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Rheumatoid arthritis is an autoimmune disease characterized by chronic symmetric synovial inflammation and erosive bone destruction. Mitochondria are the main site of cellular energy supply and play a key role in the process of energy metabolism. They possess certain self-regulatory and repair capabilities. Mitochondria maintain relative stability in number, morphology, and spatial structure through biological processes, such as biogenesis, fission, fusion, and autophagy, which are collectively called mitochondrial homeostasis. An imbalance in the mitochondrial homeostatic environment will affect immune cell energy metabolism, synovial cell proliferation, apoptosis, and inflammatory signaling. These biological processes are involved in the onset and development of rheumatoid arthritis. In this review, we found that in rheumatoid arthritis, abnormal mitochondrial homeostasis can mediate various immune cell metabolic disorders, and the reprogramming of immune cell metabolism is closely related to their inflammatory activation. In turn, mitochondrial damage and homeostatic imbalance can lead to mtDNA leakage and increased mtROS production. mtDNA and mtROS are active substances mediating multiple inflammatory pathways. Several rheumatoid arthritis therapeutic agents regulate mitochondrial homeostasis and repair mitochondrial damage. Therefore, modulation of mitochondrial homeostasis would be one of the most attractive targets for the treatment of rheumatoid arthritis.
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Introduction

Rheumatoid arthritis (RA) is an autoimmune disease characterized by chronic symmetric synovial inflammation and erosive bone destruction. It mainly involves small joints of the limbs and results in painful swelling, stiffness, and even deformity of the joints, as well as cardiovascular, interstitial lung, connective tissue, and other systemic lesions (1). The global prevalence of RA is ~0.5–1.0%, and the incidence is twice as high in women as in men. The age of onset differs at various stages, but it most commonly occurs around the age of 50 years. RA remains incurable, with a disability rate of 61.3%, due to destruction of articular cartilage, bone, and joint capsule, which is why it is called “the cancer that never dies.” It increases the burden on patients' mental health, family, and social economy (2, 3). Current studies have shown that abnormal energy metabolism, RA-FLS (fibroblastic synovial cells) pathological behavior, and joint inflammatory response environment are the key factors that mediate RA (4). FLS is the main cell that constitutes synovial tissue. It is highly invasive upon abnormal activation, which can mediate inflammation and joint destruction, while the inflammatory micro-environment is highly activated by the RA-FLS glycolytic pathway and altered metabolism of key macromolecules, such as amino acids, glucose, and lipids. These changes in energy metabolism are involved in abnormal FLS activation and synovial inflammation (5). The increase in glycolytic and amino acid metabolites is followed by a disturbance in primitive T cell metabolism, enhanced activity of the pentose phosphate pathway, and a decrease in intracellular reactive oxygen species (ROS) levels, which promotes Th1 and Th17 differentiation, glucose uptake, and increased glycolytic flux to provide FLS cells with the required energy (6). The current clinical treatment of RA mostly uses the combination of non-steroidal anti-inflammatory drugs (NSAIDs) and disease-modifying anti-rheumatic drugs (DMARDs) with the main aim of controlling the disease and alleviating the inflammatory response. However, the current therapeutic effect of RA is still unsatisfactory, and the regulation of energy metabolism can be a potential target for the treatment of RA (7).

Mitochondria are semi-autonomous organelles with bilayer membrane structures, consisting of an outer membrane, a membrane gap, and an inner membrane. They are the “powerhouse” of eukaryotic cells, producing ATP through the tricarboxylic acid cycle and oxidative phosphorylation (OXPHOS) to provide energy for the cell (8). Additionally, mitochondria are involved in various biological processes, such as signal transduction, reduction-oxidation, cell cycle regulation, and apoptosis. Mitochondrial homeostasis refers to the maintenance of the relative stability of the number, morphology, and spatial structure of mitochondria in all organs of the body through biological processes, such as biogenesis, fission, fusion, and autophagy, to ensure the overall energy metabolic requirements of the body. The imbalance of mitochondria homeostasis can lead to the development of autoimmune rheumatic diseases, including scleroderma, dry syndrome and systemic lupus erythematosus (SLE), etc. (9–11). SLE is characterized by an imbalance in T-cell mitochondrial homeostasis, mainly involving enhanced of mitochondrial biosynthesis and inhibition of autophagy (12, 13). In recent years, several studies have shown that the imbalance of the endostatic environment due to mitochondrial impairment plays a key role in the pathology of RA and is one of the central aspects of RA pathology (14). Monocytes from patients with RA show downregulation of several mitochondrial proteins, increase in mtDNA copy number, and low expression of mitochondrial membrane potential, superoxides, and ATPs. This suggests that mitochondria are damaged, and alterations in mtDNA replication and transcription mediate the downstream oxidative stress response, promoting the secretion of inflammatory factors and exacerbating the inflammatory response in RA (15). Additionally, the proliferation of RA synovial tissue vasculature leads to an increased demand for mitochondrial electron transfer energy, which is aggravated by the presence of single nucleotide variant (SNV) aggregation on mitochondrial respiratory chain-associated proteins. This results in increased electron leakage and reduction of oxygen molecules to superoxide anions to generate ROS, further promoting glycolysis and inflammatory responses (16). Meanwhile, microvascular disorders in RA synovial tissues and local presence of a hypoxic environment in cells can induce the production of ROS and reactive nitrogen species, which can mediate the release of inflammatory factors from NF-κB, STAT3, and other pathways. Eventually, this aggravates inflammatory response in RA and promotes apoptosis of chondrocytes (17). Therefore, the abnormal state of mitochondria in patients with RA is closely related to RA synovial inflammation and abnormal energy metabolism.

The pathogenesis of RA is complex, and in addition to abnormal energy metabolism due to mitochondrial damage, factors such as sex hormones, environment, smoking and immune response also play an important role (18). Studies have reported that women are more prone to rheumatoid arthritis and have higher disability, which can be attributed to differences in sex hormone levels (19). Androgen levels are negatively correlated with RA severity and have an immunosuppressive function (20, 21), while oestrogens enhance humoral immunity and have a promotive effect on immune activity (22). Whereas, both estrogens and androgens interfere with processes such as mitochondrial oxidative phosphorylation, mitochondrial biogenesis and mitochondrial autophagy (23), there is a lack of research on the effects in RA. Smoking can increases the risk of anti-CCP antibody positivity and RF formation, which are important factors in the development of RA (24). The particulate tar in cigarette contains high concentrations of free radicals that can induce oxidative stress (25). Nicotine exposure also induces oxidative stress, which increases mitochondrial membrane permeability and mtDNA leakage, mediating synovial inflammation (26). The activity of the major histocompatibility complex (MHC) and anti-citrullinated protein anti-bodies (ACPAs) is closely related to the development of RA (27, 28). Mitochondrial peptides can activate the adaptive immune response through the presentation of MHC molecules, while imbalance in mitochondrial homeostasis induces mtDNA mutations and damage, causing peptide sequence changes that can mediate immune cell activation (29, 30). Citrullination of proteins induces the production of ACPAs, which are important biomarkers of RA. Neutrophil extracellular traps (NETs) are a potential source of citrullination antigens. Apart from mitochondrial injury, mitochondrial N-formyl peptides (mtNFPs) concentrations in the plasma of RA patients are elevated and induce enhanced NETs activity in neutrophils via the formyl peptide receptor 1 (FPR1)-dependent pathway, promoting the immune response of neutrophils and being an important link in the pathogenesis of RA (31).



Mitochondrial homeostasis and RA

Mitochondrial homeostasis is essential for maintaining the stability of the intracellular environment of synovial cells. RA synovial cells respond to oxidative stress and abnormal energy metabolic changes by altering the structure, number, and function of mitochondria (32). Therefore, we need to interpret the pathogenesis of RA from the perspective of biological processes that maintain mitochondrial homeostasis, which is most closely related to three aspects of mitochondrial biogenesis, altered mitochondrial dynamics, and mitochondrial autophagy (Figure 1).
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FIGURE 1
 Mitochondrial homeostatic biological processes and the development of RA. This figure depicts the relationship between mitochondrial biogenesis, mitochondrial dynamics, and mitochondrial autophagy and RA. PGC-1 protein is a key protein regulating mitochondrial biogenesis. In RA, PGC-1 mRNA is regulated by METTL3 and YTHDF, which activate the PGC-1α/NRF1/TFAM pathway to inhibit mitochondrial biogenesis and mediate synovial inflammation. Drp1 and DNM1L are key proteins that regulate mitochondrial division, and their aberrant activation in RA binds to the receptors, Mff and Fisl1, and localizes to the outer mitochondrial membrane, mediating mitochondrial fission and the release of inflammatory substances by GTP hydrolase. Disruption of PINK1 and Parkin protein recruitment activates mitochondrial autophagy to inhibit synovial apoptosis and inflammatory factors.



Mitochondrial biogenesis and RA

Mitochondrial biogenesis refers to the process of de novo mitochondrial formation, which consists mainly of the interaction between nuclear genes and mtDNA. This interaction regulates the self-renewal of organelles and increases the mass of mitochondria in the cell, thus ensuring the stability of the intracellular environment. Mitochondrial biogenesis is coordinated by mtDNA, nuclear DNA (nDNA), and mitochondrial regulatory factors. mtDNA destruction and nDNA degradation leading to impaired mitochondrial biogenesis can mediate the development of chronic inflammatory diseases, such as pulmonary fibrosis, atherosclerosis, and RA (33, 34). Peroxisome proliferator-activated receptor-γ coactlvator-1α (PGC-1α) is a major regulatory protein of mitochondrial biogenesis. It regulates mitochondrial transcription factor A (TFAM), nuclear respiratory factor (NRF), and MTOXPHO genes, which in turn affect mitochondrial biogenesis (35). Additionally, signaling molecules, such as 5'-AMP activated protein kinase (AMPK) and silent information regulator (SIRT), are involved in mitochondrial biogenesis (36).

Methyltransferase-like 3 (METTL3), an RNA N6-methyladenosine (m6A) methyltransferase, is involved in immune and inflammatory regulation. Studies have shown that METTL3 mediates inflammatory responses in AIA rats by activating the NF-κB pathway and can promote FLS activation (37). Additionally, METTL3 and YTHN 6-methyladenosine RNA binding protein 2 (YTHDF2) synergistically mediate the degradation of PGC-1 mRNA and inhibit cytochrome c (CYCS) and ubiquinone oxidoreductase subunit C2 (NDUFC2) gene transcription, thereby decreasing mitochondrial ATP production and oxygen consumption rate (OCR) and increasing mitochondrial ROS accumulation and pro-inflammatory cytokine level in inflammatory monocytes. This study provides insight into the role of m6A methyltransferase METTL3-dependent PGC-1α in monocyte inflammatory response and role of PGC-1α in the pathogenesis of RA from the perspective of PGC-1α-regulated mitochondrial biogenesis (38). PGC-1α is a key protein that mediates mitochondrial biogenesis. It is proportional to the number of mitochondria, and blunting PGC-1α protein leads to reduced mitochondrial gene expression and decreased mitochondrial function, resulting in tissue cell energy metabolism (39). Research (40) showed that quercetin decreased paw clinical arthritis scores and left ankle thickness in CIA mice; reduced inflammatory hyperplasia and cartilage destruction in ankle synovium; and decreased secretion of cytokines, such as TNF-α, IL-1β, and IL-6, by a mechanism similar to that of regulating PGC-1α/NRF1/TFAM pathway activity, promoting mitochondrial biogenesis and ameliorating mitochondrial dysfunction. Conversely, inhibition of PGC-1α mediates atrial energy metabolism disorders and induces apoptosis and fibrosis in atrial tissue cells in CIA rat models, whereas resveratrol corrects metabolic disorders in CIA rat models by activating PGC-1α expression (41).

