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Rheumatoid arthritis (RA) is a systemic autoimmune disease characterized by synovial inflammation, cartilage destruction, pannus formation and bone erosion. Various immune cells, including macrophages, are involved in RA pathogenesis. The heterogeneity and plasticity of macrophages render them pivotal regulators of both the induction and resolution of the inflammatory response. Predominantly, two different phenotypes of macrophages have been identified: classically activated M1 macrophages exacerbate inflammation via the production of cytokines, chemokines and other inflammatory mediators, while alternatively activated M2 macrophages inhibit inflammation and facilitate tissue repair. An imbalance in the M1/M2 macrophage ratio is critical during the initiation and progression of RA. Macrophage polarization is modulated by various transcription factors, epigenetic elements and metabolic reprogramming. Curcumin, an active component of turmeric, exhibits potent immunomodulatory effects and is administered in the treatment of multiple autoimmune diseases, including RA. The regulation of macrophage polarization and subsequent cytokine production as well as macrophage migration is involved in the mechanisms underlying the therapeutic effect of curcumin on RA. In this review, we summarize the underlying mechanisms by which curcumin modulates macrophage function and polarization in the context of RA to provide evidence for the clinical application of curcumin in RA treatment.
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1 INTRODUCTION
Rheumatoid arthritis (RA) is one of the most common systemic autoimmune diseases affecting approximately 1% of the population worldwide (Venetsanopoulou et al., 2022). RA is characterized by synovitis, pannus formation, cartilage destruction, and progressive bone erosion. Although the etiology of RA has not been fully elucidated, it is thought to be related to complex interactions among the immune system, epigenetic changes, and environmental factors underlying chronic inflammation (Romao and Fonseca, 2021).
As essential components of the innate immune system, macrophages perform multiple functions in inflammation, including the removal of invading pathogens, phagocytosis of apoptotic cells, production of proinflammatory cytokines, and facilitation of antigen presentation for cellular immunity activation. Moreover, during the resolution of inflammation, macrophages play pivotal roles in tissue repair (Fujiwara and Kobayashi, 2005). These functions are due to the plasticity of macrophages (Shapouri-Moghaddam et al., 2018; Yunna et al., 2020). To date, two main classes of macrophages have been identified based on their markers: classically activated M1 macrophages, which play a proinflammatory role, and alternatively activated M2 macrophages, which have anti-inflammatory functions (Murray, 2017). It has become clear that a balance in M1/M2 macrophage polarization is of great significance for the maintenance of immune homeostasis. During the acute phase of inflammation, macrophages are predominantly activated to differentiate into M1 macrophages, which might facilitate the elimination of pathogens through a burst in cytokine production. Following pathogen elimination, macrophage switching leads to an increase in M2 macrophages, which release anti-inflammatory cytokines and growth factors to favor the repression of inflammation and tissue recovery (Wynn et al., 2013). Dynamic changes in macrophage polarization determine the progression and outcome of various inflammatory diseases; therefore, appropriate regulation of macrophage polarization is necessary (Li et al., 2019). An imbalanced M1/M2 macrophage ratio leads to organ damage in multiple autoimmune disorders, including RA, and therapies that contribute to promoting macrophage polarization from the M1 to the M2 phenotype might be new strategies for alleviating inflammation in patients with RA (Cutolo et al., 2022).
Curcumin, the primary active component of turmeric, is a natural compound. It has been extensively demonstrated to possess anti-inflammatory, antioxidant, immunomodulatory and anticancer properties in both experimental and clinical studies (Xu et al., 2018). Curcumin has shown strong therapeutic potential, especially in autoimmune diseases, such as RA and systemic lupus erythematosus (SLE) (Yang et al., 2019; Chamani et al., 2022; Kou et al., 2023). A large number of investigations have indicated that curcumin modulates macrophage polarization and function to alleviate inflammation and therefore can be used to treat inflammation-related diseases (Gao et al., 2015; Karuppagounder et al., 2016; Abdollahi et al., 2023).
In this review, we focus on macrophage polarization and its critical role in the pathogenesis of RA, primarily highlighting the dysregulation of the M1/M2 macrophage balance induced excessive inflammatory responses that are mediated by proinflammatory cytokines and chemokines. Moreover, the therapeutic effect of curcumin on RA is also analysed, particularly the modulatory effect of curcumin on macrophage polarization, which leads to the suppression of proinflammatory cytokine secretion, the switching of M1 macrophages to M2 macrophages, and the inhibition of macrophage migration. There are few comprehensive reviews explaining the regulatory effects of curcumin on macrophage polarization in the context of RA. A thorough understanding of the effect and mechanism of action of curcumin will aid in the development of new strategies for treating RA.
2 FUNCTIONS OF MACROPHAGE POLARIZATION IN RHEUMATOID ARTHRITIS
Macrophage polarization refers to the process by which macrophages acquire distinct functional phenotypes in response to a specific microenvironment. Depending on their different activation states, macrophages are involved not only in the progression of inflammation but also in its resolution (Mosser and Edwards, 2008). In RA, the inflammatory process is mediated and sustained by M1 macrophages both in peripheral blood and synovial tissue. In contrast, alternatively activated M2 macrophages contribute to vasculogenesis and tissue remodelling (Cutolo et al., 2022).
2.1 M1 macrophage biology
The mechanisms underlying macrophage phenotype modulation and function have not yet been elucidated. Briefly, upon pathogen invasion, macrophages rapidly recognize pathogen-associated molecular patterns (PAMPs) through pattern recognition receptors (PRRs) such as Toll-like receptors (TLRs) and secrete proinflammatory cytokines to clear pathogens while recruiting other immune cells to infected sites by producing chemokines. Therefore, during infection, peripheral blood-derived macrophages are polarized to acquire the M1 phenotype (Figure 1A). However, M1 macrophage activation must be tightly regulated; otherwise, excessive inflammation induced by M1 macrophages could cause tissue destruction, resulting in autoimmune disorders (Ma et al., 2019).
[image: Figure 1]FIGURE 1 | Schematic diagram of macrophage response during the induction and resolution of inflammation. (A). Pro-inflammatory response of macrophages in the context of infection. When pathogens invade the body, PAMPs are recognized by corresponding PRRs, which induce macrophage polarization toward M1 phenotype. Activated M1 macrophages produce proinflammatory cytokines to clear the pathogens and chemokines that recruit more immune cells such as neutrophils and T cells migrating to the infected site, which can amplify inflammatory response thereby remove pathogens rapidly. (B). Polarization of M1 and M2 macrophages. Left: Macrophages are induced to M1 phenotype by the Th1 cytokines (e.g., IL-12, TNF-α, IFN-γ) and LPS. M1 macrophages produce proinflammatory cytokines (IL-1β, IL-6, TNF-α), chemokines (MCP-1, CXCL1-3, 8-10), iNOS and ROS via the activation of multiple transcription factors (NF-κB, STAT1, IRF5, HIF-1α). Right: M2 macrophage differentiation is stimulated by Th2 cytokines (e.g., IL-4, IL-10, IL-13). M2 macrophages secrete anti-inflammatory cytokines (IL-10), growth factors promoting tissue repair (TGF-β, EGF), chemokines (CCL17-18, 22, 24) and Arg-1 through the activation of various transcription factors including STAT3/6, IRF4, HIF-2α and PPAR-γ.
The polarization of macrophages towards the M1 phenotype is typically induced by T helper type 1 (Th1) cell-produced cytokines, such as interleukin (IL)-12, IL-18, tumor necrosis factor (TNF)-α and interferon (IFN)-γ. In addition, PAMPs such as lipopolysaccharide (LPS) are known to promote M1 phenotype differentiation (Yunna et al., 2020) (Figure 1B).
M1 macrophages secrete an array of proinflammatory cytokines, including IL-1, IL-6, IL-12, TNF-α and various chemokines, including CCL-2, which are also known as monocyte chemoattractant protein-1 (MCP-1), CXCL1-3, CXCL5 and CXCL8-10. In addition, these cells produce reactive oxygen species (ROS) and inducible nitric oxide synthase (iNOS) (Shapouri-Moghaddam et al., 2018) (Figure 1B). Hence, M1 macrophages exhibit robust antimicrobial activity and mediate ROS-induced tissue damage.
2.2 M2 macrophage biology
Corresponding to the M1 phenotype, M2 macrophages, which were identified in the early 1990s (Stein et al., 1992), are induced by Th2 cell-produced cytokines, such as IL-4, IL-10 and IL-13. Macrophages with this phenotype produce IL-10, transforming growth factor (TGF)-β and epidermal growth factor (EGF), which contribute to inflammation resolution and wound healing (Yunna et al., 2020). The arginase-1 (Arg-1) enzyme, which can degrade L-arginine (a substrate of iNOS), eventually leading to the suppression of T-cell responses, has also been detected in M2 macrophages (Rath et al., 2014). Furthermore, M2 macrophages recruit granulocytes, Th2 cells and regulatory T cells by secreting the chemokines CCL17, CCL18, CCL22 and CCL24 (Porta et al., 2015) (Figure 1B).
