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Abstract: Rheumatoid arthritis (RA) is an autoimmune arthropathy closely associated with chronic inflammation, whose pathogenesis 
involves macrophages, particularly M1 macrophage-induced inflammatory responses. Mitochondria, as key organelles governing 
macrophage metabolism and function, regulate M1/M2 macrophage polarization through multiple pathways and signaling molecules, 
thereby inducing immune and inflammatory responses that contribute to RA development. Therefore, this paper delves into the 
intricate mechanisms by which mitochondria regulate macrophage-specific polarization. These pathways encompass metabolic 
processes, signaling molecules, mitochondrial dynamics, mitochondrial-associated molecules, mitochondrial autophagy, ion home
ostasis, and mitochondrial translocation. The study underscores the pivotal role of mitochondria in macrophage-specific polarization 
and highlights the potential for basic research to intervene in RA by modulating Mitochondrial metabolism, mitochondrial dynamics, 
mitochondrial autophagy, and mitochondrial translocation to promote M1-to-M2 macrophage conversion and suppress RA inflamma
tory responses. This holds significant implications for repairing RA-induced bone destruction and advancing clinical treatment. 
Keywords: rheumatoid arthritis, macrophages, M1/M2 polarization, inflammatory response, pathogenesis

Introduction
Rheumatoid arthritis (RA) is an autoimmune joint disorder strongly linked to chronic inflammation. Its pathological 
features are primarily driven by immune cell infiltration (ICI) and synovial lesions, which can result in joint destruction, 
deformity, and ultimately functional impairment.1,2 The underlying mechanisms of bone destruction in RA are mainly 
attributed to persistent inflammation, immune cell dysfunction, and excessive release of inflammatory mediators. 
Macrophages play a central role in bone immunity. Depending on both in vivo and in vitro conditions, they can 
differentiate into classically activated M1 macrophages or alternatively activated M2 macrophages. These polarized 
subtypes regulate osteocyte activity and contribute to maintaining bone homeostasis.3

In RA, the aberrant immune microenvironment disrupts the balance between M1 and M2 macrophages, favoring M1 
polarization. This shift results in an increased release of inflammatory cytokines, thereby promoting the progression of 
inflammatory bone disease.4,5 Consequently, modulating macrophage polarization represents a promising therapeutic 
approach for RA-related bone destruction. Further research into the mechanisms of inflammatory macrophage polarization 
is therefore warranted.

Mitochondria, commonly referred to as the “powerhouse” of the cell, are essential organelles responsible for critical 
functions including energy metabolism, substance synthesis, and signal transduction. The functional state of mitochondria is 
closely linked to macrophage polarization, with mechanisms involving alterations in metabolic pathways, regulation of 
signaling molecules, mitochondrial dynamics, mitochondrial-associated molecules, mitochondrial autophagy, as well as ion 
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homeostasis and mitochondrial translocation. Basic research indicates that biological materials can promote the conversion of 
M1 macrophages to M2 macrophages by intervening in mitochondrial metabolism, mitochondrial ion homeostasis, and 
mitochondrial translocation.6 For RA treatment, targeting the suppression of M1 macrophages and upregulating the number 
and activity of M2 macrophages can modulate the immune response in RA, suppress inflammatory reactions, and hold 
significant implications for repairing RA-induced bone destruction and clinical management.

Macrophage Polarization
Macrophages are a highly plastic and dynamic cell population capable of altering their phenotype and function in response to 
various environmental stimuli. This adaptive process is known as macrophage polarization.7 Typically, macrophages polarize 
into either classical (M1) or alternative (M2) phenotypes, both of which play roles in the development of RA. A non-polarized 
state, referred to as M0, also exists.

Studies have shown that M0 macrophages undergo polarization upon exposure to cytokines and other factors in the 
microenvironment. The M1 phenotype, which is pro-inflammatory, can be induced by Th1 cytokines, such as interferon-γ 
(IFN-γ). Upon activation, M1 macrophages release large quantities of IL-1, IL-6, IL-12, TNF-α, nitric oxide (NO), and reactive 
oxygen species (ROS), along with other pro-inflammatory and immunostimulatory cytokines.8 Chronic activation of M1 
macrophages can trigger excessive immune responses, contributing to persistent inflammation and the onset of inflammatory 
diseases.9

Cytokines IL-4 and IL-13 bind to the IL-4Rα receptor, promoting M2 macrophage polarization. M2 macrophages 
are further classified into four subtypes: M2a, M2b, M2c, and M2d.10 M2a macrophages, induced by IL-4 or IL-13, are 
also known as wound-healing macrophages. M2b macrophages, stimulated by immune complexes, TLR ligands, or IL- 
1β, are referred to as regulatory macrophages. M2c macrophages are elicited by glucocorticoids, IL-10, or TGF-β, 
while M2d macrophages, induced by TLR antagonists, are termed tumor-associated macrophages (TAM).11 M2-type 
macrophages produce anti-inflammatory cytokines, including IL-10, IL-4, transforming growth factor-β (TGF-β), 
vascular endothelial growth factor (VEGF), and platelet-derived growth factor (PDGF). These cytokines suppress 
T-cell activation and proliferation, participate in Th2-type immune responses, and contribute to tissue repair and 
angiogenesis (Figure 1). 12,13

Macrophage Polarization and RA
Macrophage-Induced Inflammation in RA
Research on the role of macrophages in inflammatory responses is progressing rapidly. Infiltrating macrophages contribute to 
various inflammatory cell states in RA and synovitis by orchestrating cytokine networks (Figure 2).14

(1) In RA, an aberrant immune environment causes abnormal macrophage activation, impaired phagocytosis, 
decreased clearance of apoptotic cells, and increased apoptotic cell accumulation. These changes promote the 
generation of autoantigens and autoantibodies, thereby aggravating inflammation.15

(2) Macrophages facilitate T-cell migration and abnormal activation. They promote Th17 differentiation, decrease the 
Th1/Th17 ratio, and inhibit Treg differentiation. Moreover, they stimulate osteoclastogenesis by secreting cyto
kines such as IL-17 and IL-26. This leads to abnormal B-cell activation and the production of specific antibodies 
targeting macrophage-presented antigens, further amplifying inflammatory responses.16

(3) An imbalance in the M1/M2 macrophage ratio is strongly linked to RA pathogenesis. Hyperactivation of M1 
macrophages enhances the release of pro-inflammatory cytokines, including IL-6, iNOS, TNF-α, and IL-1β, 
intensifying local inflammation. Conversely, impaired M2 polarization diminishes anti-inflammatory cytokine 
production and immune tolerance.8

(4) Macrophages in synovial tissue and bodily fluids induce chemotaxis and endothelial cell proliferation, promote 
vascular endothelium formation, and recruit inflammatory cells. By producing vascular endothelial growth factor 
(VEGF), they further exacerbate RA-associated inflammation.17
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Macrophage Polarization and RA Bone Cells
Bone metabolism is maintained by the dynamic balance between osteoclasts (OCs) and osteoblasts (OBs). OCs resorb 
bone by migrating to and degrading the bone surface, while OBs regenerate bone tissue. Disruption of this balance, such 
as excessive OC activity surpassing OB function, leads to bone destruction in RA.

M1 macrophages serve as precursors to OCs and promote their differentiation. They also release pro-inflammatory 
cytokines like TNF-α and IL-1 that stimulate bone resorption. TNF-α is the most potent inducer of OC formation secreted 
by M1 macrophages. It directly enhances the generation of OC precursors and upregulates RANKL expression, further 
driving osteoclastogenesis.18

Figure 1 Macrophage Phenotypic Conversion and Surface Active Substance Expression. 
Notes: When M0 macrophages are exposed to stimuli, they undergo polarization. M1 macrophages can trigger immune responses and chronic inflammation; M2 
macrophages are further subdivided into M2a, M2b, M2c, and M2d, each with distinct functions primarily associated with suppressing inflammation and promoting tissue 
repair. 
Abbreviations: IFN-γ, interferon γ; LPS, lipopolysaccharide; IGF, insulin like growth factor; TGF-β, transforming growth factor β; CCL, C C motif ligand; Arg1, arginase-1; 
IC, immune complex; A2A-R, A2Aadenosine receptor; IL, Interleukins; TNF-α, Tumor necrosis factor α; VEGF, vascular endothelial growth factor.
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IL-1, the most prominent pro-inflammatory cytokine in the interleukin family, also promotes OC formation and bone 
resorption. It induces the release of TNF-α and IL-6, compounding inflammatory damage.19 In contrast, anti- 
inflammatory M2 macrophages secrete IL-4 and IL-10, which inhibit OC precursor differentiation and suppress OC 
formation by downregulating pro-inflammatory cytokines such as TNF-α, IL-1, and IL-6.20

Macrophages are also essential for OB maintenance. Timely transition from the M1 to M2 phenotype enhances OB 
proliferation, adhesion, and mineralization, and increases the expression of osteogenic genes including RUNX2, ALP, 
COL1A1, OPN, and OCN. Thus, M2 macrophages are key regulators of OB differentiation and osteogenesis.21 In 
contrast, M1 macrophages negatively regulate OBs. For instance, TNF-α secreted by M1 macrophages suppresses 
RUNX2 expression through Smurf1 and Smurf2-mediated protein degradation, thereby inhibiting OB activation. 
Additionally, TNF-α downregulates OB differentiation by inhibiting IGF-1 signaling (Table 1). 22

Figure 2 Macrophages in the Inflammatory Response and Related Mechanisms in RA Patients. 
Notes: Macrophages induce autoantibodies, inflammatory mediators, and vascular endothelium in RA through different pathways. 
Abbreviations: VEGF, vascular endothelial growth factor; iNOS, inducible nitric oxide synthase; IL, Interleukins.

Table 1 Macrophage Polarization and RA Bone Cells

Macrophage Bone Cells

Direct Effect Indirect Effect

M1 

macrophages

As OCPs, differentiate 

into OC

A. Secretes TNF-α, IL-1, and IL-6, upregulating the RANKL/OPG signaling pathway to promote both 

OCP formation and osteoblast differentiation. 

B. Secretes TNF-α, which inhibits osteoblast activation by regulating Smurf1 and Smurf2 (degrading 
RUNX2 protein).

M2 
macrophages

Promote OB 
differentiation and activity

A. Promotes expression of osteogenic genes Runx2, ALP, OPN, COL1A, and OCN, thereby 
facilitating osteoblast differentiation; 

B. Secretes IL-4 and IL-10 to inhibit osteoblast precursor cell (OPC) differentiation into osteocytes, 

while suppressing pro-inflammatory factors such as TNF-α, IL-1, and IL-6 to reduce osteocyte 
numbers.

