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Immunometabolism has been an emerging hotspot in the fields of tumors, obesity, and atherosclerosis in recent decades, yet few studies have investigated its connection with rheumatoid arthritis (RA). In principle, intracellular metabolic pathways upstream regulated by nutrients and growth factors control the effector functions of immune cells. Dynamic communication and hypermetabolic lesions of immune cells within the inflammatory synovial microenvironment contributes to the development and progression of RA. Hence, targeting metabolic pathways within immune subpopulations and pathological cells may represent novel therapeutic strategies for RA. Natural products constitute a great potential treasury for the research and development of novel drugs targeting RA. Here, we aimed to delineate an atlas of glycolysis, lipid metabolism, amino acid biosynthesis, and nucleotide metabolism in the synovial microenvironment of RA that affect the pathological processes of synovial cells. Meanwhile, therapeutic potentials and pharmacological mechanisms of natural products that are demonstrated to inhibit related key enzymes in the metabolic pathways or reverse the metabolic microenvironment and communication signals were discussed and highlighted.
[image: Graphical Abstract]GRAPHICAL ABSTRACT | Activated FLSs in the synovial microenvironment of RA will undergo metabolic reprogramming of glycolysis, lipid, amino acid and nucleotide metabolism under the stimulation of inflammation, hypoxia and other conditions. The bioactive natural products of medicinal plants are able to regulate these four major metabolic modes to reverse the abnormal metabolism in the RA microenvironment.
Keywords: natural products, rheumatoid arthritis, glycolysis, lipid metabolism, amino acid metabolism, nucleotide metabolism, immunometabolic balance
1 INTRODUCTION
Rheumatoid arthritis (RA) is a disease caused by the continuous proliferation of fibroblast-like synovial (FLS) cells in the joint synovium, resulting in local tissue hypoxia and inflammatory infiltration. Recent studies show that the cellular metabolism supports cell proliferation and differentiation and thus affects cell function, which is called immunometabolism (Cui et al., 2022). Immunometabolism has been actively studied in the field of tumor, and various types of metabolic modalities have been analyzed and outlined for different types of malignancies. Whereas, studies in RA have not been as extensive.
The RA microenvironment is characterized by low oxygen, acidity, and low nutrient concentrations (Gaber et al., 2005). In pathological states, almost all metabolic pathways, such as gluconeogenesis, lipid, and protein metabolism, exhibit different metabolic activation patterns (Masoumi et al., 2020). Metabolic reprogramming, with some positive correlation between the activation of the aggressive phenotype of FLS cells and subsequent destruction of bone and cartilage (de Oliveira et al., 2019), has a hallmark position in explaining pathogenic cell function and differentiation in RA (Weyand and Goronzy, 2017). As certain metabolic pathways or metabolites can be exploited to trigger abnormal activation of immune cells or stromal cells involved in RA (Okano et al., 2018), regulating immune metabolism or correcting metabolic abnormalities are other ground-breaking treatment strategies for RA.
Conventional, biological, and new non-biological disease-modifying antirheumatic drugs, are frequently used to treat patients with RA. Although the majority of patients now have a positive outlook, several patients still prove treatment resistance. New therapies are so desperately needed (Smolen et al., 2016). Therefore, identifying and creating innovative, efficient, and safer options for long-term use is necessarily needed. More than 75% of the world’s population continues to employ phytotherapy, a traditional medicinal technique, to cure a variety of ailments (Koycheva et al., 2023).
Here, we present the detailed pathogenesis of RA involving immunometabolism processes of glycolysis, lipid, amino acid and nucleotide metabolism. We further summarize natural products as prospective clues for the development of effective therapeutic approaches and how to treat RA by targeting key enzymes or regulating metabolic balance.
2 IMBALANCED IMMUNE METABOLISM AND CORRESPONDING THERAPEUTIC NATURAL PRODUCTS IN RA
2.1 Glucose metabolism
Carbohydrate metabolism is the main metabolism that provides biomass and energy after cell activation. During the physiological state, glucose can maintain a dynamic equilibrium of several biomass. Glucose metabolism mainly includes three types of pathways: glucose, which is first transported into the cell through glucose transporter 1 (GLUT1), then broken down by sequential metabolic enzymes, including hexokinase (HK), aldolase, phosphoglycerate kinase 1 (PGK1), and pyruvate kinase, to generate pyruvate, undergoes glycolysis in the cytoplasm to produce lactic acid under oxygen-deficient conditions; pyruvate is transported into the mitochondria under oxygen-enriched conditions and converted into acetyl-CoA in the tricarboxylic acid cycle (TCA cycle). The generated NADH and FADH are further oxidatively phosphorylated (OXPHOS) to generate ATP; and pentose phosphate pathway results in biomass generation. Resting-state cellular metabolism is dominated by OXPHOS.
