggesting that SIRT3 negatively controls OC differentiation by regulating AMPKα protein expression at the protein level. Thus, SIRT3 appears to function as a bridge between PGC-1β and AMPK to regulate OC differentiation via the AMPK-PGC-1β pathway (Huh et al., 2016).
ROS are indispensable secondary messengers in RANKL-induced OC differentiation and activation (Kim et al., 2017). SIRT3 inhibits OC differentiation by enhancing MnSOD activity via deacetylating lysine 68 of MnSOD and reducing the ROS level in OCs (Kim et al., 2017). Meanwhile, SIRT3 knockdown increases OC production in 5-week-old female Institute of Cancer Research mice and significantly enhances RANKL-induced bone loss (Kim et al., 2017). Thus, the role of SIRT3 in young mice appears to be inconsistent with that in aging mice; that is, SIRT3 may negatively regulate OC differentiation and bone mass at a young age. These two conflicting results suggest that the effect of SIRT3 on OCs is age-dependent. However, such studies are limited because of the lack of a detailed definition of the age-dependence of SIRT3-induced OC regulation, i.e., when SIRT3 shifts from negative to positive regulation. This important issue should be addressed in future studies.
Furthermore, SIRT3 does not affect OC function via a single pathway. Ionizing radiation increases SIRT3 activity and mitochondrial respiration in OCs, thereby promoting OC differentiation and bone loss in adult male mice. However, in the absence of SIRT3, bone resorption is not induced in OCs, suggesting that SIRT3 is responsible for this process (Richardson et al., 2022). Hence, targeting OC mitochondrial activity may be a novel strategy for treating radiation-induced bone loss, which is likely mediated primarily by SIRT3. SIRT3 inhibition can also prevent titanium particle-induced bone resorption and OC production by inhibiting extracellular signal-regulated kinases and c-Jun N-terminal kinase signaling, thus indicating a new avenue for combatting periprosthetic osteolysis (Li et al., 2021a). Therefore, the specific mechanism of action employed by SIRT3 in regulating OC differentiation and bone mass in mice of different ages warrants further investigation (Figure 4; Table 3).
TABLE 3 | Role of SIRT3 in OC.
[image: Table 3]In summary, SIRT3 can regulate bone homeostasis by affecting the activity of BMSCs, OBs, and OCs. However, the precise mechanism remains unclear, and more in-depth studies are needed to provide a theoretical foundation for clinically treating bone homeostasis-related diseases.
5 IMPORTANCE OF SIRT3 IN PREVENTING AND TREATING BONE DISEASES
Increasing evidence has shown that SIRT3 has a unique role in maintaining human bone metabolism and homeostasis and preventing bone diseases.
5.1 Osteoporosis
OP is a typical aging-related disease (Lane et al., 2000) common in middle-aged and older adults, and it is characterized by decreased bone density and quality, deteriorated bone microarchitecture, and increased bone fragility and susceptibility to fracture. As such, OP is a public health issue that greatly impacts quality of life. SIRT3, as a longevity factor, is closely associated with aging and represents a potential target for treating OP (Hu and Wang, 2022). Moreover, aging-induced accumulation of AGEs can significantly reduce bone density and mineralization (Tabara et al., 2019) and is a key mediator of OP pathogenesis. Notably, a SAMP6 mouse model showed that SIRT3 overexpression via intravenous injection of recombinant adeno-associated virus 9 carrying SIRT3 (rAAV-SIRT3) can effectively alleviate age-induced senescence and enhance the osteogenic differentiation of BMSCs to inhibit OP by activating mitophagy (Guo et al., 2021). This suggests that targeting SIRT3 to enhance mitophagy is a potential therapeutic strategy for alleviating age-related OP. Consistent with this, in situ transplantation of ovariectomized-induced OP model mice with BMSCs into the bone marrow cavity ameliorates bone loss (Liu et al., 2023). Notably, SIRT3 silencing significantly reduces this effect and the BMSC osteogenic differentiation potential. Hematoxylin and eosin staining confirmed the significant deposition of adipocytes in the bone marrow cavity of the ovariectomized group (Liu et al., 2023). Collectively, these findings suggest that SIRT3 helps to promote the osteogenic differentiation of BMSCs by preventing bone loss in osteoporotic mice.