Abbreviations: OC, osteoclasts; OB, osteoblasts; IL, Interleukins; TNF-α, Tumor necrosis factor α; ALP, Alkaline Phosphatase; OPN, Osteopontin; COL1A, Collagen Type I Alpha 
Chain; OCN, Osteocalcin.
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M1-Type Macrophages Exacerbate RA, While M2-Type Macrophages Alleviate It
Studies have shown that the abundance of M1-type macrophages correlates positively with synovial hyperplasia, DAS28 
scores, and joint erosion in RA patients.23 Notably, M1 macrophages are predominantly observed in individuals with 
active RA24 and are considered major producers of inflammatory mediators such as TNF-α, IL-1, and IL-6. These 
cytokines promote Th17 cell differentiation, stimulate osteoclastogenesis, and thereby accelerate RA progression.25,26 In 
addition, M1-type macrophages in synovial tissue and fluid mediate endothelial cell chemotaxis and proliferation, 
facilitate neurofibril formation and immune cell infiltration (ICI), and further intensify the RA inflammatory response 
through VEGF production.27,28

An increase in anti-inflammatory M2 macrophages is a key indicator of RA remission, highlighting the importance of 
shifting M1 macrophages toward the M2 phenotype in RA therapy. M2 macrophages suppress OC formation and support 
the function of osteoblasts and bone marrow-derived stem cells, which are essential for bone synthesis, mineralization, 
and repair.29

Mitochondrial Function in RA and Macrophage Polarization
Mitochondrial Metabolism
Mitochondrial Glycolysis Promotes M1 Macrophage Polarization and Induces RA Inflammation
Macrophages undergo profound metabolic reprogramming during polarization. M1-type (classically activated) macro
phages exhibit enhanced glycolytic metabolism, characterized by increased glucose uptake, lactate production, and 
decreased oxygen consumption, which supports their proinflammatory activity.30 During the transition from M0 to M1 
macrophages, glycolysis is upregulated, with elevated activity and expression of key glycolytic enzymes, including 
hexokinase (HK) and glucose-6-phosphate dehydrogenase (G-6-PD). This upregulation increases NO and ROS, which in 
turn activate the NF-κB signaling pathway, driving RA-related inflammation.31,32

Therefore, targeting mitochondrial glycolysis may offer a novel strategy for treating macrophage polarization-related 
diseases such as RA. IFN-γ or LPS has been shown to induce M1 macrophage polarization by enhancing glycolysis via the 
UDPG/P2Y14/STAT1 signaling pathway. Inhibition of this pathway can suppress inflammation.33–35 HIF-1α is a key 
regulator of glycolysis in M1 polarization and is significantly upregulated in inflammatory conditions; its inhibition can 
reduce M1 polarization and impair bactericidal function.36,37 Furthermore, the AMPK pathway—implicated in RA pathogen
esis—has been found to reprogram glucose metabolism during M1 polarization, promoting cell proliferation and glycolytic 
activity.38 In summary, HIF-1α and AMPK are central regulators of mitochondrial glycolysis, and represent promising 
therapeutic targets for diseases involving macrophage polarization.

Mitochondrial Oxidative Phosphorylation Promotes M2 Macrophage Polarization to Suppress RA Inflammation
M2-type macrophages (alternatively activated macrophages) primarily rely on enhanced oxidative phosphorylation 
(OXPHOS) and fatty acid oxidation (FAO)—energy-efficient metabolic pathways that support their anti-inflammatory and 
tissue-repair functions.39 IL-4 and IL-10 are the main inducers of M2 polarization. IL-4 activates STAT6, which enhances 
mitochondrial OXPHOS, further activating PGC1β, thereby promoting M2 polarization.40 IL-10 indirectly facilitates M2 
polarization by inhibiting glucose uptake and glycolysis in M1 macrophages, while enhancing OXPHOS. This shift reduces 
the M1/M2 ratio and suppresses RA-related inflammation.41 Notably, inhibition of M2-associated OXPHOS can promote M1 
macrophage polarization and pro-inflammatory activity.42 In addition, activation of the AMPK signaling pathway enhances 
mitochondrial enzyme activity to support OXPHOS,38 which may favor M2 polarization. However, whether AMPK 
activation selectively promotes M1 or M2 polarization remains to be fully clarified.

FAO also modulates M2 macrophage polarization. It not only supplies energy but is also directly linked to the M2 
anti-inflammatory phenotype.43 Moreover, FAO is essential for plasmacytoid dendritic cell (pDC) function. Activation of 
pDCs increases FAO and OXPHOS, which are crucial for initiating antiviral responses.44

Mitochondrial Signaling Molecules Participate in Macrophage Polarization in RA
ROS Mitochondria are the primary source of ROS in cells. ROS participate in immune regulation, including signal 
transduction, redox balance, and autophagy. They are closely linked to the activation and function of M1 macrophages 
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and are involved in inflammatory signaling pathways such as NF-κB, MAPK, and Nrf2.45,46 For example, M1 macro
phages produce large amounts of ROS in response to lipopolysaccharide (LPS) stimulation. These ROS not only exert 
direct antibacterial effects but also act as signaling molecules to promote the secretion of inflammatory cytokines.47

In RA patients, the NF-κB/HIF-1α signaling cascade is significantly activated, resulting in increased ROS levels and 
enhanced M1 polarization, which further exacerbates disease progression.48 Inhibiting this signaling axis may promote 
the transition from M1 to M2 macrophages, which is crucial for RA treatment. Additionally, the ROS–ATM–Chk2 
pathway has also been identified as a contributor to M1 polarization.49 Therefore, the ROS-ATM-Chk2 axis and HIF-1α/ 
NF-κB axis are implicated in abnormal macrophage polarization, directly contributing to the pathogenesis and progres
sion of RA. Consequently, future basic research may consider targeting these pathways to reduce the proportion of M1 
macrophages, thereby exerting therapeutic effects on RA.

The role of ROS in M2 polarization remains controversial. Some studies suggest that the Th2 cytokine IL-25 can induce 
ROS production, enhance the activity of mitochondrial respiratory chain complexes, activate AMPK, and trigger mito
chondrial autophagy, thereby promoting M2 polarization in monocytes.50 Others report that Astragalus polysaccharides 
increase ROS through the Nrf2/HO-1 pathway, inhibit the release of pro-inflammatory cytokines (TNF-α, IL-6, IL-12), and 
promote M2 macrophage polarization.51

In contrast, some researchers have found that reducing ROS levels can also induce M2 polarization and suppress 
inflammation.52,53 It is noteworthy that the role of mitochondrial reactive oxygen species (mtROS) in macrophage 
polarization is dual-sided. Moderate levels of mtROS can promote macrophage polarization and function. From the 
perspective of RA pathogenesis, mtROS can promote both M1 and M2 macrophage polarization, but overall, the effect of 
promoting M1 macrophage polarization is stronger than that of promoting M2 polarization. On the other hand, excessive 
mtROS may lead to oxidative stress and cellular damage, causing macrophage apoptosis.

Metabolite regulation Pro-inflammatory M1 macrophages acquire energy mainly through glycolysis. During this 
process, the tricarboxylic acid (TCA) cycle is disrupted, leading to the abnormal accumulation of metabolites such as 
citrate, succinate, and itaconate.54 Mitochondrial metabolites like succinate and citrate act as signaling molecules in 
macrophage polarization.

For instance, succinate, released at sites of tissue damage or in pro-inflammatory microenvironments, functions as 
a pro-inflammatory factor.55 It enhances macrophage migration, promotes their activation, and stabilizes HIF-1α, thereby 
inducing the transcription of glycolytic genes and sustaining M1 metabolism.56 Succinate also binds to its receptor 
SUCNR-1 on the macrophage surface, triggering downstream signaling that leads to the production of pro-inflammatory 
cytokines and chemokines.57 Macrophages act as both producers and targets of succinate. In inflammatory diseases such 
as RA, succinate secreted by macrophages upregulates SUCNR-1 expression on M1 macrophages and promotes IL-1β 
secretion, worsening arthritis.58

When citrate accumulates abnormally and enters the cytoplasm, it contributes to lipid synthesis, gluconeogenesis, and 
the production of NADPH and acetyl-CoA. Acetyl-CoA is especially important for protein acetylation.59 During M1 
polarization, acetyl-CoA modulates the expression of proteins such as NF-κB, IL-6, and IL-10 through acetylation.59 

Studies suggest that citrate accumulation drives M1 polarization by upregulating the mitochondrial citrate carrier (CIC) 
and reducing isocitrate dehydrogenase activity, thereby impairing the TCA cycle.60

Itaconic acid is primarily known for its antimicrobial effects. In macrophages, overexpression of ACOD1 (which 
encodes cis-aconitate decarboxylase) converts cis-aconitate into itaconate. Itaconate inhibits succinate dehydrogenase, 
causing succinate accumulation and indirectly promoting M1 macrophage polarization.61

Mitochondrial Dynamics are Associated with Macrophage Polarization in RA
Mitochondrial Fission Abnormalities Contribute to M1 Macrophage Polarization
The size, shape, and number of mitochondria dynamically change in response to cellular energy demands and mitochon
drial health. These changes are governed by mitochondrial dynamics, which include tightly regulated fission and fusion 
processes.62 Mitochondrial fusion maintains normal mitochondrial function, while fission is activated in response to 
damage or stress to remove dysfunctional mitochondria. Mitochondrial fission is a complex event involving multiple 
pathways, with the endoplasmic reticulum (ER)–mitochondria signaling axis playing a central role.63 This interaction 
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occurs at mitochondria-associated membranes (MAMs), where tubular ER structures encircle mitochondria, initiating 
early fission events.64 These sites subsequently recruit fission machinery and support the process in an actin-dependent 
manner.

Proper mitochondrial function is critical for the physiological activity of various cells, particularly immune cells like 
macrophages. During RA-related inflammation, macrophages undergo metabolic reprogramming, and mitochondrial 
dynamics appear to contribute to these changes. Studies have shown that lipopolysaccharide (LPS), a primary M1 
polarization stimulus, induces mitochondrial fragmentation at 0.5 µg/mL, resulting in small fragmented mitochondria and 
increased Drp1 dephosphorylation. In contrast, IL-4, which promotes M2 polarization, induces mitochondrial fusion and 
upregulates fusion-related proteins such as Mfn1, Mfn2, Fam73a, and Fam73b.65

DRP1 is a well-established regulator of mitochondrial fission.66 Hyperactivation of DRP1 during fission leads to 
mitochondrial dysfunction, characterized by increased outer membrane permeability, decreased ATP production, elevated 
ROS and cytochrome c release, and enhanced glycolysis in macrophages.67 These changes are closely linked to M1 
polarization. DRP1 has also been implicated in OC differentiation.68 During this process, M1 macrophages promote OC 
formation through inflammatory mediators and mitochondrial metabolic reprogramming (Figure 3).69 Therefore, Drp1 
signaling has been identified as a key factor promoting macrophage polarization toward a proinflammatory state and metabolic 
reprogramming, closely associated with RA pathogenesis, positioning it as a potential therapeutic target for RA.

Figure 3 Mitochondrial dynamics and macrophage polarization in RA. 
Notes: Abnormal mitochondrial fission and increased glycolysis in macrophages promote M1 macrophage polarization; mitochondrial fusion facilitates OXPHOS in M2 
macrophages and is closely associated with mitochondrial SIRT (mtSIRT). 
Abbreviations: MAMs, Mitochondria-associated membranes; mtSIRT, Mitochondrial SIRT; OXPHOS, Oxidative phosphorylation; ATP, adenosine triphosphate; ADP, 
adenosine diphosphate.
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Mitochondrial Fusion Promotes OXPHOS in M2 Macrophages
Mitochondrial fusion is a multi-step process involving the outer and inner membranes. Fusion of the outer membrane is 
mediated by mitofusins (Mfn1/2), while inner membrane fusion is regulated by OPA1.70,71 Although Mfn1 and Mfn2 
share structural similarity, Mfn1 exhibits stronger GTPase activity and is more effective in promoting membrane fusion. 
OPA1 activity is also closely associated with Mfn1.72

Mitochondrial fusion results in elongated, interconnected mitochondria that enhance ATP production.73 Fusion-related 
processes also help preserve mitochondrial function and prevent the accumulation of defective mitochondrial DNA.74 

Mitochondrial sirtuins (mtSIRTs) serve as crucial regulators linking metabolism and mitochondrial dynamics.75 

Specifically, SIRT3/4/5 influence OPA1 and/or MFN2 to promote fusion and regulate cellular metabolism. SIRT3 enhances 
mitochondrial respiration, whereas SIRT4 and SIRT5 suppress it in certain cell types, such as fibroblasts, MDA-MB-231, and 
C2C12 cells. In macrophages, however, SIRT3/4/5 collectively enhance OXPHOS and glycolysis to support macrophage 
function.76 Notably, SIRT5 has been reported to regulate the degradation of GLUD1 in IL-4–polarized bone marrow–derived 
macrophages (BMDMs), thereby increasing GLUD1 activity and promoting α-ketoglutarate (αKG) production. This, in turn, 
facilitates M2-like macrophage polarization.77

Mitochondria-Related Molecules and Macrophage Polarization
NDUFS4
Mitochondria are the primary site of oxidative phosphorylation (OXPHOS), producing cellular energy in the form of 
adenosine triphosphate (ATP). They are also involved in ROS generation, fatty acid oxidation, heme biosynthesis, apoptosis, 
thermogenesis, and calcium (Ca2+) homeostasis.78 During OXPHOS, the nuclear-encoded NDUFS4 gene produces the 
NADH: ubiquinone oxidoreductase subunit S4 (Ndufs4) of complex I. Phosphorylation of Ndufs4 affects mitochondrial 
import, mitochondrial targeting sequence (MTS) cleavage, and its subsequent incorporation into complex I.79,80 Thus, Ndufs4 
is critically involved in mitochondrial function.