The markers expressed on the M2 macrophage surface include scavenger receptors (CD163 and CD204) (Law et al., 1993; Kaku et al., 2014), mannose receptor-1 (CD206) (Porcheray et al., 2005), and Mer tyrosine kinase (Mertk) (Zizzo and Cohen, 2015) (Figure 1B). The main function of CD163 is the removal of haemoglobin-haptoglobin complexes from circulating blood during intravascular haemolysis (Kristiansen et al., 2001). Moreover, CD163 participates in the immunomodulatory process during inflammation, which includes but is not limited to sensing bacteria, binding TNF-like weak inducer of apoptosis (TWEAK) and producing antioxidative substances (Fabriek et al., 2009; Moreno et al., 2009). CD206 is a mannose scavenger receptor that is critical for collagen internalization and degradation (Madsen et al., 2013). Notably, Mertk is essential for the phagocytosis of apoptotic cells by macrophages and functions as a negative regulator of inflammation by binding to its ligand, either growth arrest-specific gene 6 (Gas6) or Protein S (Giroud et al., 2020).
According to their different stimuli and functions, M2 macrophages are further categorized into four subsets: M2a, M2b, M2c and M2d macrophages (Hao et al., 2012). M2a macrophages are activated by IL-13 and IL-4 along with the Th2 cell immune response. M2b macrophages are induced by immune complexes, TLR agonists or IL-1 receptor ligands and play immunomodulatory roles. M2c macrophages are triggered by glucocorticoids and IL-10 and are involved in tissue remodelling. In addition, M2c macrophages express high levels of Mertk, which facilitates their efficient phagocytosis of apoptotic cells. M2d macrophages also known as tumor-associated macrophages (TAMs), are activated by growth factors and exert immunosuppressive effects (Murray and Wynn, 2011; Wang et al., 2019). Each subset has its own biomarkers: CCL17 is a biomarker of M2a macrophages; CCL1 is a biomarker of M2b macrophages; CXCL13 is a biomarker of M2c macrophages (Tsuchimoto et al., 2015); and CD206, Ym1, Fizz1, dectin-1, and arginase-1 are biomarkers of M2d macrophages (Ferrante et al., 2013).
2.3 Role of M1/M2 macrophages in RA
2.3.1 Humans
In RA patients, abundant macrophages are widespread in the peripheral blood, synovial fluid and synovial tissue (Roszkowski and Ciechomska, 2021), playing important roles during the initial, active and remission phases of RA.
Blood monocytes are the circulating precursors of macrophages and osteoclasts in RA. Three subsets of monocytes, namely, classical monocytes (CD14++CD16−), intermediate monocytes (CD14++CD16+), and non-classical monocytes (CD14+CD16++), were identified according to CD markers (Ziegler-Heitbrock et al., 2010; Kapellos et al., 2019). Classical monocytes seem to differentiate into osteoclasts and cause bone erosions in RA synovial joints (Komano et al., 2006). The number of intermediate monocytes that are prone to differentiate into M1-macrophages increases in both the peripheral blood and synovia of RA patients. These cells contribute to synovial inflammation by secreting pro-inflammatory cytokines, such as TNF-α, IL-1β and IL-6 (Amoruso et al., 2016). Non-classical monocytes are involved in the early inflammatory response, while later on polarize into resident M2 macrophages and participate in the resolution of inflammation (Thomas et al., 2015).
CD14+ monocytes were purified from the peripheral blood of RA patients and healthy controls, and the expression of macrophage polarization markers was evaluated. The results showed that there was no significant difference in the expression of M1 or M2 markers between the two groups, indicating that there was a mixture of M1 and M2 macrophages in the peripheral blood of RA patients (Quero et al., 2017; Zhao et al., 2017).
The synovium is the main site of joint inflammation in RA patients, where inflammatory mediators produced by various cells lead to cartilage destruction, pannus formation and bone erosion. Healthy synovial tissue is composed of a lining-layer enriched with resident macrophages and fibroblast-like synoviocytes (FLSs), alongside a sublining connective tissue containing blood vessels, fibroblasts, adipocytes, and a limited number of resident macrophages (Smith et al., 2003). The macrophages populated in the lining layer predominantly express M2 markers (CD163, CD206 and MerTK) and are involved in the maintenance of synovial homeostasis. Conversely, an increase in macrophages in the sublining layer serves as an early hallmark of synovitis in RA. These cells have heterogeneous phenotypes, with a coexpression of both M1 and M2 markers (Ambarus et al., 2012), thereby indicating a clear distinction between tissue-resident (lining) and infiltrating (sublining) macrophage phenotypes.
Prolonged M1 macrophage activation and an increased M1/M2 macrophage ratio have been found in RA patients. Excessive proinflammatory cytokines and ROS produced by M1 macrophages induce tissue injury during the active phase of RA (Fukui et al., 2017). The activation of TLR4-triggered nuclear factor (NF) -κB signalling mediates the inflammatory response of M1 macrophages by producing IL-1β, IL-6, IL-12 and TNF-α in both monocyte-derived and synovial resident macrophages (Brizzolara et al., 2013). In the early stage of RA, these mediators facilitate the recruitment of monocyte-derived macrophages from the peripheral blood into synovial tissue, thereby perpetuating inflammation. Furthermore, an increase in ROS production occurs in inflamed joints, which exacerbates oxidative tissue damage. The presence of M1 macrophages in RA synovitis can indicate disease activity, so a decrease in M1 macrophages at the target organ level may be a good biomarker of therapeutic response (Tardito et al., 2019).
In contrast to patients with active disease, the synovial tissue of RA patients in remission is characterized by a greater presence of M2 macrophages. Some of the metabolic pathways activated in M2 macrophages contribute to the anti-inflammatory effect of these cells in RA. IL-10, IL-12 and TGF-β1 secreted by M2 macrophages inhibit the production of proinflammatory factors and limit inflammation. In addition, promoting the transformation of macrophages from the M1 to the M2 phenotype in RA helps to inhibit the formation of osteoclasts and weaken the erosion of articular cartilage and bone, and consequently improve the condition of patients, which may shed light on discovering new drugs for treating RA (Chandran and Goel, 2012; Tsuchimoto et al., 2015; Cutolo et al., 2022).
2.3.2 Mice
Studies on murine models of RA illustrate mouse counterparts of human monocytes, which include Ly6C++CD43+ monocytes (equivalent to human classical monocytes), Ly6C++CD43++ monocytes (equivalent to intermediate monocytes) and Ly6C− monocytes (equivalent to non-classical monocytes) (Ingersoll et al., 2010). Both Ly6C++CD43+ and Ly6C++CD43++ monocytes promote sterile joint inflammation. Similar as in humans, non-classical monocytes (Ly6C−) initially differentiate into M1 macrophages contributing to the progression of joint inflammation and later on, polarized into M2 macrophages, promoting inflammation resolution (Misharin et al., 2014).
Macrophages in the lining layer that selectively express CX3CR1 form a protective epithelial-like barrier that is responsible for the maintenance of tissue hemeostasis. Using K/BxN serum-transfer arthritis (STA) and collagen-induced arthritis (CIA) mouse models, rapid changes in morphology and spatial orientation without the proliferation of CX3CR1+ macrophages were observed at the onset of inflammation. In contrast, the number of CX3CR1− interstitial macrophages, which also express MHCII, increases rapidly, and these cells may actively contribute to joint inflammation (Culemann et al., 2019).
2.4 Mechanisms underlying macrophage polarization
2.4.1 Transcriptional modulation
The signalling pathways related to macrophage polarization have not yet been fully elucidated. Nevertheless, transcription factors such as NF-κB, the STAT family, IFN regulatory factors (IRFs), hypoxia-inducible factors (HIFs) and peroxisome proliferator-activated receptor (PPAR)-γ have been demonstrated to be key regulatory molecules of this process (Xue et al., 2014). Specifically, the M1 phenotype is regulated by STAT1, IRF5 and HIF-1α, whereas STAT3, STAT6, IRF4, HIF-2α and PPARγ are involved in M2 macrophage polarization (Lawrence and Natoli, 2011) (Figure 2).
[image: Figure 2]FIGURE 2 | A schematic view of curcumin’s immunomodulatory effects on macrophages in RA. In the progression phase of RA, curcumin inhibits M1 macrophage polarization and subsequent production of inflammatory mediators, including pro-inflammatory cytokines and chemokines. Moreover, the migration of M1 macrophages is also suppressed. Whereas in the remission phase of RA, curcumin favors inflammation resolution and tissue recovery via promoting M2 macrophage polarization.
Multiple signalling pathways including the NF-κB (Simmonds and Foxwell, 2008), mitogen-activated protein kinases (MAPKs), Notch (Keewan and Naser, 2020), and phosphatidylinositol-3-kinase (PI3K)/Akt (Qi et al., 2019) pathways, have been reported to participate in the regulation of macrophage polarization in RA. NF-κB is a pivotal transcription factor that participates in inflammatory response of macrophages, and activation of NF-κB signalling strongly promotes M1 macrophage polarization (Lin et al., 2020). It was confirmed that punicalagin inhibited M1 phenotype polarization through the suppression of NF-κB signalling, which eventually alleviated joint inflammation, cartilage damage and systemic bone destruction in CIA mice (Ge et al., 2022). Similar results were obtained in another study using Lonicerin as a therapeutic compound. In vivo and in vitro studies revealed that Lonicerin significantly decreased M1 marker levels by attenuating the activation of the NF-κB signalling pathway, which contributes to M1 macrophage polarization and inflammasome activation (Yang et al., 2023).
Another important pathway involved in M1 macrophage polarization is MAPKs signalling, which includes the ERK1/2, JNK, and p38 kinases. Downregulation of the phosphorylation levels of ERK, JNK, and p38 by nintedanib inhibited M1 macrophage polarization in the inflamed synovium (Yan et al., 2023).
Notch signalling, which is associated with multiple cellular processes, including survival, proliferation, differentiation and metabolism, has been implicated to favor M1 macrophage polarization, which leads to the overexpression of TNF-α, IL-6, and MCP-1. On the other hand, emerging evidence indicates the role of Notch signalling in the pathogenesis of RA (Nakazawa et al., 2001; Keewan and Naser, 2020). A study using (TNF-)-transgenic/(Hes-1)-GFP mice identified M1 macrophages derived from bone marrow as the main cells with active Notch signalling in the inflamed joints of RA mice, while thapsigargin, a Notch inhibitor, reduced TNF-induced M1 macrophage polarization and alleviated joint lesions by switching M1 macrophages to M2 macrophages (Sun et al., 2017).