Numerous drugs are available for OP prevention and treatment. Among them, zoledronic acid is a recognized bisphosphonate anti-OP drug that affects bone metabolism by inhibiting bone resorption, and it is clinically effective in both post-menopausal women with OP and SOP (Wang et al., 2022). Mechanistically, zoledronic acid has a protective effect on H2O2-induced SIRT3 down-regulation and MnSOD upregulation in BMSCs, whereas the silencing of SIRT3 blocks the protective effect of zoledronic acid on BMSCs. The associated mechanism of action might involve zoledronic acid-induced inhibition of oxidative stress through the SIRT3/MnSOD pathway, which accelerates the osteogenic differentiation of BMSCs and ultimately alleviates OP (Gianni, 2020).
Daphnetin (7,8-dihydroxycoumarin) is an active ingredient extracted from the genus Raffinia that inhibits RANKL-induced OC production in vitro and improves the progression of glucocorticoid-induced OP by activating Wnt/GSK-3β/β-catenin signaling (Liu et al., 2019; Wang et al., 2020d). In a recent study, mice were suspended from the hind limbs to establish a model of wasting OP, and subsequent administration of daphnetin maintained mitochondrial homeostasis by restoring the expression of SIRT3 and upregulating MnSOD to alleviate ROS in OCs, thus inhibiting OC differentiation and leading to decreased bone resorption. This suggests that daphnetin may inhibit bone resorption through the SIRT3/MnSOD pathway, thereby improving the progression of wasting OP, which may be useful for the clinical treatment of bedridden patients (Gao et al., 2022).
Metformin is a widely used hypoglycemic drug that protects bone health by reducing bone loss in ovariectomized mice by inhibiting E2F1-mediated autophagy of OC precursors2. Meanwhile, the targeted knockdown of SIRT3 in OBs treated with H2O2 and metformin inhibits the protective effect of metformin on OBs and increases their apoptosis (Yang et al., 2021). Mechanistically, metformin enhances SIRT3 expression via the phosphatidylinositol-3-kinase/protein kinase B (PI3K/AKT) signaling pathway to reverse H2O2-induced OB apoptosis (Yang et al., 2021).
Trehalose is a typical stress metabolite that regulates extracellular signal-regulated kinase phosphorylation by increasing cellular autophagy to inhibit OB-mediated osteoclast formation and alleviate the bone loss associated with primary biliary cirrhosis (Xu et al., 2020). Moreover, trehalose is involved in lipid metabolism processes that inhibit adipocyte hypertrophy (Arai et al., 2020). OB apoptosis increases following the induction of a high-fat state with palmitic acid (Cao et al., 2022), while palmitate-induced OB apoptosis is alleviated by the enhancement of autophagy with trehalose. Interestingly, the positive effect of palmitic acid on OB is counteracted by silencing SIRT3 gene expression (Cao et al., 2022), suggesting that high-fat-induced OB apoptosis may be related to SIRT3 expression. In more detail, trehalose prevents palmitic acid-induced OB apoptosis by upregulating SIRT3 and enhancing autophagy through the AMPK/mTOR/ULK3 signaling pathway (Cao et al., 2022), thus indicating a new strategy for treating high-fat-induced OP. Although most studies have explored the regulatory role of SIRT3 on age-related bone loss, this finding indicates that SIRT3 may also have a unique role in obesity-induced OP. Hence, investigating the specific mechanism underlying the regulatory role of SIRT3 in OP is necessary to provide new insights for the clinical improvement of OP.
Melatonin is an indoleamine secreted by the pineal gland that has antioxidant properties and may improve OP by promoting bone formation and inhibiting OC production (Wang et al., 2019; MacDonald et al., 2021). Melatonin can mitigate mitochondrial oxidative stress through the SIRT3/MnSOD signaling pathway, which promotes osteogenesis to increase the periprosthetic bone mass and reduces the risk of periprosthetic bone loss in patients in post menopause and with OP (Zhou et al., 2019). Melatonin also inhibits oxidative damage in osteogenic precursor cells and promotes osteogenesis by activating SIRT1, which regulates SIRT3 activity and inhibits p3Shc expression (Liu et al., 2022). These pathways have the potential for development as a treatment for OP.