Studies indicate that the complex I–associated protein Ndufs4 plays a pivotal role in macrophage polarization.81 Mutations 
or deletions in Ndufs4 have been shown to alter mitochondrial membrane potential, ROS levels, and NADPH homeostasis. 
These alterations enhance pro-inflammatory gene expression in macrophages and can also trigger macrophage apoptosis, 
ultimately impairing tissue repair.82 This highlights the important role of Ndufs4 in promoting M1 macrophage polarization.

In the context of RA-related bone destruction, reduced or absent Ndufs4 expression correlates with decreased OC number 
and function, thereby inhibiting bone resorption.82 These findings suggest that Ndufs4 levels are positively associated with OC 
activity. Moreover, liver-specific deletion of Ndufs4 induces a metabolic shift from fatty acid oxidation (FAO) to glycolysis, 
leading to fatty acid and lactate accumulation. This, in turn, activates Ndufs4-deficient macrophages via ROS and reduces OC 
numbers.83 Further investigation reveals that TLR4 deficiency in Ndufs4-knockout mice alleviates inflammation and bone 
destruction, indicating that TLR4 acts as a key mediator of systemic inflammation in the absence of Ndufs4.84 In summary, 
Ndufs4 plays a vital role in both macrophage polarization and OC activation.

HtrA2
HtrA2 is a member of the highly conserved high-temperature requirement A (HtrA) serine protease family and is 
implicated in the development of neurodegenerative diseases, prostate cancer, and hepatocellular carcinoma.85 Recent 
studies also link HtrA2/Omi to the pathogenesis of RA.86 Located in the mitochondrial intermembrane space, HtrA2/Omi 
is a key regulator of mitochondrial protein quality control. It primarily functions in the degradation of misfolded proteins 
via the mitochondrial unfolded protein response (UPRmt), thereby preserving mitochondrial function and structure.87

HtrA2/Omi deficiency promotes the accumulation of mitochondrial ROS, which leads to the generation of oxidatively 
damaged mitochondrial DNA (Ox-mtDNA). Elevated ROS levels disrupt mitochondrial membrane potential and induce 
the opening of the mitochondrial permeability transition pore (MPTP), resulting in the release of Ox-mtDNA into the 
cytoplasm.88,89 There, it is recognized by cytoplasmic damage-associated molecular pattern (DAMP) receptors. DAMPs 
activate the NF-κB pathway via TLR9, driving the production of pro-inflammatory cytokines such as IL-1β, IL-12, and 
type I interferons (IFNs), and promoting M1-type macrophage polarization (Figure 4). 90
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TFAM
Mitochondrial transcription factor A (TFAM), encoded by nuclear DNA, is essential for maintaining mitochondrial DNA 
(mtDNA) function and is a key component of the mitochondrial electron transport chain. This makes TFAM a critical 
regulator of energy production through oxidative phosphorylation.91,92 Studies have shown that TFAM wraps tightly 
around mtDNA, forming a nucleoid structure that protects it from ROS-induced damage.93 Additionally, TFAM regulates 
mtDNA copy number, which is closely linked to mitochondrial metabolic activity. Even slight changes in the TFAM-to- 
mtDNA ratio can significantly affect mtDNA transcription and replication,94 indicating that subtle alterations in TFAM 
levels may disrupt normal mitochondrial function.

Mitochondrial dysfunction reduces TFAM expression and increases ROS levels, leading to structural abnormalities in the 
mitochondrial nucleoid. This causes direct mtDNA damage, activates the cGAS–STING pathway, and induces type I interferon 
production, a process implicated in RA pathogenesis.95 Furthermore, TFAM plays a role in regulating macrophage polarization. 
For instance, TFAM deficiency impairs mitochondrial morphology and function in T cells, weakening immune responses and 
negatively impacting macrophage differentiation.96 Other studies have reported that TFAM promotes dendritic cell (DC) 

Figure 4 HtrA2 and macrophage polarization. 
Notes: Normal levels of HtrA2/Omi maintain mitochondrial function; HtrA2/Omi deficiency promotes M1 macrophage polarization through ROS, NF-κB pathway, and 
other pathways. 
Abbreviations: Ox-mtDNA, Oxidative damage to mitochondrial DNA; MPTP, Mitochondrial permeability transition pore.
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maturation both in vivo and in vitro, enhances T cell proliferation, and increases the secretion of proinflammatory cytokines, 
thereby promoting M1 macrophage differentiation and contributing to RA progression.97

Mitochondrial Autophagy Can Suppress RA Inflammatory Responses
Mitochondrial Autophagy Inhibits M1 Macrophage Polarization in RA
Mitochondrial dynamics are critical for the removal of damaged mitochondria and for maintaining mitochondrial 
structure and function.98 When fusion and fission are insufficient to address cellular stress, mitochondrial autophagy is 
initiated to eliminate dysfunctional mitochondria. This process preserves mitochondrial quality, reduces ROS generation 
and mtDNA release, and suppresses inflammation.99 Conversely, impaired mitochondrial autophagy results in ROS 
accumulation, enhanced immune responses, systemic inflammation, and may contribute to RA onset.100

Recent studies have demonstrated that mitochondrial autophagy regulates macrophage polarization in RA by 
influencing mitochondrial function.101 For example, acrylamide induces mitochondrial autophagy through the PINK1 
pathway, promoting M2 macrophage polarization and reducing inflammation in RA.102 In contrast, taurine inhibits 
PINK1-mediated mitophagy, increasing inflammatory markers and the proportion of M1 macrophages, while reducing 
M2 macrophages, thus exacerbating RA inflammation.103 These findings suggest that mitochondrial autophagy sup
presses M1 polarization and alleviates inflammatory responses in RA. Given the strong association between macrophage 
polarization and mitophagy, targeting this process may provide a novel strategy for RA-specific therapy.

From a Metabolic Perspective, Mitochondrial Autophagy Promotes M1 Macrophage Polarization
The role of mitochondrial autophagy in macrophage polarization is complex. From a metabolic standpoint, enhanced mitochon
drial autophagy, mediated by receptors such as BNIP3L/NIX and FUNDC1, removes functional mitochondria, shifting 
macrophage metabolism toward glycolysis. This metabolic reprogramming supports the rapid energy and biosynthetic demands 
required for M1 polarization.104,105 In addition, mitochondrial autophagy functions as a quality control mechanism that preserves 
mitochondrial integrity and supports oxidative phosphorylation, which is essential for M2 macrophage metabolism.106 However, 
excessive mitophagy may disrupt energy supply and impair the polarization of both M1 and M2 macrophages.

Macrophage Autophagy Can Inhibit M1 Macrophage Polarization
Macrophage autophagy is a critical process by which damaged cellular components or pathogens are degraded and 
recycled via the autophagic machinery. This process is essential for immune defense, inflammation regulation, and 
cellular homeostasis.107 Major forms of macrophage autophagy include: (1) Macroautophagy: Formation of double- 
membrane autophagosomes that encapsulate cytoplasmic materials, which then fuse with lysosomes to degrade the 
contents. (2) Microautophagy: Direct invagination of the lysosomal membrane to engulf cytoplasmic components. 
(3) Chaperone-mediated autophagy (CMA): Selective degradation of specific proteins marked by KFERQ-like motifs, 
guided by chaperones such as HSPA8/HSC70, which transport them into lysosomes. (4) Selective forms of autophagy: 
Including mitophagy, ER-phagy, heterophagy (following pathogen phagocytosis), and lipophagy (Figure 5). 108

Autophagy plays a crucial role in regulating macrophage polarization.109 Impaired macrophage autophagy has been shown to 
promote M1 polarization and exacerbate inflammatory responses.110 Conversely, enhancing autophagy, such as through 
ubiquitin-specific protease 19 (USP19), can promote M2 polarization.111 Experimental studies also support this: spermine, an 
autophagy-inducing compound, was found to suppress M1 polarization and promote M2 polarization in liver-resident macro
phages (Kupffer cells) in TAA-treated mouse models.112 In conclusion, mitochondrial autophagy, as a subset of macrophage 
autophagy, plays a significant role in inhibiting M1 polarization and alleviating chronic inflammation and immune responses.

Mitochondrial Ion Homeostasis Abnormalities Promote M1 Macrophage Polarization 
in RA
Mitochondrial Iron Overload
Iron, a highly reactive metal, is essential in numerous biological processes, including apoptosis, host defense, and mitochon
drial respiration. It catalyzes free radical production through the Fenton reaction and regulates cell proliferation.113,114 Thus, 
maintaining iron homeostasis is vital for physiological function (Figure 6). In pathological conditions, excessive iron 
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accumulation, known as iron overload, can occur.115 This state is recognized as a risk factor for infections, cancer, endocrine 
disorders, neurodegenerative diseases, and autoimmune conditions.116,117

In RA-related studies, Fe2+ has been identified as a key element for oxidative phosphorylation and the TCA cycle in 
macrophages, with iron-sulfur (Fe-S) clusters and mitochondrial ferritin (FtMt) playing crucial roles in polarization.85 

Evidence shows that M1 macrophages display iron overload, while Fe2+ levels in M2 macrophages remain stable.86 

Additional findings indicate that iron overload in macrophages activates the NF-κB signaling pathway, promoting M1 
polarization and exacerbating RA inflammation.87 Furthermore, mitochondrial iron overload increases ROS production 
and glycolysis, further facilitating M1 macrophage polarization.88,89

Mitochondrial iron overload promotes the differentiation of M1 macrophages into OCs Intracellular iron overload 
primarily contributes to OC differentiation (Figure 7). Studies118 have shown that ferritin-induced iron accumulation 
significantly enhances the differentiation of RAW264.7 mouse macrophages into OCs. Moreover, iron overload increases 
systemic IL-6 production by elevating ROS levels in mouse models, thereby activating the STAT3 pathway and 
promoting RANKL production by osteoblasts.119 This facilitates OC formation via the RANKL/RANK/OPG signaling 
axis, further contributing to bone resorption in RA. Additionally, iron overload induces ROS production in OCs through 
the Fenton reaction120 or indirectly by enhancing mitochondrial function and respiration.121 ROS, in turn, activate cAMP 
response element-binding protein (CREB) via phosphorylation, which upregulates transcription of peroxisome prolif
erator-activated receptor-γ coactivator 1β (PGC-1β), forming a positive feedback loop that further increases ROS 
levels.122 These elevated ROS levels disrupt OC activity and impair bone homeostasis.