AMPK is a key protein that senses energy changes and coordinates mitochondrial energy metabolism. Under physiological conditions, activation of AMPK provides ATP for mitochondrial biosynthesis (42). AMPK can directly activate PGC-1α expression to induce mitochondrial neogenesis or catalyze PGC-1α deacetylation by stimulating SIRT1 signaling, which in turn promotes mtDNA replication in mitochondria, which indirectly mediates mitochondrial neogenesis (43). Concurrently, AMPK is a strong inhibitor of ROS and can reduce mtROS production and mtDNA oxidative damage in mediating mitochondrial neogenesis, which in turn inhibits inflammatory response (44). AMPK has been demonstrated to be significantly downregulated in T cells and peripheral blood mononuclear cells in organisms with RA (45), whereas MTX attenuates the production of pro-inflammatory cytokines, such as TNF-α, by activating AMPK (46). The proliferation of synovial cells and secretion of inflammatory substances in RA leads to increased oxygen demand in the joint cavity, and synovial cells shift from phosphorylation to glycolytic pathways to maintain energy supply. The glycolysis inhibitor, 2-deoxy-D-arabino-hexose (2-DG), was found to attenuate inflammatory response in the synovial membrane of AA rats, and the mechanism may be through activation of AMPK to increase AMP or ATP release, improve intracellular metabolism and energy homeostasis to inhibit NF-κB activity, and attenuate synovial cell proliferation and migration in rat models (47). This study provides important evidence for the involvement of energy metabolism in RA synovial inflammation. Similarly, tofacitinib, a newly developed Janus kinase (JAK) inhibitor for RA treatment, significantly reduces the expression of key glycolytic enzyme-related gene enzymes in synovial cells of patients with RA, decreases mitochondrial membrane potential, and increases oxidative phosphorylation energy metabolism to treat RA (48).

SIRTs are a class of nicotinamide adenine dinucleotide (NAD)-dependent histone deacetylases that play an important role in inflammatory diseases. SIRT3, SIRT4, and SIRT5 are located in mitochondria and play an important role in post-translational modifications (PTMs) and activity regulation of mitochondrial proteins (49). SIRT3, SIRT4, and SIRT5 genes and 8-hydroxy-2 deoxyguanosine (8-OHdG) levels were found to be significantly upregulated in synovial tissues of patient with RA, suggesting the key role of SIRTs and oxidative stress in the development of RA (50). Following with SIRT3 knockout, mitochondrial membrane potential and permeability was reduced, function of mitochondrial was impaired in chondrocytes of CIA rat, whereas ryanodine combined with B-cell lymphoma 2 (Bcl-2)-targeted interference siRNA can promote apoptosis in CIA rat fibroblast-like synoviocytes. The underlying molecular mechanism may be related to the down-regulation of Bcl-2 expression and STAT3 (51). SIRT4 gene plays an important role in maintaining the mitochondrial redox state (52), and its high expression promotes TNF-a and IL-6 secretion and accelerates the process of bone destruction in patients with osteoarthritis (52, 53). SIRT5 gene expression is downregulated in the macrophage activation zone, and knockdown of SIRT5 in model rats significantly enhances the release of TNF-a and IL-1β, mediating the development of RA (54). Whereas, SIRT5 reprograms the metabolic process of macrophages to inhibit pro-inflammation by activating PKM2 kinase activity and blocking IL-1β production in macrophages (55). In addition, among the risk factors of lymphoma, the severity of RA is thought to be closely related (56). The overexpression of Sirt1 in diffuse large B-cell lymphoma (DLBCL) leads to the inhibition of PGC-1α protein expression, which affects mitochondrial synthesis (57), the PGC-1α/NRF1/TFAM pathway is inhibited and mitochondrial biogenesis is impaired in RA, which can explains the reasion why RA patients are more susceptible to lymphoma in some degree (40).



Mitochondrial dynamics and RA

Mitochondrial dynamics is a dynamic equilibrium process in which mitochondria are remodeled by continuous fission and fusion to maintain their normal number, morphology, and function. Dynamin 1-like protein (DNM1L), known as dynamin-related protein-1 (Drp1), is a major regulator of mitochondrial fission, which is recruited by the receptor protein. Mitochondrial fission1 (Fis1)/mitochondrial fission factor (Mff) is recruited to the fission site of the outer mitochondrial membrane, forming an oligomeric ring, which is driven by GTP hydrolase and gradually contracted to cause mitochondrial breakage. Mitochondrial fission allows timely removal of damaged mitochondria, but excessive fission prevents mitochondrial elongation, leading to prolongation or arrest of the cell cycle (58). Mitochondrial fusion is mediated by mitochondrial fusion protein 1 (mitofusin 1, Mfn1) and mitochondrial fusion protein 2 (mitofusin 2, Mfn2). Mfn1 and Mfn2 are anchored to the outer mitochondrial membrane first by their carboxyl termini (hydrolytic guanosine triphosphatase mediates the fusion of the outer mitochondrial membrane), followed by optic atrophy protein 1 (OPA1), which mediates the fusion of the inner mitochondrial membrane (59).

Wang et al. (60) found that DNM1L expression was upregulated in synovial cells of patients with RA, promoting mitochondrial division; whereas DNM1L deficiency induced mitochondrial depolarization and increased synovial cell apoptosis to reduce synovial inflammation. The use of DNM1L inhibitor, mdivi-1, downregulated the AKT/IKK pathway to attenuate NF-κB activation in RA-FLS, inflammatory cytokines, and ROS production, which in turn attenuated the inflammatory response in CIA mice. Therefore, inhibition of DNM1L-mediated mitochondrial division may be a new strategy for the treatment of RA. AMPK directly regulates key mitochondrial fission factors, phosphorylating Mff by binding to serines at sites 155 and 173. Mff phosphorylation recruits Drp1 to bind to its outer mitochondrial membrane, which is the start of the mitochondrial fission process (61). In contrast, after the intervention of the active ingredients, ursolic acid and paeoniflorin from Cornus officinalis and Paeonia lactiflora, respectively, the ratio of MTFP1 expression and p-Drp1 (Ser616/Ser637) in the synovial tissue of CIA rat models was significantly reduced. The expression of Mfn2 was, however, upregulated, enhancing the expression of the pro-apoptotic proteins, Bax, caspase-3, and cytochrome C, in the synovial tissue of CIA rats, suggesting that it can promote mitochondrial fission and inhibition of mitochondrial fusion to induce apoptosis in synovial cells. The mechanism may be related to the activation of AMPK signaling pathway by mitochondrial fission (62).



Mitochondrial autophagy and RA

Mitochondrial autophagy is a form of autophagy that maintains the integrity of mitochondrial structure and function and cellular homeostasis by degrading and removing dysfunctional mitochondria from the cytoplasm. Tensin homologous inducible kinase 1 (PINK1) and PARK2-mediated mitochondrial autophagy is a widely studied pathway (63). Disruption of the mitochondrial transmembrane potential (ΔΨm) leads to the activation and localization of PINK1 in the outer mitochondrial membrane (OMM) and the subsequent recruitment and activation of Parkin by PINK1, which further selectively recruits autophagy receptors, such as nuclear pore protein 62/isolated vesicle 1 (p62/SQSTM1) and optineurin/optin, thereby initiating mitochondrial autophagy (64).

Mitochondrial autophagy levels were significantly reduced in patients with RA (65), and PINK1-mediated mitochondrial autophagy was inhibited in an inflammatory setting (66). Parkin expression was significantly downregulated, whereas Parkin reduced the inflammatory response to arthritis by inhibiting p53 degradation (67). miR-144-3p, through the PINK1/Parkin axis, promotes IL-1β-induced chondrocyte scorching (68). RA-associated lung disease (RA-ILD) is one of the more serious complications of RA with high mortality. Its pathogenesis is related to genetic, immune and other factors. The pathogenesis is mainly abnormal tissue reaction in alveolar wall and lung parenchyma (69). It was found that the expression of Unc-51 like autophagy activated kinase 1 (ULK1), p62Beclin-1, E3 ubiquitin ligase (PRKN) and PINK1 protein were up-regulated in RA-ILD patients (65). It is indicated that mitochondrial autophagy may be involved in the occurrence of RA-ILD. In the study of ILD, the deficiency of mtDNA, the decrease of respiratory activity and the increase of ROS production are closely related to the pathogenesis (70). In FLS of patients with RA and AIA rat models, PTEN was downregulated and DNA methyltransferase (DNMT)-1 was upregulated. Intervention with TNF-α inhibitors resulted in increased DNA methylation of PTEN, increased autophagic activity in synovial tissue, and foot and plantar swelling relief in AIA rats, whereas the methylation inhibitor, 5-azacytidine, inhibited the release of cytokines and chemokines and the activation of FLS in vitro. These studies provided therapeutic strategies for PINK1- and PARK2-mediated mitochondrial autophagic pathways for the treatment of RA (71).




Mitochondrial homeostasis and energy metabolism of immune cells

Innate immune cells, such as T cells, macrophages, and dendritic cells (DCs), play an important role in mediating the immune inflammatory response in RA (72). Abnormal activation of these cells may lead to excessive production of pro-inflammatory cytokines, such as TNF-α, IL-6, and IL-17 (73, 74). The energy required for the survival and biological behavior of immune cells is mainly derived from glucose, fatty acids, and amino acids, which are involved in the tricarboxylic acid cycle through glucose metabolism (glycolysis), fatty acid β-oxidation (FAO), and glutaminolysis, respectively. Mitochondria are the energy metabolism production sites of immune cells, and the homeostatic environment provides for the production of ATP mediated by mitochondrial oxidative phosphorylation (OXPHOS). Studies have confirmed that disturbance of immune cell metabolism in synovial tissues is a key factor in the development of RA. Since the inflammatory synovial cavity of patients with RA is a relatively hypoxic local microenvironment, abnormal alterations in energy lead to abnormal activation of various cells, including CD4+T-cell subsets and DC cells, which participate in the pathological process of RA. Alterations in energy metabolism are closely related to imbalances in mitochondrial homeostasis (75, 76). Therefore, we need to discuss mitochondrial homeostasis and the generation, effects, and regression of immune response in RA, in terms of different immune cell energy metabolic pathways, such as glucose, fatty acid β-oxidation, and glutamine metabolism.


T-cell subsets

T cells bind specifically to antibodies in vivo and extensively mediate the immune inflammatory response. Th17 cells produce various pro-inflammatory cytokines to promote synovial inflammation, whereas Treg cells suppress inflammation to maintain immune tolerance (77, 78).