Increasing evidence suggests that the PI3K/Akt pathway also plays pivotal roles in macrophage polarization. PI3K regulates a host of cellular functions, including cell viability, metabolism, motility, and proliferation through the activation of downstream kinases. Akt, which is composed of three members (Akt1, Akt2, and Akt3), is the most prominent effector of PI3K (Ersahin et al., 2015). Several compounds inhibiting PI3K/Akt signalling have therapeutic effects on the progression of RA. Cassiaside C naphthopyrone prevents LPS/IFN-γ-induced M1 macrophage polarization through the inhibition of PI3K/AKT/mTORC1 signalling (Kim et al., 2022). Hesperidin inhibits synovial cell inflammation and macrophage polarization through suppression of the PI3K/AKT pathway in an adjuvant-induced arthritis (AIA) mouse model (Qi et al., 2019).
2.4.2 Epigenetic modulation
In addition to transcriptional regulation, increasing evidence has shown that epigenetic modifications, including DNA methylation, RNA methylation, noncoding RNA actions, and histone modification, play important roles in the modulation of macrophage polarization. DNA methyltransferase (DNMT) 1 is related to proinflammatory gene expression and M1 macrophage activation. Another DNMT, DNMT3b, is also involved in the polarization of M1 macrophages, which has been confirmed by result demonstrating that the knockdown of DNMT3b leads to the switch of M1 macrophages into M2 macrophages (Yang et al., 2014). Therefore, DNMT inhibitors (DNMTis) such as 5-azacytidine can be utilized for inflammatory disease treatment. In recent years, RNA epigenetic modifications have been highlighted as a novel class of epigenetic regulatory events. N6-methyladenosine (m6A) is the most abundant epigenetic modification of mammalian mRNAs. Notably, the m6A-catalytic enzyme methyltransferase like 3 (METTL3) promotes M1 polarization of mouse macrophages by directly methylating STAT1 mRNA (Liu et al., 2019). METTL3 is also involved in bone repair by targeting histone deacetylase 5 (HADC5) to affect macrophage polarization (Lei et al., 2021). It has been demonstrated that depletion of the m6A demethylase fat mass and obesity-associated protein (FTO) inhibits the NF-κB signalling pathway and reduces the mRNA stability of PPAR-γ and STAT1 via YTHDF2-mediated degradation, thereby significantly suppressing the polarization of M1 and M2 macrophages simultaneously (Gu et al., 2020). The m6A reader insulin-like growth factor 2 messenger RNA (mRNA)-binding protein 2 (IGF2BP2) can bind to TSC1 and PPARγ directly to skew M1 macrophages towards M2 activation via the TSC1-mTORC1 pathway and PPARγ mediated fatty acid uptake (Liu et al., 2021). A recent study indicated that the m1A “reader” YTHDF3 may participate in modulating macrophage polarization, which promotes aortic inflammation and influences abdominal aortic aneurysm progression by regulating the expression of its target genes (Wu et al., 2022). Emerging evidence has shown that miRNAs modulate macrophage polarization and subsequently affect inflammation (Liu and Abraham, 2013). MiR-9, miR-127, miR-155 and miR-125b have been shown to promote M1 polarization, while miR-124, miR-223, miR-34a, let-7c, miR-132, miR-146a and miR-125a-5p induce M2 polarization in macrophages by targeting various transcription factors (Essandoh et al., 2016). Histone acetylation occurs when macrophages are stimulated by TLR activation, after which the expression of multiple proinflammatory cytokine genes is upregulated. Similarly, trimethylation of histone 3 lysine 4 on cytokine gene promoters has also been shown to be induced in M1 macrophages via TLR stimulation, suggesting that histone modification is triggered during the process of M1 macrophage activation leading to inflammatory gene expression (Takeuch and Akira, 2011).
2.4.3 Metabolic modulation
The metabolism of macrophages is closely related to their phenotype. From a metabolic perspective, M1 macrophages rely mainly on glycolysis, which can meet the requirements of biosynthetic intermediates in the inflammatory response. In contrast, M2 macrophages are more dependent on oxidative phosphorylation, which supports anti-inflammatory processes (Viola et al., 2019). It has been demonstrated that Cassiaside C can dampen M1 polarization of macrophages by downregulating glycolysis (Kim et al., 2022). The existing evidence suggests that macrophages of RA patients have a distinctive metabolic signature that favors aerobic glycolytic metabolism (Jutley et al., 2021). Therefore, metabolic reprogramming through the inhibition of glycolysis in M1 macrophage may be an effective strategy to switch the polarization to the M2 phenotype in RA treatment (Freemerman et al., 2014). Berberine, an isoquinoline alkaloid isolated from Chinese herbs, was found to inhibit M1 macrophage polarization to ameliorate joint inflammation in CIA mice through the activation of AMP-activated protein kinase to switch glycolytic reprogramming (Cheng et al., 2023).
3 THERAPEUTIC EFFECT OF CURCUMIN ON RA
3.1 Biological activities of curcumin
Curcumin is a natural compound isolated from the rhizome of the plant Curcuma longa (turmeric) that has been used to treat inflammation, cancer and neurodegenerative diseases such as multiple sclerosis (MS) and Parkinson’s disease for centuries. Intensive studies carried out within the past 3 decades confirmed that the anti-inflammatory and antitumour properties of turmeric are attributable to its active component, curcumin (Arora et al., 1971). A large number of studies including both animal model experiments and clinical trials, have verified the anti-inflammatory and immunomodulatory properties of curcumin (Ferguson et al., 2021; Peng et al., 2021; Chamani et al., 2022). Curcumin regulates the functions of various immune cells, including macrophages (Mohammadi et al., 2019), dendritic cells (DCs) (Rahimi et al., 2021), B cells (Mohammadi et al., 2022) and T cells (Rahimi et al., 2019), thereby modulating both innate and adaptive immunity (Shehzad and Lee, 2013). The anti-inflammatory activity of curcumin is due to its suppression of multiple signalling molecules, including NF-κB, activated protein (AP)-1, MAPKs, and protein kinase C (Kahkhaie et al., 2019). In addition, curcumin is a potent inhibitor of reactive-oxygen-generating enzymes, such as lipoxygenase, cyclooxygenase (COX), xanthine dehydrogenase and iNOS (Rao, 2007). As shown in macrophages, curcumin inhibits LPS and IFN-γ-induced nitric oxide production (Brouet and Ohshima, 1995).
Curcumin has been demonstrated to be safe even when it is administered at high doses. A phase 1 human trial in which as much as 8000 mg of curcumin per day was administered for 3 months to patients with high-risk or premalignant lesions reported no toxic effects (Cheng et al., 2001). No serious side effects were reported in RA patients receiving 500 mg of curcumin per day over a period of 8 weeks (Chandran and Goel, 2012). Curcumin treatment has no obvious toxic effect on liver or kidney functions; therefore, curcumin is generally recognized as a safe compound by the U.S. Food and Drug Administration (Xu et al., 2018).
However, there is a problem in the application of curcumin; that is, it shows poor aqueous solubility and chemical instability, leading to low bioavailability (Anand et al., 2007). Several strategies have been developed to enhance curcumin bioavailability, including delivery via nano/microparticles, lipid-based nanocarriers, adjuvants with piperine, solid dispersions, etc (Ma et al., 2019). The efficacy of curcumin delivery via nanotechnology has been assessed in preclinical and clinical trials established to evaluate treatments for RA (da Silva et al., 2019; Javadi et al., 2019).
3.2 Curcumin in the treatment of RA
The immune system has evolved to react only to foreign antigens while maintaining tolerance to self-antigens (Goldrath and Hedrick, 2005). However, under certain conditions, dysregulation of the immune system, which induces prolonged chronic inflammation, results in the development of inflammatory diseases, including RA. Abnormally activated immune cells such as Th1 cells and M1 macrophages produce large quantities of cytokines, chemokines, ROS, and other inflammatory molecules; moreover, apoptotic cells cannot be eliminated in a timely manner, ultimately resulting in tissue damage (O'Shea et al., 2002). Therefore, the treatment strategy for RA mainly involves suppressing the inflammatory response and promoting of tissue repair. Recent studies have described the effectiveness of using neutralizing antibodies against cytokines or drugs that modulate the polarization of macrophages to control the progression of RA (Hurlimann et al., 2002; Fischer et al., 2015; Yang et al., 2020).
3.2.1 Cultured cells
Numerous in vitro studies have addressed the potent inhibitory effect of curcumin on the inflammatory response of synovial fibroblasts (Pourhabibi-Zarandi et al., 2021) and immune cells (Mohammadian Haftcheshmeh et al., 2021). Curcumin has been confirmed to inhibit PGE2 production, COX-2 expression, and matrix metalloproteinases (MMPs) secretion by suppressing NF-κB transcriptional activity in FLSs (Moon et al., 2010). Pre-treatment of RA FLSs with curcumin before stimulation with TNF-α significantly reduced the expression of IL-6, IL-8, MMP-1, and MMP-3 at the protein level (Ahn et al., 2015). A study using RAW264.7 cells indicated that bisdemethoxycurcumin could inhibit LPS-induced proinflammatory cytokine production and cell migration (Sun et al., 2024). Another in vitro study reported that curcumin treatment suppressed the differentiation of naive CD4+ T cells into Th1 cells through the inhibition of IL-12 (Kang et al., 1999) and IL-18 (Yadav et al., 2015) produced by macrophages.
3.2.2 Animal models