In conclusion, SIRT3 not only directly impacts OP but is also activated by various drugs to regulate OP. In the future, studies exploring the mechanism of SIRT3 in regulating OP should assess the feasibility of combining SIRT3 with other anti-OP drugs to counteract the possible efficacy limitations of monotherapy.
5.2 Degenerative intervertebral disc disease
IDD is another age-related bone and joint disease in which oxidative stress-induced apoptosis of nucleus pulposus cells (NPCs) may play a prominent role (Chen et al., 2016). Oxidative stress leads to dysfunctional bone homeostasis (Zhu et al., 2022a). SIRT3 is a key regulator of oxidative stress that also delays IDD progression by improving mitochondrial redox homeostasis (Zhang et al., 2020c). Lin et al. found that overexpressing SIRT3 significantly inhibits oxidative stress and extracellular matrix degradation in NPCs, thereby delaying their senescence and reducing IDD (Lin et al., 2021). The AMPK/PGC-1α pathway mediates the SIRT3 anti-oxidative stress-induced delay of NPC senescence (Lin et al., 2021). Similarly, SIRT3 knockdown in rat NPCs significantly reduces the tolerance of NPCs to oxidative stress. Notably, activating SIRT3 with honokiol (HKL) also ameliorates IDD in rats via the AMPK/PGC-1α/SIRT3 signaling pathway3. SIRT3 expression is also reduced in degenerative NP, and a study implementing a 3-month-old mouse model of IDD showed that the overexpression of SIRT3 delays IDD by activating the SIRT3/FOXO3/MnSOD signaling pathway to counteract oxidative stress (gianni, 2019). Collectively, these findings suggest that SIRT3 is closely related to IDD and its activators may inform the application of existing drugs that can prevent IDD.
SIRT3 also ameliorates IDD through alternative mechanisms. For instance, heat shock protein (Hsp70), a ubiquitous molecular chaperone, inhibits mitochondrial fission by upregulating SIRT3 expression, which attenuates compression-induced NPC apoptosis (Hu et al., 2021). Notably, nicotinamide mononucleotide, a biologically active nucleotide in clinical trials, restores SIRT3 function and reduces apoptosis through the AMPK/PGC-1α signaling pathway in human NPCs induced by AGES (Song et al., 2018). This reaffirms that SIRT3 may be a valuable candidate target for preventing and treating IDD.
5.3 Osteoarthritis
OA is another common bone and joint disease characterized by chondrocyte senescence and apoptosis, extracellular matrix degradation accompanied by synovial inflammation, and subchondral bone dysfunction (Malemud, 2017). The excessive production of ROS impairs chondrocyte metabolic homeostasis (Khan et al., 2017). Compared with normal chondrocytes, those in OA have impaired mitochondrial membrane potential and reduced complex I, II, and III activity, suggesting that mitochondrial dysfunction is involved in chondrocyte degeneration (Maneiro et al., 2003). Therefore, targeting mitochondrial homeostasis and enriching therapeutic approaches for OA represent promising strategies. As an important regulator of mitochondrial and bone homeostasis, SIRT3 represents a likely starting point.
SIRT3 can inhibit oxidative stress and improve the integrity and function of mitochondrial DNA in OA chondrocytes by activating AMPK; thus, SIRT3 may represent another emerging mechanism for AMPK protection of chondrocytes against OA (Chen et al., 2018). SIRT3 regulates chondrocyte autophagy and apoptosis through the PI3K/Akt/mTOR pathway to improve OA (Xu et al., 2021). However, SIRT3 also promotes high-fat-induced OA by inhibiting glycolysis and stimulating mitochondrial respiration and fatty acid metabolism (Zhu et al., 2022b). In contrast, SIRT3 deficiency in cartilage under high-fat conditions has a protective effect on cartilage at a young age, whereas the systemic deficiency of SIRT3 accompanied by aging accelerates OA progression (Fu et al., 2016). These results suggest that the role of SIRT3 in cartilage homeostasis is likely highly dependent on the environment and similar to its role in bone homeostasis because both are cell-specific and age-dependent.
