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Periodontitis is a global inflammatory oral disease, and plaque-induced host excessive immune response is recognized as a major cause of its pathogenesis. In recent years, the relevance of mitochondrial dysfunction to periodontitis has been increasingly investigated, particularly with respect to macrophages, the key immune cells in the periodontal immune microenvironment. Mitochondrial dysfunction drives macrophage M1 polarization and osteoclast differentiation through mechanisms such as metabolic reprogramming, reactive oxygen species release, abnormal mitophagy, abnormal mitochondrial biogenesis and damaged mitochondrial dynamic. In addition, mitochondrial transfer in the periodontitis setting has been reported in several researches. In this review, we highlight the impact of mitochondrial dysfunction on macrophages in the periodontitis setting and summarize emerging therapeutic strategies for targeting mitochondria in periodontitis, including antioxidants, modulators of metabolic reprogramming, nanomaterials and photodynamic therapy.
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1 Introduction

Periodontitis is the leading cause of tooth loss in adults, affecting approximately 90% of the global population (Luo et al., 2024; Zhou et al., 2024). It is characterized by irreversible inflammatory damage to periodontal supporting tissues, destruction of gingival connective tissue and collagen, and alveolar bone resorption, ultimately leading to tooth loss (Kinane et al., 2017). If untreated, severe periodontitis may lead to serious consequences such as massive tooth loss, masticatory dysfunction, aesthetic  impairement, decreased self-esteem and even social inequality (Herrera et al., 2022). However, current clinical periodontal treatment strategies present limitations such as the possibility of mechanical injury (Huang et al., 2025) and the neglect of dysregulated immune-inflammatory responses central to disease progression (Lin et al., 2022), which make it difficult to achieve the desired results. Therefore, periodontitis remains an important public health problem and an economic burden (Yang et al., 2021).

The etiology of periodontitis is complex. The excessive inflammatory and immune response that subgingival plaque induces in the host is recognized as a major cause of the pathogenesis of periodontitis (Bascones et al., 2005). Destruction of periodontal tissues by the pathogenic bacteria, coupled with the release of host pro-inflammatory cytokines, matrix metalloproteinases, and reactive oxygen species (ROS) leads to degradation of collagen fibers, resorption of the alveolar bone and collapse of the periodontal ligament (Dahiya et al., 2013).

Traditional views have focused on the etiology and pathogenesis of periodontal disease in specific bacterial species (Teles et al., 2022). However, with further investigation into the pathogenesis of periodontitis, it is currently considered that the interactions between the microbiome and its components cannot be ignored. In addition, interactions between different microbiomes have been elucidated.

It has been demonstrated that periodontitis is often accompanied by an imbalance in the periodontal immune microenvironment. The periodontal immune microenvironment consists of a variety of cells, extracellular matrix and various cytokines, which interact with each other and form a complex network (Han et al., 2023). Macrophages are important immune cells involved in the immune microenvironment of periodontitis (Figure 1). In inflammatory periodontal sites, macrophages account for approximately 5-30% of infiltrating cells and play an important role in participating in the inflammatory response, and bone loss in periodontitis (Wang et al., 2020a). In addition, macrophages assist in the process of acquired immunity. Macrophages present bacterial antigens to lymphocytes, which activate an adaptive immune response and recruit other immune-inflammatory cells to the affected site (Yang et al., 2018; Locati et al., 2020).
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Figure 1 | Comparison of cellular components between periodontitis and normal tissues. The left side indicates healthy periodontal tissue and the right side indicates periodontitis. It can be found that compared to healthy periodontal tissue, the proportion of M1 macrophages is up-regulated. The proportion of M2 macrophages decreases in periodontitis conditions. There is an imbalance between osteoblasts and osteoclasts of the alveolar bone, manifested by greater bone resorption than bone formation.

Based on their function in inflammation and host defense, macrophages can be classified as classically activated macrophages and alternatively activated macrophages (also known as M1 and M2, respectively). Early changes in periodontitis are predominantly associated with up-regulation of the M1 phenotype, with late inflammatory regression mediated by Th2, Treg lymphocytes and M2 macrophages (Alghamdi et al., 2023). Exogenous PAMPs, such as LPS released by bacterial lysis, lead to macrophage M1 polarization and release of large quantities of pro-inflammatory cytokines, including TGF-α and PGE2, as well as proteases, such as matrix metalloproteinase-1 (MMP1), which are key components of the inflammatory cascade response mediating soft tissue degradation in periodontal disease and destruction of alveolar bone. M2 macrophages secrete anti-inflammatory cytokines that contribute to tissue repair and inflammation suppression, promote tissue regeneration, and restore homeostasis in periodontal tissues (Sloniak et al., 2023). Further, some researchers have also subdivided M2 macrophages into M2a, M2b and M2c (Martinez et al., 2008). However, some researchers have also proposed that considering the complexity of the in vivo microenvironment, the concepts of M1 and M2 are not sufficient to account for the diversity of macrophages, and therefore macrophages are reclassified based on the functions of different types of macrophages and the molecules on their surface (Ishida et al., 2023). In addition, periodontitis is also an inflammatory osteolytic disease, imbalance between osteoblasts and osteoclasts is an important mechanism of bone loss in periodontitis (Lin et al., 2021) (Figure 1). Osteoclast differentiation of macrophages plays a key role in this process (Sima et al., 2019). Osteoclasts and macrophages share a common origin, both originating from the myeloid monocyte-macrophage system (Yang and Wan, 2019). Macrophages are induced to differentiate into osteoclasts by colony-stimulating factor (M-CSF) and NF-κB ligand activator (RANKL) (Yao et al., 2021). The former mainly acts on osteoclast precursor cells to promote their proliferation and survival, while the latter is essential for the maturation of pro-osteoclasts in multinucleated osteoclasts (Xing et al., 2012). It has been demonstrated that up-regulation of RANKL/RANK, a key pathway mediating macrophage osteoclast differentiation (Kittaka et al., 2023), ultimately activates several transcription factors in the setting of periodontitis, such as NFATc1 (Takayanagi, 2007). Activation of these factors in turn regulates osteoclast-specific genes, which are required for osteoclast differentiation.

Mitochondria, as dynamic organelles, serve as central hubs for cellular energy metabolism, reactive oxygen species (ROS) regulation, and calcium homeostasis (Chandel, 2014). In immune cells such as macrophages, mitochondrial metabolism is not only crucial for ATP production but also acts as a key modulator of functional phenotypes (O’Neill and Pearce, 2016). For instance, shifts in mitochondrial metabolic pathways (e.g., oxidative phosphorylation vs. glycolysis) directly influence macrophage polarization toward pro-inflammatory (M1) or anti-inflammatory (M2) states, while mitochondrial ROS (mtROS) generation serves as a signaling molecule for inflammasome activation.

In the context of periodontitis, emerging evidence indicates that dysregulation of these mitochondrial functions—driven by bacterial pathogens and host inflammatory responses—contributes significantly to immune imbalance and tissue destruction (Jiang et al., 2023b). Mitochondrial dysfunction is increasingly implicated in periodontitis pathogenesis. Clinical studies reveal altered mitochondrial dynamics in patients, such as downregulated MFN1 in gingival crevicular fluid (Kırmızıgül Ö et al., 2024). P. gingivalis LPS impairs mitochondrial bioenergetics by elevating ROS in gingival cells (Napa et al., 2017), while F. nucleatum and P. gingivalis suppress mitochondrial fusion genes (MFN1/2) in fibroblasts (Aral et al., 2021).

Recently, the role of mitochondrial metabolism as a coordinator of macrophage function has emerged as a pivotal research focus. Mitochondria are major energy generators and are involved in macrophage function. For example, mitochondria are involved in macrophage activation, polarization, and osteoclast differentiation through metabolic reprogramming, and oxidative stress (Misrani et al., 2021). Macrophage function is often accompanied by greater energy demands, which prompts changes in mitochondrial metabolism, such as the production of ROS via the mitochondrial electron transport chain, which is involved in macrophage signaling as well as killing pathogens (Starkov, 2008; Jin et al., 2024), and the fusion of mitochondrial biogenesis and fusion to maintain a stable number of mitochondria and to ensure the supply of energy to macrophages (Vásquez-Trincado et al., 2016). The disruption of the tricarboxylic acid cycle (TCA cycle) and consequently the production of metabolic intermediates may also regulate macrophage phenotype and function by modulating innate immune signaling pathways, leading to the production of cytokines, anti-microbial peptides or tissue repair factors (O’Neill et al., 2016).

More and more evidence suggests that mitochondrial dysfunction is involved in the pathogenesis of a variety of chronic inflammatory diseases, including neurodegenerative, cardiovascular, metabolic and autoimmune diseases (Orekhov et al., 2020). The understanding of the relationship between altered mitochondrial function and periodontitis is also deepening (Soliman Wadan et al., 2024). Recent evidence suggests that altered mitochondrial metabolic patterns, oxidative stress, altered levels of mitophagy and ontogeny, dynamic injury and mitochondrial detachment may contribute to macrophage function in periodontitis.

Therefore, in this review, we focus on the macrophage, a key immune cell that has been demonstrated in the pathogenesis of periodontitis, and discuss its mitochondrial dysfunction in the setting of periodontitis as well as the impact on its polarization and osteoclast differentiation functions. Moreover, we highlight promising periodontitis interventions targeting macrophage mitochondria that have shown therapeutic efficacy in preclinical models. It is hoped that this adopted review will further enrich the mechanisms of macrophage action in periodontitis and provide effective therapeutic strategies targeting mitochondria for periodontitis treatment (Figure 2).
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Figure 2 | Regulation of mitochondrial core dynamic process. (A) Schematic diagram of mitochondrial fission, Drp1 is the main fission regulator. (B) Schematic diagram of mitophagy, PINK1 accumulates in the outer mitochondrial membrane (OMM) and recruits Parkin to the mitochondrial surface, which in turn triggers mitophagy. (C) Schematic diagram of mitochondrial genesis, PGC-1α/β acts as a general regulator of mitochondrial biogenesis by activating the transcription of downstream genes. (D) Schematic diagram of mitochondrial fusion, Mfn1 and Mfn2-mediated fusion of the OMM, and OPA1 control of the inner mitochondrial membrane fusion.




2 Mitochondrial dysfunction affects macrophages in periodontitis



2.1 Metabolic reprogramming

Many immune cells undergo extensive metabolic pattern changes in the setting of periodontitis, resulting in a shift from oxidative phosphorylation (OXPHOS) to glycolysis, which is known as ‘metabolic reprogramming’ (Xia et al., 2021). It is currently believed that metabolic reprogramming is driven by the down-regulation of OXPHOS caused by mitochondrial dysfunction and the up-regulation of glycolysis caused by enhanced glycolytic pathways. Different mitochondrial metabolic patterns correlate with macrophage function. For example, aerobic glycolysis generates less ATP (only 2 ATP molecules per glucose molecule) but is favored in cells with high energy demands due to its advantage of faster production (Ganapathy-Kanniappan and Geschwind, 2013).



2.1.1 macrophage polarization

Overall, M1 macrophages tend to utilize aerobic glycolysis to generate energy (in the form of four-molecule ATP), while M2 macrophages rely mainly on fatty acid oxidation (FAO) and glucose utilization through the TCA cycle to generate ATP (Dumont et al., 2021).

Periodontitis is often accompanied by impaired cellular mitochondrial function and reduced efficiency of the electron transport chain (ETC). Cells compensate for the lack of mitochondrial function by glycolysis, which supports the rapid proliferation and bactericidal activity of macrophages (Kelly and O’Neill, 2015). This increased glycolysis may be due to the up-regulation of the enzyme ubiquitin 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase (uPFK2), which induces high concentrations of fructose-2,6-bisphosphate, thereby enhancing glycolysis (Rodríguez-Prados et al., 2010). Interestingly, this glycolysis in M1 macrophages remains a major source of energy in an aerobic environment. Metabolic reprogramming toward glycolysis in M1 macrophages—characterized by increased glucose uptake and lactate production even in normoxia—serves as a rapid energy source for pro-inflammatory responses (Tannahill et al., 2013a) (Baseler et al., 2016). In periodontitis, this shift is triggered by bacterial LPS and inflammatory cytokines, as observed in salivary metabolomic analyses (Foratori-Junior et al., 2023). There were some individuals with severe periodontitis in the experiment who had low concentrations of lactate and high levels of acetic and propionic acid in their saliva. This may be related to the altered composition of the oral microbiota, considering that it has been demonstrated that lactic acid can be metabolized to acetic and propionic acids by bacterial species such as Haemophilus parainfluenzae, Lactobacillus casei, Fusobacterium, Propionibacterium, Trichosporon, and Verrucomicrobium (Liebsch et al., 2019).

Baseler et al. demonstrated that autocrine IL-10 fine-tunes M1 macrophage glycolytic commitment by modulating nitric oxide production, revealing a critical rheostat mechanism in inflammatory metabolic reprogramming (Baseler et al., 2016). In periodontitis, Zhu et al. reported that PKM2-mediated glycolytic reprogramming in bone marrow stromal cells exacerbates osteogenic dysfunction under diabetic conditions, highlighting the context-specific metabolic shifts in periodontal tissues (Zhu et al., 2025).

In addition, TCA cycle disruption accompanied by mitochondrial oxidative phosphorylation dysfunction in M1 macrophages is also considered to be involved in metabolic reprogramming. In M2 macrophages, the TCA cycle is intact and NADH and FADH2 produced during the process provide electron donors for oxidative phosphorylation. In contrast, in M1 macrophages, the TCA cycle is broken at both citrate and succinate, which in turn leads to impaired oxidative phosphorylation, resulting in reduced production of NADH and FADH2 with accumulation of intermediates, which in turn affects the efficiency of the mETC and reduces oxidative phosphorylation (Kumar et al., 2024) (Figure 3). In addition, in M1 macrophages, iNOS activity is up-regulated, leading to increased production of NO. NO is able to nitrate Fe-S proteins in CI and CIV leading to their inactivation, thus decreasing OXPHOS (Fernando et al., 2019). A negative correlation has been found between high-dose vitamin A intake and the likelihood of periodontal disease (Mi et al., 2024). Cheng et al. found that vitamin A was able to regulate the mitochondrial metabolic reprogramming of macrophages through the JAK-STAT signaling pathway, partially reversing LPS-induced mitochondrial damage and restoring macrophage oxidative phosphorylation, thereby inhibiting the progression of periodontitis (Cheng et al., 2025).

[image: Diagram comparing M2 and M1 macrophages. On the left, M2 macrophage shows a functional TCA cycle with pathways for lipid synthesis and glutamine conversion. On the right, M1 macrophage displays a disrupted TCA cycle leading to reactive oxygen species (ROS) production and reverse electron transport (RET). Both illustrate mitochondria and the electron transport chain.]
Figure 3 | Mitochondrial metabolism in M2 and M1 macrophages: TCA cycle and OXPHOS. The left part represents the TCA cycle in the mitochondria of M2 macrophages with the mtETC-OXPHOS system. As the figure shows, the TCA cycle is normal in M2 macrophages. The mtETC-OXPHOS system exists in the inner membrane of the mitochondria, and the OXPHOS system consists of four complexes, ATP synthase and two mobile electron carriers (CoQ and Cytc). Among them, complexes I, III and IV have a proton pump function and are responsible for pumping protons from the mitochondrial matrix to the membrane interstitial space to form a proton gradient. While complex II is not involved in proton pumping and only transfers electrons to CoQ. ATP synthase uses the proton motive force potential generated by the ETC to pump protons from the membrane gap back to the mitochondrial matrix, while phosphorylating ADP to ATP, which provides energy to the cell. In contrast, right-sided M1 macrophages have impaired TCA cycling, which in turn affects mtETC efficiency and reduces oxidative phosphorylation. In addition, M1 macrophages showed reverse electron transfer (RET), resulting in increased electron leakage and increased mtROS production.

Recent studies have revealed that genetic mutations, microenvironmental alterations, and epigenetic modifications are also involved in the generation of the Warburg effect (Jing et al., 2020). Cameron et al. demonstrated that LPS-stimulated macrophages increase their nicotinamide-phosphate ribosyltransferase (NAMPT) expression, and that this increase in NAMPT expression permits the maintenance of a sufficient pool of NAD+ to sustain glyceraldehyde-3-phosphate dehydrogenase activity and Warburg metabolism (Cameron et al., 2019).

The different metabolic characteristics of M1/M2 macrophages are adapted to their function. It has been shown that NaF promotes glycolysis and M1 polarization in macrophage, thereby exacerbating periodontitis (Bi et al., 2024). Zhang et al. used quercetin to inhibit macrophage aerobic glycolysis, reprogramming inflammatory macrophages to an anti-inflammatory phenotype, and attenuating the symptoms of periodontitis and periodontal tissue destruction (Zhang et al., 2024). Targeting macrophage aerobic glycolysis provides a new strategy for periodontitis treatment.




2.1.2 Effect of mtROS on macrophage polarization

The metabolic patterns of macrophages vary at different stages of osteoclast differentiation. RANKL increases mitochondriogenesis during osteoclast differentiation and promotes OXPHOS and ATP production. During the final stages of osteoclast differentiation, RANKL also increases glycolysis and lactate synthesis to meet the high energy demands of bone resorption (Marques-Carvalho et al., 2024) (Figure 4). It has been demonstrated that OXPHOS is up-regulated in osteoclasts, providing an energy supply especially during the early stages of osteoclast differentiation (Park-Min, 2019). By blocking the ETC using a mitochondrial complex I inhibitor, the OXPHOS process is blocked and macrophages will be unable to differentiate into osteoclasts (Jin et al., 2014).