Glycolysis is the main pathway of T-cell glucose metabolism, producing lactate under anaerobic conditions and carboxylating under aerobic conditions to produce acetyl coenzyme A (CoA), which enters the mitochondrial triphosphate cycle to produce ATP. Studies have shown that glycolysis drives mitochondrial division and increases the release of IL-1β (79). The expression of HK2, fructose-6-phosphate 2-kinase/fructose-2,6-bisphosphatase 3 (PFKFB3), and pyruvate kinase 2 (PKM2), all metabolism-related enzymes of the glycolytic pathway, were significantly increased in RA-FLS, suggesting increased aerobic glycolysis in RA-FLS (80, 81). In RA CD4+ T cell metabolism, glucose is catabolized to ATP by the glycolytic pathway. The catabolic process is defined as a danger-associated molecular pattern (DAMP) due to reduced biological stability of mitochondrial DNA, which is caused by the lack of the DNA repair nuclease (MRE11A). Additionally, it is caused by increased oxidative damage to mtDNA and increased permeability of the RA environment, due to the lack of N-myristoyltransferase 1 (NMT1). Leakage into the cytoplasm initiates the assembly of inflammatory vesicles and activates cystein-1, releasing IL-1β and IL-18 (82, 83). Meanwhile, in the physiological state, mitochondria produce ATP for cellular energy through oxidative phosphorylation, and the imbalance in homeostatic environment leads to impaired oxidative phosphorylation metabolism, resulting in mitochondrial oxidative stress and exacerbating damage to mitochondrial proteins, nucleic acids, and lipids (84). Contrarily, in autoimmune diseases, CD4+ T differentiation to Th17 cells, increased mitochondrial fission and suppressed levels of oxidative phosphorylation activate mTOR/STAT3/HIF-1 expression and promote the glycolytic process (85).

FAO is an alternative pathway for regulatory T cells to provide energy to the cell through mitochondrial oxidative metabolism of lipids during emergencies, such as infection and starvation. β-oxidative phosphorylation of mitochondria in RA T cells is reduced, and oxidative emergencies are increased. These changes disrupt the mitochondrial homeostatic environment and accumulate fatty acids in the cytoplasm (86). AMPK is an AMP-dependent protein kinase, with the N-myristoyl base transferase 1 (NMT1), placed on the cytoplasmic surface of lysosomes to sense intracellular energy changes (87). Its activation phosphorylates acetyl coenzyme A carboxylase (ACC), promoting intracellular fatty acid β-oxidation and inhibiting lipid synthesis. Meanwhile, impaired production of succinate, a mediator of mitochondrial production in RA CD4+T cells, which leads to impaired mitochondrial biogenesis and inability to convert acetyl coenzyme A to ATP, generates excess citrate. The excess citrate is transported from mitochondria to the cytoplasm, inducing differentiation of pro-inflammatory effector cells and cytokine and inflammatory factor release (88). Activation of AMPK-related pathways may promote regulatory T cell differentiation and thus anti-inflammatory and therapeutic effects in RA (89). However, whether this is achieved based on the correction of homeostatic imbalance by AMPK regulation of fatty acid β-oxidation in mitochondria still needs further investigation. In patients with RA with CD4+T cells, mitochondrial dysfunction, reduced glycolysis, and less pyruvate and ATP production in T cells resulted in activation of AMPK. Whereas, impaired NMT1 enzyme function and impaired post-translational lipidation modification of proteins activated mTORC1 expression, induced fatty acid β-oxidation, promoted synovial inflammation by inhibiting mitochondrial autophagy, and suppressed catabolism (90) (Figure 2).
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FIGURE 2
 Mitochondrial homeostasis and T-cell energy metabolism. Both glycolysis and FAO mediate T-cell energy metabolism. Deficiency of MRE11A and NMT1 and oxidative phosphorylation during glycolysis metabolism in RA synoviocytes promote the leakage of mtDNA from mitochondria, leading to the secretion of inflammatory substances. During FAO in RA synoviocytes, abnormal activation of AMPK phosphorylation of ACC leads to mitochondrial citric acid transport to the cytoplasm, mediating the secretion of inflammatory substances. Additionally, it activates mTOR, which inhibits mitochondrial autophagy.




Macrophages

Macrophages are important effector cells in the development of RA. They interact with various cells, such as T and B cells and fibroblast-like synoviocytes, to produce large amounts of inflammatory cytokines, leading to pannus formation and destruction of bone and cartilage (91). Increased M1 macrophages in RA joints requires more energy to perform their functions, leading to a shift in glucose metabolism from oxidative phosphorylation to glycolysis involved in the pathological process of RA. Additionally, fatty acid oxidation mediates the involvement of M2 macrophages in the TCA cycle, which is essential for the pathogenesis of RA (92).

The presence of large amounts of lactate and TCA cycle intermediate metabolites in RA synovial fluid, reduced levels of oxidative phosphorylation (OXPHOS), and active glycolytic metabolism (93) generates pyruvate molecules that are converted to acetyl coenzyme A in the mitochondria. Acetyl coenzyme A enters the TCA cycle and eventually generates ATP. After LPS stimulation, macrophages of synovial membrane adjust from the mitochondrial TCA cycle pathway to a succinate-dependent pathway. Thereafter, glycolysis assumes the role of ATP production, enabling mitochondria to maintain high membrane potential, inducing mitochondrial ROS production and driving IL-1β production (94). Hypoxia and HIF-1-activated glucose transporter-1 (GLUT1) can increase glucose uptake and glycolysis flux of macrophages, leading to mitochondrial stress and ROS production and release of TNF- α and IL-1 β. These changes mediate synovitis and cartilage and bone damage (95, 96). The mitochondrial autophagy receptor BNIP3L/NIX-dependent mitochondrial autophagy manipulates metabolic reprogramming toward glycolysis, supporting inflammatory macrophage polarization to generate a rapid immune response during inflammation (97). Activating M1 macrophages and reducing OXPHOS expression through ROS inhibitors help to improve M1 macrophage repolarization into M2 macrophage repolarization. They can be effective ways to control inflammatory diseases (98).

FAO mediates the involvement of macrophages in the TCA cycle with increased fatty acid synthesis in M1 macrophages and enhanced FA uptake and FAO in M2 macrophages in RA (99). Studies have shown that IL-4 and IL-13 increase macrophage peroxisome proliferator-activated receptor γ coactivator 1β (PCG-1β) expression, leading to increased mitochondrial respiratory chain protein expression and accelerated FAO (73, 100). In turn, this can lead to cholesterol accumulation from acetyl coenzyme A production, thereby increasing the risk of atherosclerosis in RA. Activated macrophages in RA have a special affinity for choline. Choline uptake is enhanced, and choline kinase (Chok) phosphorylates choline to produce phospholipids. Thereafter, macrophages are induced to produce inflammatory cytokines (101). Inhibition of choline or Chok leads to mitochondrial damage, decreased ATP synthase activity and intracellular ATP, and subsequent activation of adenylate-activated protein kinase, which promotes macrophage mitosis and inhibits IL-1β production by macrophages (102).

Concurrently, pro-inflammatory macrophages exhibit two disruptions in the TCA cycle, leading to the accumulation of citrate and succinate and the induction of an arginine-succinate shunt (AST) to support NO production (103). Arginine is an important amino acid for RA macrophage metabolism; it is a substrate for arginase (Arg) and nitric oxide synthase (NOS) (104). Arginase 2 (Arg2) is a miR-155 and IL-10 regulatory protein, and Arg2 deficiency in LPS-stimulated macrophages leads to increased secretion of mtROS, HIF-1α, and IL-1β. Arg2 increases succinate dehydrogenase/complex II activity and contributes to increased mitochondrial fission (105), showing changes, such as fragmented morphology, loosened mitochondrial cristae, and decreased metabolic program. Concurrently, increased mitochondrial production of ROS drives NF-κB-dependent transcription of inflammatory cytokines (106).




Mitochondrial homeostasis and synovial cell apoptosis and proliferation

Both apoptosis and proliferation are indispensable cellular physiological processes. They are essential for maintaining the dynamic balance of cell numbers in vivo. Imbalance between apoptosis-inhibiting and apoptosis-promoting factors in RA synovial cells leads to prolonged lifespan of synovial cells, thickening of synovial lining layer, release of inflammatory secretory substances, and increased secretion of matrix metalloproteinases, promoting synovial inflammation and cartilage and bone tissue damage. During the development of RA, alterations in the mitochondrial homeostatic environment in RA-FLS, mainly including abnormalities in fission and autophagic activity, are involved in their synovial cell metabolism and apoptosis (107). These do not only secrete inflammatory cytokines and chemokines to promote inflammatory responses but also promote matrix metalloproteinase secretion, mediating chondrocyte degradation, stimulating osteoclast differentiation, and leading to bone erosion (108).

DNM1L is a key regulator of mitochondrial division. Silencing DNM1L expression increases mitochondrial length in FLS and induces mitochondrial depolarization. Inhibition of mitochondrial fission decreases the ratio of LC3B-II to LC3B-I in FLS, inducing FLS apoptosis to reduce inflammation in RA synovial cells (59, 109). The accumulation of the pro-inflammatory mediator, AOPP, in patients with RA triggers the leakage of mtROS, which in turn increases the content of Bax and cytochrome C in the chondrocytoplasm and decreases the content of the anti-apoptotic protein, Bcl-2 (110). miR-125b expression is reduced in peripheral blood mononuclear cells of patients with RA, which can induce apoptosis by negatively regulating the pro-apoptotic protein, BIK/mitochondrial fission process 1 protein (MTP18), leading to reduced oxidative phosphorylation and mitochondrial fission (111). Another study found that FLS in patients with synovitis exhibited significantly elevated mitochondrial respiratory capacity in the resting state. They were less fragmented in patients with synovitis than in patients with early persistent RA (veRA) in reduced morphological fragmentation after mitochondrial division, following TNF-α inhibitor treatment (112).

Increased ROS production in RA-FLS mediated by tumor necrosis factor-like ligand 1A (TL1A) induces activation of the NF-κB/STAT3 pathway and increases the levels of IL-6 and IL-8 (113). Concurrently, the inflammatory environment induces the accumulation of ROS and leads to mitochondrial dysfunction in synovial cells, further increasing the expression of the key proteins of autophagy, ATG5 and LC3, and autophagic vesicles, which by inhibiting autophagy can mediate the anti-apoptotic effects of cells (114). Resveratrol does not only reduce the expression of oxidative stress-related proteins, SIRT3 and MnSOD, to enhance mtROS production but also inhibits FLS proliferation and induces FLS apoptosis, which are related to the ability of resveratrol to reduce expression of autophagy proteins, Beclin1 and LC3A/B (115, 116).

The invasion and proliferation of synovial cells is another major pathological change in RA, whereas apoptosis mediated by the mitochondrial pathway can control synovial cell proliferation and pannus formation in RA (117). Oxidative stress inducers were found to reprogram RA fibroblastic synovial cell metabolism by downregulating mitochondrial oxidative phosphorylation and promoting glycolysis, which in turn promotes synovial lining cell proliferation and pannus formation (118). Meanwhile, in a severely hypoxic environment, RA synovial tissue induces HIF-1α and NF-κB expression by downregulating mitochondrial respiration, increasing glycolysis and lactate metabolism, which in turn mediates abnormal angiogenesis, cell proliferation invasion and vascular pannus formation (119). Studies have shown that epimedoside, the active ingredient of the traditional Chinese medicine, Epimedium, inhibits the migration and proliferation of FLS in a concentration-dependent manner and induces RA-FLS apoptosis by reducing the mitochondrial membrane potential and enhancing the mitochondrial pathway-related apoptotic proteins in FLS (120). Additionally, 7-hydroxycoumarin (7-HC) can inhibit FLS lineage cell (MH7A) proliferation by inhibiting the Wnt/β-catenin pathway or modulating mitochondrial-mediated Bax/Bcl-2 activity and induce FLS apoptosis (121). Another study showed that resveratrol could inhibit mtROS production by activating the Nrf2 pathway, thereby inhibiting the activation of NF-κB and proliferation, migration of RA-FLS (122). β-elemene from Chinese medicinal herb, Curcuma wenyujin extract, induced MAPK phosphorylation, which in turn activated in FLS caspase-3, caspase-9, and cytochrome C expression, contributes to apoptosis in synovial cells (123) (Figure 3).
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FIGURE 3
 Mitochondrial homeostasis and RA synoviocyte apoptosis and proliferation. This figure depicts mitochondrial homeostasis and synoviocyte apoptosis, proliferation, and invasion. Downregulation of DNM1L, AOPP, and miR-125-b expression and upregulation of TL1A expression in RA led to disruption of the mitochondrial homeostatic environment and increased release of the anti-apoptotic protein, Bax/Bcl-2, promoting the onset of synovial cell apoptosis. Meanwhile, oxidative phosphorylation in RA synoviocytes was weakened, and glycolysis was increased, forcing increased release of ATP from mitochondria and leading to increased proliferation and invasive activity of synoviocytes.