In addition, the pathways by which SIRT3 regulates OA are diverse, with multiple classes of factors that regulate mitochondrial homeostasis and modulate OA progression by regulating SIRT3. For example, dihydromyricetin, also known as aminobenzene protease, has anti-inflammatory, antioxidant, and antitumor properties and inhibits oxidative stress by upregulating SIRT3 levels under low-pressure hypoxic conditions to exert a neuroprotective effect. As such, dihydromyricetin is a potential agonist of SIRT3 (Zhou et al., 2014b; Liu et al., 2016). Moreover, although SIRT3 abundance decreases with cartilage degeneration, dihydromyricetin can activate SIRT3-mediated mitochondrial homeostasis and reverse chondrocyte degeneration (Wang et al., 2018). This provides an emerging target for SIRT3 in OA treatment and further enriches the upstream and downstream factors of SIRT3 to inform the design of novel OA therapeutics.
Gastrodin is an emerging anti-inflammatory agent that has not been well studied within the context of OA. Nevertheless, gastrodin can inhibit chondrocyte senescence and mitochondrial damage in OA by regulating PI3K-AKT pathway phosphorylation via SIRT3 (Zhang et al., 2023). This suggests that gastrodin might represent an effective treatment option for OA and reinforces the importance of SIRT3 in mitochondrial homeostasis and its potential to regulate OA.
Methyl gallate is a plant-derived phenolic compound that has shown significant anti-inflammatory effects in different experimental models and potential applications for OA (Correa et al., 2022). The relationship between SIRT3 and methyl gallate has also been tentatively explored, revealing that methyl gallate treatment enhances mitochondrial autophagy by upregulating the expression of SIRT3, leading to anti-apoptotic and protective effects for extracellular matrix synthesis (Li et al., 2023b). These findings suggest that SIRT3 plays a positive role in OA therapies.
Mitochondrial acid-5 (4-(2,4-difluorophenyl)-2-(1H-indole-3-yl)-4-oxobutanoic acid; MA-5) is a mitochondrial homing drug that regulates mitochondrial energy metabolism by maintaining the membrane potential (Suzuki et al., 2015; Lei et al., 2018). SIRT3 is located upstream of Parkin, and MA-5 can protect chondrocytes by enhancing SIRT3 activity, promoting parkin-dependent mitochondrial autophagy, and eliminating depolarized/damaged mitochondria from chondrocytes (Xin et al., 2022).
SIRT3 may represent an emerging regulator of OA by modulating OA progression by regulating mitochondrial homeostasis. Although the more hierarchical mechanism of environment-dependent regulation of OA by SIRT3 is uncharacterized, SIRT3 and its upstream and downstream factors are of great value for treating OA. However, the role of SIRT3 and its upstream and downstream relationships require further investigation.
5.4 Femoral head necrosis
Femoral head necrosis is closely related to bone homeostasis (Liu et al., 2020; Nan et al., 2021). Glucocorticoids are a common clinical cause of osteonecrosis of the femoral head (GIONFH), typically resulting from long-term or excessive glucocorticoid intervention (Zheng et al., 2018). Glucocorticoid exposure leads to oxidative stress and promotes ROS overproduction, thereby damaging cell membranes and DNA, impairing osteogenic differentiation of BMSCs, and promoting apoptosis (Lee et al., 2017). In contrast, reducing the level of oxidative stress restores the stemness of BMSCs and prevents GIONFH development (Chen et al., 2019; Zhang et al., 2020b; Kubo et al., 2021). This suggests that inhibiting intracellular oxidative stress is key to treating GIONFH. Chen et al. found that SIRT3 expression is decreased in a rat model of GIONFH while resveratrol administration reduces the level of oxidative stress by enhancing SIRT3 expression and promoting the osteogenic differentiation of BMSCs, thereby delaying the GIONFH process (Chen et al., 2021). This suggests that SIRT3 may be a potential target for the treatment of GIONFH.