2.1.1 Lactic acid generation pathway
2.1.1.1 Lactic acid in RA pathology
In RA synovial tissue, platelet-derived growth factors (PDGF), tumor necrosis factor (TNF), and pro-inflammatory mediators can transform resting FLS cells into an aggressive phenotype associated with glycolysis (RAFLS), known as the “Warburg effect” (Biniecka et al., 2016; Garcia-Carbonell et al., 2016; Masoumi et al., 2020). Hypoxia and high expression of HIF-1α in RA can stimulate the metabolic shift of RAFLS cells from oxidative phosphorylation to glycolysis as HIF-1α can upregulate genes involved in glycolysis, such as GLUT-1, HK-2, and LDH (Masoumi et al., 2020). ENO1 is a rate-limiting enzyme in glycolysis. Under hypoxic conditions, ENO1 gene expression was significantly upregulated in RAFLS and promoted its proliferation. The PGK1 catalyzes the transformation of 1,3-diphosphoglycerate into 3-phosphoglycerate, which results in the production of the first adenosine triphosphate in glycolysis (Zhao et al., 2016). Thus, GLUT1 and HK2 are important modulators of the glucose metabolism. Other glycolysis-related rate-limiting enzymes include, but are not limited to, PFKB3 and PKM2, which have garnered remarkable attention as potential anti-arthritis treatments (Bustamante et al., 2018). Silent information regulator 1 (SIRT1) is an energy sensor that controls associated signals like peroxisome proliferator-activated receptor-γ (PPAR-γ) and maintains metabolic homeostasis; along with deacetylates some signals to prevent their transcriptional activity, like NF-κB and HIF-1α, thereby affecting RA (Wu et al., 2021). Patients with RA exhibit SIRT1 deficiency (Wendling et al., 2014), and the SIRT1 is a negative regulator of glycolysis and M1 macrophage polarization (Lei et al., 2021). Enhancement of the glycolytic metabolic pathway leads to an increase in the lactic acid level. Moreover, further transport of lactic acid into joint lumen can stimulate the phenotype transformation, proliferation, and aggressive metastasis of FLS cells, and increases glycolysis as to accelerate the development of RA, ultimately trigging matrix metalloproteinases and further promoting bone and cartilage destruction (Bottini and Firestein, 2013; Garcia-Carbonell et al., 2016; Masuko, 2022; Pucino et al., 2023) (See green arrow route in Figure 1).
[image: Figure 1]FIGURE 1 | An overview of the mechanisms behind glycolysis of RA pathology. The normal synovial lining has only 2-3 layers of FLS cells; RA’s synovium is a proliferative lining rich in multiple layers of activated FLS cells and phagocytes. Upregulated GLUT1 and HK2 enzymes in synovial fluid owing to the inflammatory microenvironment results in enhanced glycolysis and pentose phosphate pathway (PPP pathway) shunt to produce bioactive metabolites. Lactic acid and succinic acid, by-products of glucose metabolism, can cause angiogenesis and bone destruction. Green arrow: glycolytic pathway; Blue arrow: PPP pathway. Orange arrow: OXPHOS pathway.
2.1.1.2 Natural products targeting lactic acid production
As a natural naphthoquinone isolated from Lithospermum erythrorhizon, shikonin alleviated local joint swelling, and lowered lactate levels in peripheral blood of rats in an AA animal model experiment, along with less toxicity to the liver and kidneys. Mechanistically, shikonin could regulate glycolysis and ATP production by inhibiting GLUT1, PKM2 and HK2 alone, which was verified by knocking down PKM2 expression in RAFLSs. Shikonin has the ability to deactivate mTOR, phosphorylated PI3K and AKT to inhibit PI3K/AKT/mTOR pathway and the primary byproduct of glycolysis, lactate (Lu et al., 2018; Li et al., 2021). Shikonin possesses anti-inflammatory and immunomodulatory properties, but this is the first time proposed that its treatment of RA is related by regulating glycolysis. And there seems to be no relevant literature exploring the efficacy of its combination therapy.
Epigallocatechin-3-gallate (EGCG) from green tea has been demonstrated to have therapeutic efficacy in the treatment of IL-1 receptor antagonist knockdown (IL-1RaKO) autoimmune arthritis rats when administered at 40 mg/kg. In fact, mechanistic studies have found that EGCG administration inhibits the production of indicators of glycolysis and mTOR signaling pathway that support Th17 development, including HIF-1a, GLUT-1, MCT4, LDH-a, and GPI, which contributed to the amelioration of arthritis (Yang et al., 2014). Methotrexate is limited by potential hepatotoxicity in the treatment of RA, and EGCG has been identified to improve MTX-induced hepatotoxicity (Pradhan et al., 2023).