An increasing number of studies have confirmed the effectiveness of curcumin in treating animal models of RA, in which uncontrolled inflammation is a major player. A study showed that curcumin attenuated the degree of joint swelling and further promoted the development of joint histopathology in CIA rats, which are models of RA (Wang et al., 2019). Another study suggested that curcumin treatment alleviated the main symptoms associated with the pathogenesis of CIA, such as inflammation and synovial hyperplasia. The underlying mechanisms may involve the inhibition of mTOR signalling by curcumin and the subsequent production of proinflammatory cytokines, including IL-1β, TNF-α, MMP-1, and MMP-3 (Dai et al., 2018).
3.2.3 Humans
In recent years, an increasing number of randomized clinical trials have been conducted to assess the efficacy and safety of curcumin treatment in patients with RA. Treatment with 500 mg of curcumin twice daily for 8 weeks dramatically improved the Disease Activity Score 28 (DAS-28) and American College of Rheumatology (ACR) score (ACR-20, 50 and 70), which were significantly better than those of patients in the diclofenac sodium group (Chandran and Goel, 2012). A novel curcumin formulation with increased bioavailability significantly improved the DAS-28 score, erythrocyte sedimentation rate (ESR), C-reactive protein (CRP) level, visual analogue scale (VAS) score, rheumatoid factor (RF) level, and ACR response at a dose as low as 250 mg (Amalraj et al., 2017). Similar results were acquired when using another novel hydrogenated curcuminoid formulation, CuroWhiteTM, once daily for 3 months (Jacob et al., 2019). A randomized controlled trial which investigated the effect of curcumin supplementation on metabolic parameters, inflammatory factors, visfatin levels, and obesity values in women with RA, revealed that the homeostatic model assessment for insulin resistance, the ESR, serum levels of CRP and triglycerides, weight, body mass index, and the circumference of patients decreased significantly in the curcumin group, indicating a modulatory effect of curcumin on metabolism and inflammation (Pourhabibi-Zarandi et al., 2022). More importantly, no significant side effects were observed in the patients in these studies. Accumulating systematic reviews have thoroughly analysed clinical trials that were carried out in recent years to evaluate the efficacy and safety of curcumin for the treatment of RA (Zeng et al., 2022b; a; Kou et al., 2023; Long et al., 2023). A meta-analysis of 10 clinical trials covering 539 RA patients indicated that curcumin supplementation improved the ESR, CRP, DAS, RF, VAS, tender joint count and swollen joint count in these patients. Similar results were obtained in another systematic review, in which curcumin was found to significantly improve morning stiffness, walking time, and joint swelling in RA patients. Several mechanisms, including the inhibition of MAPK, ERK1/2, AP-1, and NF-κB have also been reported (Pourhabibi-Zarandi et al., 2021). Overall, the results suggest that curcumin is an effective and safe drug for RA therapy.
3.3 Modulation of macrophage function and polarization by curcumin in RA
The alleviation of RA by curcumin might be associated with the inhibition of proinflammatory cytokines produced by M1 macrophages, which is mediated by multiple transcription factors, such as NF-κB, AP-1 and the STAT family (Abdollahi et al., 2018).It has been reported that curcumin regulates inflammatory reactions by inhibiting COX-2 activity, which suppresses the secretion of the proinflammatory cytokines TNF-a, IL-1, and IL-6 (Kunnumakkara et al., 2017) (Figure 2).
Moreover, curcumin has been found to induce the polarization of macrophages, which switch from the M1 to the M2 phenotype, thereby alleviating the progression of RA. A study using an AIA model indicated that the administration of curcumin either alone or in combination with methotrexate apparently alleviated paw inflammation in rats, and this mechanism might be related to the suppression of M1 macrophage polarization and the promotion of M2 macrophage differentiation (Abd-Elhalem et al., 2023) (Figure 2). An in vitro study revealed that curcumin inhibited M1 macrophage polarization via the JAK-STAT pathway, thereby further reducing inflammation-mediated apoptosis of osteocytes (Jin et al., 2020). The modulatory effect of curcumin on macrophage polarization has also been demonstrated in other autoimmune diseases. For example, curcumin inhibited LPS-induced neuroinflammation by promoting the differentiation of microglia, which are macrophages that reside in the central nervous system (CNS), and play pivotal roles in CNS autoimmune diseases such as MS and neuromyelitis optica, towards the M2 phenotype, and this effect was attributed to the suppression of the TREM2/TLR4/NF-κB pathways by curcumin (Zhang et al., 2019). Curcumin ameliorated experimental autoimmune myocarditis by upregulating the expression of classical M2 markers, including the macrophage mannose receptor, Arg-1 and PPAR-γ. The induction of M2 macrophage polarization was mediated by increasing IL-4 and IL-13 expression and promoting STAT6 phosphorylation (Gao et al., 2015).
In addition to its effect on macrophage polarization, curcumin appears to regulate macrophage migration (Figure 2). When pathogens invade the body, monocytes/macrophages need to travel to the infected site timely, where they facilitate the rapid removal of pathogens via direct phagocytosis and proinflammatory cytokine secretion. The inhibition of macrophage migration could also serve as a potential anti-inflammatory strategy for treating RA. The migration of monocytes/macrophages is mediated by various chemokines, such as MCP-1 and macrophage inflammatory protein-1β. As a key mediator of inflammatory processes, MCP-1 modulates the migration and tissue infiltration of circulating monocytes/macrophages through its receptor CCR2. In this regard, MCP-1 may be a potential target in anti-inflammatory therapies (Melgarejo et al., 2009). The nanoemulsion curcumin significantly reduced macrophage recruitment via the inhibition of NF-κB p65 subunit phosphorylation and MCP-1 expression (Young et al., 2014). Bisdemethoxycurcumin, a curcumin derivative, has been shown to reduce LPS-stimulated migration in macrophages (Sun et al., 2024).
4 CONCLUSION AND PERSPECTIVES
As a natural compound, curcumin is favorable for improving symptoms in RA patients due to its potent efficacy, affordability, and minimal side effects. The therapeutic potential of curcumin in halting RA progression has been confirmed, which might be associated with the inhibition of cytokines induced by M1 macrophages, the promotion of macrophage polarization towards the M2 phenotype, and the suppression of macrophage migration. Despite these promising findings, several challenges remain with regard to clinical application, such as determining the effective dosage for different phases of RA and enhancing bioavailability to improve therapeutic outcomes. Therefore, further randomized clinical trials are imperative to establish the optimal dosages and administration methods of curcumin for RA treatment in the future.
Although the therapeutic effects of curcumin on RA development have been demonstrated, the underlying mechanisms have not been fully elucidated and are worthy of further investigation. Previous studies have focused mainly on the regulation of transcription factors such as NF-κB and STATs, and the inhibition of downstream inflammatory cytokine production (Bright, 2007; Chamani et al., 2022). The polarization of macrophages plays significant roles in the initiation, progression and remission of RA. However, relatively few studies have focused on the mechanism underlying the ability of curcumin to modulate the polarization of macrophages, especially through the promotion of M2 macrophage differentiation, which probably functions as an upstream regulator and plays a fundamental role during the process. Future studies should delve into this aspect to better understand the mechanism of action of curcumin before it is applied in the treatment of RA patients.
As mentioned above, epigenetic regulation plays crucial roles in macrophage polarization, highlighting epigenetic modifications as noteworthy targets in the treatment of RA. Our previous study established a transcriptional map of m6A in peripheral blood mononuclear cells (PBMCs) from RA patients, demonstrating a significant correlation between changes in RNA methylation and RA-related genes (Fan et al., 2022). Furthermore, our latest study investigated the role and regulatory mechanisms of hypoxia-induced expression of the m6A demethylase alkB homologue 5 (ALKBH5) in RA FLSs, revealing that the HIF1α/2α-ALKBH5-CH25H axis may be crucial for FLS aggression and inflammation (Fan et al., 2024). These findings underscore the link between epigenetic modulation and RA pathogenesis. In addition, curcumin has been reported to ameliorate several diseases via epigenetic regulation, encompassing: (1) suppression of DNMTs; (2) regulation of histone acetyltransferases and histone deacetylases; and (3) regulation of miRNAs (Boyanapalli and Kong, 2015). Several studies have shown that curcumin can be used in cancer treatment to reverse DNA methylation, alter histone modifications and target miRNA expression (Shu et al., 2011; Bao et al., 2012; Yu et al., 2013). Nevertheless, relatively few studies have been conducted to explore the therapeutic mechanism underlying the effects of curcumin in RA from the perspective of epigenetic regulation, which is a novel and promising field that deserves more attention.
AUTHOR CONTRIBUTIONS
TD: Writing–original draft, Writing–review and editing. JX: Writing–original draft, Writing–review and editing. QW: Writing–review and editing. XW: Writing–review and editing. YJ: Writing–review and editing. XC: Writing–review and editing. QG: Writing–review and editing. MZ: Writing–review and editing. LZ: Writing–review and editing. CX: Funding acquisition, Writing–review and editing.
FUNDING
The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This study was supported by National High Level Hospital Clinical Research Funding of China-Japan Friendship Hospital (No. 2023-NHLHCRF-DJZD-02).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Abd-Elhalem, S. S., Al-Doori, M. H., and Hassen, M. T. (2023). Macrophage polarization towards M2 phenotype by curcuminoids through NF-κB pathway inhibition in adjuvant-induced arthritis. Int. Immunopharmacol. 119, 110231. doi:10.1016/j.intimp.2023.110231