[image: Schematic diagram showing RANKL and RANK interaction leading to cellular processes. Glucose enters via GLUT, activating HIF-1α, LDH, and glycolysis to produce ATP. MYC influences ERRα, affecting OXPHOS and ATP production. PGC-1β promotes mitochondrial biogenesis.]
Figure 4 | RANKL signaling regulates osteoclast differentiation. RANKL signaling promotes OXPHOS and ATP production by inducing PGC1β, which is involved in mitochondrial biogenesis, and the MYC-ERRα axis. RANKL also increases GLUT number and glycolysis by up-regulating HIF-1α during the later stages of osteoclast differentiation, thereby increasing glucose uptake and utilization.

Up-regulation of OXPHOS may be associated with mitochondrial biogenesis during osteoclast differentiation. Several studies have used OXPHOS as a measure of the level of mitochondrial biogenesis (Zeng et al., 2015). In recent years, pathways independent of mitochondrial biogenesis have also been reported. MYC, an important transcription factor induced by RANKL, has been proven to drive the regulation of macrophage osteoclast differentiation by OXPHOS through the MYC/ERRα pathway. It was found that overexpression of MYC failed to regulate PGC1β expression, suggesting that the MYC/ERRα pathway may regulate OXPHOS in osteoclasts independently of mitochondrial process (Bae et al., 2017).

Glucose has been identified as the main energy source for osteoclasts during late osteoclast differentiation. During osteoclastogenesis, glucose uptake increases significantly. The glucose transporter protein GLUT3 is predominantly expressed in osteoclast precursors, whereas GLUT1 is up-regulated in mature osteoclasts (Da et al., 2021). Ahn et al. found that RANKL-induced osteoclast differentiation exhibits increased lactate dehydrogenase (LDH) activity, enhanced glycolysis, and promotes the formation of mature osteoclasts via the NFATc1 signaling pathway (Ahn et al., 2016). Similarly, Li et al. significantly reduced osteoclast production by inhibiting the key enzyme pyruvate kinase M2 (PKM2) in glycolysis and pyruvate metabolism (Li et al., 2024a). In addition, during osteoclastogenesis, RANKL is able to activate HIF-1α and induce the expression of GLUT1 and glycolytic enzymes (Indo et al., 2013). Compared to OXPHOS, glycolysis via HIF-1α enables osteoclasts to rapidly increase ATP production under hypoxic conditions, which results in more efficient osteoclast function (Morten et al., 2013).





2.2 mitochondrial ROS release

Oxidative stress refers to the disruption of the balance between oxidative and antioxidant systems, resulting in the overproduction of ROS, which comprise a variety of types including O2-, H2O2, HO- and NO (Pospíšil et al., 2019). Mitochondria, as energy-producing organelles, produce ROS as a by-product of the ETC, but only 1-3% of ROS are produced under normal conditions due to the presence of antioxidant systems (e.g., the glutathione system, superoxide dismutase, coenzyme Q10, etc.) (Zorova et al., 2018). In activated macrophages, NADPH oxidase and mitochondrial ETC activity are thought to be the main sources of ROS (Hall et al., 2013). Suitable concentrations of ROS are able to defend against microbial invasion and also act as second messengers with positive biological effects, especially H2O2 (Averill-Bates, 2024).

Under some conditions, if antioxidant systems are unable to adequately counteract the deleterious effects of elevated ROS, cellular damage can occur. Excessive accumulation of ROS accelerates the progression of periodontitis, including increased periodontal tissue damage and alveolar bone loss (Sczepanik et al., 2020). The association between oxidative stress and periodontitis is further strengthened by increasing evidence of elevated levels of oxidative stress markers in saliva, gingival sulcus fluid and plasma of patients with periodontitis (Önder et al., 2017; Gurbuz et al., 2024).

mtROS release is involved in periodontal inflammatory progression and tissue destruction. Studies have demonstrated that increased mitochondrial fission leads to excessive ROS production, and dynamin-related protein 1 (Drp1) is an important regulator of mitochondrial fission (Wu et al., 2024). Shi et al. found that in a periodontitis model, Drp1 expression was significantly higher than that of the control group, while blocking Drp1 resulted in a decrease in ROS levels and suppression of periodontal cell apoptosis and inflammatory responses. This demonstrates the role of Drp1-ROS in the pathogenesis of periodontitis (Shi et al., 2021b). In addition, West et al. revealed that bacterial-induced activation of TLR1/2/4 signaling may contribute to macrophage mtROS release. Activation of this pathway involves translocation of the Toll signaling adaptor tumor necrosis factor receptor-associated factor 6 (TRAF6) to mitochondria and causes ubiquitination of Ecsit (West et al., 2011). Ecsit is involved in the assembly and stabilization of mitochondrial complex I. Its ubiquitination interferes with mitochondrial oxidative phosphorylation processes, thereby increasing mtROS production (Vogel et al., 2007). In the setting of periodontitis, TLR4 is recognized as a key receptor for the activation of innate immunity by Porphyromonas gingivalis lipopolysaccharide (PgLPS) (Nativel et al., 2017). After recognition of bacterial surface lipopolysaccharide by Mφ via TLR4, the production of mtROS is increased through a signaling pathway involving TRAF6, thereby increasing macrophage killing of pathogenic bacteria (Cui et al., 2023). TRAF6 also activates the NF-κB and MAPK pathways to induce the release of large amounts of pro-inflammatory factors (TNF-α, IL-6, IL-1β), further amplifying the inflammatory response

The following section will focus on the effect of mtROS release on macrophage function.



2.2.1 mtROS and macrophage polarization

The mtETC flows in different directions in M1/M2 type macrophages, leading to mtROS production in M1 macrophages. In M2 macrophages, electron flow is ordered in a positive manner, which leads to reduced electron leakage and low final mtROS production (Kumar et al., 2024). In contrast, reverse electron transfer (RET) is present in M1 macrophages (Figure 3). RC-I is the first component of the ETC, transferring electrons from NADH to coenzyme Q via several iron-sulfur clusters (Ojha et al., 2022). Complex II (CII) acts to catalyze the oxidation of succinate to fumarate while transferring electrons to ubiquinone (Sousa et al., 2018). However, when the proton gradient is too high or in the presence of a high concentration of succinate, CII continuously injects electrons into the ubiquinone pool, and this enrichment of UQH2 leads to a reverse transfer of electrons to CI, resulting in CI being a major source of ROS (Adam-Vizi and Chinopoulos, 2006). In addition, Dubouchaud et al. demonstrated that RET may also be related to the NADH/NAD + ratio (Dubouchaud et al., 2018).

Due to impaired TCA cycling, succinate is often enriched in M1 macrophages, generating mtROS via RET. Mills et al. demonstrated that in LPS-stimulated macrophages, increased mitochondrial oxidation of succinate via SDH and elevated ΔΨm collectively facilitated the production of RET and subsequent mtROS in complex I. Furthermore, increased mtROS levels induced increased macrophage IL-1β expression. Using rotenone, the complex I inhibitor, was effective in decreasing IL-1β mRNA expression, supporting the role of mtROS species production for macrophage polarization in inflammation (Mills et al., 2016).

Cytochrome c oxidase (CcO) is the terminal oxidase of the mitochondrial ETC that catalyzes the transfer of electrons from reduced cytochrome c to molecular oxygen (Srinivasan and Avadhani, 2012). Angireddy et al. showed that cytochrome c oxidase dysfunction leads to increased release of mtROS, which induces macrophages to produce the pro-inflammatory cytokines (Angireddy et al., 2019).

Mechanistically, mtROS may be involved in macrophage M1 polarization in periodontitis through activation of MAPK and NF-κB pathways, activation of NLRP3 inflammasome and stabilization of HIF-1α (Figure 5).
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Figure 5 | Downstream pathways of mtROS release. Activation of MAPK and NF-κB pathways (e.g. activation of p38 into the nucleus, up-regulation of IκBα transcription, etc.), which in turn elicits an inflammatory response. Stabilization of HIF-1α, which facilitates aerobic glycolysis and IL-1β induction in LPS-activated macrophages. Activation of the NLRP3 inflammatory vesicle, activation of Caspase-1, cleavage of pro-IL-1β and pro-IL-18 to transform them to active forms.



2.2.1.1 Activation of MAPK and NF-κB signaling pathways

mtROS can act as pro-inflammatory signals, inducing pro-inflammatory gene expression and macrophage polarization in the M1 direction by the MAPK and NF-κB pathways (Liu et al., 2024b). The MAPK pathway signals through a cascade reaction of the MAPK family of kinases and performs different functions through four major branches, JNK, p38/MAPK, ERK and ERK5. Among them, activation of the p38/MAPK pathway was shown to be possibly associated with mtROS, which is able to promote macrophage M1 polarization. Protein levels of phospho-p38 MAPK (pp38) were found to be elevated in macrophages after LPS/ATP stimulation, whereas inhibition of mtROS activity with rapamycin resulted in down-regulation of pp38 levels and inhibition of suppression of IL-6 and IL-8 transcription (Ko et al., 2017). As for the activation of the NF-κB pathway by mtROS, mtROS phosphorylates IκB kinase (IKK), leading to the degradation of IκB, which in turn releases NF-κB. Upon entry into the nucleus of the cell, NF-κB induces the gene expression of several inflammatory factors such as IL-1β, IL-6 and TNF-α, initiating the inflammatory response and driving macrophages to M1 polarization (Sun et al., 2021; Zhou et al., 2022). Herb et al. demonstrated that mtROS induces covalent intermolecular attachment of κB (IκB) kinase (IKK) complex regulatory subunit NEMO through disulfide bonds formed by Cys54 and Cys347, which activates the IKK complex and subsequent signaling via the ERK1/2 and NF-κB pathways, ultimately leading to the secretion of pro-inflammatory cytokines (Herb et al., 2019).




2.2.1.2 Activation of the NLRP3 inflammasome

Increasing evidence confirms that mtROS is an important molecule for NLRP3 inflammasome activation, and that LPS-induced mitochondrial dysfunction increases mtROS production, which further causes NLRP3 deubiquitination (Zhang et al., 2022b). Under LPS-induced conditions, H2 inhibited NLRP3 inflammasome activation by inhibiting mtROS-mediated NLRP3 deubiquitination (Ren et al., 2016), suggesting an mtROS-dependent activation of NLRP3 inflammasome.

NLRP3 inflammasome activation is associated with M1/M2 macrophage imbalance, which is a driver of a number of inflammatory diseases including periodontitis. NLRP3 inflammasome activation depends on two functionally distinct steps: ‘priming’ and ‘activation’ (Zhong et al., 2018). Priming relies on the direct engagement of Toll-like receptors via pathogen-associated or injury-associated molecular patterns, leading to the rapid activation of NF-κB, which stimulates the synthesis of IL-1β precursors and increases the expression of NLRP3. Activation, that is, inducing a specific form of mitochondrial damage in the presence of NLRP3 activators. The release of fragmented mtDNA and increased production of ROS promotes the assembly of NLRP3 inflammasome and mediates Caspase-1 activation. Caspase-1 shears precursor forms of IL-1β and IL-18, which eventually mature and are released (Paik et al., 2021).

Inhibition of NLRP3 inflammasome initiation or activation interferes with macrophage M1 polarization and inflammatory cytokine release. Inhibition of NLRP3 inflammasome activation in macrophages using 1,8-cineole effectively reduced macrophage expression levels of IL-1β, TNF-α, IL-6, IL-18 and IL-23, inhibited M1 polarization and improved the inflammatory environment (Ma et al., 2023). Zhang found that the production levels of NLRP3, caspase-1, pro-caspase-1 and IL-1β were up-regulated in M1 macrophages in vitro experiments (Zhang et al., 2020). Yang et al. observed that the expression of NLRP3, GSDMD, cleaved-IL-1β and cleaved-caspase-1 was up-regulated in LPS-treated RAW264.7 cells and in a murine periodontitis model (Yang et al., 2024). Clinical experiments have supported the idea that salivary levels of NLRP3 and IL-1β can be used as a measure of the extent of periodontal tissue destruction (Mitra et al., 2022; Abraham et al., 2023), suggesting that NLRP3 inflammasome activation induced by an imbalance of M1/M2 macrophages may be involved in the pathogenesis of periodontitis.




2.2.1.3 HIF-1α stabilization

HIF-1α is hydroxylated by prolyl hydroxylase (PHD) under normoxic conditions and then degraded via the ubiquitin-proteasome pathway (Chandel et al., 2000). It has been shown that mtROS stabilizes HIF-1α, thereby promoting aerobic glycolysis and IL-1β induction in LPS-activated macrophages (Wang et al., 2021). To elucidate the effect of mitochondrial complex I-dependent ROS on HIF-1α after LPS stimulation, Fuhrmann et al. designed THP-1 macrophages knocking down the transmembrane protein (TMEM126B) (Fuhrmann et al., 2019). TMEM126B is a complex I assembly factor, and defects in TMEM126B cause complex I defects associated with mtROS production (Heide et al., 2012). The results indicated that TMEM126B-deficient macrophages had diminished HIF-1α stability and reduced IL-1β expression even after LPS stimulation (Fuhrmann et al., 2019). Similarly, Mills et al. demonstrated that mtROS produced via RET activates HIF-1α, which causes an increase in macrophage production of the pro-inflammatory cytokine IL-1β (Mills et al., 2016).





2.2.2 mtROS and macrophage osteoclast differentiation

Binding of RANK to RANKL leads to rapid degradation of IκBα and release and nuclear translocation of p65 protein from the NF-κB protein complex. It plays a central role in osteoclast formation, activation and regulation of bone metabolism (Chen et al., 2024). There is growing evidence that RANK-RANKL signaling forms a positive feedback with ROS generation and promotes osteoclast differentiation (Yang et al., 2004; Lee et al., 2005). Although the NADPH oxidase system (Nox1 and Nox2) is a major contributor to ROS-mediated bone resorption, mtROS production has also been shown to play an important role in osteoclast differentiation and function (Ha et al., 2004; Srinivasan and Avadhani, 2007). Experiments demonstrated that mtROS and MMP levels were significantly increased in RAW264.7 cells exposed to RANKL compared to controls, suggesting that mtROS are associated with the process of macrophage osteoclast differentiation (Jiang et al., 2024). In another in vitro experiment, Srinivasan et al. identified the production of mtROS due to respiratory stress under hypoxic conditions as an important contributor to osteoclast differentiation, and MitoQ (0.35 µM) effectively prevented the formation of TRAP-positive multinucleated cells (Srinivasan et al., 2010).

Mechanistically, the mtROS-mediated osteoclast differentiation of macrophages may be mediated by the Ca2+/Calcineurin-NFATc1 pathway. As a result of mitochondrial stress, mtROS increases, causing a burst release of mitochondrial Ca2+ ions into the cytoplasm causing calmodulin phosphatase-mediated inactivation of IκBβ and activation of NF κ B/Rel factor, which ultimately leads to an increase in the level of NFATc in the nucleus (Biswas et al., 2003).





2.3 Mitochondrial calcium dysregulation

Mitochondria serve not only as cellular powerhouses but also as critical calcium buffers, playing a vital role in maintaining intracellular calcium homeostasis (Rizzuto et al., 2012). Mitochondrial dysfunction impairs calcium uptake and storage capacity, leading to pathological elevation of cytosolic calcium (calcium overload). This overload disrupts mitochondrial membrane potential (ΔΨm) and triggers irreversible opening of the mitochondrial permeability transition pore (mPTP) (Baines, 2009; Marchi et al., 2018). Sustained mPTP opening causes mitochondrial swelling, outer membrane rupture, and release of pro-apoptotic factors (e.g., cytochrome *c*), ultimately activating caspase cascades and inducing apoptosis (Giorgi et al., 2018). In the inflammatory milieu of periodontitis, immune cells such as macrophages endure persistent stressors (e.g., pathogen LPS). Notably, P. gingivalis LPS has been shown to induce calcium overload and mitochondrial damage in PDLC (Liu et al., 2022a). Impaired mitochondrial calcium handling in these cells may exacerbate death pathways, hinder inflammation resolution, and compromise tissue repair, thereby driving progressive periodontal destruction.




2.4 Down-regulation of mitophagy

Mitophagy is a selective autophagic process in which autophagosomes are formed to encapsulate damaged mitochondria in response to external stimuli, such as reactive ROS, nutrient deficiency, and cellular senescence. And then autophagosomes fuse with lysosomes, thereby removing dysfunctional mitochondria and maintaining cellular stability (Onishi et al., 2021). Under stressful or inflammatory conditions, mitophagy prevents the accumulation of damaged mitochondria and the increase of ROS homeostatic levels, which would otherwise lead to oxidative stress and cell death (Wang et al., 2021). The process of mitophagy can be carried out by both ubiquitination and non-ubiquitination pathways. The former is mediated by the PINK1-Parkin pathway and the latter through mitochondrial receptors (Palikaras et al., 2018).