An aberrant metabolism environment of increase in PKM enzyme and lactate expression, a considerable decline in triglycerides and pyruvate were reshaped by resveratrol, a SIRT1 agonist, thereby reducing improper glycolytic metabolism to alleviate symptoms of AIA rats at a dose of 50 mg/kg (Wang DD. et al., 2022). Mechanism studies suggest that the therapeutic effect of SIRT1 may be related to the change of monocyte polarization. Overexpression of SIRT1 dramatically boosts p-AMPK expression while suppressing the aberrant increase in PKM1/2 expression. Simultaneously, it significantly inhibits the expression of HIF-1α and its downstream TPI1, nevertheless, new research has demonstrated that resveratrol induced SIRT1 activation inhibits glycolytic facilitated angiogenesis in RA, irrespective of HIF-1α (Jiang TT. et al., 2023). According to certain research, SIRT1 is typically under-expressed in RA patients. Still, some research has cast doubt on this. Therefore, the development of SIRT1-targeted anti-rheumatic therapy depends on the successful confirmation of this issue. In other research reports, resveratrol has long been considered a potential antioxidant for the treatment of RA, which improves RA by activating the SIRT1-Nrf2 signaling pathway (Wang et al., 2020). Although resveratrol has excellent clinical efficacy, patients with multiple myeloma have reported major side effects (Berman et al., 2017).
α-mangostin extracted from mangosteen can effectively inhibit aerobic glycolysis, restore the level of LDH, and abrogate HIF-1α/VEGF expression in AIA rats when the dose is set at 30 mg/kg/day, thereby alleviating inflammation-related hypoxia. This property of α-mangostin is beneficial in blocking synovial pathologic neovascularization (Jiang et al., 2021). There was a more notable reduction in VEGF in the synovium when α-mangostin therapy was employed in place of the typical DMARD leflunomide. This promising discovery suggested that α-mangostin could be more effective than conventional anti-rheumatic medications in regulating angiogenesis (Zuo et al., 2018; Jiang et al., 2021). In addition to these, in AIA models, α-mangostin has been provided to prevent M1 polarization of macrophages and monocytes by concurrently upregulating SIRT1 and PPAR-γ (Wu et al., 2023), and also to reduce inflammation by interfering with the metabolism-immune feedback system mediated by fat cells (Hu et al., 2021). α-mangostin has been demonstrated to be safe in a variety of animal studies. However, increased doses or repeated dosing should be considered for probable adverse effects such as dysbiosis, cardiac insufficiency, and liver toxicity (Do and Cho, 2020).
2.1.2 Succinate generation pathway
2.1.2.1 Succinate in RA pathology
High levels of ROS and inflammatory mediators boost glycolysis in M1 macrophages, which causes a buildup of intermediates from the TCA cycle, particularly succinate (Peyssonnaux et al., 2007; West et al., 2011; Mills et al., 2016). By producing IL-1β, succinate has a role in recruiting dendritic cells to lymphoid tissue. Th17 cell releasing factors are activated when succinate upregulates the succinate receptor, Sucnr1/GRP91, intensifying the inflammatory milieu (Littlewood-Evans et al., 2016; Saraiva et al., 2018) and inducing VEGF expression, which results in abnormal angiogenesis (Reddy et al., 2018). Furthermore, inflammation promotes the synthesis of the physiologically active metabolite itaconate, which hinders succinate dehydrogenase’s (SDH) ability to operate as an enzyme and causes succinate buildup. When SDH is blocked, the TCA cycle is disrupted, which encourages the generation of ROS inside the mitochondria, the stabilization of HIF-1α, and the prolonged fermentation of glycolysis within the activated cells (Lampropoulou et al., 2016). (See orange arrow route in Figure 1).
2.1.2.2 Natural products targeting succinate production
Cinnamon is a TCM used to treat RA. Cinnamaldehyde has been found to alleviate the advancement of RA by modulating the succinate/GPR91/HIF-1α axis to limit NLRP3 activation and IL-1β release when administered at 200 mg/kg in vivo and 12.5 μM in vitro (Liu et al., 2020). Although cinnamaldehyde modifies the generation of succinic acid, its major mechanism of attenuating collagen-induced arthritis is via lowering pro-inflammatory cytokines and free radicals (Mateen et al., 2019). For this reason, cinnamaldehyde primarily serves as an adjuvant in the management of RA.
TGF-β1 stimulation of hypoxia increased succinic acid buildup in the synovium of RA rats by reversing SDH activation, and it also triggered the activation of the NLRP3 inflammasome in a way that was dependent on HIF-1α induction. Clematichinenoside AR, a compound isolated from the root of Clematis manshurica Rupr., inhibits TGF-β1-induced hypoxia and the activation of succinic acid-associated NLRP3 inflammasome in the synovium of RA rats by inhibiting SDH activity, thereby preventing myofibroblast activation via the prevention of a cross-talk between inflammation and fibrosis whose dose at 50 mg/kg (Li et al., 2016). Accordingly, succinate as a metabolic signal could be one of the targets for RA intervention.