SIRT3 plays a unique role in bone homeostasis-related diseases, such as OP and IDD. SIRT3 can prevent and delay OP and GIONFH by regulating bone homeostasis through anti-oxidative stress and regulating mitochondrial autophagy. Although SIRT3 delays IDD through anti-oxidative stress effects, whether SIRT3 can improve OP by regulating bone homeostasis and thereby improve IDD has not been determined. In OA, the role of SIRT3 is more complex and requires analyses on a case-by-case basis. Hence, the functions of SIRT3 in bone appear to be highly dependent on context. In particular, in OP development, although SIRT3 positively affects OB osteogenic differentiation, it promotes OC differentiation during the aging stage. Its complexity in regulating OP according to age, sex, and cell type may contribute to this outcome. Similarly, SIRT3 has specific effects on OA that may be related to the microenvironment of the organism, such as high lipid status, advanced age, and oxidative stress levels, among other factors. Nevertheless, although it is clear that SIRT3 has great potential for treating bone-related diseases, such as OP and IDD, further validation through additional animal studies and clinical trials is needed to provide new drug targets (Figure 5).
[image: Figure 5]FIGURE 5 | The value of SIRT3 in bone homeostasis.
6 ACTIVATORS/INHIBITORS OF SIRT3
HKL is a pleiotropic compound isolated from Magnolia spp. (e.g. Magnolia grandiflora and Magnolia alba) that possesses potent antioxidant activity (Zhao and Liu, 2011). SIRT3 physically binds to HKL entering mitochondria via membrane diffusion (Zhang and Wang, 2010), and the bound SIRT3 has higher deacetylation activity, which increases mitochondrial biogenesis and activates MnSOD. Meanwhile, HKL is a potent activator of SIRT3 with various drug properties. For instance, administering a high dose (2 mg/kg/d) of HKL to aged mice (20 months) for 2 months leads to significant increases in SIRT3 expression, bone trabecular density, and bone volume to tissue ratio (Li et al., 2022c). In contrast, a low dose (0.2 mg/kg/d) of HKL has no such effect, suggesting that the beneficial effects of HKL on mouse bones are dose-dependent. Consistent with this effect, in vitro HKL treatment significantly increased SIRT3 expression in OBs. Notably, high doses of HKL not only prevent age-related bone loss but also increase OB responses to fluid shear stress in vitro. This effect is associated with a significant increase in SIRT3 expression, suggesting that HKL can activate SIRT3 to regulate bone homeostasis and improve bone health (Li et al., 2022c). This finding confirms that the SIRT3 activator promotes bone health while also enhancing the sensitivity of osteocytes to fluid shear stress in vitro. Hence, the combination of SIRT3 activator stimulation and exercise may amplify the beneficial effects of exercise to further promote bone health. In addition, HKL improves diabetic fracture healing by upregulating SIRT3 to promote oxidative stress resistance, thus suggesting a potential new therapeutic approach (Huang et al., 2022).
In contrast, LC-0296, a small molecule antagonist of SIRT3 synthesized in vitro, inhibits the enzymatic activity of SIRT3 with a selectivity approximately 20-fold higher than that for other SIRTs (Alhazzazi et al., 2016). Notably, intraperitoneal administration of the SIRT3 inhibitor LC-0296 (5 μg/g body weight, 100 μL/each) to 12-month-old female senescent mice for 4 months increased the thickness of the femoral cortex and slightly increased the amount of cancellous bone in the vertebrae (Ling et al., 2021). Consistent with this effect, the serum c-terminal peptide of type 1 collagen levels were significantly reduced in LC-0296-treated mice (Ling et al., 2021). Moreover, adding LC-0296 to OC bone progenitor cell cultures from 16-month-old female senescent mice resulted in effective OC formation and expression of late OC differentiation markers (Ling et al., 2021). These results indicate that LC-0296 intervention increases bone mass in aging mice by attenuating bone resorption. This finding is consistent with the conclusion that “SIRT3 contributes to the increase of OC bone resorption during skeletal aging,” suggesting that stimulating SIRT3 may be a good strategy to ameliorate metabolic bone diseases associated with aging.