Figure 5 Macrophage Autophagy Processes and Classification. 
Abbreviations: CMA, Chaperone-mediated autophagy; ER-phagy, endoplasmic reticulum autophagy; ER, endoplasmic reticulum.
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Increased Mitochondrial Copper Ions Promote M1 Macrophage Polarization
Copper homeostasis involves copper absorption, distribution, utilization, and excretion, regulated by copper complexes, 
chaperone proteins, and transporters.123 Once inside cells, copper ions can catalyze redox reactions and, together with 
glutathione, exert antioxidant effects that protect against oxidative stress. Additionally, copper is essential for cytochrome 
c oxidase (CCO) activity, which plays a key role in energy metabolism and ATP production.124

Copper homeostasis significantly influences inflammation and macrophage differentiation. Excess copper leads to 
elevated intracellular copper ion levels, promoting free radical generation, particularly ROS, and inducing oxidative 
stress.125 In RA, copper overload increases ROS production, which activates NF-κB, a critical regulator of 
inflammation.126 This amplifies immune and inflammatory responses while also promoting M1 macrophage polarization, 
thereby aggravating RA pathology. Experimental studies confirm that high concentrations of copper ions exert cytotoxic 
effects and stimulate inflammatory responses.127 In macrophages, mitochondrial copper ion levels rise significantly, 
supporting M1-related metabolic reprogramming and epigenetic modifications.128 In contrast, copper deficiency enhances 
M2 polarization, marked by increased expression of anti-inflammatory markers and reduced expression of M1 surface 
proteins and pro-inflammatory cytokines.126

Figure 6 Iron metabolism. 
Abbreviations: CMA, Chaperone-mediated autophagy; ERAG, endoplasmic reticulum autophagy.
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Mitochondrial Calcium Overload Promotes M1 Macrophage Polarization
Mitochondria play critical roles in calcium signaling, energy metabolism, and oxidative stress regulation.129 

Mitochondrial calcium levels directly influence macrophage polarization. Oxidative phosphorylation rate, regulated by 
calcium, affects ATP production and overall macrophage metabolic activity. The TCA cycle, a core component of this 
process, is modulated by calcium through activation of key enzymes and regulation of the mitochondrial permeability 
transition pore (mPTP), thereby increasing metabolic rates and inflammatory signaling.130,131 Moderate increases in 
mitochondrial calcium enhance mitochondrial function. However, calcium overload disrupts membrane potential, induces 
excessive ROS production, and triggers mitochondrial DNA release. These events activate inflammatory pathways and 
drive M1 macrophage polarization.132

Figure 7 Mitochondrial iron overload and OC. 
Notes: Iron overload induces ROS production in osteoclasts via the Fenton reaction or indirectly through activation of mitochondrial function and respiration. ROS can 
mediate osteoclast generation through the RANKL/NF-κB signaling pathway. 
Abbreviation: CREB, cAMP response element-binding protein.
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Modulating Mitochondrial Ion Homeostasis Can Intervene in Macrophage Polarization in RA
Clinical translational research increasingly focuses on modulating macrophage phenotypic conversion by regulating mito
chondrial iron homeostasis, thereby intervening in macrophage-driven inflammatory diseases such as RA. Cui et al reported 
on biomaterials that modulate macrophage polarization by regulating mitochondrial ion homeostasis. CQP hydrogel, an iron 
chelator, helps prevent Fe2+ accumulation, restores mitochondrial function, and facilitates the shift of M1 macrophages 
toward the M2 phenotype. This transformation contributes to improved immune status and reduced inflammatory responses 
in vivo.6 Solier et al developed LCC-12, a metformin dimer that inactivates Cu2+ within mitochondria, thereby suppressing 
M1 macrophage activation. This compound effectively alleviated acute inflammatory responses and improved survival rates 
in mice.133 Feng et al134 employed a macrophage-targeted delivery system using polyethyleneimine (PEI) and β-aminoaniline 
(PBAA) to deliver siERN1, which modulates macrophage Ca2+ levels and facilitates the M1-to-M2 transformation to 
maintain immune homeostasis. These studies provide significant insights for RA treatment, suggesting that ion chelators or 
related biomaterials may achieve M1-to-M2 macrophage conversion to restore immune dysregulation in RA.

Mitochondrial Transfer and RA
Mitochondrial Transfer Promotes M2 Macrophage Polarization
With growing understanding of mitochondrial roles in disease, mitochondrial transfer, the movement of mitochondria 
between cells, has gained attention.135 This process occurs via several mechanisms: A. Cell fusion-induced mitochondrial 
transfer: Fusion between cells, either heterotypic or homotypic, leads to the exchange of organelles, including 
mitochondria.136 While spontaneous under basal conditions, mitochondrial transfer is enhanced by stimuli such as 
viral infections or chemical exposure.137 Though mechanisms remain unclear, membrane fusion may involve interactions 
between surface proteins and cytoskeletal reorganization.

B. Exosome- or tunneling nanotube-mediated mitochondrial transfer:138 Exosomes are vesicles secreted by cells, 
enclosed by a membrane composed of components similar to the plasma membrane. They contain cellular materials such 
as DNA, proteins, and intact, functional mitochondria.139 Exosomes can be directly taken up by recipient cells or 
internalized through endocytosis, subsequently fusing with the plasma membrane. Once internalized, they release their 
contents, including mitochondria, which may integrate into the recipient cell’s metabolic system.140 This mechanism is 
most commonly observed in mesenchymal stem cells and neuronal cells. Exosome-mediated mitochondrial transfer 
provides a protective environment that shields mitochondria from external stressors.141

Tunneling nanotubes are long, membrane-bound structures that facilitate direct intercellular communication and the 
exchange of cellular components, including mitochondria. This form of transfer is particularly prevalent among immune 
and cancer cells.142 However, mitochondrial transfer via tunneling nanotubes has limitations. External mechanical stress 
during transfer may damage mitochondria or impair their function.143

The onset of RA is closely linked to inflammatory responses and macrophage phenotypes. Mitochondrial transfer 
plays a regulatory role in shaping macrophage behavior. Research has shown that mesenchymal stem cells (MSCs) 
regulate mitochondrial fusion and autophagy through the PGC-1α/TFEB signaling pathway, facilitating mitochondrial 
transfer, enhancing mitochondrial function, reducing ROS production, and promoting M2 macrophage polarization. At 
the same time, this process inhibits M1 polarization, thereby alleviating inflammation.144 In addition, MSCs can also 
promote M2 polarization via exosome-mediated mitochondrial transfer (Figure 8). 145

Mitochondrial Transplantation as a New Approach for Treating RA
Macrophages are key effector cells in RA pathogenesis, while mitochondria, critical for energy metabolism, ion balance, 
apoptosis, and phenotypic differentiation, serve as their central regulators. Mitochondrial transfer, a non-invasive technique, 
has shown potential for treating various diseases due to its minimal side effects and low complication rates.136 Studies have 
demonstrated that transferring mitochondria from healthy to damaged cells enhances energy metabolism, promotes prolifera
tion and differentiation, and facilitates tissue repair and regeneration.146

Evidence suggests that mitochondrial transfer promotes M2 macrophage polarization and inhibits M1 polarization, thus 
alleviating inflammation in RA and providing therapeutic benefits. Currently, mitochondrial delivery methods include injection, 
cell fusion, and phagocytosis of isolated mitochondria or mitochondria-containing particles.147 However, these approaches face 
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limitations regarding efficiency, specificity, and safety. Extracellular vesicles (EVs) or exosomes have emerged as promising 
alternatives due to their high uptake efficiency and precise mitochondrial delivery.148 Future research may focus on enhancing 
mitochondrial function in RA patients by transferring healthy mitochondria, reducing the M1/M2 macrophage ratio, and 
suppressing inflammation. This strategy could potentially slow or even halt RA progression, offering a novel therapeutic avenue.

Summary and Outlook
Macrophages play a crucial role in the pathogenesis of RA), particularly through the inflammatory responses driven by M1 
macrophages, which contribute to the development of inflammatory bone disease. Therefore, promoting the conversion of 
M1 macrophages into M2 macrophages represents a promising therapeutic strategy for RA. As central organelles regulating 
macrophage metabolism and function, mitochondria influence M1/M2 polarization through various mechanisms, including 
metabolic pathways, signaling molecules, mitochondrial dynamics, mitochondria-associated proteins, mitophagy, ion home
ostasis, and mitochondrial transfer. These pathways collectively modulate immune and inflammatory responses, thereby 
contributing to RA progression. Elucidating these mechanisms, promoting M1-to-M2 transition, and suppressing inflamma
tion are of great significance for the treatment and repair of inflammatory bone diseases.

However, mitochondrial regulation of macrophage polarization remains complex and poses several challenges: 
(1) Current research is primarily limited to theoretical frameworks and animal models, with limited support from 
human studies; (2) Mitochondrial glycolysis promotes M1 polarization, while oxidative phosphorylation promotes 
M2 polarization. The precise switch or balance point between these metabolic states remains unclear, and 
strategies to modulate these processes require further investigation. (3) Moderate increases in ROS, calcium, 
iron, and copper ions have been shown to promote M1 polarization, but excessive accumulation may lead to 
macrophage apoptosis. The specific concentration thresholds for these effects have not yet been defined.

Future research into RA, mitochondria, and macrophages may focus on the following directions: (1) Precise 
regulation of macrophage function: Targeting specific signaling pathways or chemokines through mitochondrial 
regulation to modulate macrophage activation states and enable immune intervention in RA. (2) Mitochondrial 
transfer: Transferring healthy mitochondria to RA patients to restore mitochondrial function, reduce the M1/M2 

Figure 8 Mitochondrial transfer. 
Notes: The mitochondrial transfer process primarily involves cell fusion-induced mitochondrial transfer and mitochondrial transfer mediated by exosomes or nanotubes. 
Mitochondrial transfer contributes to M2 macrophage polarization.
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ratio, and alleviate inflammation, offering a potential therapeutic approach. (3) Clinical research and translation: 
Bridging basic and clinical research to assess the therapeutic potential of targeting mitochondrial regulation of 
macrophage polarization in RA patients.

Data Sharing Statement
Data sharing is not applicable as no data was generated or analysed in this paper.

Author Contributions
Pingshun Li: Conceptualization, Original draft
Gang Wang: Formal analysis, Original draft
Zhihui Peng: Formal analysis, Original draft
Lihuan Zhang: Data curation, Original draft
Fang Yang: Data curation, Review & Editing
Yong Wei: Data curation, Original draft
Meihan Pan: validation, Review & Editing
Haohao Zang: validation, Review & Editing
Mengru Zhou: Conceptualization, Review & Editing

All authors took part in drafting, revising or critically reviewing the article; gave final approval of the version to be 
published; have agreed on the journal to which the article has been submitted; and agree to be accountable for all aspects 
of the work.

Funding
Supported by the Gansu Provincial Natural Science Foundation Youth Fund Program (No.22JR11RA133, 
21JR11RA158), The Second Affiliated Hospital of Gansu University of Traditional Chinese Medicine Youth Program 
(No. ZX-62000004-2022-092), Gansu Province Famous Traditional Chinese Medicine Practitioners Inheritance Studio 
Construction Project (National TCM Regulation and Caixin Letter [2021] No. 50) and 2023 Central Finance Transfer 
Payment for Local Projects for Capacity Enhancement of Chinese Medicine Counseling and Evidence Construction 
(No. 2101704).

Disclosure
The authors declare that they have no conflicts of interest.

References
1. Wang H, Sun X, Cui K, et al. Ubiquitin specific peptidase 13 protects against inflammation-associated joint injury in collagen-induced 

rheumatoid arthritis mice by targeting TRAF6. Int Immunopharmacol. 2025;156:114617. doi:10.1016/j.intimp.2025.114617
2. Li P, Zhou M, Wang J, et al. Important role of mitochondrial dysfunction in immune triggering and inflammatory response in rheumatoid 

arthritis. J Inflamm Res. 2024;17:11631–11657. doi:10.2147/JIR.S499473
3. Ye X, Ren D, Chen Q, et al. Resolution of inflammation during rheumatoid arthritis. Front Cell Dev Biol. 2025;13:1556359. doi:10.3389/ 

fcell.2025.1556359
4. Xu J, Chen X, Zhang H, et al. Platelet-rich plasma relieves inflammation and pain by regulating M1/M2 macrophage polarization in knee 

osteoarthritis rats. Sci Rep. 2025;15(1):12805. doi:10.1038/s41598-025-97501-6
5. Cutolo M, Campitiello R, Gotelli E, et al. The role of M1/M2 macrophage polarization in rheumatoid arthritis synovitis. Front Immunol. 