PTEN-induced putative kinase 1 (PINK1) is an autophagy-related gene that mediates the most classical mitophagy. Defective mitochondria have a reduced mitochondrial membrane potential (Δ μ m) and enhanced fragmentation. At this time, PINK1 is unable to enter the inner mitochondrial membrane but instead accumulates in the outer mitochondrial membrane (OMM). This is a key step in the recruitment of Parkin to the mitochondrial surface, which further triggers mitophagy (Jiang et al., 2023b). Jiang et al.’s clinical trial revealed that the expression of PINK1, Parkin, and microtubule-associated protein light chain 3 (LC3) was significantly down-regulated in clinical specimens of gingival tissues from patients with periodontitis compared to those with healthy gingival tissues, suggesting that aberrant mitophagy is relevant to periodontitis (Jiang et al., 2023a).

To determine whether PINK1 contributes to the regulation of periodontitis-associated osteoclastogenesis and alveolar bone resorption, Jang performed ligation-induced periodontitis (LIP) on PINK1 knockout (KO) mice. The results revealed that PINK1 KO mice had lower bone volume fractions compared to wild-type mice. The number of TRAP-positive osteoclasts was significantly increased, suggesting that PINK1 is essential in maintaining mitochondrial homeostatic osteoclast differentiation (Jang et al., 2024).

To further investigate the mechanism by which PINK1 affects osteoclast differentiation, the researchers treated osteoclasts with PINK1 defects with spermidine (SPD) and n -acetylcysteine (NAC); respectively. SPD, is a natural polyamine that induces mitophagy and autophagy, and in the experiment was able to effectively attenuate the effects of PINK1 defects on osteoclast formation and the expression of the downstream target NFATc1 gene expression, thereby inhibiting excessive osteoclast differentiation. The researchers measured mtROS levels and found that mtROS levels were significantly increased in PINK1 KO cells compared to controls. In addition, treatment with NAC reduced osteoclast overproduction induced by PINK1 deficiency, thereby delaying periodontitis progression (Jang et al., 2024). This suggests that PINK1 is able to maintain normal mitochondrial morphology, stabilize mitochondrial membrane potential and reduce mtROS production, thereby inhibiting the overproduction of periodontitis osteoclasts in periodontitis.

Furthermore, researchers have discovered that inhibition of mitophagy triggers classical macrophage activation in a mtROS-dependent manner. Mechanistically, Patoli et al. demonstrated that inhibition of mitophagy is an early feature of macrophage activation. LPS activates inflammatory cysteine-aspartic enzymes1 and 11 via STAT1-dependent activation, which in turn inhibits PINK1-dependent mitophagy in macrophages (Patoli et al., 2020). In addition, Zhu et al. found that STAT3 signaling regulates macrophage NLRP3 inflammasome activation by inhibiting the PINK1-dependent mitophagy pathway, eliminating dysfunctional mitochondria, and inhibiting the release of mtROS, which in turn induces IL-1β release. In addition, performing STAT3 inhibition effectively protected mice from infection-induced periapical lesions. STAT3 inhibition was effective in inducing PINK1-dependent mitophagy, inactivating the NLRP3 inflammasome, and inhibiting macrophage infiltration and osteoclast formation (Zhu et al., 2023). This result suggests an important role for the STAT3/mitophagy axis in regulating macrophage function in bone loss disease.




2.5 Abnormal mitochondrial biogenesis

Mitochondria are semi-autonomous organelles. A small proportion of mitochondrial proteins associated with the respiratory chain are encoded by mtDNA, whereas the bulk of the mitochondrial proteome is encoded by the nucleus and is synthesized and translocated into the mitochondria (Moulin et al., 2019). Thus transcription and translation of nuclear and mitochondrial genes must be tightly coordinated to ensure mitochondrial biogenesis.

Mitochondrial biosynthesis is controlled by PPARγ coactivator-1 α (PGC-1α) and PGC-1β signaling pathways. Nuclear respiratory factors 1 (NRF1) and 2 (NRF2) encoded by the nucleus along with PGC-1α/β are important regulators of mitochondrial biogenesis (Bueno et al., 2020; Liu et al., 2023a). PGC-1α/β, as a general regulator of mitochondrial biogenesis, promotes mitochondrial biogenesis through downstream activation of NRF1 and NRF2, which trigger mitochondrial transcription factor A (TFAM) (Popov, 2020). In addition, Nrf2 has a role in regulating the expression of various antioxidant genes, thereby scavenging excess ROS to maintain mitochondrial homeostasis (Liu et al., 2021).

In recent studies, it has been found that periodontitis is often accompanied by abnormal mitochondrial biogenesis. Wang et al. discovered that the expression of PGC-1α and Nrf2 was significantly reduced in refractory apical periodontitis (Wang et al., 2024). Mitochondrial biogenesis and function are dependent on the translocase of the mitochondrial outer membrane (TOM) complex, of which subunit 20 (TOMM20) is the major receptor component (Tang et al., 2023). It facilitates the initial transport of proteins into mitochondria. However, the number of PGC-1α-TOMM20 double-positive cells was significantly lower in the RAP group than in the control group, suggesting the presence of dysfunctional mitochondrial biosynthesis in periapical lesions (Wang et al., 2024). Similarly, Sun et al. demonstrated that PGC-1α expression levels in periodontal tissues of periodontitis rats were lower than those of control rats, further demonstrating that periodontitis is accompanied by impaired mitochondrial biosynthesis (Sun et al., 2017).

Mitochondrial dysfunction in chronic periodontitis is confirmed, however, the correlation between mitochondrial biogenesis and dental osteoclast mineralization is poorly reported. The critical role of the MAPK pathway for dental osteoclast mineralization has been demonstrated (Xia et al., 2024). It has been shown that PGC-1α regulates mitochondrial biogenesis and promotes the cementoblast mineralization. And impaired MAPK pathway often present in hypoxic conditions, which resulting in a downward revision of PGC-1α (Wang et al., 2022). Ckip-1 has been reported to be a molecular switch during macrophage polarization, and CKIP-1 expression is significantly induced in M1 macrophages and reduced in M2 macrophages (Chen et al., 2017). Huang et al. used Ckip-1 silencing to promote M2 macrophage polarization. This genetically modified M2 macrophage transferred the exosome Let-7f-5p to cementoblast, which then accelerated the mineralization of cementoblast by targeting Ckip-1 to activate peroxisome proliferator-activated PGC-1α-dependent mitochondrial biogenesis (Huang et al., 2024).

In addition, mitochondrial biogenesis has been shown to be significantly up-regulated in osteoclast differentiation. PGC-1β has been shown to be a regulator of mitochondrial biosynthesis in osteoclasts. PGC-1β-deficient mice exhibit increased bone mass with impaired osteoclast function (Wei et al., 2010). Mechanistically, cAMP-responsive element binding protein (CREB) induces PGC-1β transcription during osteoclast differentiation (Ishii et al., 2009) and the process may be associated with elevated ROS. ROS scavenging using NAC significantly inhibited PGC-1β expression as well as osteoclast differentiation (St-Pierre et al., 2006).

Furthermore, mitochondria-related iron metabolism promotes PGC-1β expression, which enhances osteoclast differentiation and bone resorption activity (Zhang et al., 2019). It has been shown that activation of the RANKL signaling pathway can increase transferrin receptor 1 (TfR1)-mediated iron uptake, thereby contributing to the activation of mitochondrial respiration (Balogh et al., 2018). Ishii et al. identified that CREB activated downstream of RANK and ITAM during osteoclastogenesis induced the transcription of PGC-1β, which in turn stimulated mitochondrial biogenesis, leading to an increase in iron demand. Iron uptake via up-regulated TfR1 protein was supplied to heme proteins and iron-sulfur clusters in mitochondria, leading to increased mitochondrial respiration and ROS production, which further accelerated the transcription of PGC-1β via CREB via a positive feedback mechanism (Ishii et al., 2009). Further, Li et al. also found that abnormal iron metabolism plays an important role in periodontitis-induced bone loss by increasing mitochondrial genesis, which is involved in osteoclastogenesis (Li et al., 2024b). Thus, adjusting iron metabolism and affecting mitochondrial biogenesis may provide implications for intervening in osteoclast function in periodontitis.




2.6 Mitochondrial dynamic damage

Mitochondrial dynamics include mitochondrial fusion and fission, both of which play irreplaceable roles in maintaining mitochondrial structure and function (Wang et al., 2023a). Mitochondrial fusion, that is, the fusion of the membrane and matrix between two mitochondria, involves the fusion of the outer mitochondrial membrane mediated by mitochondrial fusion proteins 1 and 2 (Mfn1 and Mfn2) and the fusion of the inner mitochondrial membrane controlled by optic atrophy 1 (OPA1) (Jiang et al., 2023b). As for mitochondrial fission, Drp1 is the major fission regulator and belongs to the family of initiating proteins, which are usually present in the cytoplasm as monomers or oligomers. When activated, Drp1 translocates to the mitochondrial surface and forms multimers, thereby promoting mitochondrial fission (Michalska et al., 2016). Drp1 activation is the result of co-regulation of phosphorylation and dephosphorylation at different sites. Phosphorylation starts at several sites, including S616 and S637. Phosphorylation at S637 restricts fission by blocking the recruitment of Drp1 to mitochondria, whereas phosphorylation at S616 facilitates fission by driving Drp1 mitochondrial translocation (Chang and Blackstone, 2010). Upon activation, Drp1 connects to the OMM by binding to the articulin surface through a variable structural domain (insertion fragment B) (Adebayo et al., 2021). However, since Drp1 lacks a structural domain that binds directly to membrane phospholipids, it requires the aid of bridging proteins, including Fis1, Mff, MiD49, and MiD51 to adhere to the mitochondrial surface, and thus participates in mitochondrial membrane rupture (Liu et al., 2024a). An imbalance between the two processes of mitochondrial fusion and fragmentation has been linked to a variety of diseases such as cancer, inflammation-related diseases, neurodegenerative diseases and cardiovascular diseases (Jin et al., 2021; Al Ojaimi et al., 2022).

The relationship between altered mitochondrial dynamics and macrophage polarization has also been demonstrated in periodontitis. Jiang et al. examined gingival tissues from patients with periodontitis and found that the expression of phosphorylated Drp1 at the serine position 616 (p-Drp1 [Ser616]) was significantly elevated in the gingival tissues of patients with periodontitis. Stimulation of RAW264.7 cells with Pg LPS and THP-1 macrophages with Pg resulted in unchanged levels of total Drp1, while Drp1 tetramer formation showed a significant increase. This suggests the presence of macrophage overactivation of Drp1 in the setting of periodontitis (Jiang et al., 2025). In addition, researchers have found that over-activated Drp1 not only induces mitochondrial fragmentation but also drives NLRP3 inflammasome activation and subsequent inflammatory factor release. This was caused by a direct interaction between Drp1 and HK1 that promotes excessive mPTP opening [159]. The result is consistent with previous findings that excessive mPTP opening disrupts mitochondrial morphology, leading to mtROS release and oxidation of mitochondrial DNA (Ox-mtDNA) with subsequent activation of NLRP3 inflammasome (Xian et al., 2022).

A recent study has shown that phosphorylation of Drp1 at the Ser616 site may be mediated by Stat2 (Hu et al., 2022). Yu et al. RNA-seq analyses showed that LPS promotes the expression of signal transducer and activator of Stat2 and Drp1, which promotes mitochondrial fragmentation (Yu et al., 2020). The fragmented mitochondrial ETC is impaired, shifting its function from ATP synthesis to ROS production, which drives NFκB-dependent inflammatory cytokine transcription (Yu et al., 2020). This suggests a role for Stat2-Drp1 in macrophage M1 polarization.

Ma et al. demonstrated that lignocaine modulates mitochondrial dynamics to achieve macrophage M2 polarization and effectively ameliorates periodontitis. LUT was able to enhance mitochondrial fusion as evidenced by increased expression of macrophage fusion-associated proteins (e.g., MFN1 and MFN2) in periodontitis-simulated environments in vitro. In addition, LUT inhibited mitochondrial fission by downregulating DRP1. Alterations in these key proteins enhanced mitochondrial activity in macrophages and stimulated M2 polarization (Ma et al., 2025).

Osteoclasts are the product of cell fusion, and mitochondrial fusion helps to maintain mitochondrial membrane potential and respiratory chain function, thereby supporting the high metabolic demand of osteoclasts (Ribeiro et al., 2023). Previous studies have shown that AMPK can act as an energy sensor to regulate mitochondrial fission and mitophagy (Toyama et al., 2016). Ribeiro et al. further demonstrated that AMPKα1 regulated mitochondrial fusion and fission markers, up-regulated Mfn2 and downregulated Drp1, suggesting that AMPKα1 negatively regulated osteogenesis and alleviated pathological bone loss (Ribeiro et al., 2023). Nishikawa et al. found that Opa1 deficient osteoclast precursor cells failed to undergo efficient osteoclast differentiation and exhibited abnormal ridge morphology, suggesting that Opa1 affected osteoclast differentiation by regulating mitochondrial fusion (Nishikawa et al., 2022).




2.7 Mitochondrial transfer

In recent years, extracellular vesicles (EVs) have gained widespread attention as a key carrier for intercellular communication. EVs are able to encapsulate different cargoes from parental cells including lipids, proteins and even genetic material (e.g. mRNA, miRNA) into the receptor cells (van Niel et al., 2022). Interestingly, recent studies have found that mitochondria are also able to wrap into EVs for intercellular mitochondrial transfer. For example, macrophage-derived EVs transferred mitochondria to adipocytes, facilitating the adipocyte-myofibroblast transition in epidural fibrosis (Hua et al., 2024). Another study has shown that cardiac fibroblasts (CFs) participate in the inflammatory response after myocardial infarction by transferring damaged mitochondrial components via small EVs (sEVs), which promote macrophage inflammatory activation (Zhao et al., 2025). In addition, macrophages in periodontitis have also been shown to be able to regulate target cell function through mitochondrial transfer, thereby participating in periodontitis progression.

Yan et al. discovered in vivo and in vitro experiments that mitochondria are transferred from macrophages to bone marrow mesenchymal stem cells (BMSCs) via mitochondria-rich EVs (MEVs). This inhibits osteogenesis in BMSCs and exacerbates bone loss in periodontitis. The researchers constructed an inflammatory macrophage model of periodontitis and found extensive mitochondrial damage in macrophages, characterized by fragmented morphology, lower membrane potential and more ROS. The presence of MEV was demonstrated by mitochondrial labelling and the entry of these damaged mitochondria into BMSCs disrupted their mitochondrial dynamics as evidenced by the up-regulation of lipid carrier protein 2 (LCN2), OMA1 degradation, and accumulation of OPA1. Abnormalities of mitochondrial dynamics in BMSCs were accompanied by morphology changes, which ultimately led to impaired osteogenesis in BMSCs (Yan et al., 2025). This study elucidated the mechanism by which macrophages promote alveolar bone resorption in periodontitis patients through the transport of mitochondrial vesicles, providing a new perspective for inhibiting alveolar bone resorption in periodontitis. In addition, mesenchymal stem cells (MSCs) are able to influence macrophage function through releasing mitochondria. Phinney et al. found that MSCs release arrestin domain-containing protein 1-mediated MVs (ARMMs), thus unloading mitochondria to transfer mitochondria to macrophages. On the one hand, MSCs can effectively remove depolarized mitochondria and prevent apoptosis. On the other hand, macrophages phagocytose the mitochondria obtained from MSCs and activate mitochondrial fusion proteins (e.g., MFN1, MFN2, and OPA1) to perform mitochondrial fusion, which restores the mitochondrial membrane potential and can increase the energy supply to their macrophages (Phinney et al., 2015). As for the mechanism that causes mitochondrial translocation, it has been suggested that oxidative stress is one of the stimuli that releases mitochondria. Prolonged exposure to 21% O2 significantly increased mtROS levels and increased Parkin and Pink1 kinase expression. Activated Pink1 targets the degradation of Miro, which allowed the release of mitochondria from the cytoskeleton (Jackson et al., 2016).

Based on the fact that altered M1 polarization of macrophages accompanied by altered mitochondrial function is an important cause of progressive periodontitis, Liu et al. explored the potential of apoptotic cell-derived EVs (ApoEVs) to modulate the mitochondrial function of macrophages. Periodontal ligament-derived mesenchymal stem cells (PDLSCs) are a class of mesenchymal stem cells derived from the periodontal ligament (PDL), which are considered to be the main functional stem cells responsible for regeneration of alveolar bone, periodontal ligament and dentin (Lei et al., 2022). The results showed that ApoEVs derived from PDLSCs were able to be phagocytosed by macrophages and that the mitochondrial component of them enhanced the mtDNA levels and ATP production capacity of macrophages damaged in inflammatory environment (Liu et al., 2024c). ApoEVs offer the possibility to ameliorate macrophage mitochondrial damage in periodontitis and indirectly promote periodontal tissue regeneration by modifying macrophage phenotype.

Migrasomes are miniature EVs formed at the posterior end of migrating cells. Similar to other EVs, they recruit cellular contents including mitochondria and are enriched for many biomolecules such as growth factors, cytokines, chemokines and morphogens (Jiao et al., 2021). Specifically, the release of migrants is dependent on cell migration and the TSPAN4 protein, which is involved in target cell migration-related functions or signaling. Damaged mitochondria can be translocated to migrasomes and subsequently discarded from migrating cells under mild mitochondrial stress, a process named mitocytosis (Zhang et al., 2022a). Mechanistically, mtROS are produced in response to mitochondrial stressor induction. Damaged mitochondria move towards the pericellular perimeter mediated by KIF5B, while myo-19 tethers the mitochondria to cortical actin, which is tightly associated with the plasma membrane. During this process, mitochondria undergo Drp1-mediated division (Jiao et al., 2021). Osteoclast maturation is dependent on the migratory fusion of pro-osteoclasts to form multinucleated cells, and Lampiasi et al. found that RANKL-stimulated osteoclast differentiation of RAW 264.7 cells induced the formation of vesicles similar to’migrasomes’ (Lampiasi et al., 2021). Macrophages and neutrophils are known to produce migrasomes as a means of mitochondrial quality control (Jiang et al., 2023c), but the biological role of migratory bodies for macrophages in periodontitis needs to be further investigated.