2.1.3 Intermediate metabolites generation pathway
Additionally, there are other pathologic phenomena in the pathway that triggers RA “Warburg effect” leading to activation of lipid and protein metabolism. Glutamate is elevated in arthritic joints, and the triggering of glutamate receptors induces the release of IL-6 and arthritic pain (Bonnet et al., 2015) (See orange arrow route in Figure 1). Fatty acid and nucleic acid are examples of intermediate metabolites also regulate signaling pathways that trigger immune cells to pick up various signals in the microenvironment and drive pathogenic actions (Weyand and Goronzy, 2017) (See blue arrow route in Figure 1). We go over the related natural products in the section below.
2.2 Lipid metabolism
To meet the body’s energy requirements, the synthesis and breakdown of lipids in the body maintain a homeostatic balance. Lipid metabolism is involved in the process of cartilage synthesis (Robinson et al., 2022). However, the RA synovial tissue’s inflammatory milieu induces a dysfunctional state of lipid metabolism. A prior study demonstrated a strong correlation between the presence of inflammatory mediators in the serum of RA patients and CIA mice and lipid metabolism (Arias de la Rosa et al., 2018). Preliminary studies in the 1960s showed a 40%–60% increase in phospholipids and cholesterol in synovial fluid in RA patients compared to corresponding serum samples from healthy controls (Bole, 1962). Phospholipids (categorized as glycerophospholipids and sphingolipids), cholesterol, triglycerides, and plasma lipoproteins account for the majority of biochemical components of post-synthesis fat metabolism.
2.2.1 Choline pathway
2.2.1.1 Choline kinase–a tried enzyme in RA
With the aggravation of inflammation, the choline pathway, where choline kinase (Chokα) catalyzes the conversion of choline into CDP-choline and subsequent formation of phosphatidylcholine (PC), is highly activated in FLS, resulting in the activation of the regulatory MAPK/PI3K/Akt pathway, MMP expression, and promotion of invasive metastasis of RAFLS cells (Glunde et al., 2011; Guma et al., 2015; Bustamante et al., 2017; Miriam Jose and Rasool, 2022). Correspondingly, the metabolite, 1-oleoyl-sn-glycero-3-phosphocholine (OPGC), in the inhibited choline phospholipid metabolism pathway is downregulated in the plasma of RA patients and participates in the pathogenesis of RA by modulating the IL-6/JAK signaling pathway (Figure 2) (Su et al., 2022). The glycerophospholipid metabolic pathway is markedly dysregulated in RA patients, according to multi-omics research. Acetylcholinesterase (ACHE), one of the key genes, showed a substantial enrichment in the glycerophospholipid pathway. Glycerophosphocholine and inflammatory characteristics have a substantial negative association (Jian et al., 2023).
[image: Figure 2]FIGURE 2 | Choline pathway is involved in the pathogenesis of RA. In RAFLS cells, increased choline kinase activity promotes phosphocholine and phosphatidylcholine biosynthesis while reducing glycerophosphocholine metabolites, resulting in MAPK/PI3K/Akt and IL-6/JAK pathway activation along with increased inflammation, and malignant cell invasion and migration, and bone erosion.
2.2.1.2 Natural products targeting choline pathway
Network pharmacological studies have shown that Tripterygium wilfordii glycosides (TWG) can target PLA2 and thus interfere with glycerophospholipid metabolism and ether lipid metabolism, resulting in changes in lysoPC and PC levels. The reduction of lyso-PC levels in CIA rats can be corrected treatment with 6 mg/kg TWG per day (Gao et al., 2023). ChoKα has been reported to regulate the tumor-like phenotype of RA-FLS via activating MAPK and PI3K/Akt proteins. In the IL-21-induced tumor-like phenotype assay of AIA-FLS cells, myricetin, a flavonoid, significantly inhibited the high proliferative and invasive potential of AIA-FLSs at an administered concentration of 10 μM. Mechanistically, myricetin inhibited the IL-21/Ras/ChoKα signaling cascade response (Jose and Rasool, 2023).
2.2.2 Sphingolipid metabolism
2.2.2.1 Sphingolipid metabolism in RA pathology
Lipids are known to contribute to the progression of chronic inflammation, and of the many lipids formed, sphingolipids are thought to be the most deleterious, with their ability to affect bone homeostasis (Seal et al., 2024). Sphingosine (So), sphingosine 1-phosphate (S1P), and ceramide (Cer) are the central molecules of sphingolipid metabolism (Meshcheryakova et al., 2017). Cer promotes chondrocyte apoptosis (Herr and Debatin, 2001). The balance between them is hypothesized to act as a switch that can control whether cells grow or die (Cuvillier et al., 1996). Sphingosine kinase (SphK) phosphorylates So to S1P (Bustamante et al., 2017), and the synovial fluid of RA patients has been found to contain active SphK and high amounts of S1P (Kitano et al., 2006). Two SphK/S1P pathway-regulated mechanisms may be simultaneously involved in the development of RA: inflammation and bone catabolism. S1P stimulates the migration and invasion of FLS, causing synovial thickening and promoting osteoclast formation and synovitis (El Jamal et al., 2020). Under inflammatory conditions, TNF-α activates neutral sphingomyelinase-2 (nSMase-2), resulting in the hydrolysis of sphingomyelin (SM) to Cer, and activates ceramidase (CDase) and SphK, resulting in increased levels of Cer and S1P. The buildup of Cer and S1P promotes the expression of COX-2 and the release of PGE2, which are involved in the pathogenesis of RA, and enhances the MMP response, leading to accelerated bone destruction (Figure 3) (Qu et al., 2018).