 Abdollahi, E., Johnston, T. P., Ghaneifar, Z., Vahedi, P., Goleij, P., Azhdari, S., et al. (2023). Immunomodulatory therapeutic effects of curcumin on M1/M2 macrophage polarization in inflammatory diseases. Curr. Mol. Pharmacol. 16 (1), 2–14. doi:10.2174/1874467215666220324114624
 Abdollahi, E., Momtazi, A. A., Johnston, T. P., and Sahebkar, A. (2018). Therapeutic effects of curcumin in inflammatory and immune-mediated diseases: a nature-made jack-of-all-trades?J. Cell Physiol. 233 (2), 830–848. doi:10.1002/jcp.25778
 Ahn, J. K., Kim, S., Hwang, J., Kim, J., Lee, Y. S., Koh, E. M., et al. (2015). Metabolomic elucidation of the effects of curcumin on fibroblast-like synoviocytes in rheumatoid arthritis. PLoS One 10 (12), e0145539. doi:10.1371/journal.pone.0145539
 Amalraj, A., Varma, K., Jacob, J., Divya, C., Kunnumakkara, A. B., Stohs, S. J., et al. (2017). A novel highly bioavailable curcumin formulation improves symptoms and diagnostic indicators in rheumatoid arthritis patients: a randomized, double-blind, placebo-controlled, two-dose, three-arm, and parallel-group study. J. Med. Food 20 (10), 1022–1030. doi:10.1089/jmf.2017.3930
 Ambarus, C. A., Noordenbos, T., de Hair, M. J., Tak, P. P., and Baeten, D. L. (2012). Intimal lining layer macrophages but not synovial sublining macrophages display an IL-10 polarized-like phenotype in chronic synovitis. Arthritis Res. Ther. 14 (2), R74. doi:10.1186/ar3796
 Amoruso, A., Sola, D., Rossi, L., Obeng, J. A., Fresu, L. G., Sainaghi, P. P., et al. (2016). Relation among anti-rheumatic drug therapy, CD14(+)CD16(+) blood monocytes and disease activity markers (DAS28 and US7 scores) in rheumatoid arthritis: a pilot study. Pharmacol. Res. 107, 308–314. doi:10.1016/j.phrs.2016.03.034
 Anand, P., Kunnumakkara, A. B., Newman, R. A., and Aggarwal, B. B. (2007). Bioavailability of curcumin: problems and promises. Mol. Pharm. 4 (6), 807–818. doi:10.1021/mp700113r
 Arora, R. B., Kapoor, V., Basu, N., and Jain, A. P. (1971). Anti-inflammatory studies on Curcuma longa (turmeric). Indian J. Med. Res. 59 (8), 1289–1295.
 Bao, B., Ali, S., Banerjee, S., Wang, Z., Logna, F., Azmi, A. S., et al. (2012). Curcumin analogue CDF inhibits pancreatic tumor growth by switching on suppressor microRNAs and attenuating EZH2 expression. Cancer Res. 72 (1), 335–345. doi:10.1158/0008-5472.CAN-11-2182
 Boyanapalli, S. S., and Kong, A. T. (2015). Curcumin, the king of spices": epigenetic regulatory mechanisms in the prevention of cancer, neurological, and inflammatory diseases. Curr. Pharmacol. Rep. 1 (2), 129–139. doi:10.1007/s40495-015-0018-x
 Bright, J. J. (2007). Curcumin and autoimmune disease. Adv. Exp. Med. Biol. 595, 425–451. doi:10.1007/978-0-387-46401-5_19
 Brizzolara, R., Montagna, P., Soldano, S., and Cutolo, M. (2013). Rapid interaction between CTLA4-Ig (abatacept) and synovial macrophages from patients with rheumatoid arthritis. J. Rheumatol. 40 (5), 738–740. doi:10.3899/jrheum.120866
 Brouet, I., and Ohshima, H. (1995). Curcumin, an anti-tumour promoter and anti-inflammatory agent, inhibits induction of nitric oxide synthase in activated macrophages. Biochem. Biophys. Res. Commun. 206 (2), 533–540. doi:10.1006/bbrc.1995.1076
 Chamani, S., Moossavi, M., Naghizadeh, A., Abbasifard, M., Majeed, M., Johnston, T. P., et al. (2022). Immunomodulatory effects of curcumin in systemic autoimmune diseases. Phytother. Res. 36 (4), 1616–1632. doi:10.1002/ptr.7417
 Chandran, B., and Goel, A. (2012). A randomized, pilot study to assess the efficacy and safety of curcumin in patients with active rheumatoid arthritis. Phytother. Res. 26 (11), 1719–1725. doi:10.1002/ptr.4639
 Cheng, A. L., Hsu, C. H., Lin, J. K., Hsu, M. M., Ho, Y. F., Shen, T. S., et al. (2001). Phase I clinical trial of curcumin, a chemopreventive agent, in patients with high-risk or pre-malignant lesions. Anticancer Res. 21 (4B), 2895–2900.
 Cheng, J. W., Yu, Y., Zong, S. Y., Cai, W. W., Wang, Y., Song, Y. N., et al. (2023). Berberine ameliorates collagen-induced arthritis in mice by restoring macrophage polarization via AMPK/mTORC1 pathway switching glycolytic reprogramming. Int. Immunopharmacol. 124, 111024. doi:10.1016/j.intimp.2023.111024
 Culemann, S., Gruneboom, A., Nicolas-Avila, J. A., Weidner, D., Lammle, K. F., Rothe, T., et al. (2019). Locally renewing resident synovial macrophages provide a protective barrier for the joint. Nature 572 (7771), 670–675. doi:10.1038/s41586-019-1471-1
 Cutolo, M., Campitiello, R., Gotelli, E., and Soldano, S. (2022). The role of M1/M2 macrophage polarization in rheumatoid arthritis synovitis. Front. Immunol. 13, 867260. doi:10.3389/fimmu.2022.867260
 Dai, Q., Zhou, D., Xu, L., and Song, X. (2018). Curcumin alleviates rheumatoid arthritis-induced inflammation and synovial hyperplasia by targeting mTOR pathway in rats. Drug Des. Devel Ther. 12, 4095–4105. doi:10.2147/DDDT.S175763
 da Silva, J. L. G., Passos, D. F., Bernardes, V. M., Cabral, F. L., Schimites, P. G., Manzoni, A. G., et al. (2019). Co-nanoencapsulation of vitamin D(3) and curcumin regulates inflammation and purine metabolism in a model of arthritis. Inflammation 42 (5), 1595–1610. doi:10.1007/s10753-019-01021-1
 Ersahin, T., Tuncbag, N., and Cetin-Atalay, R. (2015). The PI3K/AKT/mTOR interactive pathway. Mol. Biosyst. 11 (7), 1946–1954. doi:10.1039/c5mb00101c
 Essandoh, K., Li, Y., Huo, J., and Fan, G. C. (2016). MiRNA-mediated macrophage polarization and its potential role in the regulation of inflammatory response. Shock 46 (2), 122–131. doi:10.1097/SHK.0000000000000604
 Fabriek, B. O., van Bruggen, R., Deng, D. M., Ligtenberg, A. J., Nazmi, K., Schornagel, K., et al. (2009). The macrophage scavenger receptor CD163 functions as an innate immune sensor for bacteria. Blood 113 (4), 887–892. doi:10.1182/blood-2008-07-167064
 Fan, D., Geng, Q., Wang, B., Wang, X., Xia, Y., Yang, L., et al. (2024). Hypoxia-induced ALKBH5 aggravates synovial aggression and inflammation in rheumatoid arthritis by regulating the m6A modification of CH25H. Clin. Immunol. 261, 109929. in press. doi:10.1016/j.clim.2024.109929
 Fan, D., Liu, B., Gu, X., Zhang, Q., Ye, Q., Xi, X., et al. (2022). Potential target analysis of triptolide based on transcriptome-wide m(6)A methylome in rheumatoid arthritis. Front. Pharmacol. 13, 843358. doi:10.3389/fphar.2022.843358
 Ferguson, J. J. A., Abbott, K. A., and Garg, M. L. (2021). Anti-inflammatory effects of oral supplementation with curcumin: a systematic review and meta-analysis of randomized controlled trials. Nutr. Rev. 79 (9), 1043–1066. doi:10.1093/nutrit/nuaa114
 Ferrante, C. J., Pinhal-Enfield, G., Elson, G., Cronstein, B. N., Hasko, G., Outram, S., et al. (2013). The adenosine-dependent angiogenic switch of macrophages to an M2-like phenotype is independent of interleukin-4 receptor alpha (IL-4Rα) signaling. Inflammation 36 (4), 921–931. doi:10.1007/s10753-013-9621-3
 Fischer, J. A., Hueber, A. J., Wilson, S., Galm, M., Baum, W., Kitson, C., et al. (2015). Combined inhibition of tumor necrosis factor α and interleukin-17 as a therapeutic opportunity in rheumatoid arthritis: development and characterization of a novel bispecific antibody. Arthritis Rheumatol. 67 (1), 51–62. doi:10.1002/art.38896
 Freemerman, A. J., Johnson, A. R., Sacks, G. N., Milner, J. J., Kirk, E. L., Troester, M. A., et al. (2014). Metabolic reprogramming of macrophages: glucose transporter 1 (GLUT1)-mediated glucose metabolism drives a proinflammatory phenotype. J. Biol. Chem. 289 (11), 7884–7896. doi:10.1074/jbc.M113.522037
 Fujiwara, N., and Kobayashi, K. (2005). Macrophages in inflammation. Curr. Drug Targets Inflamm. Allergy 4 (3), 281–286. doi:10.2174/1568010054022024
 Fukui, S., Iwamoto, N., Takatani, A., Igawa, T., Shimizu, T., Umeda, M., et al. (2017). M1 and M2 monocytes in rheumatoid arthritis: a contribution of imbalance of M1/M2 monocytes to osteoclastogenesis. Front. Immunol. 8, 1958. doi:10.3389/fimmu.2017.01958
 Gao, S., Zhou, J., Liu, N., Wang, L., Gao, Q., Wu, Y., et al. (2015). Curcumin induces M2 macrophage polarization by secretion IL-4 and/or IL-13. J. Mol. Cell Cardiol. 85, 131–139. doi:10.1016/j.yjmcc.2015.04.025
 Ge, G., Bai, J., Wang, Q., Liang, X., Tao, H., Chen, H., et al. (2022). Punicalagin ameliorates collagen-induced arthritis by downregulating M1 macrophage and pyroptosis via NF-κB signaling pathway. Sci. China Life Sci. 65 (3), 588–603. doi:10.1007/s11427-020-1939-1
 Giroud, P., Renaudineau, S., Gudefin, L., Calcei, A., Menguy, T., Rozan, C., et al. (2020). Expression of TAM-R in human immune cells and unique regulatory function of MerTK in IL-10 production by tolerogenic DC. Front. Immunol. 11, 564133. doi:10.3389/fimmu.2020.564133
 Goldrath, A. W., and Hedrick, S. M. (2005). Central tolerance matters. Immunity 23 (2), 113–114. doi:10.1016/j.immuni.2005.08.004
 Gu, X., Zhang, Y., Li, D., Cai, H., Cai, L., and Xu, Q. (2020). N6-methyladenosine demethylase FTO promotes M1 and M2 macrophage activation. Cell Signal 69, 109553. doi:10.1016/j.cellsig.2020.109553
 Hao, N. B., Lu, M. H., Fan, Y. H., Cao, Y. L., Zhang, Z. R., and Yang, S. M. (2012). Macrophages in tumor microenvironments and the progression of tumors. Clin. Dev. Immunol. 2012, 948098. doi:10.1155/2012/948098
 Hurlimann, D., Forster, A., Noll, G., Enseleit, F., Chenevard, R., Distler, O., et al. (2002). Anti-tumor necrosis factor-alpha treatment improves endothelial function in patients with rheumatoid arthritis. Circulation 106 (17), 2184–2187. doi:10.1161/01.cir.0000037521.71373.44
 Ingersoll, M. A., Spanbroek, R., Lottaz, C., Gautier, E. L., Frankenberger, M., Hoffmann, R., et al. (2010). Comparison of gene expression profiles between human and mouse monocyte subsets. Blood 115 (3), e10–e19. doi:10.1182/blood-2009-07-235028
 Jacob, J., Amalraj, A., Raj, K. K. J., Divya, C., Kunnumakkara, A. B., and Gopi, S. (2019). A novel bioavailable hydrogenated curcuminoids formulation (CuroWhite) improves symptoms and diagnostic indicators in rheumatoid arthritis patients - a randomized, double blind and placebo controlled study. J. Tradit. Complement. Med. 9 (4), 346–352. doi:10.1016/j.jtcme.2018.06.001