2022;13:867260. doi:10.3389/fimmu.2022.867260
6. Tian Z, Wang X, Chen S, et al. Mitochondria-targeted biomaterials-regulating macrophage polarization opens new perspectives for disease 

treatment. Int J Nanomed. 2025;20:1509–1528. doi:10.2147/IJN.S505591
7. Yang H, Cheng H, Dai R, et al. Macrophage polarization in tissue fibrosis. PeerJ. 2023;11:e16092. doi:10.7717/peerj.16092
8. Chen S, Saeed AFUH, Liu Q, et al. Macrophages in immunoregulation and therapeutics. Signal Transduct Target Ther. 2023;8(1):207. 

doi:10.1038/s41392-023-01452-1
9. Zhou L, Zhao H, Meng X, et al. GBP5 exacerbates rosacea-like skin inflammation by skewing macrophage polarization towards M1 phenotype 

through the NF-κB signalling pathway. J Eur Acad Dermatol Venereol. 2023;37(4):796–809. doi:10.1111/jdv.18725
10. Peng Y, Zhou M, Yang H, et al. Regulatory mechanism of M1/M2 macrophage polarization in the development of autoimmune diseases. 

Mediators Inflamm. 2023;2023:8821610. doi:10.1155/2023/8821610

https://doi.org/10.2147/JIR.S560635                                                                                                                                                                                                                                                                                                                                                                                                                                                           Journal of Inflammation Research 2025:18 17178

Li et al                                                                                                                                                                                

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1016/j.intimp.2025.114617
https://doi.org/10.2147/JIR.S499473
https://doi.org/10.3389/fcell.2025.1556359
https://doi.org/10.3389/fcell.2025.1556359
https://doi.org/10.1038/s41598-025-97501-6
https://doi.org/10.3389/fimmu.2022.867260
https://doi.org/10.2147/IJN.S505591
https://doi.org/10.7717/peerj.16092
https://doi.org/10.1038/s41392-023-01452-1
https://doi.org/10.1111/jdv.18725
https://doi.org/10.1155/2023/8821610


11. Zhao W, Ma L, Deng D, et al. M2 macrophage polarization: a potential target in pain relief. Front Immunol. 2023;14:1243149. doi:10.3389/ 
fimmu.2023.1243149

12. Vassiliou E, Farias-Pereira R. Impact of lipid metabolism on macrophage polarization: implications for inflammation and tumor immunity. 
Int J Mol Sci. 2023;24(15):12032. doi:10.3390/ijms241512032

13. Zhang K, Guo J, Yan W, et al. Macrophage polarization in inflammatory bowel disease. Cell Commun Signal. 2023;21(1):367. doi:10.1186/ 
s12964-023-01386-9

14. Gerasimova EV, Popkova TV, Gerasimova DA, et al. Macrophage dysfunction in autoimmune rheumatic diseases and atherosclerosis. Int J Mol 
Sci. 2022;23(9):4513. doi:10.3390/ijms23094513

15. Kadomoto S, Izumi K, Mizokami A. Macrophage polarity and disease control. Int J Mol Sci. 2021;23(1):144. doi:10.3390/ijms23010144
16. Zhao X, Di Q, Liu H, et al. MEF2C promotes M1 macrophage polarization and Th1 responses. Cell Mol Immunol. 2022;19(4):540–553. 

doi:10.1038/s41423-022-00841-w
17. Arabpour M, Saghazadeh A, Rezaei N. Anti-inflammatory and M2 macrophage polarization-promoting effect of mesenchymal stem 

cell-derived exosomes. Int Immunopharmacol. 2021;97:107823. doi:10.1016/j.intimp.2021.107823
18. Zha L, He L, Liang Y, et al. TNF-α contributes to postmenopausal osteoporosis by synergistically promoting RANKL-induced osteoclast 

formation. Biomed Pharmacother. 2018;102:369–374. doi:10.1016/j.biopha.2018.03.080
19. Xing L, Carlson L, Story B, et al. Expression of either NF-kappaB p50 or p52 in osteoclast precursors is required for IL-1-induced bone 

resorption. J Bone Miner Res. 2003;18(2):260–269. doi:10.1359/jbmr.2003.18.2.260
20. Fujii T, Kitaura H, Kimura K, et al. IL-4 inhibits TNF-α-mediated osteoclast formation by inhibition of RANKL expression in TNF-α-activated 

stromal cells and direct inhibition of TNF-α-activated osteoclast precursors via a T-cell-independent mechanism in vivo. Bone. 2012;51 
(4):771–780. doi:10.1016/j.bone.2012.06.024

21. You Y, Wang W, Li Y, et al. Aspirin/PLGA coated 3D-printed Ti-6Al-4V alloy modulate macrophage polarization to enhance osteoblast 
differentiation and osseointegration. J Mater Sci Mater Med. 2022;33(10):73. doi:10.1007/s10856-022-06697-w

22. Osta B, Benedetti G, Miossec P. Classical and paradoxical effects of TNF-α on bone homeostasis. Front Immunol. 2014;5:48. doi:10.3389/ 
fimmu.2014.00048

23. Gent YY, Ahmadi N, Voskuyl AE, et al. Detection of subclinical synovitis with macrophage targeting and positron emission tomography in 
patients with rheumatoid arthritis without clinical arthritis. J Rheumatol. 2014;41(11):2145–2152. doi:10.3899/jrheum.140059

24. Hamilton JA, Tak PP. The dynamics of macrophage lineage populations in inflammatory and autoimmune diseases. Arthritis Rheum. 2009;60 
(5):1210–1221. doi:10.1002/art.24505

25. Corvaisier M, Delneste Y, Jeanvoine H, et al. IL-26 is overexpressed in rheumatoid arthritis and induces proinflammatory cytokine production 
and Th17 cell generation. PloS Biol. 2012;10(9):e1001395. doi:10.1371/journal.pbio.1001395

26. Lee KA, Kim KW, Kim BM, et al. Promotion of osteoclastogenesis by IL-26 in rheumatoid arthritis. Arthritis Res Ther. 2019;21(1):283. 
doi:10.1186/s13075-019-2070-0

27. Grabiec AM, Krausz S, de Jager W, et al. Histone deacetylase inhibitors suppress inflammatory activation of rheumatoid arthritis patient 
synovial macrophages and tissue. J Immunol. 2010;184(5):2718–2728. doi:10.4049/jimmunol.0901467

28. Semerano L, Clavel G, Assier E, et al. Blood vessels, a potential therapeutic target in rheumatoid arthritis? Joint Bone Spine. 2011;78 
(2):118–123. doi:10.1016/j.jbspin.2010.06.004

29. Luo M, Zhao F, Cheng H, et al. Macrophage polarization: an important role in inflammatory diseases. Front Immunol. 2024;15:1352946. 
doi:10.3389/fimmu.2024.1352946

30. Rodríguez JP, Casas J, Balboa MA, et al. Bioactive lipid signaling and lipidomics in macrophage polarization: impact on inflammation and 
immune regulation. Front Immunol. 2025;16:1550500. doi:10.3389/fimmu.2025.1550500

31. Rabbani N, Xue M, Thornalley PJ. Hexokinase-2-linked glycolytic overload and unscheduled glycolysis-driver of insulin resistance and 
development of vascular complications of diabetes. Int J Mol Sci. 2022;23(4):2165. doi:10.3390/ijms23042165

32. De Azevedo RB, Rosa LF, Lacava ZG, Curi R. Gonadectomy impairs lymphocyte proliferation and macrophage function in male and female 
rats. Correlation with key enzyme activities of glucose and glutamine metabolism. Cell Biochem Funct. 1997;15(4):293–298.

33. Yan Z, Ji F, Yan R, et al. Reyanning mixture inhibits M1 macrophage polarization through the glycogen synthesis pathway to improve 
lipopolysaccharide-induced acute lung injury. J Ethnopharmacol. 2024;328:118005. doi:10.1016/j.jep.2024.118005

34. Feng X, Li M, Lin Z, et al. Tetramethylpyrazine promotes axonal remodeling and modulates microglial polarization via JAK2-STAT1/3 and 
GSK3-NFκB pathways in ischemic stroke. Neurochem Int. 2023;170:105607. doi:10.1016/j.neuint.2023.105607

35. Ma J, Wei K, Liu J, et al. Glycogen metabolism regulates macrophage-mediated acute inflammatory responses. Nat Commun. 2020;11(1):1769. 
doi:10.1038/s41467-020-15636-8

36. Osada-Oka M, Goda N, Saiga H, et al. Metabolic adaptation to glycolysis is a basic defense mechanism of macrophages for Mycobacterium 
tuberculosis infection. Int Immunol. 2019;31(12):781–793. doi:10.1093/intimm/dxz048

37. Semba H, Takeda N, Isagawa T, et al. HIF-1α-PDK1 axis-induced active glycolysis plays an essential role in macrophage migratory capacity. 
Nat Commun. 2016;7:11635. doi:10.1038/ncomms11635

38. Cheng JW, Yu Y, Zong SY, et al. Berberine ameliorates collagen-induced arthritis in mice by restoring macrophage polarization via AMPK/ 
mTORC1 pathway switching glycolytic reprogramming. Int Immunopharmacol. 2023;124(Pt B):111024. doi:10.1016/j.intimp.2023.111024

39. Zhao L, Tang S, Chen F, et al. Regulation of macrophage polarization by targeted metabolic reprogramming for the treatment of lupus nephritis. 
Mol Med. 2024;30(1):96. doi:10.1186/s10020-024-00866-z

40. Vats D, Mukundan L, Odegaard JI, et al. Oxidative metabolism and PGC-1beta attenuate macrophage-mediated inflammation. Cell Metab. 
2006;4(1):13–24. doi:10.1016/j.cmet.2006.05.011

41. Zhu Y, Zhang X, Xie S, et al. Oxidative phosphorylation regulates interleukin-10 production in regulatory B cells via the extracellular 
signal-related kinase pathway. Immunology. 2022;167(4):576–589. doi:10.1111/imm.13554

42. Wu X, Xia Y, Dai H, et al. Metabolic control during macrophage polarization by a citrate-functionalized scaffold for maintaining bone 
homeostasis. Adv Healthc Mater. 2024;13(22):e2400770. doi:10.1002/adhm.202400770

43. Valdearcos M, Esquinas E, Meana C, et al. Lipin-2 reduces proinflammatory signaling induced by saturated fatty acids in macrophages. J Biol 
Chem. 2012;287(14):10894–10904. doi:10.1074/jbc.M112.342915

Journal of Inflammation Research 2025:18                                                                                          https://doi.org/10.2147/JIR.S560635                                                                                                                                                                                                                                                                                                                                                                                                 17179

Li et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.3389/fimmu.2023.1243149
https://doi.org/10.3389/fimmu.2023.1243149
https://doi.org/10.3390/ijms241512032
https://doi.org/10.1186/s12964-023-01386-9
https://doi.org/10.1186/s12964-023-01386-9
https://doi.org/10.3390/ijms23094513
https://doi.org/10.3390/ijms23010144
https://doi.org/10.1038/s41423-022-00841-w
https://doi.org/10.1016/j.intimp.2021.107823
https://doi.org/10.1016/j.biopha.2018.03.080
https://doi.org/10.1359/jbmr.2003.18.2.260
https://doi.org/10.1016/j.bone.2012.06.024
https://doi.org/10.1007/s10856-022-06697-w
https://doi.org/10.3389/fimmu.2014.00048
https://doi.org/10.3389/fimmu.2014.00048
https://doi.org/10.3899/jrheum.140059
https://doi.org/10.1002/art.24505
https://doi.org/10.1371/journal.pbio.1001395
https://doi.org/10.1186/s13075-019-2070-0
https://doi.org/10.4049/jimmunol.0901467
https://doi.org/10.1016/j.jbspin.2010.06.004
https://doi.org/10.3389/fimmu.2024.1352946
https://doi.org/10.3389/fimmu.2025.1550500
https://doi.org/10.3390/ijms23042165
https://doi.org/10.1016/j.jep.2024.118005
https://doi.org/10.1016/j.neuint.2023.105607
https://doi.org/10.1038/s41467-020-15636-8
https://doi.org/10.1093/intimm/dxz048
https://doi.org/10.1038/ncomms11635
https://doi.org/10.1016/j.intimp.2023.111024
https://doi.org/10.1186/s10020-024-00866-z
https://doi.org/10.1016/j.cmet.2006.05.011
https://doi.org/10.1111/imm.13554
https://doi.org/10.1002/adhm.202400770
https://doi.org/10.1074/jbc.M112.342915