[image: Figure 3]FIGURE 3 | Summary chart of sphingolipid metabolism in RA pathology.
2.2.2.2 Natural products targeting sphingolipid metabolism
According to a study, treatment with T. wilfordii glycosides (TWG, 6 mg/kg) entirely corrected the high Cer levels and markedly decreased the levels of several SM compounds, which has a positive therapeutic effect on RA and inflammation. CDase is required for the conversion of Cer to SM. Some data suggest that TWG can interact with CDase to modulate Cer levels (Zhu et al., 2022). Nevertheless, a growing number of research investigations have demonstrated that T. wilfordii’s active components frequently have adverse consequences including damage of the skin, gastrointestinal, reproductive, blood, and hepatobiliary systems (Lin et al., 2020). Geniposide extracted from Gardenia jasminoides Ellis, when administered 60 mg/kg daily by gavage, can reverse the levels of Cer, palmitoyl ethanolamine, and glycerophospholipid metabolites in AA rats and further reduce inflammation in AA rats by regulating imbalanced sphingolipid metabolism (Zhan et al., 2020; Ke et al., 2022). Changes in geniposide regulated Cer levels were associated with downregulation of A-SMase expression. In addition, geniposide alleviates VEGF-induced angiogenesis by down-regulating S1P/S1PR1 signaling activation (Wang Y. et al., 2022) and attenuates RAFLS aberrant proliferation by preventing HIF-1α accumulation in synovial anoxic microenvironment (Gan et al., 2022).
2.2.3 Cholesterol biosynthetic
2.2.3.1 Cholesterol biosynthetic in RA pathology
Cholesterol biosynthetic activity is increased in chondrocytes, which promotes chondrogenesis by preventing apoptosis (Wu and De Luca, 2004). Patients with RA have upregulated cholesterol hydroxylase (CH25H) that facilitates cholesterol biosynthesis and production of more oxysterol metabolites (Perucha et al., 2019). Cellular homeostasis of cholesterol is controlled by end-product feedback mechanisms performed by the sterol regulatory element binding protein (SREBP) pathway (Yan et al., 2021). Cholesterol metabolism was found to exert catabolic functions in chondrocytes by upregulating matrix-degrading enzymes, leading to the development of arthritis (Figure 4) (Choi et al., 2019).
[image: Figure 4]FIGURE 4 | Summary chart of cholesterol biosynthetic in RA pathology.
2.2.3.2 Natural products targeting cholesterol biosynthetic
Berberine is hypothesized to suppress the inflammatory proliferation of RAFLSs by modulating AMPK/lipogenesis, LPA/LPA1/ERK/p38 MAPK (Shen et al., 2020), and ROS-AMPK signaling pathways at 80 μM. TNF-induced RAFLSs overexpress lipid metabolism regulator, SREBP1. Of note, berberine alleviates this expression, thereby reducing the intracellular TNF-stimulated inflammatory proliferation of RAFLSs via mitigating palmitic acid levels (Fan et al., 2018). On the other hand, additional research indicates that the antiarthritic effect of berberine is related to the inhibition of glycolysis. Berberine activates AMPK signaling, downregulates mTORC1/HIF-1α signaling and inhibits the glycolysis of M1 macrophages (Cheng et al., 2023). Berberine reversed the glycolytic reprogramming of CD4+ T cells induced by M1-exo (Cai et al., 2024). Although it has previously been found to cross the placenta to cause harmful effects on the fetus and lead to uterine contractions and miscarriage, berberine has not been found to show any cytotoxic or mutagenic effects at the clinical dosages utilized (Bansod et al., 2021). Recent studies have revealed that certain clinical anti-RA medications are used in conjunction with berberine to reduce side effects. To take one example, the combination of berberine and diclofenac sodium can lessen damage to the intestinal mucosa (Huang et al., 2021).