Mitochondrial homeostasis and inflammatory pathways

The pathological process of RA involves extensive infiltration of inflammatory cells, such as macrophages, lymphocytes, and neutrophils, and massive release of inflammatory cytokines, such as TNF-α, IL-1β, and IL-6. Furthermore, it causes a persistent synovial inflammatory response through a series of cascade reactions (124). Inflammatory cells produce large amounts of inflammatory secretions associated with a sustained inflammatory response by autocrine or heterocrine means, leading to joint swelling and interaction with inflammatory cytokines to form a complex network system (125). Although mitochondria are commonly thought to be associated with energy production, studies have shown that they can coordinate the immune inflammatory response through multiple pathways and play an important role in linking acute joint tissue injury, inflammation, and long-term chronic joint degeneration (126) (Figure 4).
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FIGURE 4
 Mitochondrial homeostasis and inflammatory pathways. This figure depicts that imbalance in mitochondrial homeostasis leads to leakage of mtROS and degradation of mtDNA and promotes nuclear transcription of inflammatory factors through three pathways, NLRP3, TLR9/NF-κB, and cGAS/STING.



Mitochondrial homeostasis and the assembly and activation process of NLRP3

Studies have shown that NLRP3 is a multi-protein complex that responds to pathogenic microorganisms and directly responds to DAMPs released within the joint after injury (127). When NLRP3 accepts an activation signal, it activates caspase-1, enabling it to cleave IL-1β into its active form, and the whole process is controlled by mitochondria. Specifically, mitochondrial membrane potential, mitochondrial ROS, and mtDNA are jointly involved in the activation of NLRP3 inflammatory vesicles (128). Jian (129) demonstrated that LPS-induced macrophage inflammation and NLRP3 activation require mtROS involvement, and the application of mitochondria-targeted antioxidants can inhibit NLRP3 activation and reduce IL-1β production (130). Additionally, a large amount of mtROS will lead to the generation of oxidative-mitochondrial genes (ox-mtDNA) by peroxidative damage to mtDNA. Oxidatively damaged bases in ox-mtDNA have more affinity to NLRP3 and are a key pathway for NLRP3 initiation. NLRP3 activation can cause uncontrolled inflammatory responses, and NLRP3 is involved in the onset and development of RA (131). Meanwhile, cell scorch death, a specific form of inflammatory cell death, is closely associated with abnormal synovial proliferation and osteochondral destruction in RA. It is regulated by mitochondrial homeostasis, and cell scorch death activates NLRP3, leading to the release of IL-1β and DAMPs, which enhances the inflammatory response (132).



Mitochondrial homeostasis and TLR9/NF-κB

Mitochondrial outer membrane damage predisposes contents, such as mtDNA, to leak into the cytosol, and the hypomethylated CpG sequence in mtDNA can bind specifically to the N-terminal end of the C-shaped leucine-rich repeat region of TLR9, mediating TLR9 activation (133, 134). TLR9 activation mediates NF-κB phosphorylation through the MyD88 pathway, which in turn nuclear translocates and transcribes IL-1β, IL-6, TNF-α, GM-CSF, and many other inflammatory factors, which are released and form key part of the mitochondrial injury-mediated inflammatory response. mtDNA injection into the joint cavity of mice can promote inflammatory arthritis in mice, whereas nuclear DNA injection has no similar effect, thus validating the inflammatory properties of mtDNA. The pathological process of mtDNA may be related to the ability of myeloid cells to regulate NF-κB activity. Synthetic oligodeoxynucleotides containing oxidized residues are able to induce inflammatory pathology, whereas non-oxidized forms of the same sequence have no inflammatory effect, suggesting that oxidized DNA have greater immunostimulatory properties (135).

Damaged mitochondrial DAMPs (MTDs), which include formyl peptide and mitochondrial DNA, enter the immune cycle sequence and activate human polymorphonuclear neutrophils (PMNs) via formyl peptide receptor-1 and TLR9, respectively. MTDs promote PMN Ca2+ flux and mitogen-activated protein (MAP) kinase phosphorylation, leading to PMN migration and degranulation in vitro and in vivo. Migration, degranulation, and these signals are activated via innate immune pathways identical to those activated in sepsis to produce a sepsis-like state, and the release of these mitochondrial “internal enemies” through cellular injury is a key link between trauma and immune inflammation (136).



Mitochondrial homeostasis and the cGAS/STING pathway

The cyclic GMP-AMP synthase (cGAS)-stimulator of interferon gene (STING) signaling plays an important regulatory function in microbial and cellular immunity through the induction of type I interferons, including cytokines. mtDNA release into organelles after massive damage can be cGAS/STING pathway sensing. It interferes with basic intracellular homeostatic processes (apoptosis, autophagy) and regulates cellular metabolism (137). mtDNA leakage can mediate activation of the cGAS/STING pathway in the cytosol. mtDNA can bind to cyclic guanosine adenylate synthase (cGAS), prompting cGAS to form cyclic GMP-AMP with GTP and ATP (cGAMP). cGAMP further activates interferon gene stimulating factor (STING) and promotes ANK-binding kinase 1 (TBK1)-mediated phosphorylation of interferon transcription factor 3 (IRF3) (138), and the activation of IRF3 in the nucleus transcribes various inflammatory factors, such as IL-1β, TNF-α, and CCL2 (139). Additionally, the activated STING/IRF3 pathway activates NLRP3 and NF-κB pathways, which play key roles in the inflammatory response network (140).




Future direction

Mitochondrial homeostasis is critical in maintaining energy metabolism in RA. Regulation of mitochondrial homeostasis is an effective target for the treatment of RA. Therefore, targeting pathways of energy metabolism in a homeostatic environment can treat various diseases, including cardiovascular, neurodegenerative, and autoimmune diseases (141). Excellent treatment results are achieved by modulating mitochondrial homeostasis from many of the current targeted therapies for RA. Most frontier anti-rheumatic drugs commonly used clinically maintain mitochondrial homeostasis by directly modulating mitochondrial biogenesis, mitochondrial dynamics, and autophagy. An example is the traditional synthetic detoxification antirheumatic drug (csDMARD), methotrexate (MTX), which can inhibit the mitochondrial folate pathway by competitive inhibition of dihydrofolatereductase (DHFR), affecting mitochondrial biogenesis and increasing anti-proliferative effect (142). Additionally, leflunomide inhibits proliferation by inhibiting the mitochondrial inner membrane protein of dihydroorotate dehydrogenase (DHODH), which reduces the ab initio synthesis of pyrimidines. The depletion of pyrimidines of leflunomide can promote the expression of mitogenic proteins 1 and 2 (Mfn1/2) and increase mitochondrial fusion (143). Sulfasalazine has anti-proliferative and cytotoxic effects; it is an effective treatment for autoimmune diseases. It induces apoptosis of synovial T cells by increasing mitochondrial permeability (144). Meanwhile, the toxicity of DMARDs maybe predicted by mitochondrial activity. HepG2 cells exposed to 31.25 and 62.5 μM of leflunomide and its derivative A771726 for 2 h and found that the levels of mitochondrial ATP was decreased with time and concentration dependent manner (145). The mitochondrial succinate dehydrogenase (SDA) activity was reduced and mitochondrial GSH was depleted after the intervention with salazosulfapyridine (146).

However, many targeted biologic therapies for RA cannot directly target mitochondria. Rather, they block cytokine signaling pathways, especially inflammatory cytokine signaling, which has a powerful effect on mitochondrial biology. For example, when TNF-a blockers are used, the frequencies of mitochondrial fission and markers of oxidative stress are reduced in the synovial membrane of patients with RA by a mechanism that may be related to the inhibition of ROS and nitrogen production (147). 2-DG, a non-competitive inhibitor of HKs, restores mitochondrial homeostatic imbalances by reversing lipopolysaccharide-induced glycolytic activity, thereby inhibiting the expression of RA inflammatory cytokines, IL-1β and IL-6, and matrix metalloproteinase (MMP-1, MMP-3) (148). Similarly, tofacitinib, a newly developed JAK inhibitor for RA treatment, significantly reduces the expression of key glycolytic enzyme-related genes and enzymes in synovial cells of patients with RA, decreases mitochondrial membrane potential, and increases oxidative phosphorylation energy metabolism to treat RA (149) (Table 1).


TABLE 1 Effects of common anti-rheumatic drugs on mitochondrial homeostasis.
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In conclusion, modulation of PGC-1α protein in mitochondrial biogenesis inhibits inflammatory response in RA, whereas AMPK, a key protein in sensing energy changes, has been widely used in the clinic as an interventional target (150). Sirtuins are a series of protein of histone deacetylases that play an important role in inflammatory diseases, and sirtuin agonists and natural drugs have been previously used in the treatment of RA (49). Mitochondrial fission and fusion undergo a dynamic equilibrium process of remodeling to maintain their normal number, morphology, and function, and inhibition of mitochondrial fission may be a new strategy for the treatment of RA. Mitochondrial autophagy maintains the mitochondrial homeostatic environment. A direct link exists between the identification of the targets of action of mitochondrial autophagy-related proteins and the pathological features of RA. Therefore, elucidation of the mechanisms regulating mitochondrial homeostasis in RA and identification of the precise and appropriate biological processes regulating mitochondrial homeostasis to make the prevention and treatment of RA beneficial are important. Concurrently, the bilayer membrane structure of mitochondria is a key barrier to the action of certain drugs, and more drugs targeting mitochondria or increasing the permeability of drugs to the inner and outer mitochondrial membranes through nanotechnology are needed to translate basic research findings into clinical drug development for the benefit of patients with RA.



Author contributions

LC wrote the manuscript. DX and WH revised the manuscript. JW conceived the idea for the study. SC, LL, ZX, and YB performed the literature search and review. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by the National Natural Science Foundation of China (No. 82060891), Natural Science Foundation of Gansu Province (No. 21JR7RA568), Project of Zheng's Acupuncture Academic Schools of Heritage Studio, Gansu Province, State Administration of TCM (No. 2305135901), and Gansu Province Youth Science and Technology Fund (No. 20JR10RA344) funded the study.



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.