Based on the phenomenon that cells can take up mitochondria from their environment or from other cell types, mitochondrial transplantation was invented as an emerging bionanotechnology. It refers to the reversal of diseases associated with mitochondrial disorders by transferring healthy mitochondria into damaged cells to restore cellular function (Liu et al., 2022b). A patent (CN113633662) has been issued for the mitochondrial transplantation of PDLSCs for the treatment of periodontitis, using a kit and differential centrifugation to extract mitochondria from healthy human PDLSCs. Healthy mitochondria captured by inflammation-injured human PDLSCs were able to enhance the osteogenic differentiation of human PDLSCs. In addition, macrophage differentiation towards the M2 type was promoted through the immunomodulatory function of PDLSCs. In addition, the patent was also demonstrated to attenuate inflammatory periodontal tissue injury and alleviate periodontitis bone loss in mouse experiments.

In summary, the transfer of damaged mitochondria from macrophages to target cells in the periodontitis setting may accelerate periodontitis destruction. However, acceptance of healthy mitochondria can improve the energy supply of macrophages and promote their polarization towards M2, providing a new strategy for the treatment of periodontitis. In addition, migrasomes, as an emerging EV type, may also be involved in osteoclast formation, and their role in periodontitis needs to be further investigated.





3 Targeting mitochondria in macrophages for the treatment of periodontitis

Traditional periodontitis treatment modalities, like supragingival scaling, SRP, antibiotics, surgical interventions have limitations such as high recurrence and incomplete plaque removal (Jiang et al., 2023b). Recently, research has increasingly proved that mitochondria play a role in macrophage function changes during periodontitis, leading to mitochondrial - targeted therapy emerging as a new treatment strategy. Common approaches involve antioxidants, regulating mitophagy, and improving metabolic reprogramming. Additionally, novel methods such as photodynamic therapy (PDT) and nanomaterials are being innovatively applied in macrophage - targeted mitochondrial therapy.



3.1 Antioxidants

Oxidative stress is crucial in the progression of periodontitis. Antioxidants are therapeutic in periodontitis by attenuating tissue destruction, reducing inflammation and promoting regeneration. More importantly, antioxidants may act as mediators to alleviate the systemic oxidative stress and inflammatory state induced by periodontitis-associated systemic diseases (Deng et al., 2024).

Resveratrol (trans-3,4′,5-trihydroxystilbene) is a common natural polyphenolic compound found in a variety of plants, including grape skins, blueberries, and raspberries, and has been widely demonstrated to have free radical scavenging properties (Huo et al., 2022). Porphyromonas gingivalis infection has been shown to decrease the clearance of damaged mitochondria from macrophages, disrupt the mitochondrial quality control system, and promote the secretion of inflammatory cytokines (Montava-Garriga and Ganley, 2020). Further, Jiang demonstrated that the scavenging effect of resveratrol on mtROS may be due to the up-regulation of PINK1 to cause mitophagy, thus ensuring mitochondrial quality (Jiang et al., 2023a), which may suggest its inhibitory effect on periodontitis with Porphyromonas gingivalis as the main causative agent.

In addition, it has been shown that the antioxidant effect of resveratrol is related to its ability to activate NRF2 to induce the expression of various antioxidant genes, such as hemoglobin oxygenase-1 and NAD(P)H (Soufi et al., 2012; Alavi et al., 2021). Ikeda et al. applied monomeric resveratrol and its dimeric form to two distinct groups of murine periodontitis models, respectively and found that the administration of resveratrol to both groups could reduce the periodontal bone loss, but the effect was stronger in the dimeric group. In addition, the dimer group showed a decrease in the level of the pro-inflammatory cytokine IL-1β (Ikeda et al., 2022). The promotional effect of resveratrol on bone healing in periodontitis may be related to the fact that Nrf2 regulates the cellular redox state by controlling the expression of oxidation-responsive genes, thereby inhibiting RANKL-induced OC differentiation. Similarly, curcumin and radicicicol have been shown to inhibit periodontitis bone loss by activating Nrf2 in part by inhibiting macrophage osteoclast differentiation (Hyeon et al., 2013).

The NLRP3 inflammasome complex regulates IL-1β release and resveratrol inhibits NLRP3 inflammasome activation by decreasing mtROS production and mtDNA release, which in turn decreases macrophage proinflammatory cytokine release (Chang et al., 2015). Similarly, Adhikari et al. observed that resveratrol treatment reduces pro-inflammatory cytokines and increases alveolar bone volume in extraction sockets compared to the control group (Adhikari et al., 2021). Furthermore, Shi et al. demonstrated that resveratrol could transform inflammatory macrophages from the M1 to the M2 phenotype by activating p-STAT3 and down-regulating the expression of p-STAT1, thereby reconstructing the immune microenvironment of periodontitis (Shi et al., 2021a).

Lignocaine (LUT) is a natural flavonoid derived from vegetables, fruits and herbs with potent anti-inflammatory activity and the ability to induce macrophage polarization towards M2 in vitro experiments (Wang et al., 2020b). A growing number of studies have shown that LUT can attenuate alveolar bone loss and reduce inflammatory factor release in periodontitis (Casili et al., 2020; Arampatzis et al., 2023). To further elucidate the mechanism of LUT action, Ma et al. experimentally showed that LUT may regulate mitochondrial dynamics and promote macrophage M2 polarization by targeting JAK2/STAT3 signaling. Specifically, LUT down-regulated Drp1 to reduce mitochondrial division by inhibiting the JAK2/STAT3 pathway and enhanced mitochondrial fusion through up-regulation of Mfn, which synergistically improved mitochondrial function and further supported macrophage M2 polarization (Ma et al., 2025).

Hydroxytyrosol (HT), a natural phenolic compound with antioxidant capacity, can inhibit mitochondrial dysfunction by decreasing the cleavage of OPA1 and elevating the phosphorylation of AKT and GSK3β (Cai et al., 2019). RANKL plays an active role in osteoclastogenesis through the activation of multiple signaling events including the MAPK pathway. The MAPK signaling pathway is a potential target for periodontal therapy, and ERK and JNK are downstream targets of this signaling pathway (Hu et al., 2024). Zhang et al. demonstrated that HT treatment attenuated macrophage mtROS and MMP levels, and attenuated mitochondrial oxidative stress injury. In addition, HT was able to inhibit osteoclast differentiation by suppressing the ERK/JNK pathway in mitochondria, thereby ameliorating bone loss in a murine periodontitis model (Zhang et al., 2021). Similarly, Jiang et al. synthesized 3-methyl-1H-indol-1-yl dimethylcarbamodithioate (3o), which could attenuate periodontitis by inhibiting inflammatory responses and suppressing osteoclast differentiation. On the one hand, 3o significantly reduced osteoclast differentiation by inhibiting the MAPK signaling pathway. On the other hand, 3o was able to restore mitochondrial function, as evidenced by a decrease in the levels of mtROS, MMP and ATP. And the improvement of inflammatory response and bone resorption after 3o treatment was also found in a murine periodontitis model (Jiang et al., 2024).

CoQ10, an endogenous small-molecule organic compound with potent antioxidant capacity, is an essential component of the mitochondrial ETC (Brown and McCarthy, 2023). CoQ10, as an important fat-soluble antioxidant, protects mitochondrial membranes, proteins, and DNA from ROS damage (Hargreaves et al., 2020). It has been demonstrated that CoQ10 can inhibit the activation of NLRP3/IL1β signaling by suppressing excess ROS production, thereby reducing macrophage pro-inflammatory cytokine secretion and M1 polarization (Pan et al., 2024). Moon et al. found that CoQ10 significantly inhibited the genetic markers of osteoclast differentiation, such as NFATc1, TRAP and the gene expression of osteoclast-associated immunoglobulin-like receptors. In addition, CoQ10 significantly inhibited the H2O2-induced IκBα, p38 signaling pathway and suppressed osteoclastogenesis (Moon et al., 2013). Reduced levels of CoQ10 were found in gingival biopsies of approximately 80% of patients with periodontitis (Soni et al., 2012). CoQ10 has been proposed by some investigators as an adjunctive treatment to SRP, with desirable results in clinical trials (Sharma et al., 2016). Clinical trials have shown that oral administration of CoQ10 to patients with periodontal disease increased the concentration of CoQ10 in diseased gingiva and was effective in suppressing advanced periodontitis (Prakash et al., 2010).

Based on the role of the NLRP3 inflammasome, researchers developed a new strategy for the treatment of periodontitis. Artesunate (ART) is a peroxide from the traditional plant Artemisia annua, which is effective in preventing malaria and treating tuberculosis. Recent studies have demonstrated that ART and its components have anti-inflammatory and immunomodulatory effects on various skeletal diseases, but the exact mechanism is still unclear. Wang et al. found that ART was able to inhibit osteoclastogenesis by suppressing NLRP3 inflammasome activation and enhance osteogenic potential by attenuating the expression of inflammatory factors under inflammatory conditions. In addition, ART enhanced osteogenic potential by attenuating the expression of inflammatory factors. These results confirming the possible therapeutic role of ART in periodontitis (Wang et al., 2023b).




3.2 Regulation of mitophagy

The role of mitophagy and division in the pathogenesis of periodontitis is gaining increasing attention. PINK1 has been shown to protect cells from oxidative stress by promoting the degradation of damaged mitochondria through mitophagy. In periodontitis, PINK1 deficiency is thought to contribute to the induction of osteoclast overproduction (Jang et al., 2024). Spermidine (SPD), an endogenous polyamine, is thought to modulate the PINK1/Parkin pathway and restore mitophagy (Zimmermann et al., 2024). Reversing the excessive osteoclast production induced by PINK1 deficiency provides a new therapeutic strategy for severe periodontitis accompanied by fulminant osteolysis.

Mitochondria are the primary site of iron utilization, and iron deficiency leads to impaired heme synthesis and iron-sulfur cluster assembly, further affecting the assembly and function of the mitochondrial respiratory chain. Studies have demonstrated that osteoclasts require high iron uptake to meet their high energy demands. Transferrin receptor 1 (Tfr1) mediates cellular iron uptake. Osteoclasts in Tfrc knockout mice have suppressed expression of mitochondrial complexes I and II, and reduced mitochondrial membrane potential, which is manifested as a decrease in osteoclast function (Das et al., 2022). Based on the critical role of iron in osteoclast function, the use of iron chelators to reduce osteoclast differentiation has become a therapeutic direction for periodontitis. Zhu et al. demonstrated that desferrioxamine reduced the progression of periodontitis, osteoclastogenesis, and alveolar bone loss in a murine periodontitis model (Zhu et al., 2024). Previous studies have shown that high iron uptake promotes PGC-1β-regulated mitochondrial biogenesis and provides energy for osteoclast function. Based on this, Li et al. applied Isobavachin to attenuate osteoclastogenesis and periodontitis-induced bone loss by promoting Fpn1-mediated iron efflux from osteoclasts and inhibiting PGC-1β-mediated mitochondrial biogenesis in osteoclasts (Li et al., 2024b).




3.3 Regulation of metabolic reprogramming

A shift in macrophage metabolism from OXPHOS to glycolysis has been demonstrated in the setting of periodontitis (Fleetwood et al., 2017). In vitro and vivo experiments, the glycolysis inhibitor 2-Deoxy-d-glucoses significantly inhibited LPS-induced macrophage apoptosis, thereby attenuating the inflammatory response and bone resorption in periodontal lesions. Further, He et al. demonstrated that the regulatory effect of glycolysis on macrophage apoptosis may be mediated through the AMPK/SIRT1/NF-κB signaling pathway, which provides a potential new target for PD therapy (He et al., 2023b).

Disruption of the TCA cycle and up-regulation of the glycolysis and pentose phosphate pathways are characteristic of M1 macrophages. Apabetalone is a selective bromodomain and extra-terminal (BET) protein inhibitor targeting epigenetic regulators of bromodomain 2 and gene expression (Ray et al., 2020). Recent studies have demonstrated that Apabetalone inhibited glycolysis by suppressing the transcription and protein expression of hexokinase 2, glucose transporter 1 and phosphofructokinase-2/fructose-2,6- bisphosphatase 3 (PFKFB3) in a dose-dependent manner. In addition, Apabetalone was able to complement the disruption of the TCA cycle, thereby inhibiting macrophage M1 polarization and attenuating periodontitis bone resorption (Bian et al., 2025).

Based on the effect of macrophage mitochondrial metabolism on macrophage polarization, He et al. developed a molybdenum-containing bioactive glass-ceramic (Mo-BGC) scaffold with functions such as continuous release of Mo ions. The results indicated that the Mo-BGC scaffold could regulate glycolysis and the production of circulating metabolites of TCA, which would promote M2 macrophage polarization and periodontal tissue regeneration (He et al., 2022).




3.4 Emerging therapeutic approaches



3.4.1 Nanomaterials

Nanomaterials show great potential in the field of periodontitis treatment. In the experiment of Hunagfu et al., resveratrol (RES) and 20(S)-protopanaxadiol (PPD) were successfully self-assembled into RES@PPD nanoparticles (NPs) by the phenolic resin reaction. The novel NPs have the advantage of nanoscale size and easy penetration deep into periodontal pockets. Meanwhile, the combined application of PPD and RES enhanced the anti-inflammatory and antioxidant properties of the nanocomposites, scavenging ROS to promote macrophage M2 polarization; RES@PPD nanoparticles significantly reduced the levels of pro-inflammatory cytokines in a murine periodontitis model, and were able to inhibit inflammation in periodontal tissues effectively (Huangfu et al., 2023).

The development of periodontitis and the activation of M1 macrophages are dependent on the sustained over-opening of mPTP, which is mainly caused by mitochondrial Ca2+ overload (Qi et al., 2021). He et al. first synthesized PAMAM decorated with PEGylated TPP (PAMAM-PEG-TPP)., which loaded with BAPTA-AM to make Mitochondrial Calcium Ion Nanogluttons. Triphenylphosphine (TPP), a lipophilic cation, is a widely used mitochondrial targeting molecule that can accumulate in mitochondria driven by mitochondrial membrane potential (Li et al., 2022a). BAPTA-AM is a calcium ion-selective chelator, which avoids calcium overload-induced mPTP opening and M1 macrophage activation. The results showed that after treatment with these Mitochondrial Calcium Ion Nanogluttons, localized periodontitis in mice was alleviated and accompanied by a reduction in osteoclast activity and bone loss (He et al., 2023a).

Li et al. synthesized controlled drug release nanoparticles (MitoQ@PssL NPs) by encapsulating the autophagy enhancer mitoquinolone (MitoQ) into amphiphilic polymer nanoparticles (PssL NPs). ROS-sensitive dynamic covalent bonds were formed in response to the specific high ROS microenvironment of periodontitis. The autophagy enhancer MitoQ could achieve responsive release in the periodontal inflammatory microenvironment and effectively induce mitophagy via the PINK1-Parkin pathway (Li et al., 2022b).

Yan et al. Cerium-doped zeolite imidazole framework-8 (Ce@ZIF-8) nanoparticles (NPs) could alleviate periodontitis by affecting metabolic reprogramming. It was shown that Ce@ZIF-8 NPs inhibited HIF-1α, suppressed the glycolytic process and promoted M2 polarization in macrophages (Yan et al., 2023).

Shaheen et al. designed a micellar nanocarrier of CoQ10. It demonstrated superior antioxidant activity in combination with conventional treatment of periodontitis with SRP over single mechanical methods and is expected to be used in the treatment of moderate periodontitis (Shaheen et al., 2020).




3.4.2 Photodynamic therapy

In addition to pharmacological treatments targeting mitochondria, PDT has also been explored for ameliorating oxidative stress in periodontitis. Jiang et al. conducted in vivo and in vitro experiments and found that methylene blue-mediated PDT was able to induce macrophage apoptosis and reduce bone loss in periodontitis rats by modulating ROS levels and decreasing mitochondria-dependent apoptosis (Jiang et al., 2019). Lopez et al. conducted a clinical trial in which 44 patients with periodontitis were sterilized with PDT using a 635 nm wavelength laser source and a light-activating substance (methylene blue), and significant reductions in parameters such as the plaque index (PI), bleeding on probing (BOP), and probing depth (PD) were seen at 3 months (12 weeks) after treatment (Lopez et al., 2020). This further demonstrates PDT as an effective adjunctive treatment for periodontitis.

Antimicrobial photodynamic therapy (aPDT) is an alternative treatment in which lasers and different photosensitizers are used to eradicate periodontal pathogenic bacteria in periodontitis (Bourbour et al., 2024). Many studies have shown that SRP plus aPDT has more significant results in probing depth improvements compared to SRP alone (Chambrone et al., 2018).