2.2.4 Fatty acids metabolism
2.2.4.1 Fatty acids metabolism in RA pathology
Free fatty acids are present in the serum and synovial fluid of RA patients, and can impact joint tissues and immune cells involved in the pathophysiology of the disease. According to a study, the synovial environment stimulates carnitine abundance in the mitochondrial FAO pathway of human monocytes under hypoxic conditions, which can trigger a CCL20-mediated inflammatory cascade promoting RA pathogenesis (Rodgers et al., 2020). Fatty acids can be metabolized into bioactive lipid mediators, such as pro-inflammatory prostaglandins (PGs), thromboxanes, and leukotrienes (LTs), that can further damage bone and cartilage, and contribute to the pro-inflammatory environment of FLS in RA (Figure 5A) (Lei et al., 2023). Moreover, RA patients have higher activation of PLA enzymes than healthy individuals, which may lead to higher levels of fatty acids and pro-inflammatory effects of the PC/PLA/LPC axis. Studies have shown that PGE2 and the enzymes involved in its production, PLA2 and COX, are more highly expressed in synovial fluid (Figure 5B) (Brouwers et al., 2015). Arachidonic acid (AA) metabolism is involved in the synthesis of PGs and LTs through cyclooxygenase (COX) and lipoxygenase (LOX) to stimulate inflammatory responses (Figure 5B). Recent clinical results suggest that those individuals at risk for ACPA-positive RA show higher levels of LOX-derived oxylipins (O'Neil et al., 2024).
[image: Figure 5]FIGURE 5 | Summary chart of fatty acid metabolism in RA pathology. (A) CCL20-mediated inflammatory cascade response. (B) PC/PLA/LPC metabolic axis. Phospholipases (PLA) can generate LPC from PC and release fatty acids from membrane phospholipids. These fatty acids can be metabolized into inflammatory lipid mediators, such as prostaglandins and PGE2, by different cyclooxygenases (COX) and lipoxygenases (LOX).
PUFA is one of the metabolite fatty acids of triglycerides that is divided into N6 PUFA with a pro-inflammatory effect and N3 PUFA with an anti-inflammatory effect based on the location and role of the double bond. N3 PUFA can regulate gene expression by activating the peroxisome PPAR-γ (Sun et al., 2008). PPAR-γ has been discovered in rat and human cartilage, and activating PPAR-γ prevents human chondrocytes from producing NO and MMP-13 in response to IL-1 (Fahmi et al., 2001; Yang et al., 2021). Thus, PPAR-γ ligands may be of therapeutic value in RA (Ricote et al., 1998).
2.2.4.2 Natural products targeting inflammatory fatty acids
Thymoquinone (TQ) has been demonstrated to prevent RA by suppressing COX, LOX, inflammatory cytokines, LPO, and NO (Ali et al., 2021). Thymoquinone has regulatory effects on inflammatory molecular signaling pathways like NF-κβ, JAK-STAT, MAPK signaling, immune cells, and epigenetic machinery (Vaillancourt et al., 2011).
Caffeic acid is a potent inhibitor of LT biosynthesis that blocks 5-LOX activity and AA release, thereby improving RA through its anti-inflammatory and anti-lipid peroxidation actions (Boudreau et al., 2012). Furthermore, caffeic acid ameliorate adjuvant-induced arthritis in rats via targeting inflammatory signals, chitinase-3-like protein-1 and angiogenesis at 50 mg/kg/day for 20 days. Notably, caffeic acid has similar efficacy to celecoxib in alleviating assisted induced arthritis with fewer side effects. These findings may advocate the use of caffeic acid as an adjunct strategy for RA management (Fikry et al., 2019).
An earlier experiment revealed that norisoboldine (NOR), isolated from Linderae Radix, was effective at alleviating arthritic rat conditions when administered orally at a dose of 30 mg/kg. Fang et al. proposed that the anti-arthritic effects of NOR were attributed to the restoration of aberrant lipid metabolism, as demonstrated in detail by the upregulation of carnitine palmitoyltransferase 1 expression and downregulation of fatty acid synthase expression by NOR in the spleen and synovial tissues of CIA rats (Fang et al., 2021).
Isosilybin A, a major bioactive constituent of silymarin, is a partial PPARγ agonist that modifies abnormalities of lipid metabolism and stimulates cholesterol efflux from THP-1 macrophages (Wang et al., 2015). Likewise, Morin (Miao et al., 2022) and ginsenoside Rg1 (Zhang et al., 2017) is medications with PPARγ agonist characteristic that can alleviate RA.
The anti-rheumatic effects of TWG may possibly be attributed to the suppression of pro-inflammatory lipid mediators but the stimulation of certain pro-resolving mediators, and the 5-LOX is a direct target of TWG (Zhang et al., 2021). According to an analysis of the chemical constituents of TWG, 5R-Hydroxytriptolide (LLDT-8) is a novel analog of T. wilfordii-derived triptolide. LLDT-8 regulates the expression of stearoyl-CoA desaturase-1 and PPARγ, which contributes to the promotion of significant degradation of lipids and the inhibition of lipid synthesis. T. wilfordii glycosides have been demonstrated to reduce the inflammatory response by down-regulating PGs, metalloproteinases, and inducible COX-2 in previous investigations (Shan et al., 2023). Despite the fact that these results validate TWG’s advantageous characteristics in treating RA, there is still cause for worry given TWG’s widely recognized toxicity as seen in clinical studies.