 Javadi, M., Khadem Haghighian, H., Goodarzy, S., Abbasi, M., and Nassiri-Asl, M. (2019). Effect of curcumin nanomicelle on the clinical symptoms of patients with rheumatoid arthritis: a randomized, double-blind, controlled trial. Int. J. Rheum. Dis. 22 (10), 1857–1862. doi:10.1111/1756-185X.13688
 Jin, S., Meng, C., He, Y., Wang, X., Zhang, Q., Wang, Z., et al. (2020). Curcumin prevents osteocyte apoptosis by inhibiting M1-type macrophage polarization in mice model of glucocorticoid-associated osteonecrosis of the femoral head. J. Orthop. Res. 38 (9), 2020–2030. doi:10.1002/jor.24619
 Jutley, G. S., Sahota, K., Sahbudin, I., Filer, A., Arayssi, T., Young, S. P., et al. (2021). Relationship between inflammation and metabolism in patients with newly presenting rheumatoid arthritis. Front. Immunol. 12, 676105. doi:10.3389/fimmu.2021.676105
 Kahkhaie, K. R., Mirhosseini, A., Aliabadi, A., Mohammadi, A., Mousavi, M. J., Haftcheshmeh, S. M., et al. (2019). Curcumin: a modulator of inflammatory signaling pathways in the immune system. Inflammopharmacology 27 (5), 885–900. doi:10.1007/s10787-019-00607-3
 Kaku, Y., Imaoka, H., Morimatsu, Y., Komohara, Y., Ohnishi, K., Oda, H., et al. (2014). Overexpression of CD163, CD204 and CD206 on alveolar macrophages in the lungs of patients with severe chronic obstructive pulmonary disease. PLoS One 9 (1), e87400. doi:10.1371/journal.pone.0087400
 Kang, B. Y., Song, Y. J., Kim, K. M., Choe, Y. K., Hwang, S. Y., and Kim, T. S. (1999). Curcumin inhibits Th1 cytokine profile in CD4+ T cells by suppressing interleukin-12 production in macrophages. Br. J. Pharmacol. 128 (2), 380–384. doi:10.1038/sj.bjp.0702803
 Kapellos, T. S., Bonaguro, L., Gemund, I., Reusch, N., Saglam, A., Hinkley, E. R., et al. (2019). Human monocyte subsets and phenotypes in major chronic inflammatory diseases. Front. Immunol. 10, 2035. doi:10.3389/fimmu.2019.02035
 Karuppagounder, V., Arumugam, S., Thandavarayan, R. A., Sreedhar, R., Giridharan, V. V., Afrin, R., et al. (2016). Curcumin alleviates renal dysfunction and suppresses inflammation by shifting from M1 to M2 macrophage polarization in daunorubicin induced nephrotoxicity in rats. Cytokine 84, 1–9. doi:10.1016/j.cyto.2016.05.001
 Keewan, E., and Naser, S. A. (2020). The role of Notch signaling in macrophages during inflammation and infection: implication in rheumatoid arthritis?Cells 9 (1), 111. doi:10.3390/cells9010111
 Kim, Y. J., Lee, S., Jin, J., Woo, H., Choi, Y. K., and Park, K. G. (2022). Cassiaside C inhibits M1 polarization of macrophages by downregulating glycolysis. Int. J. Mol. Sci. 23 (3), 1696. doi:10.3390/ijms23031696
 Komano, Y., Nanki, T., Hayashida, K., Taniguchi, K., and Miyasaka, N. (2006). Identification of a human peripheral blood monocyte subset that differentiates into osteoclasts. Arthritis Res. Ther. 8 (5), R152. doi:10.1186/ar2046
 Kou, H., Huang, L., Jin, M., He, Q., Zhang, R., and Ma, J. (2023). Effect of curcumin on rheumatoid arthritis: a systematic review and meta-analysis. Front. Immunol. 14, 1121655. doi:10.3389/fimmu.2023.1121655
 Kristiansen, M., Graversen, J. H., Jacobsen, C., Sonne, O., Hoffman, H. J., Law, S. K., et al. (2001). Identification of the haemoglobin scavenger receptor. Nature 409 (6817), 198–201. doi:10.1038/35051594
 Kunnumakkara, A. B., Bordoloi, D., Padmavathi, G., Monisha, J., Roy, N. K., Prasad, S., et al. (2017). Curcumin, the golden nutraceutical: multitargeting for multiple chronic diseases. Br. J. Pharmacol. 174 (11), 1325–1348. doi:10.1111/bph.13621
 Law, S. K., Micklem, K. J., Shaw, J. M., Zhang, X. P., Dong, Y., Willis, A. C., et al. (1993). A new macrophage differentiation antigen which is a member of the scavenger receptor superfamily. Eur. J. Immunol. 23 (9), 2320–2325. doi:10.1002/eji.1830230940
 Lawrence, T., and Natoli, G. (2011). Transcriptional regulation of macrophage polarization: enabling diversity with identity. Nat. Rev. Immunol. 11 (11), 750–761. doi:10.1038/nri3088
 Lei, H., He, M., He, X., Li, G., Wang, Y., Gao, Y., et al. (2021). METTL3 induces bone marrow mesenchymal stem cells osteogenic differentiation and migration through facilitating M1 macrophage differentiation. Am. J. Transl. Res. 13 (5), 4376–4388.
 Li, B., Tan, T. B., Wang, L., Zhao, X. Y., and Tan, G. J. (2019). p38MAPK/SGK1 signaling regulates macrophage polarization in experimental autoimmune encephalomyelitis. Aging (Albany NY) 11 (3), 898–907. doi:10.18632/aging.101786
 Lin, Y. H., Wang, Y. H., Peng, Y. J., Liu, F. C., Lin, G. J., Huang, S. H., et al. (2020). Interleukin 26 skews macrophage polarization towards M1 phenotype by activating cJUN and the NF-κB pathway. Cells 9 (4), 938. doi:10.3390/cells9040938
 Liu, G., and Abraham, E. (2013). MicroRNAs in immune response and macrophage polarization. Arterioscler. Thromb. Vasc. Biol. 33 (2), 170–177. doi:10.1161/ATVBAHA.112.300068
 Liu, X., Ma, J., Ding, G., Gong, Q., Wang, Y., Yu, H., et al. (2021). Microglia polarization from M1 toward M2 phenotype is promoted by Astragalus polysaccharides mediated through inhibition of miR-155 in experimental autoimmune encephalomyelitis. Oxid. Med. Cell Longev. 2021, 5753452. doi:10.1155/2021/5753452
 Liu, Y., Liu, Z., Tang, H., Shen, Y., Gong, Z., Xie, N., et al. (2019). The N(6)-methyladenosine (m(6)A)-forming enzyme METTL3 facilitates M1 macrophage polarization through the methylation of STAT1 mRNA. Am. J. Physiol. Cell Physiol. 317 (4), C762–C775. doi:10.1152/ajpcell.00212.2019
 Long, Z., Xiang, W., He, Q., Xiao, W., Wei, H., Li, H., et al. (2023). Efficacy and safety of dietary polyphenols in rheumatoid arthritis: a systematic review and meta-analysis of 47 randomized controlled trials. Front. Immunol. 14, 1024120. doi:10.3389/fimmu.2023.1024120
 Ma, W. T., Gao, F., Gu, K., and Chen, D. K. (2019a). The role of monocytes and macrophages in autoimmune diseases: a comprehensive review. Front. Immunol. 10, 1140. doi:10.3389/fimmu.2019.01140
 Ma, Z., Wang, N., He, H., and Tang, X. (2019b). Pharmaceutical strategies of improving oral systemic bioavailability of curcumin for clinical application. J. Control Release 316, 359–380. doi:10.1016/j.jconrel.2019.10.053
 Madsen, D. H., Leonard, D., Masedunskas, A., Moyer, A., Jurgensen, H. J., Peters, D. E., et al. (2013). M2-like macrophages are responsible for collagen degradation through a mannose receptor-mediated pathway. J. Cell Biol. 202 (6), 951–966. doi:10.1083/jcb.201301081
 Melgarejo, E., Medina, M. A., Sanchez-Jimenez, F., and Urdiales, J. L. (2009). Monocyte chemoattractant protein-1: a key mediator in inflammatory processes. Int. J. Biochem. Cell Biol. 41 (5), 998–1001. doi:10.1016/j.biocel.2008.07.018
 Misharin, A. V., Cuda, C. M., Saber, R., Turner, J. D., Gierut, A. K., Haines, G. K., et al. (2014). Nonclassical Ly6C(-) monocytes drive the development of inflammatory arthritis in mice. Cell Rep. 9 (2), 591–604. doi:10.1016/j.celrep.2014.09.032
 Mohammadi, A., Blesso, C. N., Barreto, G. E., Banach, M., Majeed, M., and Sahebkar, A. (2019). Macrophage plasticity, polarization and function in response to curcumin, a diet-derived polyphenol, as an immunomodulatory agent. J. Nutr. Biochem. 66, 1–16. doi:10.1016/j.jnutbio.2018.12.005
 Mohammadi, A., Mashayekhi, K., Navashenaq, J. G., and Haftcheshmeh, S. M. (2022). Curcumin as a natural modulator of B lymphocytes: evidence from in vitro and in vivo studies. Mini Rev. Med. Chem. 22 (18), 2361–2370. doi:10.2174/1389557522666220304122916
 Mohammadian Haftcheshmeh, S., Khosrojerdi, A., Aliabadi, A., Lotfi, S., Mohammadi, A., and Momtazi-Borojeni, A. A. (2021). Immunomodulatory effects of curcumin in rheumatoid arthritis: evidence from molecular mechanisms to clinical outcomes. Rev. Physiol. Biochem. Pharmacol. 179, 1–29. doi:10.1007/112_2020_54
 Moon, D. O., Kim, M. O., Choi, Y. H., Park, Y. M., and Kim, G. Y. (2010). Curcumin attenuates inflammatory response in IL-1beta-induced human synovial fibroblasts and collagen-induced arthritis in mouse model. Int. Immunopharmacol. 10 (5), 605–610. doi:10.1016/j.intimp.2010.02.011
 Moreno, J. A., Munoz-Garcia, B., Martin-Ventura, J. L., Madrigal-Matute, J., Orbe, J., Paramo, J. A., et al. (2009). The CD163-expressing macrophages recognize and internalize TWEAK: potential consequences in atherosclerosis. Atherosclerosis 207 (1), 103–110. doi:10.1016/j.atherosclerosis.2009.04.033
 Mosser, D. M., and Edwards, J. P. (2008). Exploring the full spectrum of macrophage activation. Nat. Rev. Immunol. 8 (12), 958–969. doi:10.1038/nri2448
 Murray, P. J. (2017). Macrophage polarization. Annu. Rev. Physiol. 79, 541–566. doi:10.1146/annurev-physiol-022516-034339
 Murray, P. J., and Wynn, T. A. (2011). Protective and pathogenic functions of macrophage subsets. Nat. Rev. Immunol. 11 (11), 723–737. doi:10.1038/nri3073
 Nakazawa, M., Ishii, H., Aono, H., Takai, M., Honda, T., Aratani, S., et al. (2001). Role of Notch-1 intracellular domain in activation of rheumatoid synoviocytes. Arthritis Rheum. 44 (7), 1545–1554. doi:10.1002/1529-0131(200107)44:7<1545::AID-ART278>3.0.CO;2-Q
 O'Shea, J. J., Ma, A., and Lipsky, P. (2002). Cytokines and autoimmunity. Nat. Rev. Immunol. 2 (1), 37–45. doi:10.1038/nri702
 Peng, Y., Ao, M., Dong, B., Jiang, Y., Yu, L., Chen, Z., et al. (2021). Anti-inflammatory effects of curcumin in the inflammatory diseases: status, limitations and countermeasures. Drug Des. Devel Ther. 15, 4503–4525. doi:10.2147/DDDT.S327378
 Porcheray, F., Viaud, S., Rimaniol, A. C., Leone, C., Samah, B., Dereuddre-Bosquet, N., et al. (2005). Macrophage activation switching: an asset for the resolution of inflammation. Clin. Exp. Immunol. 142 (3), 481–489. doi:10.1111/j.1365-2249.2005.02934.x
 Porta, C., Riboldi, E., Ippolito, A., and Sica, A. (2015). Molecular and epigenetic basis of macrophage polarized activation. Semin. Immunol. 27 (4), 237–248. doi:10.1016/j.smim.2015.10.003
 Pourhabibi-Zarandi, F., Rafraf, M., Zayeni, H., Asghari-Jafarabadi, M., and Ebrahimi, A. A. (2022). Effects of curcumin supplementation on metabolic parameters, inflammatory factors and obesity values in women with rheumatoid arthritis: a randomized, double-blind, placebo-controlled clinical trial. Phytother. Res. 36 (4), 1797–1806. doi:10.1002/ptr.7422
 Pourhabibi-Zarandi, F., Shojaei-Zarghani, S., and Rafraf, M. (2021). Curcumin and rheumatoid arthritis: a systematic review of literature. Int. J. Clin. Pract. 75 (10), e14280. doi:10.1111/ijcp.14280