44. Li Q, Cui K, Wu M, et al. Polyunsaturated fatty acids influence LPS-induced inflammation of fish macrophages through differential modulation 
of pathogen recognition and p38 MAPK/NF-κB signaling. Front Immunol. 2020;11:559332. doi:10.3389/fimmu.2020.559332

45. Chen M, Chen Y, Fu R, et al. Atox1 regulates macrophage polarization in intestinal inflammation via ROS-NLRP3 inflammasome pathway. 
J Transl Med. 2024;22(1):497. doi:10.1186/s12967-024-05314-4

46. Tsai CF, Chen GW, Chen YC, et al. Regulatory effects of quercetin on M1/M2 macrophage polarization and oxidative/antioxidative balance. 
Nutrients. 2021;14(1):67. doi:10.3390/nu14010067

47. Xue C, Tian J, Cui Z, et al. Reactive oxygen species (ROS)-mediated M1 macrophage-dependent nanomedicine remodels inflammatory 
microenvironment for osteoarthritis recession. Bioact Mater. 2023;33:545–561. doi:10.1016/j.bioactmat.2023.10.032

48. Li Y, Liang Q, Zhou L, et al. An ROS-responsive artesunate prodrug nanosystem co-delivers dexamethasone for rheumatoid arthritis treatment 
through the HIF-1α/NF-κB cascade regulation of ROS scavenging and macrophage repolarization. Acta Biomater. 2022;152:406–424. 
doi:10.1016/j.actbio.2022.08.054

49. Li C, Deng C, Wang S, et al. A novel role for the ROS-ATM-Chk2 axis mediated metabolic and cell cycle reprogramming in the M1 
macrophage polarization. Redox Biol. 2024;70:103059. doi:10.1016/j.redox.2024.103059

50. Tsai ML, Tsai YG, Lin YC, et al. IL-25 induced ROS-mediated M2 macrophage polarization via AMPK-associated mitophagy. Int J Mol Sci. 
2021;23(1):3. doi:10.3390/ijms23010003

51. Sha W, Zhao B, Wei H, et al. Astragalus polysaccharide ameliorates vascular endothelial dysfunction by stimulating macrophage M2 
polarization via potentiating Nrf2/HO-1 signaling pathway. Phytomedicine. 2023;112:154667. doi:10.1016/j.phymed.2023.154667

52. Chen Y, Wu G, Li M, et al. LDHA-mediated metabolic reprogramming promoted cardiomyocyte proliferation by alleviating ROS and inducing 
M2 macrophage polarization. Redox Biol. 2022;56:102446. doi:10.1016/j.redox.2022.102446

53. Zhou J, Liu W, Zhao X, et al. Natural melanin/alginate hydrogels achieve cardiac repair through ROS scavenging and macrophage polarization. 
Adv Sci. 2021;8(20):e2100505. doi:10.1002/advs.202100505

54. Zeng W, Li F, Jin S, et al. Functional polarization of tumor-associated macrophages dictated by metabolic reprogramming. J Exp Clin Cancer 
Res. 2023;42(1):245. doi:10.1186/s13046-023-02832-9

55. Li M, Yang Y, Xiong L, et al. Metabolism, metabolites, and macrophages in cancer. J Hematol Oncol. 2023;16(1):80. doi:10.1186/s13045-023- 
01478-6

56. Wu KK. Extracellular succinate: a physiological messenger and a pathological trigger. Int J Mol Sci. 2023;24(13):11165. doi:10.3390/ 
ijms241311165

57. Pu M, Zhang J, Hong F, et al. The pathogenic role of succinate-SUCNR1: a critical function that induces renal fibrosis via M2 macrophage. Cell 
Commun Signal. 2024;22(1):78. doi:10.1186/s12964-024-01481-5

58. Littlewood-Evans A, Sarret S, Apfel V, et al. GPR91 senses extracellular succinate released from inflammatory macrophages and exacerbates 
rheumatoid arthritis. J Exp Med. 2016;213:1655–1662. doi:10.1084/jem.20160061

59. Iacobazzi V, Infantino V, Castegna A, et al. Mitochondrial carriers in inflammation induced by bacterial endotoxin and cytokines. Biol Chem. 
2017;398:303–317. doi:10.1515/hsz-2016-0260

60. Infantino V, Iacobazzi V, Menga A, et al. A key role of the mitochondrial citrate carrier (SLC25A1) in TNFα-and IFNγ-triggered inflammation. 
Biochim Biophys Acta. 2014;1839:1217–1225. doi:10.1016/j.bbagrm.2014.07.013

61. Geiß C, Salas E, Guevara-Coto J, et al. Multistability in macrophage activation pathways and metabolic implications. Cells. 2022;11(3):404. 
doi:10.3390/cells11030404

62. Lei Y, Gan M, Qiu Y, et al. The role of mitochondrial dynamics and mitophagy in skeletal muscle atrophy: from molecular mechanisms to 
therapeutic insights. Cell Mol Biol Lett. 2024;29:59. doi:10.1186/s11658-024-00572-y

63. Beaulant A, Dia M, Pillot B, et al. Endoplasmic reticulum-mitochondria miscommunication is an early and causal trigger of hepatic insulin 
resistance and steatosis. J Hepatol. 2022;77:710–722. doi:10.1016/j.jhep.2022.03.017

64. Friedman JR, Lackner LL, West M, et al. ER tubules mark sites of mitochondrial division. Science. 2011;334:358–362. doi:10.1126/ 
science.1207385

65. Gao Z, Li Y, Wang F, et al. Mitochondrial dynamics controls anti-tumour innate immunity by regulating CHIP-IRF1 axis stability. Nat Commun. 
2017;8:1805. doi:10.1038/s41467-017-01919-0

66. Gilkerson R, Kaur H, Carrillo O, et al. OMA1-mediated mitochondrial dynamics balance organellar homeostasis upstream of cellular stress 
responses. Int J Mol Sci. 2024;25:4566. doi:10.3390/ijms25084566

67. Sola-Penna M, Paixão LP, Branco JR, et al. Serotonin activates glycolysis and mitochondria biogenesis in human breast cancer cells through 
activation of the Jak1/STAT3/ERK1/2 and adenylate cyclase/PKA, respectively. Br J Cancer. 2020;122:194–208. doi:10.1038/s41416-019- 
0640-1c

68. Jeong S, Seong JH, Kang JH, et al. Dynamin-related protein 1 positively regulates osteoclast differentiation and bone loss. FEBS Lett. 
2021;595:58–67. doi:10.1002/1873-3468.13963

69. Park-Min KH. Metabolic reprogramming in osteoclasts. Semin Immunopathol. 2019;41:565–572. doi:10.1007/s00281-019-00757-0
70. Chan DC. Mitochondrial dynamics and its involvement in disease. Annu Rev Pathol. 2020;15:235–259. doi:10.1146/annurev-pathmechdis 

-012419-032711
71. Pernas L, Scorrano L. Mito-morphosis: mitochondrial fusion, fission, and cristae remodeling as key mediators of cellular function. Annu Rev 

Physiol. 2016;78:505–531. doi:10.1146/annurev-physiol-021115-105011
72. Li M, Wang L, Wang Y, et al. Mitochondrial fusion via OPA1 and MFN1 supports liver tumor cell metabolism and growth. Cells. 2020;9:121. 

doi:10.3390/cells9010121
73. Santel A, Fuller MT. Control of mitochondrial morphology by a human mitofusin. J Cell Sci. 2001;114:867–874. doi:10.1242/jcs.114.5.867
74. Qin K, Han C, Zhang H, et al. NAD(+) dependent deacetylase Sirtuin 5 rescues the innate inflammatory response of endotoxin tolerant 

macrophages by promoting acetylation of p65. J Autoimmun. 2017;81:120–129. doi:10.1016/j.jaut.2017.04.006
75. Baeza J, Smallegan MJ, Denu JM. Mechanisms and dynamics of protein acetylation in mitochondria. Trends Biochem Sci. 2016;41:231–244. 

doi:10.1016/j.tibs.2015.12.006
76. Li P, Fan Z, Huang Y, Luo L, Wu X. Mitochondrial dynamics at the intersection of macrophage polarization and metabolism. Front Immunol. 

2025;16:1520814. doi:10.3389/fimmu.2025.1520814

https://doi.org/10.2147/JIR.S560635                                                                                                                                                                                                                                                                                                                                                                                                                                                           Journal of Inflammation Research 2025:18 17180

Li et al                                                                                                                                                                                

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.3389/fimmu.2020.559332
https://doi.org/10.1186/s12967-024-05314-4
https://doi.org/10.3390/nu14010067
https://doi.org/10.1016/j.bioactmat.2023.10.032
https://doi.org/10.1016/j.actbio.2022.08.054
https://doi.org/10.1016/j.redox.2024.103059
https://doi.org/10.3390/ijms23010003
https://doi.org/10.1016/j.phymed.2023.154667
https://doi.org/10.1016/j.redox.2022.102446
https://doi.org/10.1002/advs.202100505
https://doi.org/10.1186/s13046-023-02832-9
https://doi.org/10.1186/s13045-023-01478-6
https://doi.org/10.1186/s13045-023-01478-6
https://doi.org/10.3390/ijms241311165
https://doi.org/10.3390/ijms241311165
https://doi.org/10.1186/s12964-024-01481-5
https://doi.org/10.1084/jem.20160061
https://doi.org/10.1515/hsz-2016-0260
https://doi.org/10.1016/j.bbagrm.2014.07.013
https://doi.org/10.3390/cells11030404
https://doi.org/10.1186/s11658-024-00572-y
https://doi.org/10.1016/j.jhep.2022.03.017
https://doi.org/10.1126/science.1207385
https://doi.org/10.1126/science.1207385
https://doi.org/10.1038/s41467-017-01919-0
https://doi.org/10.3390/ijms25084566
https://doi.org/10.1038/s41416-019-0640-1c
https://doi.org/10.1038/s41416-019-0640-1c
https://doi.org/10.1002/1873-3468.13963
https://doi.org/10.1007/s00281-019-00757-0
https://doi.org/10.1146/annurev-pathmechdis-012419-032711
https://doi.org/10.1146/annurev-pathmechdis-012419-032711
https://doi.org/10.1146/annurev-physiol-021115-105011
https://doi.org/10.3390/cells9010121
https://doi.org/10.1242/jcs.114.5.867
https://doi.org/10.1016/j.jaut.2017.04.006
https://doi.org/10.1016/j.tibs.2015.12.006
https://doi.org/10.3389/fimmu.2025.1520814


77. Cha XD, Zou QY, Li FZ, et al. SIRT5 exacerbates eosinophilic chronic rhinosinusitis by promoting polarization of M2 macrophage. J Allergy 
Clin Immunol. 2024;154:644–656. doi:10.1016/j.jaci.2024.04.028

78. Gobelli D, Serrano-Lorenzo P, Esteban-Amo MJ, et al. The mitochondrial succinate dehydrogenase complex controls the STAT3-IL-10 pathway 
in inflammatory macrophages. Iscience. 2023;26(8):107473. doi:10.1016/j.isci.2023.107473

79. van de Wal MAE, Adjobo-Hermans MJW, Keijer J, et al. Ndufs4 knockout mouse models of Leigh syndrome: pathophysiology and 
intervention. Brain. 2022;145(1):45–63. doi:10.1093/brain/awab426

80. Kieler M, Hofmann M, Schabbauer G. More than just protein building blocks: how amino acids and related metabolic pathways fuel 
macrophage polarization. FEBS J. 2021;288(12):3694–3714. doi:10.1111/febs.15715

81. Iuso A, Scacco S, Piccoli C, et al. Dysfunctions of cellular oxidative metabolism in patients with mutations in the NDUFS1 and NDUFS4 genes 
of complex I. J Biol Chem. 2006;281(15):10374–10380. doi:10.1074/jbc.M513387200

82. Jin Z, Wei W, Yang M, et al. Mitochondrial complex I activity suppresses inflammation and enhances bone resorption by shifting 
macrophage-osteoclast polarization. Cell Metab. 2014;20(3):483–498. doi:10.1016/j.cmet.2014.07.011