2.2.5 Lipid peroxidation
Fatty acid oxidative (FAO) metabolism is involved in the mechanism of joint destruction in RA (Huang et al., 2022a). Lipid peroxidation might be the defining mechanism of the damage that occurs during RA. Hesperidin (Umar et al., 2013) and quercetin exhibits anti-inflammatory and antioxidant effects in the treatment of arthritis (Jeyadevi et al., 2013). And there are no significant toxicological effects of hesperidin and quercetin were found in cell and animal toxicological evaluation experiments (Ortiz-Andrade et al., 2020). Similarly, compounds, such as protocatechuic acid (Lende et al., 2011) and the extracts of Trigonella foenum graecum (Fenugreek) seeds (Suresh et al., 2012) can minimize lipid peroxidation to treat arthritis.
2.3 Amino acid metabolism
2.3.1 Amino acid metabolism in RA pathology
Glutamine is a potential biomarker in RA patients as it regulates RAFLS proliferation and is involved in the pathogenesis of RA. In RAFLSs, glutaminase 1 expression increased and glutamine metabolism increased (Takahashi et al., 2017). Ornithine is a precursor of glutamate associated with RA; thus, elevated levels of ornithine may affect TNF-α expression via glutamate activity.
Additionally, patients with RA exhibit several other amino acid metabolism, including abnormal tryptophan (Rylance, 1969) and arginine metabolism (Panfili et al., 2020). Metabolomic profiles of synovial fluid from RA patients revealed the downregulation of tryptophan metabolites, which is attributed to the aberrant methylation of the cytotoxic T lymphocyte antigen 4 gene promoter and a hypoxic environment in synovial fluid leading to indoleamine 2,3-dioxygenase 1 (IDO1) low expression (Kaul et al., 2020; Panfili et al., 2020). Tryptophan is converted to kynurenine (KYNA) by the IDO1 enzyme, and IDO1-mediated tryptophan depletion suppresses T helper cells to terminate inappropriate immunological reactions (Tykocinski et al., 2017). The researchers have now conducted tryptophan pathway metabolomics analysis on serum samples from RA patients and normal individuals. Higher serotonin pathway metabolite concentrations and lower kynurenine and indole pathway metabolite concentrations were linked to RA. Quinolinic acid concentrations were higher in RA patients than in healthy individuals within the kynurenine pathway, but kynurenic acid concentrations and the ratio of xanthurenic acid to its precursor 3-hydroxykynurenine were lower. AADAT, also known as kynurenine aminotransferase 2, catalyzes the production of kynurenic acid and xanthurenic acid from precursors of quinolinic acid. Compared to healthy persons, patients with early RA had significantly reduced serum concentrations of AADAT (Phillips, 2024). The latest study has found that RA patients have reduced serum levels of KYNA and xanthurenic, as well as indole derivatives, and increased levels of quinolinic acid. Mechanistically, quinolinic acid favors the proliferation of RAFLSs and affects their cellular metabolism by inducing mitochondrial respiration and glycolysis (Moulin et al., 2024).
Synovial fluid from RA patients has high levels of arginase 1 (Arg1), the rate-limiting enzyme of arginine metabolism, which promotes fibrosis and tissue regeneration (Munder, 2009). iNOS and Arg1 play a major role in controlling the intracellular metabolism of L-arginine (L-Arg) in macrophages. L-Arg catalyzes the conversion of iNOS into NO and L-citrulline. L-citrulline has been discovered as a biomarker for RA (Yang et al., 2020). Early onset of RA is associated with dysregulation of citrullination, a process catalyzed by peptidylarginine deiminase isoform 4 (PADI-4) (Yang et al., 2024). Studies have shown that platelet arginase activity is greater in CIA rats than in control rats, which leads to an inadequate supply of substrate (L-arginine), resulting in nitric oxide synthase isolation, thereby increasing oxidative stress and lipid peroxidation and promoting the development of arthritis (Prati et al., 2011). Based on a latest study, L-Arg helps inflammatory osteoclasts convert glycolysis to oxidative phosphorylation. This process increases ATP synthesis, purine metabolism, and inosine and hypoxanthine levels, which helps to reduce bone erosion and arthritis (Cao et al., 2024).
2.3.2 Natural products targeting amino acid metabolism
A clinical trial evaluated the correlation between serum ornithine levels in RA patients and their degree of remission after the administration of sinomenine (SIN, 120 mg, twice daily), and revealed the potential therapeutic mechanism by which SIN could upregulate the gene expression level of Arg1, thereby inducing a reduction in arginine and further downregulation of ornithine (Shi et al., 2022). Another study found that SIN substantially elevated tryptophan metabolites, stimulated aryl hydrocarbon receptors (AhR) in CIA rats, and regulated Th17/Treg balance (Jiang ZM. et al., 2023). SIN can cause gastrointestinal reactions and transient allergic reactions (Huang et al., 2022b). Furthermore, a meta-analysis of ten randomized controlled trials revealed that a combined therapy of MTX and SIN was more successful than MTX alone (Chen et al., 2015). MTX and SIN combination treatment had a therapeutic effectiveness in prior research that was similar to MTX plus leflunomide, but with fewer side effects (Huang et al., 2019).