 Qi, W., Lin, C., Fan, K., Chen, Z., Liu, L., Feng, X., et al. (2019). Hesperidin inhibits synovial cell inflammation and macrophage polarization through suppression of the PI3K/AKT pathway in complete Freund's adjuvant-induced arthritis in mice. Chem. Biol. Interact. 306, 19–28. doi:10.1016/j.cbi.2019.04.002
 Quero, L., Hanser, E., Manigold, T., Tiaden, A. N., and Kyburz, D. (2017). TLR2 stimulation impairs anti-inflammatory activity of M2-like macrophages, generating a chimeric M1/M2 phenotype. Arthritis Res. Ther. 19 (1), 245. doi:10.1186/s13075-017-1447-1
 Rahimi, K., Ahmadi, A., Hassanzadeh, K., Soleimani, Z., Sathyapalan, T., Mohammadi, A., et al. (2019). Targeting the balance of T helper cell responses by curcumin in inflammatory and autoimmune states. Autoimmun. Rev. 18 (7), 738–748. doi:10.1016/j.autrev.2019.05.012
 Rahimi, K., Hassanzadeh, K., Khanbabaei, H., Haftcheshmeh, S. M., Ahmadi, A., Izadpanah, E., et al. (2021). Curcumin: a dietary phytochemical for targeting the phenotype and function of dendritic cells. Curr. Med. Chem. 28 (8), 1549–1564. doi:10.2174/0929867327666200515101228
 Rao, C. V. (2007). Regulation of COX and LOX by curcumin. Adv. Exp. Med. Biol. 595, 213–226. doi:10.1007/978-0-387-46401-5_9
 Rath, M., Muller, I., Kropf, P., Closs, E. I., and Munder, M. (2014). Metabolism via arginase or nitric oxide synthase: two competing arginine pathways in macrophages. Front. Immunol. 5, 532. doi:10.3389/fimmu.2014.00532
 Romao, V. C., and Fonseca, J. E. (2021). Etiology and risk factors for rheumatoid arthritis: a state-of-the-art review. Front. Med. (Lausanne) 8, 689698. doi:10.3389/fmed.2021.689698
 Roszkowski, L., and Ciechomska, M. (2021). Tuning monocytes and macrophages for personalized therapy and diagnostic challenge in rheumatoid arthritis. Cells 10 (8), 1860. doi:10.3390/cells10081860
 Shapouri-Moghaddam, A., Mohammadian, S., Vazini, H., Taghadosi, M., Esmaeili, S. A., Mardani, F., et al. (2018). Macrophage plasticity, polarization, and function in health and disease. J. Cell Physiol. 233 (9), 6425–6440. doi:10.1002/jcp.26429
 Shehzad, A., and Lee, Y. S. (2013). Molecular mechanisms of curcumin action: signal transduction. Biofactors 39 (1), 27–36. doi:10.1002/biof.1065
 Shu, L., Khor, T. O., Lee, J. H., Boyanapalli, S. S., Huang, Y., Wu, T. Y., et al. (2011). Epigenetic CpG demethylation of the promoter and reactivation of the expression of Neurog1 by curcumin in prostate LNCaP cells. AAPS J. 13 (4), 606–614. doi:10.1208/s12248-011-9300-y
 Simmonds, R. E., and Foxwell, B. M. (2008). Signalling, inflammation and arthritis: NF-kappaB and its relevance to arthritis and inflammation. Rheumatol. Oxf. 47 (5), 584–590. doi:10.1093/rheumatology/kem298
 Smith, M. D., Barg, E., Weedon, H., Papengelis, V., Smeets, T., Tak, P. P., et al. (2003). Microarchitecture and protective mechanisms in synovial tissue from clinically and arthroscopically normal knee joints. Ann. Rheum. Dis. 62 (4), 303–307. doi:10.1136/ard.62.4.303
 Stein, M., Keshav, S., Harris, N., and Gordon, S. (1992). Interleukin 4 potently enhances murine macrophage mannose receptor activity: a marker of alternative immunologic macrophage activation. J. Exp. Med. 176 (1), 287–292. doi:10.1084/jem.176.1.287
 Sun, W., Zhang, H., Wang, H., Chiu, Y. G., Wang, M., Ritchlin, C. T., et al. (2017). Targeting notch-activated M1 macrophages attenuates joint tissue damage in a mouse model of inflammatory arthritis. J. Bone Min. Res. 32 (7), 1469–1480. doi:10.1002/jbmr.3117
 Sun, X., Liang, Y., Wang, Y., Sun, C., and Wang, X. (2024). Bisdemethoxycurcumin, a curcumin derivative, ameliorates adjuvant-induced arthritis by suppressing inflammatory reactions and macrophage migration. Chem. Biol. Interact. 387, 110822. doi:10.1016/j.cbi.2023.110822
 Takeuch, O., and Akira, S. (2011). Epigenetic control of macrophage polarization. Eur. J. Immunol. 41 (9), 2490–2493. doi:10.1002/eji.201141792
 Tardito, S., Martinelli, G., Soldano, S., Paolino, S., Pacini, G., Patane, M., et al. (2019). Macrophage M1/M2 polarization and rheumatoid arthritis: a systematic review. Autoimmun. Rev. 18 (11), 102397. doi:10.1016/j.autrev.2019.102397
 Thomas, G., Tacke, R., Hedrick, C. C., and Hanna, R. N. (2015). Nonclassical patrolling monocyte function in the vasculature. Arterioscler. Thromb. Vasc. Biol. 35 (6), 1306–1316. doi:10.1161/ATVBAHA.114.304650
 Tsuchimoto, Y., Asai, A., Tsuda, Y., Ito, I., Nishiguchi, T., Garcia, M. C., et al. (2015). M2b monocytes provoke bacterial pneumonia and gut bacteria-associated sepsis in alcoholics. J. Immunol. 195 (11), 5169–5177. doi:10.4049/jimmunol.1501369
 Venetsanopoulou, A. I., Alamanos, Y., Voulgari, P. V., and Drosos, A. A. (2022). Epidemiology of rheumatoid arthritis: genetic and environmental influences. Expert Rev. Clin. Immunol. 18 (9), 923–931. doi:10.1080/1744666X.2022.2106970
 Viola, A., Munari, F., Sanchez-Rodriguez, R., Scolaro, T., and Castegna, A. (2019). The metabolic signature of macrophage responses. Front. Immunol. 10, 1462. doi:10.3389/fimmu.2019.01462
 Wang, L. X., Zhang, S. X., Wu, H. J., Rong, X. L., and Guo, J. (2019a). M2b macrophage polarization and its roles in diseases. J. Leukoc. Biol. 106 (2), 345–358. doi:10.1002/JLB.3RU1018-378RR
 Wang, Q., Ye, C., Sun, S., Li, R., Shi, X., Wang, S., et al. (2019b). Curcumin attenuates collagen-induced rat arthritis via anti-inflammatory and apoptotic effects. Int. Immunopharmacol. 72, 292–300. doi:10.1016/j.intimp.2019.04.027
 Wu, Y., Jiang, D., Zhang, H., Yin, F., Guo, P., Zhang, X., et al. (2022). N1-Methyladenosine (m1A) regulation associated with the pathogenesis of abdominal aortic aneurysm through YTHDF3 modulating macrophage polarization. Front. Cardiovasc Med. 9, 883155. doi:10.3389/fcvm.2022.883155
 Wynn, T. A., Chawla, A., and Pollard, J. W. (2013). Macrophage biology in development, homeostasis and disease. Nature 496 (7446), 445–455. doi:10.1038/nature12034
 Xu, X. Y., Meng, X., Li, S., Gan, R. Y., Li, Y., and Li, H. B. (2018). Bioactivity, health benefits, and related molecular mechanisms of curcumin: current progress, challenges, and perspectives. Nutrients 10 (10), 1553. doi:10.3390/nu10101553
 Xue, J., Schmidt, S. V., Sander, J., Draffehn, A., Krebs, W., Quester, I., et al. (2014). Transcriptome-based network analysis reveals a spectrum model of human macrophage activation. Immunity 40 (2), 274–288. doi:10.1016/j.immuni.2014.01.006
 Yadav, R., Jee, B., and Awasthi, S. K. (2015). Curcumin suppresses the production of pro-inflammatory cytokine interleukin-18 in lipopolysaccharide stimulated murine macrophage-like cells. Indian J. Clin. Biochem. 30 (1), 109–112. doi:10.1007/s12291-014-0452-2
 Yan, J., Feng, G., Yang, Y., Zhao, X., Ma, L., Guo, H., et al. (2023). Nintedanib ameliorates osteoarthritis in mice by inhibiting synovial inflammation and fibrosis caused by M1 polarization of synovial macrophages via the MAPK/PI3K-AKT pathway. FASEB J. 37 (10), e23177. doi:10.1096/fj.202300944RR
 Yang, M., Akbar, U., and Mohan, C. (2019). Curcumin in autoimmune and rheumatic diseases. Nutrients 11 (5), 1004. doi:10.3390/nu11051004
 Yang, X., Chang, Y., and Wei, W. (2020). Emerging role of targeting macrophages in rheumatoid arthritis: focus on polarization, metabolism and apoptosis. Cell Prolif. 53 (7), e12854. doi:10.1111/cpr.12854
 Yang, X., Qian, H., Meng, J., Jiang, H., Yuan, T., Yang, S., et al. (2023). Lonicerin alleviates the progression of experimental rheumatoid arthritis by downregulating M1 macrophages through the NF-κB signaling pathway. Phytother. Res. 37 (9), 3939–3950. doi:10.1002/ptr.7853
 Yang, X., Wang, X., Liu, D., Yu, L., Xue, B., and Shi, H. (2014). Epigenetic regulation of macrophage polarization by DNA methyltransferase 3b. Mol. Endocrinol. 28 (4), 565–574. doi:10.1210/me.2013-1293
 Young, N. A., Bruss, M. S., Gardner, M., Willis, W. L., Mo, X., Valiente, G. R., et al. (2014). Oral administration of nano-emulsion curcumin in mice suppresses inflammatory-induced NFκB signaling and macrophage migration. PLoS One 9 (11), e111559. doi:10.1371/journal.pone.0111559
 Yu, J., Peng, Y., Wu, L. C., Xie, Z., Deng, Y., Hughes, T., et al. (2013). Curcumin down-regulates DNA methyltransferase 1 and plays an anti-leukemic role in acute myeloid leukemia. PLoS One 8 (2), e55934. doi:10.1371/journal.pone.0055934
 Yunna, C., Mengru, H., Lei, W., and Weidong, C. (2020). Macrophage M1/M2 polarization. Eur. J. Pharmacol. 877, 173090. doi:10.1016/j.ejphar.2020.173090
 Zeng, L., Yang, T., Yang, K., Yu, G., Li, J., Xiang, W., et al. (2022a). Curcumin and Curcuma longa extract in the treatment of 10 types of autoimmune diseases: a systematic review and meta-analysis of 31 randomized controlled trials. Front. Immunol. 13, 896476. doi:10.3389/fimmu.2022.896476
 Zeng, L., Yang, T., Yang, K., Yu, G., Li, J., Xiang, W., et al. (2022b). Efficacy and safety of curcumin and Curcuma longa extract in the treatment of arthritis: a systematic review and meta-analysis of randomized controlled trial. Front. Immunol. 13, 891822. doi:10.3389/fimmu.2022.891822
 Zhang, J., Zheng, Y., Luo, Y., Du, Y., Zhang, X., and Fu, J. (2019). Curcumin inhibits LPS-induced neuroinflammation by promoting microglial M2 polarization via TREM2/TLR4/NF-κB pathways in BV2 cells. Mol. Immunol. 116, 29–37. doi:10.1016/j.molimm.2019.09.020
 Zhao, J., Yuan, W., Tao, C., Sun, P., Yang, Z., and Xu, W. (2017). M2 polarization of monocytes in ankylosing spondylitis and relationship with inflammation and structural damage. APMIS 125 (12), 1070–1075. doi:10.1111/apm.12757
 Ziegler-Heitbrock, L., Ancuta, P., Crowe, S., Dalod, M., Grau, V., Hart, D. N., et al. (2010). Nomenclature of monocytes and dendritic cells in blood. Blood 116 (16), e74–e80. doi:10.1182/blood-2010-02-258558
 Zizzo, G., and Cohen, P. L. (2015). The PPAR-gamma antagonist GW9662 elicits differentiation of M2c-like cells and upregulation of the MerTK/Gas6 axis: a key role for PPAR-gamma in human macrophage polarization. J. Inflamm. (Lond) 12, 36. doi:10.1186/s12950-015-0081-4
GLOSSARY
[image: ]Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2024 Deng, Xu, Wang, Wang, Jiao, Cao, Geng, Zhang, Zhao and Xiao. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-15-1369337-g002.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Immunomodulatory effects of curcumin on macrophage polarization in rheumatoid arthritis		1 Introduction