Publisher's note

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



References

 1. Smolen JS, Aletaha D, McInnes IB. Rheumatoid arthritis. Lancet. (2016) 388:2023–38. doi: 10.1016/S0140-6736(16)30173-8

 2. Möller B, Kollert F, Sculean A, Villiger PM. Infectious triggers in periodontitis and the gut in rheumatoid arthritis (RA): a complex story about association and causality. Front Immunol. (2020) 7:1108–10. doi: 10.3389/fimmu.2020.01108

 3. van der Woude D, van der Helm-van Mil AHM. Update on the epidemiology, risk factors, and disease outcomes of rheumatoid arthritis. Best Pract Res Clin Rheumatol. (2018) 32:174–87. doi: 10.1016/j.berh.2018.10.005

 4. Xu D, Liang J, Lin J, Yu C. PKM2: a potential regulator of rheumatoid arthritis via glycolytic and non-glycolytic pathways. Front Immunol. (2019) 10:2919. doi: 10.3389/fimmu.2019.02919

 5. Petrasca A, Phelan JJ, Ansboro S, Veale DJ, Fearon U. Fletcher JM. Targeting bioenergetics prevents CD4+ T cell-mediated activation of synovial fibroblasts in rheumatoid arthritis. Rheumatology. (2020) 59:2816–28. doi: 10.1093/rheumatology/kez682

 6. Rhoads JP, Major AS, Rathmell JC. Fine tuning of immune metabolism for the treatment of rheumatic diseases. Nat Rev Rheumatol. (2017) 13:313–20. doi: 10.1038/nrrheum.2017.54

 7. Smolen JS, Landewé RBM, Bijlsma JWJ, Burmester GR, Dougados M, Kerschbaumer A, et al. EULAR recommendations for the management of rheumatoid arthritis with synthetic and biological disease- modifying antirheumatic drugs: 2019 update. Ann Rheum Dis. (2020) 79:1–15. doi: 10.1136/annrheumdis-2019-216655

 8. Oyewole AO, Birch-Machin MA. Mitochondria-targeted antioxidants. FASEB J. (2015) 29:4766–71. doi: 10.1096/fj.15-275404

 9. Ryu C, Walia A, Ortiz V, Perry C, Woo S, Reeves BC, et al. Bioactive plasma mitochondrial DNA is associated with disease progression in scleroderma-associated interstitial lung disease. Arthritis Rheumatol. (2020) 72:1905–15. doi: 10.1002/art.41418

 10. Li N, Li Y, Hu J, Wu Y, Yang J, Fan H, et al. A link between mitochondrial dysfunction and the immune microenvironment of salivary glands in primary Sjogren's syndrome. Front Immunol. (2022) 13:845209. doi: 10.3389/fimmu.2022.845209

 11. Leishangthem BD, Sharma A, Bhatnagar A. Role of altered mitochondria functions in the pathogenesis of systemic lupus erythematosus. Lupus. (2016) 25:272–81. doi: 10.1177/0961203315605370

 12. Chávez MD, Tse HM. Targeting mitochondrial-derived reactive oxygen species in T cell-mediated autoimmune diseases. Front Immunol. (2021) 12:703972. doi: 10.3389/fimmu.2021.703972

 13. Lee HT, Wu TH, Lin CS, Lee CS, Wei YH, Tsai CY, et al. The pathogenesis of systemic lupus erythematosus - from the viewpoint of oxidative stress and mitochondrial dysfunction. Mitochondrion. (2016) 30:1–7. doi: 10.1016/j.mito.2016.05.007

 14. Barrera MJ, Aguilera S, Castro I, Carvajal P, Jara D, Molina C, et al. Dysfunctional mitochondria as critical players in the inflammation of autoimmune diseases: potential role in Sjögren's syndrome. Autoimmun Rev. (2021) 20:102867. doi: 10.1016/j.autrev.2021.102867

 15. Khanna S, Padhan P, Jaiswal KS, Jain AP, Ghosh A, Tripathy A, et al. Altered mitochondrial proteome and functional dynamics in patients with rheumatoid arthritis. Mitochondrion. (2020) 54:8–14. doi: 10.1016/j.mito.2020.06.005

 16. Jaiswal KS, Khanna S, Ghosh A, Padhan P, Raghav SK. Gupta B. Differential mitochondrial genome in patients with rheumatoid arthritis. Autoimmunity. (2021) 54:1–12. doi: 10.1080/08916934.2020.1846182

 17. Xie Z, Hou H, Luo D, An R, Zhao Y, Qiu C. ROS-dependent lipid peroxidation and reliant antioxidant ferroptosis-suppressor-protein 1 in rheumatoid arthritis: a covert clue for potential therapy. Inflammation. (2021) 44:35–47. doi: 10.1007/s10753-020-01338-2

 18. Scherer HU, Häupl T, Burmester GR. The etiology of rheumatoid arthritis. J Autoimmun. (2020) 110:102400. doi: 10.1016/j.jaut.2019.102400

 19. Intriago M, Maldonado G, Cárdenas J, Ríos C. Clinical characteristics in patients with rheumatoid arthritis: differences between genders. ScientificWorldJournal. (2019) 2019:8103812. doi: 10.1155/2019/8103812

 20. Cutolo M. Androgens in rheumatoid arthritis: when are they effectors? Arthritis Res Ther. (2009) 11:126. doi: 10.1186/ar2804

 21. Gubbels Bupp MR, Jorgensen TN. Androgen-induced immunosuppression. Front Immunol. (2018) 9:794. doi: 10.3389/fimmu.2018.00794

 22. Lockshin MD. Sex ratio and rheumatic disease. Isr Med Assoc J. (2001) 3:511–6. doi: 10.1016/S1568-9972(02)00034-4

 23. Yin L, Luo M, Wang R, Ye J, Wang X. Mitochondria in sex hormone-induced disorder of energy metabolism in males and females. Front Endocrinol. (2021) 12:749451. doi: 10.3389/fendo.2021.749451

 24. Elzorkany B, Mokbel A, Gamal SM, Hmamouchi I, Dougados M. Does smoking affect level of seropositivity in RA? A post-hoc global and inter-country analysis of COMORA cohort. Rheumatol Int. (2021) 41:699–705. doi: 10.1007/s00296-021-04791-w

 25. Valavanidis A, Vlachogianni T, Fiotakis K. Tobacco smoke: involvement of reactive oxygen species and stable free radicals in mechanisms of oxidative damage, carcinogenesis and synergistic effects with other respirable particles. Int J Environ Res Public Health. (2009) 6:445–62. doi: 10.3390/ijerph6020445

 26. Chang K, Yang SM, Kim SH, Han KH, Park SJ, Shin JI. Smoking and rheumatoid arthritis. Int J Mol Sci. (2014) 15:22279–95. doi: 10.3390/ijms151222279

 27. Raychaudhuri S, Sandor C, Stahl EA, Freudenberg J, Lee HS, Jia X, et al. Five amino acids in three HLA proteins explain most of the association between MHC and seropositive rheumatoid arthritis. Nat Genet. (2012) 44:291–6. doi: 10.1038/ng.1076

 28. Gopalakrishnan R. Association of susceptible genetic markers and autoantibodies in rheumatoid arthritis. J Genet. (2014) 93:597–605. doi: 10.1007/s12041-014-0380-1

 29. Chen L, Duvvuri B, Grigull J, Jamnik R, Wither JE, Wu GE. Experimental evidence that mutated-self peptides derived from mitochondrial DNA somatic mutations have the potential to trigger autoimmunity. Hum Immunol. (2014) 75:873–9. doi: 10.1016/j.humimm.2014.06.012

 30. Duvvuri B, Duvvuri VR, Wang C, Chen L, Wagar LE, Jamnik V, et al. The human immune system recognizes neopeptides derived from mitochondrial DNA deletions. J Immunol. (2014) 192:4581–91. doi: 10.4049/jimmunol.1300774

 31. Duvvuri B, Baddour AA, Deane KD, Feser ML, Nelson JL, Demoruelle MK, et al. Mitochondrial N-formyl methionine peptides associate with disease activity as well as contribute to neutrophil activation in patients with rheumatoid arthritis. J Autoimmun. (2021) 119:102630. doi: 10.1016/j.jaut.2021.102630

 32. Cai WW, Yu Y, Zong SY. Wei F. Metabolic reprogramming as a key regulator in the pathogenesis of rheumatoid arthritis. Inflamm Res. (2020) 69:1087–101. doi: 10.1007/s00011-020-01391-5

 33. Popov LD. Mitochondrial biogenesis: an update. J Cell Mol Med. (2020) 24:4892–9. doi: 10.1111/jcmm.15194

 34. Dang DS, Buhler JF, Davis HT, Thornton KJ, Scheffler TL, Matarneh SK. Inhibition of mitochondrial calcium uniporter enhances postmortem proteolysis and tenderness in beef cattle. Meat Sci. (2020) 162:108039. doi: 10.1016/j.meatsci.2019.108039

 35. Jamwal S, Blackburn JK, Elsworth JD. PPARγ/PGC1α signaling as a potential therapeutic target for mitochondrial biogenesis in neurodegenerative disorders. Pharmacol Ther. (2021) 219:107705. doi: 10.1016/j.pharmthera.2020.107705

 36. Yang X, Liu Q, Li Y, Tang Q, Wu T, Chen L, et al. The diabetes medication canagliflozin promotes mitochondrial remodelling of adipocyte via the AMPK-Sirt1-Pgc-1α signalling pathway. Adipocyte. (2020) 9:484–94. doi: 10.1080/21623945.2020.1807850

 37. Shi W, Zheng Y, Luo S, Li X, Zhang Y, Meng X, et al. METTL3 promotes activation and inflammation of FLSs through the NF-κB signaling pathway in rheumatoid arthritis. Front Med. (2021) 8:607585. doi: 10.3389/fmed.2021.607585

 38. Zhang X, Li X, Jia H, An G. Ni J. The m6A methyltransferase METTL3 modifies PGC-1α mRNA promoting mitochondrial dysfunction and oxLDL-induced inflammation in monocytes. J Biol Chem. (2021) 297:101058. doi: 10.1016/j.jbc.2021.101058

 39. Zhang Q, Song W, Zhao B, Xie J, Sun Q, Shi X, et al. Quercetin attenuates diabetic peripheral neuropathy by correcting mitochondrial abnormality via activation of AMPK/PGC−1α pathway in vivo and in vitro. Front Neurosci. (2021) 15:636172. doi: 10.3389/fnins.2021.636172

 40. Shen P, Lin W, Ba X, Huang Y, Chen Z, Han L, et al. Quercetin-mediated SIRT1 activation attenuates collagen-induced mice arthritis. J Ethnopharmacol. (2021) 279:114213. doi: 10.1016/j.jep.2021.114213

 41. Zhang Y, Zhang S, Liu Z, Zhao X, Yuan Y, Sheng L, et al. Resveratrol prevents atrial fibrillation by inhibiting atrial structural and metabolic remodeling in collagen-induced arthritis rats Naunyn Schmiedebergs. Arch Pharmacol. (2018) 391:1179–90. doi: 10.1007/s00210-018-1554-9

 42. Ke R, Xu Q, Li C, Luo L, Huang D. Mechanisms of AMPK in the maintenance of ATP balance during energy metabolism. Cell Biol Int. (2018) 42:384–92. doi: 10.1002/cbin.10915

 43. Li Q, Jia S, Xu L, Li B, Chen N. Metformin-induced autophagy and irisin improves INS-1 cell function and survival in high-glucose environment via AMPK/ SIRT1/PGC-1α signal pathway. Food Sci Nutr. (2019) 7:1695–703. doi: 10.1002/fsn3.1006

 44. Cao K, Lv W, Hu S, Gao J, Liu J, Feng Z. Punicalagin activates AMPK/PGC-1α/Nrf2 cascade in mice: the potential protective effect against prenatal stress. Mol Nutr Food Res. (2020) 64:e2000312. doi: 10.1002/mnfr.202000312

 45. Wen Z, Jin K, Shen Y, Yang Z, Li Y, Wu B, et al. N-myristoyltransferase deficiency impairs activation of kinase AMPK and promotes synovial tissue inflammation. Nat Immunol. (2019) 20:313–25. doi: 10.1038/s41590-018-0296-7

 46. Samimi Z, Kardideh B, Zafari P, Bahrehmand F, Roghani SA. Taghadosi M. The impaired gene expression of adenosine monophosphate-activated kinase (AMPK), a key metabolic enzyme in leukocytes of newly diagnosed rheumatoid arthritis patients. Mol Biol Rep. (2019) 46:6353–60. doi: 10.1007/s11033-019-05078-x

 47. Wang Y, Xian H, Qi J, Wei F, Cheng X, Li S, et al. Inhibition of glycolysis ameliorate arthritis in adjuvant arthritis rats by inhibiting synoviocyte activation through AMPK. Inflamm Res. (2020) 69:569–78. doi: 10.1007/s00011-020-01332-2

 48. Hodge JA, Kawabata TT, Krishnaswami S, Clark JD, Telliez JB, Dowty ME, et al. The mechanism of action of tofacitinib - an oral Janus kinase inhibitor for the treatment of rheumatoid arthritis. Clin Exp Rheumatol. (2016) 34:318–28.