4 Conclusions and future perspective

In this review, we focus on the mechanism of mitochondrial dysfunction in periodontitis on macrophages and the application of targeting mitochondria in periodontitis treatment. In terms of the pathogenesis of periodontitis, dental plaque and the host immune response have been the focus of research and mitochondria have been shown to be involved in the inflammatory response in recent years. Mitochondrial dysfunction, including oxidative stress injury, reduced biosynthesis, dynamic injury, abnormal mitophagy and even mitochondria-mediated alterations in cellular metabolic patterns, is involved in macrophage function and the development of periodontitis, further enriching the understanding of the pathogenesis of periodontitis.

With more and more studies, the understanding of mitochondrial dysfunction in macrophages in the setting of periodontitis is progressively deepening to the molecular level. Oxidative stress with overproduction of mtROS, open mtDNA leakage of mPTP, down-regulation of PINK1/Parkin-mediated mitophagy in periodontitis environment, activation of NLRP3 inflammasome caused by mtDNA and aberrant expression levels of Drp1, Fis1, Mfn1 and Mfn2 related to mitochondrial fusion and division are identified in researches. These evidences provide a basis for mitochondria-targeted therapy, which provides a possible adjunct to periodontitis treatment. Meanwhile, the combination of mitochondria-targeted therapy and nanomaterials enables the drugs to penetrate deep into the periodontal pockets to achieve precise drug delivery and enhance drug delivery efficiency. In addition, mitochondrial transfer has been found in periodontitis, but its specific mechanism and role remain to be studied.

However, the current investigation about the role and application value of mitochondria in periodontitis still has some limitations. Most of the current studies on mitochondria focus on cellular experiments, and part of studies on the correlation between mitochondria and diseases are mostly applied in the fields of cancer, cardiovascular diseases and neurological diseases, while relatively few studies have been conducted in periodontitis. The complex mechanisms of mitochondrial dysfunction in the etiology and progression of periodontitis remain to be further elucidated. In addition, most of the mentioned mitochondria-specific therapies above are still in the preclinical stage, and their long-term effects and adverse reactions need to be further investigated.

In conclusion, there is a broad link between mitochondrial dysfunction and macrophage function in periodontitis, and mitochondrial dysfunction contributes to periodontitis progression and bone destruction. Future research should focus on the mitochondrial heterogeneity of different cell types in the periodontitis microenvironment, and the clinical translation of targeted mitochondrial therapies for periodontitis is a promising area.





Author contributions

YJ: Conceptualization, Writing – review & editing, Visualization, Writing – original draft. ZL: Writing – review & editing. PH: Writing – review & editing. YW: Writing – original draft, Writing – review & editing, Conceptualization. BY: Project administration, Funding acquisition, Supervision, Writing – review & editing, Conceptualization.





Funding

The author(s) declare that financial support was received for the research and/or publication of this article. This research was funded by the National Natural Science Foundation of China (U22A20316, 82001109), Guangdong Basic and Applied Basic Research Foundation (2023A1515010205), Science and Technology Program of Guangzhou (2024A04J4852, 2023B03J0037)




Acknowledgments

The figures in this review were created in https://BioRender.com.





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.

The reviewer HH declared a shared affiliation with the authors to the handling editor at the time of review.





Generative AI statement

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





References

	 Abraham D., Singh A., Goyal A. (2023). Salivary levels of NLRP3 protein are significantly raised in chronic periodontitis: A systematic review and meta-analysis of clinical studies. J Indian Soc Periodontol. 27, 552–558. doi: 10.4103/jisp.jisp_185_23, PMID: 38434508


	 Adam-Vizi V., Chinopoulos C. (2006). Bioenergetics and the formation of mitochondrial reactive oxygen species. Trends Pharmacol. Sci. 27, 639–645. doi: 10.1016/j.tips.2006.10.005, PMID: 17056127


	 Adebayo M., Singh S., Singh A. P., Dasgupta S. (2021). Mitochondrial fusion and fission: The fine-tune balance for cellular homeostasis. FASEB J. 35, e21620. doi: 10.1096/fj.202100067R, PMID: 34048084


	 Adhikari N., Prasad Aryal Y., Jung J. K., Ha J. H., Choi S. Y., Kim J. Y., et al. (2021). Resveratrol enhances bone formation by modulating inflammation in the mouse periodontitis model. J. Periodontal Res. 56, 735–745. doi: 10.1111/jre.12870, PMID: 33682929


	 Ahn H., Lee K., Kim J. M., Kwon S. H., Lee S. H., Lee S. Y., et al. (2016). Accelerated lactate dehydrogenase activity potentiates osteoclastogenesis via NFATc1 signaling. PLoS One 11, e0153886. doi: 10.1371/journal.pone.0153886, PMID: 27077737


	 Alavi M., Farkhondeh T., Aschner M., Samarghandian S. (2021). Resveratrol mediates its anti-cancer effects by Nrf2 signaling pathway activation. Cancer Cell Int. 21, 579. doi: 10.1186/s12935-021-02280-5, PMID: 34717625


	 Alghamdi B., Jeon H. H., Ni J., Qiu D., Liu A., Hong J. J., et al. (2023). Osteoimmunology in periodontitis and orthodontic tooth movement. Curr. Osteoporos Rep. 21, 128–146. doi: 10.1007/s11914-023-00774-x, PMID: 36862360


	 Al Ojaimi M., Salah A., El-Hattab A. W. (2022). Mitochondrial fission and fusion: molecular mechanisms, biological functions, and related disorders. Membranes (Basel) 12, 893. doi: 10.3390/membranes12090893, PMID: 36135912


	 Angireddy R., Kazmi H. R., Srinivasan S., Sun L., Iqbal J., Fuchs S. Y., et al. (2019). Cytochrome c oxidase dysfunction enhances phagocytic function and osteoclast formation in macrophages. FASEB J. 33, 9167–9181. doi: 10.1096/fj.201900010RR, PMID: 31063702


	 Aral K., Milward M. R., Cooper P. R. (2021). Gene expression profiles of mitochondria-endoplasmic reticulum tethering in human gingival fibroblasts in response to periodontal pathogens. Arch. Oral. Biol. 128, 105173. doi: 10.1016/j.archoralbio.2021.105173, PMID: 34058723


	 Arampatzis A. S., Pampori A., Droutsa E., Laskari M., Karakostas P., Tsalikis L., et al. (2023). Occurrence of luteolin in the greek flora, isolation of luteolin and its action for the treatment of periodontal diseases. Molecules 28. doi: 10.3390/molecules28237720, PMID: 38067450


	 Averill-Bates D. (2024). Reactive oxygen species and cell signaling. Review. Biochim. Biophys. Acta Mol. Cell Res. 1871, 119573. doi: 10.1016/j.bbamcr.2023.119573, PMID: 37949302


	 Bae S., Lee M. J., Mun S. H., Giannopoulou E. G., Yong-Gonzalez V., Cross J. R., et al. (2017). MYC-dependent oxidative metabolism regulates osteoclastogenesis via nuclear receptor ERRα. J. Clin. Invest. 127, 2555–2568. doi: 10.1172/jci89935, PMID: 28530645


	 Baines C. P. (2009). The mitochondrial permeability transition pore and ischemia-reperfusion injury. Basic Res. Cardiol. 104, 181–188. doi: 10.1007/s00395-009-0004-8, PMID: 19242640


	 Balogh E., Paragh G., Jeney V. (2018). Influence of iron on bone homeostasis. Pharm. (Basel) 11, 107. doi: 10.3390/ph11040107, PMID: 30340370


	 Bascones A., Noronha S., Gómez M., Mota P., Gónzalez Moles M. A., Villarroel Dorrego M. (2005). Tissue destruction in periodontitis: bacteria or cytokines fault? Quintessence Int. 36, 299–306.


	 Baseler W. A., Davies L. C., Quigley L., Ridnour L. A., Weiss J. M., Hussain S. P., et al. (2016). Autocrine IL-10 functions as a rheostat for M1 macrophage glycolytic commitment by tuning nitric oxide production. Redox Biol. 10, 12–23. doi: 10.1016/j.redox.2016.09.005, PMID: 27676159


	 Bi J., Mo C., Li S., Zeng J., Chai Y., Yao M., et al. (2024). High concentrations of NaF aggravate periodontitis by promoting M1 polarization in macrophages. Int. Immunopharmacol 140, 112830. doi: 10.1016/j.intimp.2024.112830, PMID: 39096872


	 Bian T., Li H., Liu H., Guo M., Zhang Y., Hu P., et al. (2025). Apabetalone alleviates ligature-induced periodontitis by inhibiting M1 macrophage polarization via an immunometabolic shift. Int. Immunopharmacol 150, 114279. doi: 10.1016/j.intimp.2025.114279, PMID: 39946768


	 Biswas G., Anandatheerthavarada H. K., Zaidi M., Avadhani N. G. (2003). Mitochondria to nucleus stress signaling: a distinctive mechanism of NFkappaB/Rel activation through calcineurin-mediated inactivation of IkappaBbeta. J. Cell Biol. 161, 507–519. doi: 10.1083/jcb.200211104, PMID: 12732617


	 Bourbour S., Darbandi A., Bostanghadiri N., Ghanavati R., Taheri B., Bahador A. (2024). Effects of antimicrobial photosensitizers of photodynamic therapy (PDT) to treat periodontitis. Curr. Pharm. Biotechnol. 25, 1209–1229. doi: 10.2174/1389201024666230720104516, PMID: 37475551


	 Brown A. M., McCarthy H. E. (2023). The Effect of CoQ10 supplementation on ART treatment and oocyte quality in older women. Hum. Fertil (Camb) 26, 1544–1552. doi: 10.1080/14647273.2023.2194554, PMID: 37102567


	 Bueno M., Calyeca J., Rojas M., Mora A. L. (2020). Mitochondria dysfunction and metabolic reprogramming as drivers of idiopathic pulmonary fibrosis. Redox Biol. 33, 101509. doi: 10.1016/j.redox.2020.101509, PMID: 32234292


	 Cai W. J., Chen Y., Shi L. X., Cheng H. R., Banda I., Ji Y. H., et al. (2019). AKT-GSK3β Signaling pathway regulates mitochondrial dysfunction-associated OPA1 cleavage contributing to osteoblast apoptosis: preventative effects of hydroxytyrosol. Oxid. Med. Cell Longev 2019, 4101738. doi: 10.1155/2019/4101738, PMID: 31281574


	 Cameron A. M., Castoldi A., Sanin D. E., Flachsmann L. J., Field C. S., Puleston D. J., et al. (2019). Inflammatory macrophage dependence on NAD(+) salvage is a consequence of reactive oxygen species-mediated DNA damage. Nat. Immunol. 20, 420–432. doi: 10.1038/s41590-019-0336-y, PMID: 30858618


	 Casili G., Ardizzone A., Lanza M., Gugliandolo E., Portelli M., Militi A., et al. (2020). Treatment with luteolin improves lipopolysaccharide-induced periodontal diseases in rats. Biomedicines 8, 442. doi: 10.3390/biomedicines8100442, PMID: 33096800


	 Chambrone L., Wang H.-L., Romanos G. E. (2018). Antimicrobial photodynamic therapy for the treatment of periodontitis and peri-implantitis: An American Academy of Periodontology best evidence review. J. Periodontology 89, 783–803. doi: 10.1902/jop.2017.170172, PMID: 30133749


	 Chandel N. S. (2014). Mitochondria as signaling organelles. BMC Biol. 12, 34. doi: 10.1186/1741-7007-12-34, PMID: 24884669


	 Chandel N. S., McClintock D. S., Feliciano C. E., Wood T. M., Melendez J. A., Rodriguez A. M., et al. (2000). Reactive Oxygen Species Generated at Mitochondrial Complex III Stabilize Hypoxia-inducible Factor-1α during Hypoxia: A MECHANISM OF O2 SENSING*. J. Biol. Chem. 275, 25130–25138. doi: 10.1074/jbc.M001914200, PMID: 10833514


	 Chang C. R., Blackstone C. (2010). Dynamic regulation of mitochondrial fission through modification of the dynamin-related protein Drp1. Ann. N Y Acad. Sci. 1201, 34–39. doi: 10.1111/j.1749-6632.2010.05629.x, PMID: 20649536


	 Chang Y.-P., Ka S.-M., Hsu W.-H., Chen A., Chao L. K., Lin C.-C., et al. (2015). Resveratrol inhibits NLRP3 inflammasome activation by preserving mitochondrial integrity and augmenting autophagy. J. Cell. Physiol. 230, 1567–1579. doi: 10.1002/jcp.24903, PMID: 25535911


	 Chen Y., Liu W., Wang Y., Zhang L., Wei J., Zhang X., et al. (2017). Casein Kinase 2 Interacting Protein-1 regulates M1 and M2 inflammatory macrophage polarization. Cell. Signalling 33, 107–121. doi: 10.1016/j.cellsig.2017.02.015, PMID: 28212865


	 Chen D., Ye Z., Wang C., Wang Q., Wang H., Kuek V., et al. (2024). Corrigendum to “Arctiin abrogates osteoclastogenesis and bone resorption via suppressing RANKL-induced ROS and NFATc1 activation” [Pharmacol. Res. 159 (2020) 104944. Pharmacol. Res. 209, 107463. doi: 10.1016/j.phrs.2024.107463, PMID: 39448282


	 Cheng Z., Huang S., Tang Q., Zhang D., Huang L. (2025). Vitamin A family suppresses periodontitis by restoring mitochondrial metabolic reprogramming in macrophages through JAK-STAT pathway. Front. Genet. 16. doi: 10.3389/fgene.2025.1505933, PMID: 39935835


	 Cui S., Zhang Z., Cheng C., Tang S., Zhai M., Li L., et al. (2023). Small Extracellular Vesicles from Periodontal Ligament Stem Cells Primed by Lipopolysaccharide Regulate Macrophage M1 Polarization via miR-433-3p Targeting TLR2/TLR4/NF-κB. Inflammation 46, 1849–1858. doi: 10.1007/s10753-023-01845-y, PMID: 37351818


	 Da W., Tao L., Zhu Y. (2021). The role of osteoclast energy metabolism in the occurrence and development of osteoporosis. Front. Endocrinol. (Lausanne) 12. doi: 10.3389/fendo.2021.675385, PMID: 34054735


	 Dahiya P., Kamal R., Gupta R., Bhardwaj R., Chaudhary K., Kaur S. (2013). Reactive oxygen species in periodontitis. J. Indian Soc. Periodontol 17, 411–416. doi: 10.4103/0972-124x.118306, PMID: 24174716


	 Das B. K., Wang L., Fujiwara T., Zhou J., Aykin-Burns N., Krager K. J., et al. (2022). Transferrin receptor 1-mediated iron uptake regulates bone mass in mice via osteoclast mitochondria and cytoskeleton. Elife 11, e73539. doi: 10.7554/eLife.73539, PMID: 35758636


	 Deng Y., Xiao J., Ma L., Wang C., Wang X., Huang X., et al. (2024). Mitochondrial dysfunction in periodontitis and associated systemic diseases: implications for pathomechanisms and therapeutic strategies. Int J Mol Sci 25, 1024. doi: 10.3390/ijms25021024, PMID: 38256098


	 Dubouchaud H., Walter L., Rigoulet M., Batandier C. (2018). Mitochondrial NADH redox potential impacts the reactive oxygen species production of reverse Electron transfer through complex I. J. Bioenerg Biomembr 50, 367–377. doi: 10.1007/s10863-018-9767-7, PMID: 30136168


	 Dumont A., Lee M., Barouillet T., Murphy A., Yvan-Charvet L. (2021). Mitochondria orchestrate macrophage effector functions in atherosclerosis. Mol. Aspects Med. 77, 100922. doi: 10.1016/j.mam.2020.100922, PMID: 33162108


	 Fernando V., Zheng X., Walia Y., Sharma V., Letson J., Furuta S. (2019). S-nitrosylation: an emerging paradigm of redox signaling. Antioxidants (Basel) 8, 404. doi: 10.3390/antiox8090404, PMID: 31533268


	 Fleetwood A. J., Lee M. K. S., Singleton W., Achuthan A., Lee M. C., O’Brien-Simpson N. M., et al. (2017). Metabolic remodeling, inflammasome activation, and pyroptosis in macrophages stimulated by porphyromonas gingivalis and its outer membrane vesicles. Front. Cell Infect. Microbiol. 7. doi: 10.3389/fcimb.2017.00351, PMID: 28824884


	 Foratori-Junior G. A., Le Guennec A., Fidalgo T., Jarvis J., Mosquim V., Buzalaf M. A. R., et al. (2023). Comparison of the metabolic profile between unstimulated and stimulated saliva samples from pregnant women with/without obesity and periodontitis. J. Pers. Med. 13, 1123. doi: 10.3390/jpm13071123, PMID: 37511736


	 Fuhrmann D. C., Wittig I., Brüne B. (2019). TMEM126B deficiency reduces mitochondrial SDH oxidation by LPS, attenuating HIF-1α stabilization and IL-1β expression. Redox Biol. 20, 204–216. doi: 10.1016/j.redox.2018.10.007, PMID: 30368040


	 Ganapathy-Kanniappan S., Geschwind J. F. (2013). Tumor glycolysis as a target for cancer therapy: progress and prospects. Mol. Cancer 12, 152. doi: 10.1186/1476-4598-12-152, PMID: 24298908


	 Giorgi C., Marchi S., Pinton P. (2018). The machineries, regulation and cellular functions of mitochondrial calcium. Nat. Rev. Mol. Cell Biol. 19, 713–730. doi: 10.1038/s41580-018-0052-8, PMID: 30143745