In summary, HKL and LC-0296 activate and inhibit SIRT3 activity, respectively; however, their effects on bone homeostasis are consistent and positive, likely due to their different mechanisms of action. HKL has a dose-dependent effect on SIRT3; high doses promote SIRT3 expression in OBs, thereby ameliorating age-related bone turnover. Further exploration of the precise effector cells associated with HKL-regulated bone health is required. Meanwhile, LC-0296 positively affects bone by inhibiting bone resorption in aging mice. This discovery for HKL—a drug that already has clear clinical value—could provide novel insights for its repurposing. Moreover, the discovery of the medicinal value of LC-0296, which is a small molecule antagonist newly discovered in 2016, could help to develop new targeted therapies to improve bone health and promote quality of life in elderly OP patients. Future large-scale, multicenter, prospective clinical trials will validate SIRT3 drug development and the potential side effects and adverse effects of its inhibitors and activators, providing new directions for clinically preventing and treating bone homeostasis-related diseases and improving public health.
7 EFFECT OF EXERCISE ON BONE HOMEOSTASIS VIA SIRT3
Exercise positively affects human health by reducing the risk of cardiovascular diseases, improving cardiorespiratory endurance, preventing OP, and eliciting anti-aging effects (Fiuza-Luces et al., 2018; Armstrong and Vogiatzis, 2019; Daly et al., 2019; Sujkowski et al., 2022). Exercise is strongly associated with bone health, and appropriate and regular exercise may help to prevent and improve OP (Howe et al., 2011a). However, a study in 2006 revealed that the effectiveness of exercise in counteracting bone fragility is markedly lower in middle-aged and older adults compared with young adults (Korpelainen et al., 2006; Howe et al., 2011a; Srinivasan et al., 2012); this may be primarily because of the reduced bone mineral density and decreased ability of bone cells to convert mechanical stimuli into biochemical signals observed in the older adults (Klein-Nulend et al., 2002; Busse et al., 2010). Therefore, strategies to improve the sensitivity of bones to mechanical stimuli in middle-aged and elderly populations and enhance the efficiency of exercise in preventing and mitigating bone loss must be developed. In 2022, Li et al. knocked down SIRT3 in MLO-Y4 cells and observed that the sensitivity of OB-like cells to fluid shear stress is significantly reduced compared with that in the control group (Li et al., 2022c). Similarly, running significantly increases the trabecular density and thickness and bone volume-to-tissue ratio in the femur/tibia of control mice compared with OB SIRT3-specific knockout mice. In contrast, no changes were observed in the cortical and cancellous bone parameters in the SIRT3-knockout group (Li et al., 2022c). This suggests that the anabolic effect of running on bone reconstruction is significantly attenuated in SIRT3-knockdown mice, while the blunted skeletal response to exercise in aged mice may be due to SIRT3 downregulation.
Relatively few studies have evaluated whether exercise regulates bone metabolism via SIRT3. Exercise regulates bone homeostasis by affecting the signature factors in bone; for example, exercise stimulates RUNX2, which is an essential transcription factor in regulating OB differentiation (Kanno et al., 2007), and modulates SIRT3. In human clinical trials, prolonged endurance training (≥8 weeks) increases SIRT3 expression in the serum and skeletal muscle of people of all ages. Meanwhile, resistance exercise increases SIRT3 levels in skeletal muscle in the older population. Moreover, in animal experiments, 8–12 weeks of endurance training increased SIRT3 activity in the brain, liver, and skeletal muscles (Zhou et al., 2022). Hence, regular exercise increases SIRT3 expression in various tissues and mediates SIRT3 metabolism and deacetylation to alleviate age-induced SIRT3 inhibition, thereby ameliorating aging-related diseases (Zhou et al., 2022).