83. Ball AB, Jones AE, Nguyễn KB, et al. Pro-Inflammatory Macrophage Activation Does Not Require Inhibition of Mitochondrial Respiration. 
bioRxiv [Preprint]. 2024;05.10.593451. doi: 10.1101/2024.05.10.593451

84. Yang D, Wan Y. Molecular determinants for the polarization of macrophage and osteoclast. Semin Immunopathol. 2019;41(5):551–563. 
doi:10.1007/s00281-019-00754-3

85. Toyama Y, Harkness RW, Kay LE. Structural basis of protein substrate processing by human mitochondrial high-temperature requirement A2 
protease. Proc Natl Acad Sci U S A. 2022;119(17):e2203172119. doi:10.1073/pnas.2203172119

86. Liu Q, Yan X, Yuan Y, et al. HTRA2/OMI-mediated mitochondrial quality control alters macrophage polarization affecting systemic chronic 
inflammation. Int J Mol Sci. 2024;25(3):1577. doi:10.3390/ijms25031577

87. Chaganti LK, Kuppili RR, Bose K. Intricate structural coordination and domain plasticity regulate activity of serine protease HtrA2. FASEB J. 
2013;27(8):3054–3066. doi:10.1096/fj.13-227256

88. Xiaopeng C, Jin T. Perfluorooctane sulfonate (PFOS) causes aging damage in the liver through the mt-DNA-mediated NLRP3 signaling 
pathway. Ecotoxicol Environ Saf. 2023;262:115121. doi:10.1016/j.ecoenv.2023.115121

89. Marchi S, Guilbaud E, Tait SWG, et al. Mitochondrial control of inflammation. Nat Rev Immunol. 2023;23(3):159–173. doi:10.1038/s41577- 
022-00760-x

90. Lin MM, Liu N, Qin ZH, et al. Mitochondrial-derived damage-associated molecular patterns amplify neuroinflammation in neurodegenerative 
diseases. Acta Pharmacol Sin. 2022;43(10):2439–2447. doi:10.1038/s41401-022-00879-6

91. Lv T, Zhang Y, Ji X, et al. GCN5L1-mediated TFAM acetylation at K76 participates in mitochondrial biogenesis in acute kidney injury. J Transl 
Med. 2022;20(1):571. doi:10.1186/s12967-022-03782-0

92. Ji S, Xu X, Li Y, et al. Inhibition of TFAM-mediated mitophagy by oroxylin A restored sorafenib sensitivity under hypoxia conditions in HepG2 
cells. Pharmaceuticals. 2024;17(12):1727. doi:10.3390/ph17121727

93. Luo J, Liu H, Li DKJ, et al. Repression of the expression of proinflammatory genes by mitochondrial transcription factor A is linked to its 
alternative splicing regulation in human lung epithelial cells. BMC Immunol. 2021;22(1):74. doi:10.1186/s12865-021-00464-2

94. Farge G, Mehmedovic M, Baclayon M, et al. In vitro-reconstituted nucleoids can block mitochondrial DNA replication and transcription. Cell 
Rep. 2014;8(1):66–74. doi:10.1016/j.celrep.2014.05.046

95. Deng Z, He M, Hu H, et al. Melatonin attenuates sepsis-induced acute kidney injury by promoting mitophagy through SIRT3-mediated TFAM 
deacetylation. Autophagy. 2024;20(1):151–165. doi:10.1080/15548627.2023.2252265

96. Fu Z, Ye J, Dean JW, et al. Requirement of mitochondrial transcription Factor A in tissue-resident regulatory T cell maintenance and function. 
Cell Rep. 2019;28(1):159–171.e4. doi:10.1016/j.celrep

97. Lu T, Zhang Z, Bi Z, et al. TFAM deficiency in dendritic cells leads to mitochondrial dysfunction and enhanced antitumor immunity through 
cGAS-STING pathway. J Immunother Cancer. 2023;11(3):e005430. doi:10.1136/jitc-2022-005430

98. Chen W, Zhao H, Li Y. Mitochondrial dynamics in health and disease: mechanisms and potential targets. Signal Transduct Target Ther. 2023;8 
(1):333. doi:10.1038/s41392-023-01547-9

99. Onishi M, Yamano K, Sato M, et al. Molecular mechanisms and physiological functions of mitophagy. EMBO J. 2021;40(3):e104705. 
doi:10.15252/embj.2020104705

100. Ma C, Wang J, Hong F, et al. Mitochondrial dysfunction in rheumatoid arthritis. Biomolecules. 2022;12(9):1216. doi:10.3390/biom12091216
101. Zhu W, Wang C, Xue L, et al. The SMYD3-MTHFD1L-formate metabolic regulatory axis mediates mitophagy to inhibit M1 polarization in 

macrophages. Int Immunopharmacol. 2022;113(Pt A):109352. doi:10.1016/j.intimp.2022.109352
102. Hung CH, Lin YC, Tsai YG, et al. Acrylamide induces mitophagy and alters macrophage phenotype via reactive oxygen species generation. 

Int J Mol Sci. 2021;22(4):1683. doi:10.3390/ijms22041683
103. Meng L, Lu C, Wu B, et al. Taurine antagonizes macrophages M1 polarization by mitophagy-glycolysis switch blockage via dragging 

SAM-PP2Ac transmethylation. Front Immunol. 2021;12:648913. doi:10.3389/fimmu.2021.648913
104. Wen JH, Li DY, Liang S, et al. Macrophage autophagy in macrophage polarization, chronic inflammation and organ fibrosis. Front Immunol. 

2022;13:946832. doi:10.3389/fimmu.2022.946832
105. Xie F, Zhou J, Liu B, et al. Low fluoride regulates macrophage polarization through mitochondrial autophagy mediated by PINK1/Parkin axis. 

Biomolecules. 2025;15(5):647. doi:10.3390/biom15050647
106. Tu WC, He YK, Wang DW, et al. Progranulin enhances M2 macrophage polarization and renal fibrosis by modulating autophagy in chronic 

kidney disease. Cell Mol Life Sci. 2025;82(1):186. doi:10.1007/s00018-025-05716-7
107. Pan W, Zhang J, Zhang L, et al. Comprehensive view of macrophage autophagy and its application in cardiovascular diseases. Cell Prolif. 

2024;57(1):e13525. doi:10.1111/cpr.13525
108. Huang XR, Ye L, An N, et al. Macrophage autophagy protects against acute kidney injury by inhibiting renal inflammation through the 

degradation of TARM1. Autophagy. 2025;21(1):120–140. doi:10.1080/15548627.2024.2393926
109. Wu MY, Lu JH. Autophagy and macrophage functions: inflammatory response and phagocytosis. Cells. 2019;9(1):70. doi:10.3390/cells9010070
110. Liu K, Zhao E, Ilyas G, et al. Impaired macrophage autophagy increases the immune response in obese mice by promoting proinflammatory 

macrophage polarization. Autophagy. 2015;11(2):271–284. doi:10.1080/15548627.2015.1009787

Journal of Inflammation Research 2025:18                                                                                          https://doi.org/10.2147/JIR.S560635                                                                                                                                                                                                                                                                                                                                                                                                 17181

Li et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1016/j.jaci.2024.04.028
https://doi.org/10.1016/j.isci.2023.107473
https://doi.org/10.1093/brain/awab426
https://doi.org/10.1111/febs.15715
https://doi.org/10.1074/jbc.M513387200
https://doi.org/10.1016/j.cmet.2014.07.011
https://doi.org/10.1101/2024.05.10.593451
https://doi.org/10.1007/s00281-019-00754-3
https://doi.org/10.1073/pnas.2203172119
https://doi.org/10.3390/ijms25031577
https://doi.org/10.1096/fj.13-227256
https://doi.org/10.1016/j.ecoenv.2023.115121
https://doi.org/10.1038/s41577-022-00760-x
https://doi.org/10.1038/s41577-022-00760-x
https://doi.org/10.1038/s41401-022-00879-6
https://doi.org/10.1186/s12967-022-03782-0
https://doi.org/10.3390/ph17121727
https://doi.org/10.1186/s12865-021-00464-2
https://doi.org/10.1016/j.celrep.2014.05.046
https://doi.org/10.1080/15548627.2023.2252265
https://doi.org/10.1016/j.celrep
https://doi.org/10.1136/jitc-2022-005430
https://doi.org/10.1038/s41392-023-01547-9
https://doi.org/10.15252/embj.2020104705
https://doi.org/10.3390/biom12091216
https://doi.org/10.1016/j.intimp.2022.109352
https://doi.org/10.3390/ijms22041683
https://doi.org/10.3389/fimmu.2021.648913
https://doi.org/10.3389/fimmu.2022.946832
https://doi.org/10.3390/biom15050647
https://doi.org/10.1007/s00018-025-05716-7
https://doi.org/10.1111/cpr.13525
https://doi.org/10.1080/15548627.2024.2393926
https://doi.org/10.3390/cells9010070
https://doi.org/10.1080/15548627.2015.1009787


111. Liu T, Wang L, Liang P, et al. USP19 suppresses inflammation and promotes M2-like macrophage polarization by manipulating NLRP3 
function via autophagy. Cell Mol Immunol. 2021;18(10):2431–2442. doi:10.1038/s41423-020-00567-7

112. Zhou S, Gu J, Liu R, et al. Spermine alleviates acute liver injury by inhibiting liver-resident macrophage pro-inflammatory response through 
ATG5-dependent autophagy. Front Immunol. 2018;9:948. doi:10.3389/fimmu.2018.00948

113. Galy B, Conrad M, Muckenthaler M. Mechanisms controlling cellular and systemic iron homeostasis. Nat Rev Mol Cell Biol. 2024;25 
(2):133–155. doi:10.1038/s41580-023-00648-1

114. Mu Q, Chen L, Gao X, et al. The role of iron homeostasis in remodeling immune function and regulating inflammatory disease. Sci Bull. 
2021;66(17):1806–1816. doi:10.1016/j.scib.2021.02.010

115. Mann J, Reznik E, Santer M, et al. Ferroptosis inhibition by oleic acid mitigates iron-overload-induced injury. Cell Chem Biol. 2024;31(2):249– 
264.e7. doi:10.1016/j.chembiol.2023.10.012

116. Ali MY, Oliva CR, Flor S, et al. Mitoferrin, cellular and mitochondrial iron homeostasis. Cells. 2022;11(21):3464. doi:10.3390/cells11213464
117. Dutt S, Hamza I, Bartnikas TB. Molecular mechanisms of iron and heme metabolism. Annu Rev Nutr. 2022;42:311–335. doi:10.1146/annurev- 

nutr-062320-112625
118. Che J, Yang J, Zhao B, et al. The effect of abnormal iron metabolism on osteoporosis. Biol Trace Elem Res. 2020;195(2):353–365. doi:10.1007/ 

s12011-019-01867-4
119. Zhang J, Hu W, Ding C, et al. Deferoxamine inhibits iron-uptake stimulated osteoclast differentiation by suppressing electron transport chain 

and MAPKs signaling. Toxicol Lett. 2019;313:50–59. doi:10.1016/j.toxlet.2019.06.007
120. Zhao GY, Di DH, Wang B, et al. Effects of mouse hepcidin 1 treatment on osteoclast differentiation and intracellular iron concentration. 

Inflammation. 2015;38(2):718–727. doi:10.1007/s10753-014-9982-2
121. Tsay J, Yang Z, Ross FP, et al. Bone loss caused by iron overload in a murine model: importance of oxidative stress. Blood. 2010;116 

(14):2582–2589. doi:10.1182/blood-2009-12-260083
122. Jia P, Xu YJ, Zhang ZL, et al. Ferric ion could facilitate osteoclast differentiation and bone resorption through the production of reactive oxygen 

species. J Orthop Res. 2012;30(11):1843–1852. doi:10.1002/jor.22133
123. Blockhuys S, Celauro E, Hildesjö C, et al. Defining the human copper proteome and analysis of its expression variation in cancers. Metallomics. 