 49. Singh CK, Chhabra G, Ndiaye MA, Garcia-Peterson LM, Mack NJ, Ahmad N. The role of sirtuins in antioxidant and redox signaling. Antioxid Redox Signal. (2018) 28:643–61. doi: 10.1089/ars.2017.7290

 50. Hussain MZ, Haris MS, Khan MS, Mahjabeen I. Role of mitochondrial sirtuins in rheumatoid arthritis. Biochem Biophys Res Commun. (2021) 584:60–5. doi: 10.1016/j.bbrc.2021.11.016

 51. Chen X, Kuang N, Zeng X, Zhang Z, Li Y, Liu W, et al. Effects of daphnetin combined with Bcl2- siRNA on antiapoptotic genes in synovial fibroblasts of rats with collagen-induced arthritis. Mol Med Rep. (2018) 17:884–90. doi: 10.3892/mmr.2017.8008

 52. Tomaselli D, Steegborn C, Mai A, Rotili D. Sirt4: a multifaceted enzyme at the crossroads of mitochondrial metabolism and cancer. Front Oncol. (2020) 10:474. doi: 10.3389/fonc.2020.00474

 53. Dai Y, Liu S, Li J, Li J, Lan Y, Nie H, et al. SIRT4 suppresses the inflammatory response and oxidative stress in osteoarthritis. Am J Transl Res. (2020) 12:1965.

 54. Zhang N, Zhang H, Law BYK, Dias IRSR, Qiu CL, Zeng W, et al. Sirtuin 5 deficiency increases disease severity in rats with adjuvant-induced arthritis. Cell Mol Immunol. (2020) 17:1190e1192. doi: 10.1038/s41423-020-0380-4

 55. Wang F, Wang K, Xu W, Zhao S, Ye D, Wang Y, et al. SIRT5 desuccinylates and activates pyruvate kinase M2 to block macrophage IL-1β production and to prevent DSS-induced colitis in mice. Cel Rep. (2017) 19:2331–44. doi: 10.1016/j.celrep.2017.05.065

 56. Kedra J, Seror R, Dieudé P, Constantin A, Toussirot E, Kfoury E, et al. Lymphoma complicating rheumatoid arthritis: results from a French case-control study. RMD Open. (2021) 7:e001698. doi: 10.1136/rmdopen-2021-001698

 57. Zhou Z, Ma D, Li P, Wang P, Liu P, Wei D, et al. Sirt1 gene confers Adriamycin resistance in DLBCL via activating the PCG-1α mitochondrial metabolic pathway. Aging. (2020) 12:11364–85. doi: 10.18632/aging.103174

 58. Kraus F, Roy K, Pucadyil TJ, Ryan MT. Function and regulation of the divisome for mitochondrial fission. Nature. (2021) 590:57–66. doi: 10.1038/s41586-021-03214-x

 59. Brillo V, Chieregato L, Leanza L, Muccioli S, Costa R. Mitochondrial dynamics, ROS, and cell signaling: a blended overview. Life. (2021) 11:332. doi: 10.3390/life11040332

 60. Wang X, Chen Z, Fan X, Li W, Qu J, Dong C, et al. Inhibition of DNM1L and mitochondrial fission attenuates inflammatory response in fibroblast-like synoviocytes of rheumatoid arthritis. J Cell Mol Med. (2020) 24:1516–28. doi: 10.1111/jcmm.14837

 61. Toyama EQ, Herzig S, Courchet J, Lewis TL Jr, Losón OC, Hellberg K, et al. Metabolism AMP-activated protein kinase mediates mitochondrial fission in response to energy stress. Science. (2016) 351:275–81. doi: 10.1126/science.aab4138

 62. Huang L, Hu S, Shao M, Wu X, Zhang J, Cao G. Combined cornus officinalis and paeonia lactiflora pall therapy alleviates rheumatoid arthritis by regulating synovial apoptosis via AMPK-mediated mitochondrial fission. Front Pharmacol. (2021) 12:639009. doi: 10.3389/fphar.2021.639009

 63. Truban D, Hou X, Caulfield TR, Fiesel FC, Springer W. PINK1, Parkin, and mitochondrial quality control: what can we learn about Parkinson's disease pathobiology? J Parkinsons Dis. (2017) 7:13–2. doi: 10.3233/JPD-160989

 64. Lazarou M, Sliter DA, Kane LA, Sarraf SA, Wang C, Burman JL, et al. The ubiquitin kinase PINK1 recruits autophagy receptors to induce mitophagy. Nature. (2015) 524:309–14. doi: 10.1038/nature14893

 65. Vasarmidi E, Sarantoulaki S, Trachalaki A, Margaritopoulos G, Bibaki E, Spandidos DA, et al. Investigation of key autophagy- and mitophagy-related proteins and gene expression in BALF cells from patients with IPF and RA-ILD. Mol Med Rep. (2018) 18:3891–7. doi: 10.3892/mmr.2018.9356

 66. Willemsen J, Neuhoff MT, Hoyler T, Noir E, Tessier C, Sarret S, et al. TNF leads to mtDNA release and cGAS/STING-dependent interferon responses that support inflammatory arthritis. Cell Rep. (2021) 37:109977. doi: 10.1016/j.celrep.2021.109977

 67. Jung YY, Son DJ, Lee HL, Kim DH, Song MJ, Ham YW, et al. Loss of Parkin reduces inflammatory arthritis by inhibiting p53 degradation. Redox Biol. (2017) 12:666–73. doi: 10.1016/j.redox.2017.04.007

 68. Jiang JM, Mo ML, Long XP, Xie LH. MiR-144-3p induced by SP1 promotes IL-1β-induced pyroptosis in chondrocytes via PTEN/PINK1/Parkin axis. Autoimmunity. (2022) 55:21–31. doi: 10.1080/08916934.2021.1983802

 69. Kadura S, Raghu G. Rheumatoid arthritis-interstitial lung disease: manifestations and current concepts in pathogenesis and management. Eur Respir Rev. (2021) 30:210011. doi: 10.1183/16000617.0011-2021

 70. Jaeger VK, Lebrecht D, Nicholson AG, Wells A, Bhayani H, Gazdhar A, et al. Mitochondrial DNA mutations and respiratory chain dysfunction in idiopathic and connective tissue disease-related lung fibrosis. Sci Rep. (2019) 9:5500. doi: 10.1038/s41598-019-41933-4

 71. Li XF, Wu S, Yan Q, Wu YY, Chen H, Yin SQ, et al. PTEN methylation promotes inflammation and activation of fibroblast-like synoviocytes in rheumatoid arthritis. Front Pharmacol. (2021) 12:700373. doi: 10.3389/fphar.2021.700373

 72. McInnes IB, Schett G. The pathogenesis of rheumatoid arthritis. N Engl J Med. (2011) 365:2205–19. doi: 10.1056/NEJMra1004965

 73. Chen Z, Bozec A, Ramming A, Schett G. Anti-inflammatory and immune regulatory cytokines in rheumatoid arthritis. Nat Rev Rheumatol. (2019) 15:9–17. doi: 10.1038/s41584-018-0109-2

 74. Zhang Y, Li Y, Lv TT, Yin ZJ, Wang XB. Elevated circulating Th17 and follicular helper CD4(+) T cells in patients with rheumatoid arthritis. Apmis. (2015) 123:659–66. doi: 10.1111/apm.12399

 75. Müller-Ladner U, Pap T. Das Immunsystem ist nicht alles pathogenesis of RA: more than just immune cells. Z Rheumatol. (2005) 64:396–401. doi: 10.1007/s00393-005-0772-y

 76. Herzig S, Shaw RJ. AMPK guardian of metabolism and mitochondrial homeostasis. Nat Rev Mol Cell Biol. (2018) 19:121–35. doi: 10.1038/nrm.2017.95

 77. Bilate AM, Lafaille JJ. Induced CD4+Foxp3+ regulatory T cells in immune tolerance. Annu Rev Immunol. (2012) 30:733–58. doi: 10.1146/annurev-immunol-020711-075043

 78. Noack M, Miossec P. Th17 and regulatory T cell balance in autoimmune and inflammatory diseases. Autoimmun Rev. (2014) 13:668–77. doi: 10.1016/j.autrev.2013.12.004

 79. Kapetanovic R, Afroz SF, Ramnath D, Lawrence GM, Okada T, Curson JE, et al. Lipopolysaccharide promotes Drp1-dependent mitochondrial fission and associated inflammatory responses in macrophages. Immunol Cell Biol. (2020) 98:528–39. doi: 10.1111/imcb.12363

 80. Bustamante MF, Oliveira PG, Garcia-Carbonell R, Croft AP, Smith JM, Serrano RL, et al. Hexokinase 2 as a novel selective metabolic target for rheumatoid arthritis. Ann Rheum Dis. (2018) 77:1636–43. doi: 10.1136/annrheumdis-2018-213103

 81. Zou Y, Zeng S, Huang M, Qiu Q, Xiao Y, Shi M, et al. Inhibition of 6-phosphofructo-2-kinase suppresses fibroblast-like synoviocytes-mediated synovial inflammation and joint destruction in rheumatoid arthritis. Br J Pharmacol. (2017) 174:893–908. doi: 10.1111/bph.13762

 82. Weyand CM, Goronzy JJ. Immunometabolism in the development of rheumatoid arthritis. Immunol Rev. (2020) 294:177–87. doi: 10.1111/imr.12838

 83. Wu B, Goronzy JJ, Weyand CM. Metabolic fitness of T cells in autoimmune disease. Immunometabolism. (2020) 2:e200017. doi: 10.20900/immunometab20200017

 84. Scialò F, Sriram A, Stefanatos R, Spriggs RV, Loh SHY, Martins LM, et al. Mitochondrial complex I derived ROS regulate stress adaptation in Drosophila melanogaster. Redox Biol. (2020) 32:101450. doi: 10.1016/j.redox.2020.101450

 85. Shin B, Benavides GA, Geng J, Koralov SB, Hu H, Darley-Usmar VM, et al. Mitochondrial oxidative phosphorylation regulates the fate decision between pathogenic Th17 and regulatory T cells. Cell Rep. (2020) 30:1898–909.e4. doi: 10.1016/j.celrep.2020.01.022

 86. Shen Y, Wen Z, Li Y, Matteson EL, Hong J, Goronzy JJ, et al. Metabolic control of the scaffold protein TKS5 in tissue-invasive, proinflammatory T cells. Nat Immunol. (2017) 18:1025–34. doi: 10.1038/ni.3808