Eugenol, a phenolic substance, may inhibit pro-inflammatory arthritic responses in arthritis rats by regulating arginase in platelets and preventing lipid peroxidation when administered 2.5 mg/kg orally (Adefegha et al., 2018). At a certain concentration, eugenol impaired the locomotor ability of Drosophila melanogaster (Julio Cesar Silva, 2022).
A paper confirms that inhibition of PADI-4 by vitamin B12 ameliorates RA in CAIA mice (Yang et al., 2024). Atractylodes oil as a novel anti-RA drug (Linghang et al., 2020), and licorice flavonoids (Wei et al., 2018) have regulatory effects on a variety of amino acid metabolites.
2.4 Nucleotide metabolism and 1C metabolism
Adenosine is produced by intracellular ATP catabolism and rises in hypoxic and inflammatory environments. The purine metabolism enzyme adenosine deaminase (ADA) influences both joint inflammation and adenosine levels. Patients with RA have higher levels of ADA activity in their synovial fluid, and findings indicate a substantial positive association between MMP-9 and ADA isoforms (Atta et al., 2024). According to previous studies, quercetin has an inhibitory effect on lymphocyte ADA activity and modulates nucleoside triphosphate diphosphohydrolase (NTPDase) activity to reduce adenosine levels (Saccol et al., 2019). According to a new concept, from participation in purine biosynthesis to post-translational modification of proteins, 1C metabolism promotes cell development and differentiation through the methionine and folate cycle. The regulation of immune cell function and differentiation, including t-cells, b-cells, and macrophages, is directly affected by 1C metabolism, and thus 1C metabolism could be a determinant of RA, promising to be explored for therapeutic intervention (Dang et al., 2024).
3 DISCUSSION AND CONCLUSIONS
Glycolysis, lipid metabolism, amino acid biosynthesis, and nucleotide metabolism catalyze the disease process to some extent, making metabolic reprogramming of practical importance in the management of RA. This review sought to focus on the products or regulators of metabolic processes that are involved in the disruption of the internal environment to stimulate synovial cytopathology and the natural products that are available to improve or treat arthritis through metabolic reprogramming pathways. Numerous significant metabolic substances and processes, including glycolysis and phenylalanine metabolism, have been the subject of recent research. Studies relating to RA and nucleotide metabolism, still, have not been thoroughly examined. Natural products, as metabolic therapies for RA, can reverse internal environmental metabolic disturbances from multiple angles and targets, with compatibility patterns that rarely cause toxic side effects. The main information was summarized, as shown in Table 1. The rate-limiting enzymes of gluconeogenesis are GLUT1, HK2, G6PD, PFKB3, PKM2, and LDH. Tan et al. (2022) provided a list of organic compounds that might interfere with glycolysis-related transporter proteins and rate-limiting enzymes, which are primarily evaluated for malignancies. In a sense, these natural products may be potential agents that inhibit metabolic reprogramming in the development of RA.
TABLE 1 | Effect of natural products on different immune metabolism in rheumatoid arthritis.
[image: Table 1]The treatment of RA with Western medicine still entails severe side effects and drug resistance. In the treatment of RA, alternative medicine is becoming increasingly unique. We believe that the role of natural products in immune metabolism modulation in the therapy of RA can give clinicians with novel advice.
4 PERSPECTIVES AND CHALLENGES
Cellular metabolism is an integral biochemical process in the pathogenesis of RA. However, few new mechanistic and clinical studies have been conducted on different metabolic treatment targets, which remain in the early stages of evaluation. Despite the fact that there are several descriptions of metabolic problems in RA, most of them focus on a single metabolism and are insufficiently detailed and clustered. The metabolic regulation processes of herbs in RA have not been completely studied, and the majority of them have only been assessed by metabolomics. Target metabolomics should be employed more in a subsequent study to confirm and investigate these compounds. The majority of the research on metabolomics investigations of bioactive natural products in the treatment mechanisms of RA does not address or clarify whether they have hazardous side effects, which is crucial and necessitates a more comprehensive evaluation including additional clinical trials. Notably, most conventional medications lack specificity, and new therapeutic approaches and research emphasize alternative medicine pathways that can be more precisely targeted to reduce inflammation while preventing the negative metabolic consequences of conventional therapy. Deficiencies of natural drugs, such as short half-life in the human body and susceptibility to cumulative toxicity, can be significantly improved by structural modification using computer-aided drug design and encapsulation of nanomaterials.
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