2017;9(2):112–123. doi:10.1039/c6mt00202a
124. Medeiros DM, Jennings D. Role of copper in mitochondrial biogenesis via interaction with ATP synthase and cytochrome c oxidase. J Bioenerg 

Biomembr. 2002;34(5):389–395. doi:10.1023/a:1021206220851
125. Nunes KZ, Fioresi M, Marques VB, et al. Acute copper overload induces vascular dysfunction in aortic rings due to endothelial oxidative stress 

and increased nitric oxide production. J Toxicol Environ Health A. 2018;81(8):218–228. doi:10.1080/15287394.2018.1437490
126. Lv X, Zhao L, Song Y, et al. Deciphering the role of copper homeostasis in atherosclerosis: from molecular mechanisms to therapeutic targets. 

Int J Mol Sci. 2024;25(21):11462. doi:10.3390/ijms252111462
127. Tian Z, Jiang S, Zhou J, et al. Copper homeostasis and cuproptosis in mitochondria. Life Sci. 2023;334:122223. doi:10.1016/j.lfs.2023.122223
128. Lu Y, Fan X, Pan Q, et al. A mitochondria-targeted anticancer copper dithiocarbamate amplifies immunogenic cuproptosis and macrophage 

polarization. J Mater Chem B. 2024;12(8):2006–2014. doi:10.1039/d3tb02886k
129. Tedesco S, Scattolini V, Albiero M, et al. Mitochondrial calcium uptake is instrumental to alternative macrophage polarization and phagocytic 

activity. Int J Mol Sci. 2019;20(19):4966. doi:10.3390/ijms20194966
130. D’Angelo D, Vecellio Reane D, Raffaello A. Neither too much nor too little: mitochondrial calcium concentration as a balance between 

physiological and pathological conditions. Front Mol Biosci. 2023;10:1336416. doi:10.3389/fmolb.2023.1336416
131. Perry RJ. Regulation of hepatic lipid and glucose metabolism by INSP3R1. Diabetes. 2022;71(9):1834–1841. doi:10.2337/dbi22-0003
132. Giorgi C, Danese A, Missiroli S, et al. Calcium dynamics as a machine for decoding signals. Trends Cell Biol. 2018;28(4):258–273. 

doi:10.1016/j.tcb.2018.01.002
133. Solier S, Müller S, Cañeque T, et al. A druggable copper-signalling pathway that drives inflammation. Nature. 2023;617(7960):386–394. 

doi:10.1038/s41586-023-06017-4
134. Feng N, Liang L, Fan M, et al. Treating autoimmune inflammatory diseases with an siERN1-nanoprodrug that mediates macrophage 

polarization and blocks toll-like receptor signaling. ACS Nano. 2021;15(10):15874–15891. doi:10.1021/acsnano.1c03726
135. Torralba D, Baixauli F, Sánchez-Madrid F. Mitochondria know no boundaries: mechanisms and functions of intercellular mitochondrial transfer. 

Front Cell Dev Biol. 2016;4:107. doi:10.3389/fcell.2016.00107
136. Tan YL, Eng SP, Hafez P, et al. Mesenchymal stromal cell mitochondrial transfer as a cell rescue strategy in regenerative medicine: a review of 

evidence in preclinical models. Stem Cells Transl Med. 2022;11(8):814–827. PMID: 35851922. doi:10.1093/stcltm/szac044
137. Plotnikov EY, Khryapenkova TG, Vasileva AK, et al. Cell-to-cell cross-talk between mesenchymal stem cells and cardiomyocytes in co-culture. 

J Cell Mol Med. 2008;12(5A):1622–1631. doi:10.1111/j.1582-4934.2007.00205.x
138. Murray LMA, Krasnodembskaya AD. Concise review: intercellular communication via organelle transfer in the biology and therapeutic 

applications of stem cells. Stem Cells. 2019;37(1):14–25. doi:10.1002/stem.2922
139. Kalluri R, LeBleu VS. The biology, function, and biomedical applications of exosomes. Science. 2020;367(6478):eaau6977. doi:10.1126/ 

science.aau6977
140. Mulcahy LA, Pink RC, Carter DR. Routes and mechanisms of extracellular vesicle uptake. J Extracell Vesicles. 2014;3. doi:10.3402/jev. 

v3.24641
141. Hough KP, Trevor JL, Strenkowski JG, et al. Exosomal transfer of mitochondria from airway myeloid-derived regulatory cells to T cells. Redox 

Biol. 2018;18:54–64. doi:10.1016/j.redox.2018.06.009
142. Pasquier J, Guerrouahen BS, Al Thawadi H, et al. Preferential transfer of mitochondria from endothelial to cancer cells through tunneling 

nanotubes modulates chemoresistance. J Transl Med. 2013;11:94. doi:10.1186/1479-5876-11-94
143. Liu Z, Sun Y, Qi Z, et al. Mitochondrial transfer/transplantation: an emerging therapeutic approach for multiple diseases. Cell Biosci. 2022;12 

(1):66. doi:10.1186/s13578-022-00805-7
144. Huang T, Zhang T, Jiang X, et al. Iron oxide nanoparticles augment the intercellular mitochondrial transfer-mediated therapy. Sci Adv. 2021;7 

(40):eabj0534. doi:10.1126/sciadv.abj0534

https://doi.org/10.2147/JIR.S560635                                                                                                                                                                                                                                                                                                                                                                                                                                                           Journal of Inflammation Research 2025:18 17182

Li et al                                                                                                                                                                                

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1038/s41423-020-00567-7
https://doi.org/10.3389/fimmu.2018.00948
https://doi.org/10.1038/s41580-023-00648-1
https://doi.org/10.1016/j.scib.2021.02.010
https://doi.org/10.1016/j.chembiol.2023.10.012
https://doi.org/10.3390/cells11213464
https://doi.org/10.1146/annurev-nutr-062320-112625
https://doi.org/10.1146/annurev-nutr-062320-112625
https://doi.org/10.1007/s12011-019-01867-4
https://doi.org/10.1007/s12011-019-01867-4
https://doi.org/10.1016/j.toxlet.2019.06.007
https://doi.org/10.1007/s10753-014-9982-2
https://doi.org/10.1182/blood-2009-12-260083
https://doi.org/10.1002/jor.22133
https://doi.org/10.1039/c6mt00202a
https://doi.org/10.1023/a:1021206220851
https://doi.org/10.1080/15287394.2018.1437490
https://doi.org/10.3390/ijms252111462
https://doi.org/10.1016/j.lfs.2023.122223
https://doi.org/10.1039/d3tb02886k
https://doi.org/10.3390/ijms20194966
https://doi.org/10.3389/fmolb.2023.1336416
https://doi.org/10.2337/dbi22-0003
https://doi.org/10.1016/j.tcb.2018.01.002
https://doi.org/10.1038/s41586-023-06017-4
https://doi.org/10.1021/acsnano.1c03726
https://doi.org/10.3389/fcell.2016.00107
https://doi.org/10.1093/stcltm/szac044
https://doi.org/10.1111/j.1582-4934.2007.00205.x
https://doi.org/10.1002/stem.2922
https://doi.org/10.1126/science.aau6977
https://doi.org/10.1126/science.aau6977
https://doi.org/10.3402/jev.v3.24641
https://doi.org/10.3402/jev.v3.24641
https://doi.org/10.1016/j.redox.2018.06.009
https://doi.org/10.1186/1479-5876-11-94
https://doi.org/10.1186/s13578-022-00805-7
https://doi.org/10.1126/sciadv.abj0534


145. Morrison TJ, Jackson MV, Cunningham EK, et al. Mesenchymal stromal cells modulate macrophages in clinically relevant lung injury models 
by extracellular vesicle mitochondrial transfer. Am J Respir Crit Care Med. 2017;196(10):1275–1286. doi:10.1164/rccm.201701-0170OC

146. Mohammadalipour A, Dumbali SP, Wenzel PL. Mitochondrial transfer and regulators of mesenchymal stromal cell function and therapeutic 
efficacy. Front Cell Dev Biol. 2020;8:603292. doi:10.3389/fcell.2020.603292

147. Chinnery PF, Craven L, Mitalipov S, et al. The challenges of mitochondrial replacement. PLoS Genet. 2014;10(4):e1004315. doi:10.1371/journal. 
pgen.1004315

148. Galipeau J. The mesenchymal stromal cells dilemma--does a negative Phase III trial of random donor mesenchymal stromal cells in steroid-resistant 
graft-versus-host disease represent a death knell or a bump in the road? Cytotherapy. 2013;15(1):2–8. doi:10.1016/j.jcyt.2012.10.002

149. Hu L, Yu Y, Huang H, et al. Epigenetic regulation of interleukin 6 by histone acetylation in macrophages and its role in paraquat-induced 
pulmonary fibrosis. Front Immunol. 2017;7:696. doi:10.3389/fimmu.2016.00696

Journal of Inflammation Research                                                                                               

Publish your work in this journal 
The Journal of Inflammation Research is an international, peer-reviewed open-access journal that welcomes laboratory and clinical findings on 
the molecular basis, cell biology and pharmacology of inflammation including original research, reviews, symposium reports, hypothesis 
formation and commentaries on: acute/chronic inflammation; mediators of inflammation; cellular processes; molecular mechanisms; pharmacology 
and novel anti-inflammatory drugs; clinical conditions involving inflammation. The manuscript management system is completely online and 
includes a very quick and fair peer-review system. Visit http://www.dovepress.com/testimonials.php to read real quotes from published authors.  

Submit your manuscript here: https://www.dovepress.com/journal-of-inflammation-research-journal

Journal of Inflammation Research 2025:18                                                                                               17183

Li et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1164/rccm.201701-0170OC
https://doi.org/10.3389/fcell.2020.603292
https://doi.org/10.1371/journal.pgen.1004315
https://doi.org/10.1371/journal.pgen.1004315
https://doi.org/10.1016/j.jcyt.2012.10.002
https://doi.org/10.3389/fimmu.2016.00696
https://www.dovepress.com
http://www.dovepress.com/testimonials.php
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress

	Introduction
	Macrophage Polarization
	Macrophage Polarization and RA
	Macrophage-Induced Inflammation in RA
	Macrophage Polarization and RA Bone Cells
	M1-Type Macrophages Exacerbate RA, While M2-Type Macrophages Alleviate It

	Mitochondrial Function in RA and Macrophage Polarization
	Mitochondrial Metabolism
	Mitochondrial Glycolysis Promotes M1 Macrophage Polarization and Induces RA Inflammation
	Mitochondrial Oxidative Phosphorylation Promotes M2 Macrophage Polarization to Suppress RA Inflammation

	Mitochondrial Signaling Molecules Participate in Macrophage Polarization in RA
	Mitochondrial Dynamics are Associated with Macrophage Polarization in RA
	Mitochondrial Fission Abnormalities Contribute to M1 Macrophage Polarization
	Mitochondrial Fusion Promotes OXPHOS in M2 Macrophages

	Mitochondria-Related Molecules and Macrophage Polarization
	NDUFS4
	HtrA2
	TFAM

	Mitochondrial Autophagy Can Suppress RA Inflammatory Responses
	Mitochondrial Autophagy Inhibits M1 Macrophage Polarization in RA
	From aMetabolic Perspective, Mitochondrial Autophagy Promotes M1 Macrophage Polarization
	Macrophage Autophagy Can Inhibit M1 Macrophage Polarization

	Mitochondrial Ion Homeostasis Abnormalities Promote M1 Macrophage Polarization in RA
	Mitochondrial Iron Overload
	Increased Mitochondrial Copper Ions Promote M1 Macrophage Polarization
	Mitochondrial Calcium Overload Promotes M1 Macrophage Polarization
	Modulating Mitochondrial Ion Homeostasis Can Intervene in Macrophage Polarization in RA

	Mitochondrial Transfer and RA
	Mitochondrial Transfer Promotes M2 Macrophage Polarization
	Mitochondrial Transplantation as aNew Approach for Treating RA


	Summary and Outlook
	Data Sharing Statement
	Author Contributions
	Funding
	Disclosure