 87. Liang J, Xu ZX, Ding Z, Lu Y, Yu Q, Werle KD, et al. Myristoylation confers noncanonical AMPK functions in autophagy selectivity and mitochondrial surveillance. Nat Commun. (2015) 6:7926. doi: 10.1038/ncomms8926

 88. Wu B, Qiu J, Zhao TV, Wang Y, Maeda T, Goronzy IN, et al. Succinyl-CoA ligase deficiency in pro-inflammatory and tissue-invasive T cells. Cell Metab. (2020) 32:967–80. doi: 10.1016/j.cmet.2020.10.025

 89. Park SY, Lee SW, Lee SY, Hong KW, Bae SS, Kim K, et al. SIRT1/adenosine monophosphate-activated protein kinase α signaling enhances macrophage polarization to an anti- inflammatory phenotype in rheumatoid arthritis. Front Immunol. (2017) 8:1135. doi: 10.3389/fimmu.2017.01135

 90. Qiu J, Wu B, Goodman SB, Berry GJ, Goronzy JJ, Weyand CM. Metabolic control of autoimmunity and tissue inflammation in rheumatoid arthritis. Front Immunol. (2021) 12:652771. doi: 10.3389/fimmu.2021.652771

 91. Zhang Z, Zhang R, Li L, Zhu L, Gao S, Lu Q, et al. Macrophage migration inhibitory factor (MIF) inhibitor, Z-590 suppresses cartilage destruction in adjuvant-induced arthritis via inhibition of macrophage inflammatory activation. Immunopharmacol Immunotoxicol. (2018) 40:149–57. doi: 10.1080/08923973.2018.1424896

 92. Umar S, Palasiewicz K, Volin MV, Romay B, Rahat R, Tetali C, et al. Metabolic regulation of RA macrophages is distinct from RA fibroblasts and blockade of glycolysis alleviates inflammatory phenotype in both cell types. Cell Mol Life Sci. (2021) 78:7693–707. doi: 10.1007/s00018-021-03978-5

 93. Falconer J, Murphy AN, Young SP, Clark AR, Tiziani S, Guma M, et al. Review: synovial cell metabolism and chronic inflammation in rheumatoid arthritis. Arthritis Rheumatol. (2018) 70:984–99. doi: 10.1002/art.40504

 94. Mills EL, Kelly B, Logan A, Costa ASH, Varma M, Bryant CE, et al. Succinate dehydrogenase supports metabolic repurposing of mitochondria to drive inflammatory macrophages. Cell. (2016) 167:457–70.e13. doi: 10.1016/j.cell.2016.08.064

 95. Hua S, Dias TH. Hypoxia-inducible factor (HIF) as a target for novel therapies in rheumatoid arthritis. Front Pharmacol. (2016) 7:184–92. doi: 10.3389/fphar.2016.00184

 96. Shirai T, Nazarewicz RR, Wallis BB, Yanes RE, Watanabe R, Hilhorst M, et al. The glycolytic enzyme PKM2 bridges metabolic and inflammatory dysfunction in coronary artery disease. J Exp Med. (2016) 213:337–54. doi: 10.1084/jem.20150900

 97. Esteban-Martínez L, Boya P. BNIP3L/NIX-dependent mitophagy regulates cell differentiation via metabolic reprogramming. Autophagy. (2018) 14:915–7. doi: 10.1080/15548627.2017.1332567

 98. Van den Bossche J, Baardman J, Otto NA, van der Velden S, Neele AE, van den Berg SM, et al. Mitochondrial dysfunction prevents repolarization of inflammatory macrophages. Cell Rep. (2016) 17:684–96. doi: 10.1016/j.celrep.2016.09.008

 99. Jha AK, Huang SC, Sergushichev A, Lampropoulou V, Ivanova Y, Loginicheva E, et al. Network integration of parallel metabolic and transcriptional data reveals metabolic modules that regulate macrophage polarization. Immunity. (2015) 42:419–30. doi: 10.1016/j.immuni.2015.02.005

 100. Lampropoulou V, Sergushichev A, Bambouskova M, Nair S, Vincent EE, Loginicheva E, et al. Itaconate links inhibition of succinate dehydrogenase with macrophage metabolic remodeling and regulation of inflammation. Cell Metab. (2016) 24:158–66. doi: 10.1016/j.cmet.2016.06.004

 101. Snider SA, Margison KD, Ghorbani P, LeBlond ND, O'Dwyer C, Nunes JRC, et al. Choline transport links macrophage phospholipid metabolism and inflammation. J Biol Chem. (2018) 293:11600–11. doi: 10.1074/jbc.RA118.003180

 102. Sanchez-Lopez E, Zhong Z, Stubelius A, Sweeney SR, Booshehri LM, Antonucci L, et al. Choline uptake and metabolism modulate macrophage IL-1β and IL-18 production. Cell Metab. (2019) 29:1350–62. doi: 10.1016/j.cmet.2019.03.011

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

 104. Saha S, Shalova IN, Biswas SK. Metabolic regulation of macrophage phenotype and function. Immunol Rev. (2017) 280:102–11. doi: 10.1111/imr.12603

 105. Dowling JK, Afzal R, Gearing LJ, Cervantes-Silva MP, Annett S, Davis GM, et al. Mitochondrial arginase-2 is essential for IL-10 metabolic reprogramming of inflammatory macrophages. Nat Commun. (2021) 12:1460. doi: 10.1038/s41467-021-21617-2

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

 107. Maiese K. New insights for nicotinamide: metabolic disease, autophagy, and mTOR. Front Biosci. (2020) 25:1925–73. doi: 10.2741/4886

 108. Croft AP, Campos J, Jansen K, Turner JD, Marshall J, Attar M, et al. Distinct fibroblast subsets drive inflammation and damage in arthritis. Nature. (2019) 570:246–51. doi: 10.1038/s41586-019-1263-7

 109. Chen S, Liu S, Wang J, Wu Q, Wang A, Guan H, et al. TBK1-mediated DRP1 targeting confers nucleic acid sensing to reprogram mitochondrial dynamics and physiology. Mol Cell. (2020) 80:810–27.e7. doi: 10.1016/j.molcel.2020.10.018

 110. Wu Q, Zhong ZM, Zhu SY, Liao CR, Pan Y, Zeng JH, et al. Advanced oxidation protein products induce chondrocyte apoptosis via receptor for advanced glycation end products- mediated, redox-dependent intrinsic apoptosis pathway. Apoptosis. (2016) 21:36–50. doi: 10.1007/s10495-015-1191-4

 111. Duroux-Richard I, Roubert C, Ammari M, Présumey J, Grün JR, Häupl T, et al. miR-125b controls monocyte adaptation to inflammation through mitochondrial metabolism and dynamics. Blood. (2016) 128:3125–36. doi: 10.1182/blood-2016-02-697003

 112. Falconer J, Pucino V, Clayton SA, Marshall JL, Raizada S, Adams H, et al. Spontaneously resolving joint inflammation is characterised by metabolic agility of fibroblast-like synoviocytes. Front Immunol. (2021) 12:725641. doi: 10.3389/fimmu.2021.725641

 113. Yeo D, Kang C, Gomez-Cabrera MC, Vina J, Ji LL. Intensified mitophagy in skeletal muscle with aging is downregulated by PGC-1alpha overexpression in vivo. Free Radic Biol Med. (2019) 130:361–8. doi: 10.1016/j.freeradbiomed.2018.10.456

 114. Kim EK, Kwon JE, Lee SY, Lee EJ, Kim DS, Moon SJ, et al. IL-17-mediated mitochondrial dysfunction impairs apoptosis in rheumatoid arthritis synovial fibroblasts through activation of autophagy. Cell Death Dis. (2017) 8:e2565. doi: 10.1038/cddis.2016.490

 115. Wang T, Wang G, Zhang Y, Zhang J, Cao W, Chen X. Effect of lentivirus-mediated overexpression or silencing of MnSOD on apoptosis of resveratrol-treated fibroblast-like synoviocytes in rheumatoid arthritis. Eur J Pharmacol. (2019) 844:65–72. doi: 10.1016/j.ejphar.2018.12.001

 116. Zhang J, Song X, Cao W, Lu J, Wang X, Wang G, et al. Autophagy and mitochondrial dysfunction in adjuvant-arthritis rats treated with resveratrol. Sci Rep. (2016) 6:32928. doi: 10.1038/srep32928

 117. Li M, Luo X, Long X, Jiang P, Jiang Q, Guo H, et al. Potential role of mitochondria in synoviocytes. Clin Rheumatol. (2021) 40:447–57. doi: 10.1007/s10067-020-05263-5

 118. Balogh E, Veale DJ, McGarry T, Orr C, Szekanecz Z, Ng CT, et al. Oxidative stress impairs energy metabolism in primary cells and synovial tissue of patients with rheumatoid arthritis. Arthritis Res Ther. (2018) 20:95. doi: 10.1186/s13075-018-1592-1

 119. Biniecka M, Canavan M, McGarry T, Gao W, McCormick J, Cregan S, et al. Dysregulated bioenergetics: a key regulator of joint inflammation. Ann Rheum Dis. (2016) 75:2192–200. doi: 10.1136/annrheumdis-2015-208476

 120. Pu L, Meng Q, Li S, Liu B, Li F. Icariin arrests cell cycle progression and induces cell apoptosis through the mitochondrial pathway in human fibroblast-like synoviocytes. Eur J Pharmacol. (2021) 912:174585. doi: 10.1016/j.ejphar.2021.174585

 121. Cai L, Zong P, Zhou MY, Liu FY, Meng B, Liu MM, et al. 7-Hydroxycoumarin mitigates the severity of collagen-induced arthritis in rats by inhibiting proliferation and inducing apoptosis of fibroblast-like synoviocytes via suppression of Wnt/β-catenin signaling pathway. phytomedicine. (2022) 94:153841. doi: 10.1016/j.phymed.2021.153841

 122. Zhang Y, Wang G, Wang T, Cao W, Zhang L, Chen X. Nrf2-Keap1 pathway-mediated effects of resveratrol on oxidative stress and apoptosis in hydrogen peroxide-treated rheumatoid arthritis fibroblast-like synoviocytes. Ann N Y Acad Sci. (2019) 1457:166–78. doi: 10.1111/nyas.14196

 123. Zou S, Wang C, Cui Z, Guo P, Meng Q, Shi X, et al. β-Elemene induces apoptosis of human rheumatoid arthritis fibroblast-like synoviocytes via reactive oxygen species- dependent activation of p38 mitogen-activated protein kinase. Pharmacol Rep. (2016) 68:7–11. doi: 10.1016/j.pharep.2015.06.004

 124. Mateen S, Zafar A, Moin S, Khan AQ, Zubair S. Understanding the role of cytokines in the pathogenesis of rheumatoid arthritis. Clin Chim Acta. (2016) 02:161–71. doi: 10.1016/j.cca.2016.02.010

 125. Maya H, Stephen E, Dennis MG. Persistent inflammatory and non-inflammatory mechanisms in refractory rheumatoid arthritis. Nat Rev Rheumatol. (2021) 17:17–33. doi: 10.1038/s41584-020-00541-7

 126. Early JO, Fagan LE, Curtis AM, Kennedy OD. Mitochondria in injury, inflammation and disease of articular skeletal joints. Front Immunol. (2021) 12:695257. doi: 10.3389/fimmu.2021.695257

 127. Jo EK, Kim JK, Shin DM, Sasakawa C. Molecular mechanisms regulating NLRP3 inflammasome activation. Cell Mol Immunol. (2016) 13:148–59. doi: 10.1038/cmi.2015.95