In addition, irisin is a novel motor factor that is upregulated by exercise in various tissues/cells, serving as a powerful target for the treatment of various metabolic diseases (Boström et al., 2012). Under diabetic conditions, irisin can inhibit oxidative stress and mitochondrial autophagy through SIRT3 signaling and promote osteogenesis (Li et al., 2022a). This further demonstrates the important role of exercise in promoting bone metabolism by SIRT3.
Mechanistically, E11/gp38 protein expression is significantly reduced in the cortical bone of OB SIRT3-specific knockdown mice (Li et al., 2022c). Moreover, cAMP response element binding protein (CREB) might serve as a transcription factor linking SIRT3 and E11/gp38. Consistent with this effect, a significant reduction in E11/gp38 expression occurs in SIRT3-knockdown bone-like cells, accompanied by suppressed CREB phosphorylation (Li et al., 2022c). Given that CREB phosphorylates protein kinase A (PKA) (Alberini, 2009), PKA phosphorylation levels are also significantly reduced in SIRT3-knockdown bone-like cells. Activating the PKA-CREB signaling pathway using HKL restores the phenotype of SIRT3-deficient OBs and enhances OB sensitivity to fluid shear stress. Interestingly, PKA-CREB-E11/gp38 is a downstream factor in SIRT3-regulated dendritic cell processes in OBs (Li et al., 2022c). Hence, the PKA–CREB signaling pathway may mediate the regulatory effect of SIRT3 on E11/gp38 expression.
Although relatively few studies have focused on the exercise-mediated regulation of bone metabolism by SIRT3, indirect evidence suggests that exercise promotes SIRT3 upregulation in various tissues. SIRT3 then mediates the positive effect of exercise on bone health. Mechanistically, SIRT3 may regulate E11/gp38 through the PKA/CREB signaling pathway (Li et al., 2022c), thereby regulating the mechanical response to mediate bone mass and alleviating age-related bone homeostasis in bone disease. Hence, this represents a potentially novel mechanism by which exercise improves bone health and provides a new research direction for the clinical treatment of bone diseases. The close association between SIRT3 and exercise and their mutually reinforcing effects suggest that SIRT3 is likely an emerging exercise effector of considerable value in regulating bone health. However, the role of SIRT3 in regulating bone metabolism during different forms of exercise requires further exploration. Nevertheless, active and effective measures can be taken to explore the specific mechanisms underlying SIRT3-mediated exercise regulation of bone health and the role of SIRT3 in regulating bone homeostasis at all ages to prevent and improve bone metabolic diseases associated with aging.
8 SUMMARY AND OUTLOOK
Bone homeostasis is crucial for maintaining bone health and preventing and controlling bone diseases. As such, elucidating the mechanism(s) underlying bone homeostasis and identifying the associated targets will provide a theoretical basis for the clinical formulation of effective therapeutic regimens and drug therapies. Various novel cytokines have recently been identified as potential targets. One such cytokine is SIRT3, which participates in bone homeostasis via the differentiation and senescence of BMSCs, OBs, and OCs. However, SIRT3 acts in a highly context-dependent manner in bone and must be analyzed on a case-by-case basis. SIRT3 improves bone homeostasis-related diseases by responding to the mechanical stimuli generated by exercise. Notably, both SIRT3 activators and inhibitors can benefit bone, although the exact mechanisms underlying these effects require further exploration.
In bone diseases, especially OP, pharmacological treatment is currently divided into two main categories: bone-formation and bone-resorption inhibitors. However, most of these therapies have certain limitations. For instance, bisphosphonate treatment does not elicit therapeutic effects after 5 years of use. Moreover, most anti-OP drugs rapidly decline in efficacy once discontinued. Thus, developing safe, effective, and risk-free novel strategies to promote bone regeneration in OP patients has become a common research focus. Whether SIRT3 represents a potential therapeutic target for treating OP based on its bone resorption and formation effects also requires further evaluation. In addition, the mechanisms by which SIRT3 activators and inhibitors act on bone are currently unknown and require further exploration. Moreover, further studies are required to develop methods of combining SIRT3 with exercise to regulate bone mass and exploiting SIRT3 activators and inhibitors to develop novel therapeutics to treat bone metabolic diseases related to bone loss.
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