	 Gurbuz E. S., Guney Z., Kurgan S., Balci N., Serdar M. A., Gunhan M. (2024). Oxidative stress and FOXO-1 relationship in stage III periodontitis. Clin. Oral. Investig. 28, 270. doi: 10.1007/s00784-024-05670-x, PMID: 38658396


	 Ha H., Kwak H. B., Lee S. W., Jin H. M., Kim H. M., Kim H. H., et al. (2004). Reactive oxygen species mediate RANK signaling in osteoclasts. Exp. Cell Res. 301, 119–127. doi: 10.1016/j.yexcr.2004.07.035, PMID: 15530848


	 Hall C. J., Boyle R. H., Astin J. W., Flores M. V., Oehlers S. H., Sanderson L. E., et al. (2013). Immunoresponsive gene 1 augments bactericidal activity of macrophage-lineage cells by regulating β-oxidation-dependent mitochondrial ROS production. Cell Metab. 18, 265–278. doi: 10.1016/j.cmet.2013.06.018, PMID: 23931757


	 Han N., Liu Y., Du J., Xu J., Guo L., Liu Y. (2023). Regulation of the host immune microenvironment in periodontitis and periodontal bone remodeling. Int. J. Mol. Sci. 24, 3158. doi: 10.3390/ijms24043158, PMID: 36834569


	 Hargreaves I., Heaton R. A., Mantle D. (2020). Disorders of human coenzyme Q10 metabolism: an overview. Int. J. Mol. Sci. 21, 6695. doi: 10.3390/ijms21186695, PMID: 32933108


	 He X. T., Li X., Zhang M., Tian B. M., Sun L. J., Bi C. S., et al. (2022). Role of molybdenum in material immunomodulation and periodontal wound healing: Targeting immunometabolism and mitochondrial function for macrophage modulation. Biomaterials 283, 121439. doi: 10.1016/j.biomaterials.2022.121439, PMID: 35247634


	 He P., Liu F., Li M., Ren M., Wang X., Deng Y., et al. (2023a). Mitochondrial Calcium Ion Nanogluttons Alleviate Periodontitis via Controlling mPTPs. Adv. Healthc Mater 12, e2203106. doi: 10.1002/adhm.202203106, PMID: 36906927


	 He Y., Wang Y., Jia X., Li Y., Yang Y., Pan L., et al. (2023b). Glycolytic reprogramming controls periodontitis-associated macrophage pyroptosis via AMPK/SIRT1/NF-κB signaling pathway. Int. Immunopharmacol 119, 110192. doi: 10.1016/j.intimp.2023.110192, PMID: 37068341


	 Heide H., Bleier L., Steger M., Ackermann J., Dröse S., Schwamb B., et al. (2012). Complexome profiling identifies TMEM126B as a component of the mitochondrial complex I assembly complex. Cell Metab. 16, 538–549. doi: 10.1016/j.cmet.2012.08.009, PMID: 22982022


	 Herb M., Gluschko A., Wiegmann K., Farid A., Wolf A., Utermöhlen O., et al. (2019). Mitochondrial reactive oxygen species enable proinflammatory signaling through disulfide linkage of NEMO. Sci. Signal 12, eaar5926. doi: 10.1126/scisignal.aar5926, PMID: 30755476


	 Herrera D., Sanz M., Kebschull M., Jepsen S., Sculean A., Berglundh T., et al. (2022). Treatment of stage IV periodontitis: The EFP S3 level clinical practice guideline. J. Clin. Periodontol. 49 Suppl 24, 4–71. doi: 10.1111/jcpe.13639, PMID: 35688447


	 Hu J., Liu T., Fu F., Cui Z., Lai Q., Zhang Y., et al. (2022). Omentin1 ameliorates myocardial ischemia-induced heart failure via SIRT3/FOXO3a-dependent mitochondrial dynamical homeostasis and mitophagy. J. Transl. Med. 20, 447. doi: 10.1186/s12967-022-03642-x, PMID: 36192726


	 Hu X., Wang Z., Wang W., Cui P., Kong C., Chen X., et al. (2024). Irisin as an agent for protecting against osteoporosis: A review of the current mechanisms and pathways. J. Adv. Res. 62, 175–186. doi: 10.1016/j.jare.2023.09.001, PMID: 37669714


	 Hua F., Sun J., Shi M., Mei R., Song Z., Liu J., et al. (2024). Macrophage-derived extracellular vesicles transfer mitochondria to adipocytes and promote adipocyte-myofibroblast transition in epidural fibrosis. NPJ Regener. Med. 9, 43. doi: 10.1038/s41536-024-00388-6, PMID: 39738050


	 Huang X., Deng Y., Xiao J., Wang H., Yang Q., Cao Z. (2024). Genetically engineered M2-like macrophage-derived exosomes for P. gingivalis-suppressed cementum regeneration: From mechanism to therapy. Bioact Mater 32, 473–487. doi: 10.1016/j.bioactmat.2023.10.009, PMID: 37965240


	 Huang P., Li W., Guan J., Jia Y., Wang D., Chen Y., et al. (2025). Synthetic vesicle-based drug delivery systems for oral disease therapy: current applications and future directions. J. Funct. Biomater 16, 25. doi: 10.3390/jfb16010025, PMID: 39852581


	 Huangfu H., Du S., Zhang H., Wang H., Zhang Y., Yang Z., et al. (2023). Facile engineering of resveratrol nanoparticles loaded with 20(S)-protopanaxadiol for the treatment of periodontitis by regulating the macrophage phenotype. Nanoscale 15, 7894–7908. doi: 10.1039/d2nr06452a, PMID: 37060139


	 Huo Y., Yang D., Lai K., Tu J., Zhu Y., Ding W., et al. (2022). Antioxidant effects of resveratrol in intervertebral disk. J. Invest. Surg. 35, 1135–1144. doi: 10.1080/08941939.2021.1988771, PMID: 34670455


	 Hyeon S., Lee H., Yang Y., Jeong W. (2013). Nrf2 deficiency induces oxidative stress and promotes RANKL-induced osteoclast differentiation. Free Radic. Biol. Med. 65, 789–799. doi: 10.1016/j.freeradbiomed.2013.08.005, PMID: 23954472


	 Ikeda E., Tanaka D., Glogauer M., Tenenbaum H. C., Ikeda Y. (2022). Healing effects of monomer and dimer resveratrol in a mouse periodontitis model. BMC Oral. Health 22, 460. doi: 10.1186/s12903-022-02499-2, PMID: 36319994


	 Indo Y., Takeshita S., Ishii K. A., Hoshii T., Aburatani H., Hirao A., et al. (2013). Metabolic regulation of osteoclast differentiation and function. J. Bone Miner Res. 28, 2392–2399. doi: 10.1002/jbmr.1976, PMID: 23661628


	 Ishida K., Nagatake T., Saika A., Kawai S., Node E., Hosomi K., et al. (2023). Induction of unique macrophage subset by simultaneous stimulation with LPS and IL-4. Front. Immunol. 14. doi: 10.3389/fimmu.2023.1111729, PMID: 37180123


	 Ishii K. A., Fumoto T., Iwai K., Takeshita S., Ito M., Shimohata N., et al. (2009). Coordination of PGC-1beta and iron uptake in mitochondrial biogenesis and osteoclast activation. Nat. Med. 15, 259–266. doi: 10.1038/nm.1910, PMID: 19252502


	 Jackson M. V., Morrison T. J., Doherty D. F., McAuley D. F., Matthay M. A., Kissenpfennig A., et al. (2016). Mitochondrial transfer via tunneling nanotubes is an important mechanism by which mesenchymal stem cells enhance macrophage phagocytosis in the in vitro and in vivo models of ARDS. Stem Cells 34, 2210–2223. doi: 10.1002/stem.2372, PMID: 27059413


	 Jang J. S., Hong S. J., Mo S., Kim M. K., Kim Y. G., Lee Y., et al. (2024). PINK1 restrains periodontitis-induced bone loss by preventing osteoclast mitophagy impairment. Redox Biol. 69, 103023. doi: 10.1016/j.redox.2023.103023, PMID: 38181706


	 Jiang K., Li J., Jiang L., Li H., Lei L. (2023a). PINK1-mediated mitophagy reduced inflammatory responses to Porphyromonas gingivalis in macrophages. Oral. Dis. 29, 3665–3676. doi: 10.1111/odi.14286, PMID: 35730318


	 Jiang Y., Liu X., Ye J., Ma Y., Mao J., Feng D., et al. (2023c). Migrasomes, a new mode of intercellular communication. Cell Communication Signaling 21, 105. doi: 10.1186/s12964-023-01121-4, PMID: 37158915


	 Jiang Y., Ren X., Mao J., Zeng J., Jiang W., Zhou R., et al. (2024). 3-methyl-1H-indol-1-yl dimethylcarbamodithioate attenuates periodontitis through targeting MAPK signaling pathway-regulated mitochondrial function. J. Periodontal Res. 59, 783–797. doi: 10.1111/jre.13239, PMID: 38551200


	 Jiang W., Wang Y., Cao Z., Chen Y., Si C., Sun X., et al. (2023b). The role of mitochondrial dysfunction in periodontitis: From mechanisms to therapeutic strategy. J. Periodontal Res. 58, 853–863. doi: 10.1111/jre.13152, PMID: 37332252


	 Jiang Y., Wang Z., Zhang K., Hu Y., Shang D., Jiang L., et al. (2025). Dynamin-related protein 1 orchestrates inflammatory responses in periodontal macrophages via interaction with hexokinase 1. J. Clin. Periodontol 52, 622–36. doi: 10.1111/jcpe.14111, PMID: 39762202


	 Jiang C., Yang W., Wang C., Qin W., Ming J., Zhang M., et al. (2019). Methylene blue-mediated photodynamic therapy induces macrophage apoptosis via ROS and reduces bone resorption in periodontitis. Oxid. Med. Cell Longev 2019, 1529520. doi: 10.1155/2019/1529520, PMID: 31485288


	 Jiao H., Jiang D., Hu X., Du W., Ji L., Yang Y., et al. (2021). Mitocytosis, a migrasome-mediated mitochondrial quality-control process. Cell 184, 2896–2910.e2813. doi: 10.1016/j.cell.2021.04.027, PMID: 34048705


	 Jin Z., Wei W., Yang M., Du Y., Wan Y. (2014). Mitochondrial complex I activity suppresses inflammation and enhances bone resorption by shifting macrophage-osteoclast polarization. Cell Metab. 20, 483–498. doi: 10.1016/j.cmet.2014.07.011, PMID: 25130399


	 Jin J. Y., Wei X. X., Zhi X. L., Wang X. H., Meng D. (2021). Drp1-dependent mitochondrial fission in cardiovascular disease. Acta Pharmacol. Sin. 42, 655–664. doi: 10.1038/s41401-020-00518-y, PMID: 32913266


	 Jin M., Wu X., Hu J., Chen Y., Yang B., Cheng C., et al. (2024). EGFR-MEK1/2 cascade negatively regulates bactericidal function of bone marrow macrophages in mice with Staphylococcus aureus osteomyelitis. PLoS Pathog. 20, e1012437. doi: 10.1371/journal.ppat.1012437, PMID: 39102432


	 Jing Y.-Y., Cai F.-F., Zhang L., Han J., Yang L., Tang F., et al. (2020). Epigenetic regulation of the Warburg effect by H2B monoubiquitination. Cell Death Differentiation 27, 1660–1676. doi: 10.1038/s41418-019-0450-2, PMID: 31685978


	 Kelly B., O’Neill L. A. (2015). Metabolic reprogramming in macrophages and dendritic cells in innate immunity. Cell Res. 25, 771–784. doi: 10.1038/cr.2015.68, PMID: 26045163


	 Kinane D. F., Stathopoulou P. G., Papapanou P. N. (2017). Periodontal diseases. Nat. Rev. Dis. Primers 3, 17038. doi: 10.1038/nrdp.2017.38, PMID: 28805207


	 Kittaka M., Yoshimoto T., Levitan M. E., Urata R., Choi R. B., Teno Y., et al. (2023). Osteocyte RANKL drives bone resorption in mouse ligature-induced periodontitis. J. Bone Miner Res. 38, 1521–1540. doi: 10.1002/jbmr.4897, PMID: 37551879


	 Kırmızıgül Ö A., Sabanci A., Dişli F., Yıldız S., Milward M. R., Aral K. (2024). Evaluation of the role of mitofusin-1 and mitofusin-2 in periodontal disease. J. Periodontol 95, 64–73. doi: 10.1002/jper.23-0072, PMID: 37436713


	 Ko J. H., Yoon S. O., Lee H. J., Oh J. Y. (2017). Rapamycin regulates macrophage activation by inhibiting NLRP3 inflammasome-p38 MAPK-NFκB pathways in autophagy- and p62-dependent manners. Oncotarget 8, 40817–40831. doi: 10.18632/oncotarget.17256, PMID: 28489580


	 Kumar M., Sharma S., Kumar J., Barik S., Mazumder S. (2024). Mitochondrial electron transport chain in macrophage reprogramming: Potential role in antibacterial immune response. Curr. Res. Immunol. 5, 100077. doi: 10.1016/j.crimmu.2024.100077, PMID: 38572399


	 Lampiasi N., Russo R., Kireev I., Strelkova O., Zhironkina O., Zito F. (2021). Osteoclasts differentiation from murine RAW 264.7 cells stimulated by RANKL: timing and behavior. Biol. (Basel) 10, 117. doi: 10.3390/biology10020117, PMID: 33557437


	 Lee N. K., Choi Y. G., Baik J. Y., Han S. Y., Jeong D. W., Bae Y. S., et al. (2005). A crucial role for reactive oxygen species in RANKL-induced osteoclast differentiation. Blood 106, 852–859. doi: 10.1182/blood-2004-09-3662, PMID: 15817678


	 Lei F., Li M., Lin T., Zhou H., Wang F., Su X. (2022). Treatment of inflammatory bone loss in periodontitis by stem cell-derived exosomes. Acta Biomater 141, 333–343. doi: 10.1016/j.actbio.2021.12.035, PMID: 34979326


	 Li T., Du Y., Yao H., Zhao B., Wang Z., Chen R., et al. (2024b). Isobavachin attenuates osteoclastogenesis and periodontitis-induced bone loss by inhibiting cellular iron accumulation and mitochondrial biogenesis. Biochem. Pharmacol. 224, 116202. doi: 10.1016/j.bcp.2024.116202, PMID: 38615917


	 Li F., Liu Y., Dong Y., Chu Y., Song N., Yang D. (2022a). Dynamic assembly of DNA nanostructures in living cells for mitochondrial interference. J. Am. Chem. Soc. 144, 4667–4677. doi: 10.1021/jacs.2c00823, PMID: 35254064


	 Li F., Liu X., Li M., Wu S., Le Y., Tan J., et al. (2024a). Inhibition of PKM2 suppresses osteoclastogenesis and alleviates bone loss in mouse periodontitis. Int. Immunopharmacol 129, 111658. doi: 10.1016/j.intimp.2024.111658, PMID: 38359663


	 Li X., Zhao Y., Peng H., Gu D., Liu C., Ren S., et al. (2022b). Robust intervention for oxidative stress-induced injury in periodontitis via controllably released nanoparticles that regulate the ROS-PINK1-Parkin pathway. Front. Bioeng Biotechnol. 10. doi: 10.3389/fbioe.2022.1081977, PMID: 36588945


	 Liebsch C., Pitchika V., Pink C., Samietz S., Kastenmüller G., Artati A., et al. (2019). The saliva metabolome in association to oral health status. J. Dent. Res. 98, 642–651. doi: 10.1177/0022034519842853, PMID: 31026179


	 Lin H., Chen H., Zhao X., Ding T., Wang Y., Chen Z., et al. (2022). Advances of exosomes in periodontitis treatment. J. Transl. Med. 20, 279. doi: 10.1186/s12967-022-03487-4, PMID: 35729576


	 Lin P., Niimi H., Ohsugi Y., Tsuchiya Y., Shimohira T., Komatsu K., et al. (2021). Application of ligature-induced periodontitis in mice to explore the molecular mechanism of periodontal disease. Int. J. Mol. Sci. 22, 8900. doi: 10.3390/ijms22168900, PMID: 34445604


	 Liu Q., Guo S., Huang Y., Wei X., Liu L., Huo F., et al. (2022a). Inhibition of TRPA1 ameliorates periodontitis by reducing periodontal ligament cell oxidative stress and apoptosis via PERK/eIF2α/ATF-4/CHOP signal pathway. Oxid. Med. Cell Longev 2022, 4107915. doi: 10.1155/2022/4107915, PMID: 35720191


	 Liu X., Guo C., Yang W., Wang W., Diao N., Cao M., et al. (2024b). Composite microneedles loaded with Astragalus membranaceus polysaccharide nanoparticles promote wound healing by curbing the ROS/NF-κB pathway to regulate macrophage polarization. Carbohydr Polym 345, 122574. doi: 10.1016/j.carbpol.2024.122574, PMID: 39227108


	 Liu L., Li Y., Chen G., Chen Q. (2023a). Crosstalk between mitochondrial biogenesis and mitophagy to maintain mitochondrial homeostasis. J. BioMed. Sci. 30, 86. doi: 10.1186/s12929-023-00975-7, PMID: 37821940


	 Liu X., Lyu Y., Yu Y., Wang Z., Sun Y., Li M., et al. (2024c). ApoEVs transfer mitochondrial component to modulate macrophages in periodontal regeneration. Oral. Dis 31, 1290–1306. doi: 10.1111/odi.15181, PMID: 39530336


	 Liu D., Qin H., Gao Y., Sun M., Wang M. (2024a). Cardiovascular disease: Mitochondrial dynamics and mitophagy crosstalk mechanisms with novel programmed cell death and macrophage polarisation. Pharmacol. Res. 206, 107258. doi: 10.1016/j.phrs.2024.107258, PMID: 38909638


	 Liu Z., Sun Y., Qi Z., Cao L., Ding S. (2022b). Mitochondrial transfer/transplantation: an emerging therapeutic approach for multiple diseases. Cell Biosci. 12, 66. doi: 10.1186/s13578-022-00805-7, PMID: 35590379


	 Liu H., Zhu S., Han W., Cai Y., Liu C. (2021). DMEP induces mitochondrial damage regulated by inhibiting Nrf2 and SIRT1/PGC-1α signaling pathways in HepG2 cells. Ecotoxicology Environ. Saf. 221, 112449. doi: 10.1016/j.ecoenv.2021.112449, PMID: 34214916


	 Locati M., Curtale G., Mantovani A. (2020). Diversity, mechanisms, and significance of macrophage plasticity. Annu. Rev. Pathol. 15, 123–147. doi: 10.1146/annurev-pathmechdis-012418-012718, PMID: 31530089


	 Lopez M. A., Passarelli P. C., Marra M., Lopez A., D’Angelo A., Moffa A., et al. (2020). Photodynamic therapy (PDT) in non-surgical treatment of periodontitis. J. Biol. Regul. Homeost Agents 34), 67–78.