		2 Functions of macrophage polarization in rheumatoid arthritis		2.1 M1 macrophage biology

		2.2 M2 macrophage biology

		2.3 Role of M1/M2 macrophages in RA

		2.4 Mechanisms underlying macrophage polarization





		3 Therapeutic effect of curcumin on RA		3.1 Biological activities of curcumin

		3.2 Curcumin in the treatment of RA

		3.3 Modulation of macrophage function and polarization by curcumin in RA





		4 Conclusion and perspectives

		Author contributions

		Funding

		Publisher’s note

		References

		Glossary









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






OPS/images/fphar-15-1369337-001.jpg
ACR American College of Rheumatology

AIA Adjuvant-induced arthritis
ALKBHS AIKB homologue 5

AP Activated protein

Arg-1 Arginase-1

CIA Collagen-induced arthritis

CNS Central nervous system

cox Cyclooxygenase

CRP C-reactive protein

DAS-28 Disease Activity Score 28

DNMT DNA methyltransferase

EGF Epidermal growth factor

ESR Erythrocyte sedimentation rate
FLSs Fibroblast-like synoviocytes

FTO Fat mass and obesity-associated protein
Gas6 Growth arrest-specific gene 6
HADC5 Histone deacetylase 5

HIFs Hypoxia-inducible factors

IFN Interferon

IGF2BP2 Insulin-like growth factor 2 messenger RNA -binding protein 2
IL Interleukin

iNOS Inducible nitric oxide synthase

IRFs IFN regulatory factors

LPS Lipopolysaccharide

m6A N6-methyladenosine

MAPKs Mitogen-activated protein kinases
MCP-1 Monocyte chemoattractant protein-1
Mertk Mer tyrosine kinase

METTL3 Methyltransferase like 3

MMP Matrix metalloproteinases

MS Multiple sclerosis

PAMPs Pathogen-associated molecular patterns
PBMCs Peripheral blood mononuclear cells
PI3K Phosphatidylinositol-3-kinase

PPAR Peroxisome proliferator-activated receptor
PRRs Pattern recognition receptors

RA Rheumatoid arthritis

RF Rheumatoid factor

ROS Reactive oxygen species

SLE Systemic lupus erythematosus

STA Serum-transfer arthritis

TAMs Tumor-associated macrophages
TGF transforming growth factor

Thi T helper type 1

Th2 T helper type 2

TNF Tumor necrosis factor

TLRs Toll-like receptors

TWEAK ‘TNF-like weak inducer of apoptosis

VAS Visual analogue scale





OPS/images/fphar-15-1369337-g001.gif









OPS/images/crossmark.jpg
©

|





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