 128. Heid ME, Keyel PA, Kamga C, Shiva S, Watkins SC, Salter RD. Mitochondrial reactive oxygen species induces NLRP3-dependent lysosomal damage and inflammasome activation. J Immunol. (2013) 191:5230–8. doi: 10.4049/jimmunol.1301490

 129. Ren JD, Wu XB, Jiang R, Hao DP, Liu Y. Molecular hydrogen inhibits lipopolysaccharide-triggered NLRP3 inflammasome activation in macrophages by targeting the mitochondrial reactive oxygen species. Biochim Biophys Acta. (2016) 1863:50–5. doi: 10.1016/j.bbamcr.2015.10.012

 130. Zhao M, Wang Y, Li L, Liu S, Wang C, Yuan Y, et al. Mitochondrial ROS promote mitochondrial dysfunction and inflammation in ischemic acute kidney injury by disrupting TFAM- mediated mtDNA maintenance. Theranostics. (2021) 11:1845–63. doi: 10.7150/thno.50905

 131. Guo C, Fu R, Wang S, Huang Y, Li X, Zhou M, et al. NLRP3 inflammasome activation contributes to the pathogenesis of rheumatoid arthritis. Clin Exp Immunol. (2018) 194:231–43. doi: 10.1111/cei.13167

 132. Yamashita T, Hagino H, Hayashi I, Hayashibara M, Tanida A, Nagira K, et al. Effect of a cathepsin K inhibitor on arthritis and bone mineral density in ovariectomized rats with collagen- induced arthritis. Bone Rep. (2018) 9:1–10. doi: 10.1016/j.bonr.2018.05.006

 133. Pohar J, Lainšček D, Ivičak-Kocjan K, Cajnko MM, Jerala R, Benčina M. Short single-stranded DNA degradation products augment the activation of Toll-like receptor 9. Nat Commun. (2017) 8:15363. doi: 10.1038/ncomms15363

 134. Ohto U, Ishida H, Shibata T, Sato R, Miyake K, Shimizu T. Toll-like receptor 9 contains two DNA binding sites that function cooperatively to promote receptor dimerization and activation. Immunity. (2018) 48:649–58. doi: 10.1016/j.immuni.2018.03.013

 135. Collins LV, Hajizadeh S, Holme E, Jonsson IM, Tarkowski A. Endogenously oxidized mitochondrial DNA induces in vivo and in vitro inflammatory responses. J Leukoc Biol. (2004) 75:995–1000. doi: 10.1189/jlb.0703328

 136. Banoth B, Cassel SL. Mitochondria in innate immune signaling. Transl Res. (2018) 202:52–68. doi: 10.1016/j.trsl.2018.07.014

 137. Oduro PK, Zheng X, Wei J, Yang Y, Wang Y, Zhang H, et al. The cGAS-STING signaling in cardiovascular and metabolic diseases: future novel target option for pharmacotherapy. Acta Pharm Sin B. (2022) 12:50–75. doi: 10.1016/j.apsb.2021.05.011

 138. De Gaetano A, Solodka K, Zanini G, Selleri V, Mattioli AV, Nasi M, et al. Molecular mechanisms of mtDNA-mediated inflammation. Cells. (2021) 10:2898. doi: 10.3390/cells10112898

 139. Ablasser A, Chen ZJ. cGAS in action: expanding roles in immunity and inflammation. Science. (2019) 363:eaat8657. doi: 10.1126/science.aat8657

 140. Guo Q, Chen X, Chen J, Zheng G, Xie C, Wu H, et al. STING promotes senescence, apoptosis, and extracellular matrix degradation in osteoarthritis via the NF-κB signaling pathway. Cell Death Dis. (2021) 12:13. doi: 10.1038/s41419-020-03341-9

 141. Murphy MP, Hartley RC. Mitochondria as a therapeutic target for common pathologies. Nat Rev Drug Discovery. (2018) 17:865–86. doi: 10.1038/nrd.2018.174

 142. Bedoui Y, Guillot X, Sélambarom J, Guiraud P, Giry C, Jaffar-Bandjee MC, et al. Methotrexate an old drug with new tricks. Int J Mol Sci. (2019) 20:5023. doi: 10.3390/ijms20205023

 143. Yu M, Nguyen ND, Huang Y, Lin D, Fujimoto TN, Molkentine JM, et al. Mitochondrial fusion exploits a therapeutic vulnerability of pancreatic cancer. JCI Insight. (2019) 4:16. doi: 10.1172/jci.insight.126915

 144. Liptay S, Fulda S, Schanbacher M, Bourteele S, Ferri KF, Kroemer G, et al. Molecular mechanisms of sulfasalazine-induced T-cell apoptosis. Br J Pharmacol. (2002) 137:608–20. doi: 10.1038/sj.bjp.0704870

 145. Xuan J, Ren Z, Qing T, Couch L, Shi L, Tolleson WH, et al. Mitochondrial dysfunction induced by leflunomide and its active metabolite. Toxicology. (2018) 396–7:33–45. doi: 10.1016/j.tox.2018.02.003

 146. Niknahad H, Heidari R, Mohammadzadeh R, Ommati MM, Khodaei F, Azarpira N, et al. Sulfasalazine induces mitochondrial dysfunction and renal injury. Ren Fail. (2017) 39:745–53. doi: 10.1080/0886022X.2017.1399908

 147. Biniecka M, Kennedy A, Ng CT, Chang TC, Balogh E, Fox E, et al. Successful tumour necrosis factor (TNF) blocking therapy suppresses oxidative stress and hypoxia-induced mitochondrial mutagenesis in inflammatory arthritis. Arthritis Res Ther. (2011) 13:R121. doi: 10.1186/ar3424

 148. Kishimoto K, Terabe K, Takahashi N, Yokota Y, Ohashi Y, Hattori K, et al. Metabolic changes in synovial cells in early inflammation: involvement of CREB phosphorylation in the anti- inflammatory effect of 2-deoxyglucose. Arch Biochem Biophys. (2021) 708:108962. doi: 10.1016/j.abb.2021.108962

 149. McGarry T, Orr C, Wade S, Biniecka M, Wade S, Gallagher L, et al. JAK/STAT blockade alters synovial bioenergetics, mitochondrial function, and proinfammatory mediators in rheumatoid arthritis. Arthritis Rheumatol. (2018) 70:1959–70. doi: 10.1002/art.40569

 150. McHugh J. AMPK a therapeutic target in RA? Nat Rev Rheumatol. (2019) 15:188. doi: 10.1038/s41584-019-0192-z

 151. Zhong S, Ouyang Q, Zhu D, Huang Q, Zhao J, Fan M, et al. Hsa_circ_0088036 promotes the proliferation and migration of fibroblast-like synoviocytes by sponging miR-140- 3p and upregulating SIRT 1 expression in rheumatoid arthritis. Mol Immunol. (2020) 125:131–9. doi: 10.1016/j.molimm.2020.07.004

 152. Bai J, Xie N, Hou Y, Chen X, Hu Y, Zhang Y, et al. The enhanced mitochondrial dysfunction by cantleyoside confines inflammatory response and promotes apoptosis of human HFLS-RA cell line via AMPK/Sirt 1/NF-κB pathway activation. Biomed Pharmacother. (2022) 149:112847. doi: 10.1016/j.biopha.2022.112847

 153. Meugnier E, Coury F, Tebib J, Ferraro-Peyret C, Rome S, Bienvenu J, et al. Gene expression profiling in peripheral blood cells of patients with rheumatoid arthritis in response to anti TNF-alpha treatments. Physiol Genomics. (2011) 43:365–71. doi: 10.1152/physiolgenomics.00127.2010

 154. Wang X, Zhou G, Liu C, Wei R, Zhu S, Xu Y, et al. Acanthopanax vs. 3-methyladenine ameliorates sodium taurocholate-induced severe acute pancreatitis by inhibiting the autophagic pathway in rats. Mediators Inflamm. (2016) 2016:8369704. doi: 10.1155/2016/8369704



OPS/images/fmed-09-1017650-t001.jpg
Drugs Action point

Mitochondrial biogenesis

MTX Folate-dependent |
Quercetin PGC-la |
Resveratrol  PGC-la |

2-DG Glycolysis |
Tofacitinib  JAK 4

IRF9 SIRT1 1
Cantleyoside  SIRT1
Metformin ~ ETC complexes
Mitochondrial dynamics

mdivi-1 DNMIL |
Leflunomide ~ DHODH |

Sulfasalazine

TNF-a inhibitor TNF-a |
Leariside

7-HT

B-Elmene

Mitochondrial autophagy

S-azacytidine  Methylation |

Rapamycin ~ mTOR 1

Effect on mitochondria

Inhibits mitochondrial folate synthesis
Promotes mDNA

Promotes mDNA

Activates AMPK and improves energy metabolism
Reverses mitochondrial membrane potential

Reverses mitochondrial membrane potential and increases
in membrane permeability

Suppresses OCR and ECAR

Reduces mitochondrial activity and ATP production

Promotes mitochondrial division

Inhibits DHODH, promotes Mfn1, Mfn2, and increases
mitochondrial fusion

Increases mitochondrial membrane permeability
Reduces mitochondrial division

Reverses mitochondrial membrane potential

Enhances mitochondrial pathway Bax/Bel-2

Phosphorylates MAPK pathway

Enhances PINKI-mediated mitochondrial autophagy

Impact on RA

Inhibits synovial cell proliferation
Inhibits TNF-, IL-6, ete.
Corrects RA metabolic disorders
Inhibits NF-<B

Lowers glycolytic enzyme genes

NE-kB inhibition and pro-apoptosis

NF-«

inhibition and pro-apoptosis

Inhibits synovial cell proliferation

Promotes apoptosis of synovial cells

Reduces oxidative stress and inhibits proliferation

Induces T-cell apoptosis
Reduces oxidative stress
Induces RA-FLS apoptosis
Induces apoptosis in FLS cells

Induces apoptosis

Inhibits cytokines and chemokines

Enhances mitochondrial autophagic activity in synovial cells Inhibits cytokines

References

(144)
(39)
(40

(148)

(152)

(151)

(151)
(153)

®3)
(143)

(144)
(109)
(120)
(121)
(123)






OPS/images/fmed-09-1017650-g003.gif





OPS/images/fmed-09-1017650-g004.gif





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Rheumatoid arthritis and mitochondrial homeostasis: The crossroads of metabolism and immunity



		Introduction



		Mitochondrial homeostasis and RA



		Mitochondrial biogenesis and RA



		Mitochondrial dynamics and RA



		Mitochondrial autophagy and RA







		Mitochondrial homeostasis and energy metabolism of immune cells



		T-cell subsets



		Macrophages







		Mitochondrial homeostasis and synovial cell apoptosis and proliferation



		Mitochondrial homeostasis and inflammatory pathways



		Mitochondrial homeostasis and the assembly and activation process of NLRP3



		Mitochondrial homeostasis and TLR9/NF-κB



		Mitochondrial homeostasis and the cGAS/STING pathway







		Future direction



		Author contributions



		Funding



		Conflict of interest



		Publisher's note



		References

















OPS/images/cover.jpg
& frontiers | Frontiers in Medicine

Rheumatoid arthritis and
mitochondrial homeostasis: The
crossroads of metabolism and
immunity





OPS/images/fmed-09-1017650-g001.gif





OPS/images/fmed-09-1017650-g002.gif
T-cell metabolism

[Glycolysis

1 up-regutatea

1 down-regulated









OPS/images/crossmark.jpg
(®) Check for updates





OPS/images/logo.jpg
& frontiers | Frontiers in Medicine