	 Luo W., Du C., Huang H., Kong J., Ge Z., Lin L., et al. (2024). The role of macrophage death in periodontitis: A review. Inflammation 47, 1889–1901. doi: 10.1007/s10753-024-02015-4, PMID: 38691250


	 Ma S., He H., Ren X., Chen R., Zhao R., Dong K., et al. (2025). Luteolin ameliorates periodontitis by modulating mitochondrial dynamics and macrophage polarization via the JAK2/STAT3 pathway. Int. Immunopharmacol 144, 113612. doi: 10.1016/j.intimp.2024.113612, PMID: 39579538


	 Ma S., Yang B., Du Y., Lv Y., Liu J., Shi Y., et al. (2023). 1,8-cineole ameliorates colon injury by downregulating macrophage M1 polarization via inhibiting the HSP90-NLRP3-SGT1 complex. J. Pharm. Anal. 13, 984–998. doi: 10.1016/j.jpha.2023.07.001, PMID: 37842654


	 Marchi S., Patergnani S., Missiroli S., Morciano G., Rimessi A., Wieckowski M. R., et al. (2018). Mitochondrial and endoplasmic reticulum calcium homeostasis and cell death. Cell Calcium 69, 62–72. doi: 10.1016/j.ceca.2017.05.003, PMID: 28515000


	 Marques-Carvalho A., Silva B., Pereira F. B., Kim H. N., Almeida M., Sardão V. A. (2024). Oestradiol and osteoclast differentiation: Effects on p53 and mitochondrial metabolism. Eur. J. Clin. Invest. 54, e14195. doi: 10.1111/eci.14195, PMID: 38519718


	 Martinez F. O., Sica A., Mantovani A., Locati M. (2008). Macrophage activation and polarization. Front. Biosci. 13, 453–461. doi: 10.2741/2692, PMID: 17981560


	 Mi N., Zhang M., Ying Z., Lin X., Jin Y. (2024). Vitamin intake and periodontal disease: a meta-analysis of observational studies. BMC Oral. Health 24, 117. doi: 10.1186/s12903-024-03850-5, PMID: 38245765


	 Michalska B., Duszyński J., Szymański J. (2016). Mechanism of mitochondrial fission - structure and function of Drp1 protein. Postepy Biochem. 62, 127–137.


	 Mills E. L., Kelly B., Logan A., Costa A. S. H., Varma M., Bryant C. E., et al. (2016). Succinate dehydrogenase supports metabolic repurposing of mitochondria to drive inflammatory macrophages. Cell 167, 457–470.e413. doi: 10.1016/j.cell.2016.08.064, PMID: 27667687


	 Misrani A., Tabassum S., Yang L. (2021). Mitochondrial dysfunction and oxidative stress in alzheimer’s disease. Front. Aging Neurosci. 13. doi: 10.3389/fnagi.2021.617588, PMID: 33679375


	 Mitra D. K., Chavan R. R., Prithyani S. S., Kandawalla S. A., Shah R. A., Rodrigues S. V. (2022). Comparative evaluation of the levels of nod-like receptor family pyrin domain-containing protein (NLRP) 3 in saliva of subjects with chronic periodontitis and healthy controls. J. Indian Soc. Periodontol 26, 230–235. doi: 10.4103/jisp.jisp_5_21, PMID: 35602535


	 Montava-Garriga L., Ganley I. G. (2020). Outstanding questions in mitophagy: what we do and do not know. J. Mol. Biol. 432, 206–230. doi: 10.1016/j.jmb.2019.06.032, PMID: 31299243


	 Moon H. J., Ko W. K., Jung M. S., Kim J. H., Lee W. J., Park K. S., et al. (2013). Coenzyme q10 regulates osteoclast and osteoblast differentiation. J. Food Sci. 78, H785–H891. doi: 10.1111/1750-3841.12116, PMID: 23582186


	 Morten K. J., Badder L., Knowles H. J. (2013). Differential regulation of HIF-mediated pathways increases mitochondrial metabolism and ATP production in hypoxic osteoclasts. J. Pathol. 229, 755–764. doi: 10.1002/path.4159, PMID: 23303559


	 Moulin C., Caumont-Sarcos A., Ieva R. (2019). Mitochondrial presequence import: Multiple regulatory knobs fine-tune mitochondrial biogenesis and homeostasis. Biochim. Biophys. Acta Mol. Cell Res. 1866, 930–944. doi: 10.1016/j.bbamcr.2019.02.012, PMID: 30802482


	 Napa K., Baeder A. C., Witt J. E., Rayburn S. T., Miller M. G., Dallon B. W., et al. (2017). LPS from P. gingivalis negatively alters gingival cell mitochondrial bioenergetics. Int. J. Dent. 2017, 2697210. doi: 10.1155/2017/2697210, PMID: 28592970


	 Nativel B., Couret D., Giraud P., Meilhac O., d’Hellencourt C. L., Viranaïcken W., et al. (2017). Porphyromonas gingivalis lipopolysaccharides act exclusively through TLR4 with a resilience between mouse and human. Sci. Rep. 7, 15789. doi: 10.1038/s41598-017-16190-y, PMID: 29150625


	 Nishikawa K., Takegami H., Sesaki H. (2022). Opa1-mediated mitochondrial dynamics is important for osteoclast differentiation. MicroPubl Biol. 2022, 000650. doi: 10.17912/micropub.biology.000650, PMID: 36320616


	 O’Neill L. A., Kishton R. J., Rathmell J. (2016). A guide to immunometabolism for immunologists. Nat. Rev. Immunol. 16, 553–565. doi: 10.1038/nri.2016.70, PMID: 27396447


	 O’Neill L. A., Pearce E. J. (2016). Immunometabolism governs dendritic cell and macrophage function. J. Exp. Med. 213, 15–23. doi: 10.1084/jem.20151570, PMID: 26694970


	 Ojha R., Tantray I., Rimal S., Mitra S., Cheshier S., Lu B. (2022). Regulation of reverse electron transfer at mitochondrial complex I by unconventional Notch action in cancer stem cells. Dev. Cell 57, 260–276.e269. doi: 10.1016/j.devcel.2021.12.020, PMID: 35077680


	 Önder C., Kurgan Ş., Altıngöz S. M., Bağış N., Uyanık M., Serdar M. A., et al. (2017). Impact of non-surgical periodontal therapy on saliva and serum levels of markers of oxidative stress. Clin. Oral. Investig. 21, 1961–1969. doi: 10.1007/s00784-016-1984-z, PMID: 27807715


	 Onishi M., Yamano K., Sato M., Matsuda N., Okamoto K. (2021). Molecular mechanisms and physiological functions of mitophagy. EMBO J. 40, e104705. doi: 10.15252/embj.2020104705, PMID: 33438778


	 Orekhov A. N., Nikiforov N. N., Ivanova E. A., SoBenin I. A. (2020). Possible role of mitochondrial DNA mutations in chronification of inflammation: focus on atherosclerosis. J. Clin. Med. 9, 978. doi: 10.3390/jcm9040978, PMID: 32244740


	 Paik S., Kim J. K., Silwal P., Sasakawa C., Jo E. K. (2021). An update on the regulatory mechanisms of NLRP3 inflammasome activation. Cell Mol. Immunol. 18, 1141–1160. doi: 10.1038/s41423-021-00670-3, PMID: 33850310


	 Palikaras K., Lionaki E., Tavernarakis N. (2018). Mechanisms of mitophagy in cellular homeostasis, physiology and pathology. Nat. Cell Biol. 20, 1013–1022. doi: 10.1038/s41556-018-0176-2, PMID: 30154567


	 Pan W., Zhou G., Hu M., Li G., Zhang M., Yang H., et al. (2024). Coenzyme Q10 mitigates macrophage mediated inflammation in heart following myocardial infarction via the NLRP3/IL1β pathway. BMC Cardiovasc. Disord. 24, 76. doi: 10.1186/s12872-024-03729-x, PMID: 38281937


	 Park-Min K. H. (2019). Metabolic reprogramming in osteoclasts. Semin. Immunopathol. 41, 565–572. doi: 10.1007/s00281-019-00757-0, PMID: 31552471


	 Patoli D., Mignotte F., Deckert V., Dusuel A., Dumont A., Rieu A., et al. (2020). Inhibition of mitophagy drives macrophage activation and antibacterial defense during sepsis. J. Clin. Invest. 130, 5858–5874. doi: 10.1172/jci130996, PMID: 32759503


	 Phinney D. G., Di Giuseppe M., Njah J., Sala E., Shiva S., St Croix C. M., et al. (2015). Mesenchymal stem cells use extracellular vesicles to outsource mitophagy and shuttle microRNAs. Nat. Commun. 6, 8472. doi: 10.1038/ncomms9472, PMID: 26442449


	 Popov L. D. (2020). Mitochondrial biogenesis: An update. J. Cell Mol. Med. 24, 4892–4899. doi: 10.1111/jcmm.15194, PMID: 32279443


	 Pospíšil P., Prasad A., Rác M. (2019). Mechanism of the formation of electronically excited species by oxidative metabolic processes: role of reactive oxygen species. Biomolecules 9, 258. doi: 10.3390/biom9070258, PMID: 31284470


	 Prakash S., Sunitha J., Hans M. (2010). Role of coenzyme Q(10) as an antioxidant and bioenergizer in periodontal diseases. Indian J. Pharmacol. 42, 334–337. doi: 10.4103/0253-7613.71884, PMID: 21189900


	 Qi H., Li Z. C., Wang S. M., Wu L., Xu F., Liu Z. L., et al. (2021). Tristability in mitochondrial permeability transition pore opening. Chaos 31, 123108. doi: 10.1063/5.0065400, PMID: 34972328


	 Ray K. K., Nicholls S. J., Buhr K. A., Ginsberg H. N., Johansson J. O., Kalantar-Zadeh K., et al. (2020). Effect of apabetalone added to standard therapy on major adverse cardiovascular events in patients with recent acute coronary syndrome and type 2 diabetes: A randomized clinical trial. Jama 323, 1565–1573. doi: 10.1001/jama.2020.3308, PMID: 32219359


	 Ren J.-D., Wu X.-B., Jiang R., Hao D.-P., Liu Y. (2016). Molecular hydrogen inhibits lipopolysaccharide-triggered NLRP3 inflammasome activation in macrophages by targeting the mitochondrial reactive oxygen species. Biochim. Biophys. Acta (BBA) - Mol. Cell Res. 1863, 50–55. doi: 10.1016/j.bbamcr.2015.10.012, PMID: 26488087


	 Ribeiro M. S. P., Venturini L. G. R., Speck-Hernandez C. A., Alabarse P. V. G., Xavier T., Taira T. M., et al. (2023). AMPKα1 negatively regulates osteoclastogenesis and mitigates pathological bone loss. J. Biol. Chem. 299, 105379. doi: 10.1016/j.jbc.2023.105379, PMID: 37871745


	 Rizzuto R., De Stefani D., Raffaello A., Mammucari C. (2012). Mitochondria as sensors and regulators of calcium signalling. Nat. Rev. Mol. Cell Biol. 13, 566–578. doi: 10.1038/nrm3412, PMID: 22850819


	 Rodríguez-Prados J. C., Través P. G., Cuenca J., Rico D., Aragonés J., Martín-Sanz P., et al. (2010). Substrate fate in activated macrophages: a comparison between innate, classic, and alternative activation. J. Immunol. 185(1), 605–614. doi: 10.4049/jimmunol.0901698, PMID: 20498354


	 Sczepanik F. S. C., Grossi M. L., Casati M., Goldberg M., Glogauer M., Fine N., et al. (2020). Periodontitis is an inflammatory disease of oxidative stress: We should treat it that way. Periodontol 2000 84, 45–68. doi: 10.1111/prd.12342, PMID: 32844417


	 Shaheen M. A., Elmeadawy S. H., Bazeed F. B., Anees M. M., Saleh N. M. (2020). Innovative coenzyme Q(10)-loaded nanoformulation as an adjunct approach for the management of moderate periodontitis: preparation, evaluation, and clinical study. Drug Delivery Transl. Res. 10, 548–564. doi: 10.1007/s13346-019-00698-z, PMID: 31953677


	 Sharma V., Gupta R., Dahiya P., Kumar M. (2016). Comparative evaluation of coenzyme Q(10)-based gel and 0.8% hyaluronic acid gel in treatment of chronic periodontitis. J. Indian Soc. Periodontol 20, 374–380. doi: 10.4103/0972-124x.183097, PMID: 28298817


	 Shi L., Ji Y., Zhao S., Li H., Jiang Y., Mao J., et al. (2021b). Crosstalk between reactive oxygen species and Dynamin-related protein 1 in periodontitis. Free Radic. Biol. Med. 172, 19–32. doi: 10.1016/j.freeradbiomed.2021.05.031, PMID: 34052344


	 Shi J., Zhang Y., Zhang X., Chen R., Wei J., Hou J., et al. (2021a). Remodeling immune microenvironment in periodontitis using resveratrol liposomes as an antibiotic-free therapeutic strategy. J. Nanobiotechnology 19, 429. doi: 10.1186/s12951-021-01175-x, PMID: 34930286


	 Sima C., Viniegra A., Glogauer M. (2019). Macrophage immunomodulation in chronic osteolytic diseases-the case of periodontitis. J. Leukoc. Biol. 105, 473–487. doi: 10.1002/jlb.1ru0818-310r, PMID: 30452781


	 Sloniak M. C., Lepique A. P., Nakao L. Y. S., Villar C. C. (2023). Alterations in macrophage polarization play a key role in control and development of periodontal diseases. J. Indian Soc. Periodontol 27, 578–582. doi: 10.4103/jisp.jisp_75_23, PMID: 38434507


	 Soliman Wadan A. H., Abdelsattar Ahmed M., Hussein Ahmed A., El-Sayed Ellakwa D., Hamed Elmoghazy N., Gawish A. (2024). The interplay of mitochondrial dysfunction in oral diseases: recent updates in pathogenesis and therapeutic implications. Mitochondrion 78, 101942. doi: 10.1016/j.mito.2024.101942, PMID: 39111357


	 Soni S., Agarwal P., Sharma N., Chander S. (2012). Coenzyme Q10 and periodontal health”- A review. Int J. Oral. Maxillofac. Pathol. 3, 21–26.


	 Soufi F. G., Sheervalilou R., Vardiani M., Khalili M., Alipour M. R. (2012). Chronic resveratrol administration has beneficial effects in experimental model of type 2 diabetic rats. Endocr. Regul. 46, 83–90. doi: 10.4149/endo_2012_02_83, PMID: 22540856


	 Sousa J. S., D’Imprima E., Vonck J. (2018). Mitochondrial respiratory chain complexes. Subcell Biochem. 87, 167–227. doi: 10.1007/978-981-10-7757-9_7, PMID: 29464561


	 Srinivasan S., Avadhani N. G. (2007). Hypoxia-mediated mitochondrial stress in RAW264.7 cells induces osteoclast-like TRAP-positive cells. Ann. N Y Acad. Sci. 1117, 51–61. doi: 10.1196/annals.1402.067, PMID: 18056037


	 Srinivasan S., Avadhani N. G. (2012). Cytochrome c oxidase dysfunction in oxidative stress. Free Radic. Biol. Med. 53, 1252–1263. doi: 10.1016/j.freeradbiomed.2012.07.021, PMID: 22841758


	 Srinivasan S., Koenigstein A., Joseph J., Sun L., Kalyanaraman B., Zaidi M., et al. (2010). Role of mitochondrial reactive oxygen species in osteoclast differentiation. Ann. N Y Acad. Sci. 1192, 245–252. doi: 10.1111/j.1749-6632.2009.05377.x, PMID: 20392243


	 Starkov A. A. (2008). The role of mitochondria in reactive oxygen species metabolism and signaling. Ann. N Y Acad. Sci. 1147, 37–52. doi: 10.1196/annals.1427.015, PMID: 19076429


	 St-Pierre J., Drori S., Uldry M., Silvaggi J. M., Rhee J., Jäger S., et al. (2006). Suppression of reactive oxygen species and neurodegeneration by the PGC-1 transcriptional coactivators. Cell 127, 397–408. doi: 10.1016/j.cell.2006.09.024, PMID: 17055439


	 Sun X., Gao J., Meng X., Lu X., Zhang L., Chen R. (2021). Polarized macrophages in periodontitis: characteristics, function, and molecular signaling. Front. Immunol. 12. doi: 10.3389/fimmu.2021.763334, PMID: 34950140


	 Sun X., Mao Y., Dai P., Li X., Gu W., Wang H., et al. (2017). Mitochondrial dysfunction is involved in the aggravation of periodontitis by diabetes. J. Clin. periodontology 44, 463–471. doi: 10.1111/jcpe.12711, PMID: 28207937


	 Takayanagi H. (2007). Osteoimmunology: shared mechanisms and crosstalk between the immune and bone systems. Nat. Rev. Immunol. 7, 292–304. doi: 10.1038/nri2062, PMID: 17380158


	 Tang Y., Zhang J., Hu Z., Xu W., Xu P., Ma Y., et al. (2023). PRKAA1 induces aberrant mitophagy in a PINK1/Parkin-dependent manner, contributing to fluoride-induced developmental neurotoxicity. Ecotoxicol Environ. Saf. 255, 114772. doi: 10.1016/j.ecoenv.2023.114772, PMID: 36924562


	 Tannahill G. M., Curtis A. M., Adamik J., Palsson-McDermott E. M., McGettrick A. F., Goel G., et al. (2013a). Succinate is an inflammatory signal that induces IL-1β through HIF-1α. Nature 496, 238–242. doi: 10.1038/nature11986, PMID: 23535595


	 Teles F., Collman R. G., Mominkhan D., Wang Y. (2022). Viruses, periodontitis, and comorbidities. Periodontol 2000 89, 190–206. doi: 10.1111/prd.12435, PMID: 35244970


	 Toyama E. Q., Herzig S., Courchet J., Lewis T. L. Jr., Losón O. C., Hellberg K., et al. (2016). Metabolism. AMP-activated protein kinase mediates mitochondrial fission in response to energy stress. Science 351, 275–281. doi: 10.1126/science.aab4138, PMID: 26816379


	 van Niel G., Carter D. R. F., Clayton A., Lambert D. W., Raposo G., Vader P. (2022). Challenges and directions in studying cell-cell communication by extracellular vesicles. Nat. Rev. Mol. Cell Biol. 23, 369–382. doi: 10.1038/s41580-022-00460-3, PMID: 35260831


	 Vásquez-Trincado C., García-Carvajal I., Pennanen C., Parra V., Hill J. A., Rothermel B. A., et al. (2016). Mitochondrial dynamics, mitophagy and cardiovascular disease. J. Physiol. 594, 509–525. doi: 10.1113/jp271301, PMID: 26537557


	 Vogel R. O., Janssen R. J., van den Brand M. A., Dieteren C. E., Verkaart S., Koopman W. J., et al. (2007). Cytosolic signaling protein Ecsit also localizes to mitochondria where it interacts with chaperone NDUFAF1 and functions in complex I assembly. Genes Dev. 21, 615–624. doi: 10.1101/gad.408407, PMID: 17344420


	 Wang S., Cao M., Xu S., Shi J., Mao X., Yao X., et al. (2020b). Luteolin alters macrophage polarization to inhibit inflammation. Inflammation 43, 95–108. doi: 10.1007/s10753-019-01099-7, PMID: 31673976


	 Wang J., Chen Y., Yuan H., Zhang X., Febbraio M., Pan Y., et al. (2024). Mitochondrial biogenesis disorder and oxidative damage promote refractory apical periodontitis in rat and human. Int. Endod. J. 57, 1326–1342. doi: 10.1111/iej.14106, PMID: 38881187


	 Wang Y., Dai X., Li H., Jiang H., Zhou J., Zhang S., et al. (2023a). The role of mitochondrial dynamics in disease. MedComm (2020) 4, e462. doi: 10.1002/mco2.462, PMID: 38156294


	 Wang Z., Feng X., Zhang G., Li H., Zhou F., Xie Y., et al. (2023b). Artesunate ameliorates ligature-induced periodontitis by attenuating NLRP3 inflammasome-mediated osteoclastogenesis and enhancing osteogenic differentiation. Int. Immunopharmacol 123, 110749. doi: 10.1016/j.intimp.2023.110749, PMID: 37531830


	 Wang Y., Li N., Zhang X., Horng T. (2021). Mitochondrial metabolism regulates macrophage biology. J. Biol. Chem. 297, 100904. doi: 10.1016/j.jbc.2021.100904, PMID: 34157289


	 Wang J., Wang B., Lv X., Wang Y. (2020a). Halofuginone functions as a therapeutic drug for chronic periodontitis in a mouse model. Int. J. Immunopathol. Pharmacol. 34, 2058738420974893. doi: 10.1177/2058738420974893, PMID: 33259259


	 Wang H., Wang X., Ma L., Huang X., Peng Y., Huang H., et al. (2022). PGC-1 alpha regulates mitochondrial biogenesis to ameliorate hypoxia-inhibited cementoblast mineralization. Ann. N Y Acad. Sci. 1516, 300–311. doi: 10.1111/nyas.14872, PMID: 35917205


	 Wei W., Wang X., Yang M., Smith L. C., Dechow P. C., Sonoda J., et al. (2010). PGC1beta mediates PPARgamma activation of osteoclastogenesis and rosiglitazone-induced bone loss. Cell Metab. 11, 503–516. doi: 10.1016/j.cmet.2010.04.015, PMID: 20519122


	 West A. P., Brodsky I. E., Rahner C., Woo D. K., Erdjument-Bromage H., Tempst P., et al. (2011). TLR signalling augments macrophage bactericidal activity through mitochondrial ROS. Nature 472, 476–480. doi: 10.1038/nature09973, PMID: 21525932


	 Wu M., Huang Z., Akuetteh P. D. P., Huang Y., Pan J. (2024). Eriocitrin prevents Sepsis-induced acute kidney injury through anti-inflammation and anti-oxidation via modulating Nrf2/DRP1/OPA1 signaling pathway. Biochim. Biophys. Acta Gen. Subj 1868, 130628. doi: 10.1016/j.bbagen.2024.130628, PMID: 38642815


	 Xia M., Ding J., Wu S., Yan Z., Wang L., Dong M., et al. (2024). Milk-derived small extracellular vesicles inhibit the MAPK signaling pathway through CD36 in chronic apical periodontitis. Int. J. Biol. Macromol 274, 133422. doi: 10.1016/j.ijbiomac.2024.133422, PMID: 38925187


	 Xia L., Oyang L., Lin J., Tan S., Han Y., Wu N., et al. (2021). The cancer metabolic reprogramming and immune response. Mol. Cancer 20, 28. doi: 10.1186/s12943-021-01316-8, PMID: 33546704


	 Xian H., Watari K., Sanchez-Lopez E., Offenberger J., Onyuru J., Sampath H., et al. (2022). Oxidized DNA fragments exit mitochondria via mPTP- and VDAC-dependent channels to activate NLRP3 inflammasome and interferon signaling. Immunity 55, 1370–1385.e1378. doi: 10.1016/j.immuni.2022.06.007, PMID: 35835107


	 Xing L., Xiu Y., Boyce B. F. (2012). Osteoclast fusion and regulation by RANKL-dependent and independent factors. World J. Orthop 3, 212–222. doi: 10.5312/wjo.v3.i12.212, PMID: 23362465


	 Yan Q., Shi S., Ge Y., Wan S., Li M., Li M. (2023). Nanoparticles of cerium-doped zeolitic imidazolate framework-8 promote soft tissue integration by reprogramming the metabolic pathways of macrophages. ACS Biomater Sci. Eng. 9, 4241–4254. doi: 10.1021/acsbiomaterials.3c00508, PMID: 37290028


	 Yan J., Yang T., Ma S., Li D., Hu C., Tan J. (2025). Macrophage-derived mitochondria-rich extracellular vesicles aggravate bone loss in periodontitis by disrupting the mitochondrial dynamics of BMSCs. J. Nanobiotechnology 23, 208. doi: 10.1186/s12951-025-03178-4, PMID: 40075447


	 Yang B., Pang X., Li Z., Chen Z., Wang Y. (2021). Immunomodulation in the treatment of periodontitis: progress and perspectives. Front. Immunol. 12. doi: 10.3389/fimmu.2021.781378, PMID: 34868054


	 Yang L., Tao W., Xie C., Chen Q., Zhao Y., Zhang L., et al. (2024). Interleukin-37 ameliorates periodontitis development by inhibiting NLRP3 inflammasome activation and modulating M1/M2 macrophage polarization. J. Periodontal Res. 59, 128–139. doi: 10.1111/jre.13196, PMID: 37947055


	 Yang D., Wan Y. (2019). Molecular determinants for the polarization of macrophage and osteoclast. Semin. Immunopathol. 41, 551–563. doi: 10.1007/s00281-019-00754-3, PMID: 31506868


	 Yang S., Zhang Y., Ries W., Key L. (2004). Expression of nox4 in osteoclasts. J. Cell. Biochem. 92, 238–248. doi: 10.1002/jcb.20048, PMID: 15108351


	 Yang J., Zhu Y., Duan D., Wang P., Xin Y., Bai L., et al. (2018). Enhanced activity of macrophage M1/M2 phenotypes in periodontitis. Arch. Oral. Biol. 96, 234–242. doi: 10.1016/j.archoralbio.2017.03.006, PMID: 28351517


	 Yao Y., Cai X., Ren F., Ye Y., Wang F., Zheng C., et al. (2021). The macrophage-osteoclast axis in osteoimmunity and osteo-related diseases. Front Immunol 12, 664871. doi: 10.3389/fimmu.2021.664871, PMID: 33868316


	 Yu W., Wang X., Zhao J., Liu R., Liu J., Wang Z., et al. (2020). Stat2-Drp1 mediated mitochondrial mass increase is necessary for pro-inflammatory differentiation of macrophages. Redox Biol. 37, 101761. doi: 10.1016/j.redox.2020.101761, PMID: 33080440


	 Zeng R., Faccio R., Novack D. V. (2015). Alternative NF-κB regulates RANKL-induced osteoclast differentiation and mitochondrial biogenesis via independent mechanisms. J. Bone Miner Res. 30, 2287–2299. doi: 10.1002/jbmr.2584, PMID: 26094846


	 Zhang Y., Guo W., Bi M., Liu W., Zhou L., Liu H., et al. (2022a). Migrasomes: from biogenesis, release, uptake, rupture to homeostasis and diseases. Oxid. Med. Cell Longev 2022, 4525778. doi: 10.1155/2022/4525778, PMID: 35464764


	 Zhang J., Hu W., Ding C., Yao G., Zhao H., Wu S. (2019). Deferoxamine inhibits iron-uptake stimulated osteoclast differentiation by suppressing electron transport chain and MAPKs signaling. Toxicol. Lett. 313, 50–59. doi: 10.1016/j.toxlet.2019.06.007, PMID: 31238089


	 Zhang X., Jiang Y., Mao J., Ren X., Ji Y., Mao Y., et al. (2021). Hydroxytyrosol prevents periodontitis-induced bone loss by regulating mitochondrial function and mitogen-activated protein kinase signaling of bone cells. Free Radical Biol. Med. 176, 298–311. doi: 10.1016/j.freeradbiomed.2021.09.027, PMID: 34610362


	 Zhang J., Liu X., Wan C., Liu Y., Wang Y., Meng C., et al. (2020). NLRP3 inflammasome mediates M1 macrophage polarization and IL-1β production in inflammatory root resorption. J. Clin. Periodontol 47, 451–460. doi: 10.1111/jcpe.13258, PMID: 31976565


	 Zhang Y., Shi J., Zhu J., Ding X., Wei J., Jiang X., et al. (2024). Immunometabolic rewiring in macrophages for periodontitis treatment via nanoquercetin-mediated leverage of glycolysis and OXPHOS. Acta Pharm. Sin. B 14, 5026–5036. doi: 10.1016/j.apsb.2024.07.008, PMID: 39664434


	 Zhang Y., Zhang S., Li B., Luo Y., Gong Y., Jin X., et al. (2022b). Gut microbiota dysbiosis promotes age-related atrial fibrillation by lipopolysaccharide and glucose-induced activation of NLRP3-inflammasome. Cardiovasc. Res. 118, 785–797. doi: 10.1093/cvr/cvab114, PMID: 33757127


	 Zhao Y., Hu Y., Wang Y., Qian H., Zhu C., Dong H., et al. (2025). Cardiac fibroblast-derived mitochondria-enriched sEVs regulate tissue inflammation and ventricular remodeling post-myocardial infarction through NLRP3 pathway. Pharmacol. Res. 214, 107676. doi: 10.1016/j.phrs.2025.107676, PMID: 40015386


	 Zhong Z., Liang S., Sanchez-Lopez E., He F., Shalapour S., Lin X.-J., et al. (2018). New mitochondrial DNA synthesis enables NLRP3 inflammasome activation. Nature 560, 198–203. doi: 10.1038/s41586-018-0372-z, PMID: 30046112


	 Zhou H., Qi Y. X., Cao R. Y., Zhang X. X., Li A., Pei D. D. (2024). Causal relationship between mitochondrial biological function and periodontitis: evidence from a mendelian randomization study. Int. J. Mol. Sci. 25, 7955. doi: 10.3390/ijms25147955, PMID: 39063197


	 Zhou Q., Zhang Y., Lu L., Zhang H., Zhao C., Pu Y., et al. (2022). Copper induces microglia-mediated neuroinflammation through ROS/NF-κB pathway and mitophagy disorder. Food Chem. Toxicol. 168, 113369. doi: 10.1016/j.fct.2022.113369, PMID: 35985369


	 Zhu Y., Qiao S., Pang Y., Wang H., Zhou Y. (2024). Deferoxamine treatment effectively prevents periodontitis progression by reducing inflammation and osteoclastogenesis in experimental periodontitis rats. J. Inflammation Res. 17, 9637–9650. doi: 10.2147/jir.S490823, PMID: 39618936


	 Zhu L., Wang Z., Sun X., Yu J., Li T., Zhao H., et al. (2023). STAT3/mitophagy axis coordinates macrophage NLRP3 inflammasome activation and inflammatory bone loss. J. Bone Miner Res. 38, 335–353. doi: 10.1002/jbmr.4756, PMID: 36502520


	 Zhu Y., Yang Y., Lan Y., Yang Z., Gao X., Zhou J. (2025). The role of PKM2-mediated metabolic reprogramming in the osteogenic differentiation of BMSCs under diabetic periodontitis conditions. Stem Cell Res. Ther. 16, 186. doi: 10.1186/s13287-025-04301-w, PMID: 40251642


	 Zimmermann A., Madeo F., Diwan A., Sadoshima J., Sedej S., Kroemer G., et al. (2024). Metabolic control of mitophagy. Eur. J. Clin. Invest. 54, e14138. doi: 10.1111/eci.14138, PMID: 38041247


	 Zorova L. D., Popkov V. A., Plotnikov E. Y., Silachev D. N., Pevzner I. B., Jankauskas S. S., et al. (2018). Mitochondrial membrane potential. Analytical Biochem. 552, 50–59. doi: 10.1016/j.ab.2017.07.009, PMID: 28711444







Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2025 Jia, Li, Huang, Wang and Yang. 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/fcimb-15-1634909-g005.jpg
IL-ip O O 118

T

NLRP3
mﬂammasome HIF-1a
] MAPK

%/





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

Mechanisms and therapeutic perspectives
of mitochondrial dysfunction of
macrophages in periodontitis





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fcimb-15-1634909-g002.jpg





OEBPS/Images/fcimb-15-1634909-g004.jpg
biogenesis

glycolysis

\ mitochondrial
TLDHl






OEBPS/Images/fcimb-15-1634909-g003.jpg
M?2 macrophage M1 macrophage

Oxaloacetate” 4 Lipid Oxaloacetate y Lipid

Citrate —» p |trate e :
f TCA ) synthesis synthesis

cycle

Succinyl-CoA Succinyl- CoA

'\_/a-KG <4—— Glutamine a—KG <4—— Glutamine

POB0000000 VOO0 VBEOS POCOHOOO600 POHOOHOS {1111 ]
- ATP
synthase
LI T-17 LT 1)
NADH NAD* Succinate Fumarate . NADH NAD* Succinate Fumarate .
pipt izl [zu +1/20:+ —H;O]xz Tan e [ZH +1/20:+ —H;O]xz
ADP ATP ADP ATP

T T
Electron Transport Chain Electron Transport Chain





OEBPS/Images/fcimb-15-1634909-g001.jpg
Healthy periodontal tissue Periodontitis

TNFa ‘
iNOS
IL-18 0

M1 macrophages

Arg-1
TGF-B
IL-10

M2 macrophages

M2 macrophages

RANKL

e
Osteoclast |
(oc)

Bone . Bone Bone  Bone
formation =7 resorption formation resorption





