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Abstract

:

Modern “omics” sciences, including metabolomics and microbiomics, are currently being applied to inflammatory autoimmune diseases, such as rheumatoid arthritis (RA), to investigate the interplay between microbiota, metabolic function, and the immune system. In recent decades, robust evidence has suggested that disruption of the normal composition of the microbiome, known as dysbiosis, in the gut and mouth of RA patients contributes to immune dysregulation and alterations in the metabolic pathways, shaping the pathogenesis of the disease and playing a central role in the risk and progression of RA. Metabolic pathways can be influenced by various agents such as the surrounding environment, lifestyle, and exposure to microbiota imbalance. In turn, the body’s metabolic homeostasis influences the immune response, making metabolomics helpful not only to understand pathogenesis pathways, but also to improve early disease detection and therapeutic chances. Combined gut microbiome and metabolome studies set out to unravel the interactions between these two entities, providing insights to discover new treatment targets and potential biomarkers to prevent joint damage. The purpose of this review is to summarize the main recent findings that suggest promising new research directions for the pathogenesis of RA.
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1. Introduction


Rheumatoid arthritis (RA) is a systemic autoimmune disease, clinically characterized by poly-articular involvement with chronic synovial inflammation culminating in bone erosions and disability [1].



RA is considered a multistep disease [2]. In the preclinical phase of the disease, genetic predisposition and environmental triggers increase susceptibility to the onset of RA, resulting in the activation of the immune system outside the joint compartment, mainly in the mucosal surfaces. Despite the typical joint involvement in established RA, the pathogenesis of the disease likely begins far from joint structures, in the lungs, periodontium, or intestine [3]. In a second phase, the immune response is amplified systemically, with an expansion of the autoantibody repertoire. Finally, the synovial compartment becomes the target of a local inflammatory response that culminates in clinically evident synovitis [4].



Growing evidence has proposed gut microbiome dysbiosis as a trigger environmental factor for the dysregulation of innate and adaptive immune responses and the onset of RA.



The suggested mechanism for the gut–joint inflammatory axis is related to intestinal leakage, which can expose the immune system to microorganisms and their products, triggering a systemic immune response resulting in a local inflammatory process within the joints.



In the RA scenario, the loss of immunological tolerance and disease development are related events. The immunological mechanisms that lead to cell differentiation and expansion both depend on antigen recognition and activation of metabolic pathways, which provide cellular energy supply [5].



Early stages of the disease involve innate immune cells, such as monocytes and dendritic cells (DCs), that orchestrate the inflammatory cascade, which subsequently leads to the activation of lymphocytes and autoantibodies’ production [6]. Their activation is stimulated by Toll-like receptors (TLR) that bind antigens, driving and supporting pathogenetic mechanisms through their role as antigen-presenting cells, phagocytes, and chemokine producers [7].



In particular, macrophages are abundant in RA synovium and represent the major source of lytic enzymes, chemokines, and cytokines, leading to joint damage and neoangiogenesis. In addition, they exhibit a long-lasting immune memory capable of remodulating when stimulated [8]. Naive T lymphocytes in the RA inflammatory milieu age quickly, and drive cellular metabolic reprogramming [5] and macrophage activation.



Similarly, chronic inflammation in RA appears to be related to metabolic alterations, as confirmed by the finding of some metabolites linked to rapid disease progression, although they may precede the onset of symptoms by many years.



Combined studies on immune cells, gut microbiome, and metabolome aim to investigate the interactions between these entities, providing new insights for the improvement of therapeutic strategies and for the identification of potential biomarkers in order to provide new tools to interfere with the disruption of the immunological homeostasis that drives RA, in order to prevent disability and joint damage.



Nowadays, the identification of a specific biomarker or a panel of molecules to profile RA patients, especially in the initial stage of disease or in the case of seronegative disease, is a need that has still not been met in rheumatology. The lag time between symptom onset and diagnosis is up to 9–17 months [9], meaning that patients may experience the risk of losing the so-called ‘window of opportunity’ for treatment initiation that lasts about 3 months after first symptoms and has been identified as the optimum time to achieve remission [10].



In this regard, the development of sequencing technologies and multi “omics” methodologies may allow a better characterization of RA to help risk prediction, early diagnosis, prognosis, and proper monitoring.



Over the last decade, thanks to metabolomics, a deeper description of the metabolic profile, at both serum and tissue level, of RA has emerged. The metabolic fingerprinting in such a disease is a valuable tool to address specific questions regarding the link between dysbiosis, bacterial metabolites, and disease development in order to acquire more knowledge on RA pathogenesis and management [11].



Therefore, the purpose of the present review is to dissect the current literature regarding the interaction between the microbiome, and specifically gut dysbiosis, and RA through the information derived from metabolomic studies, which stand out as one of the most promising high-precision techniques in rheumatology.



Research Methodology


A literature search was performed with the aim of achieving a comprehensive and structured analysis of studies. We searched the major databases (MEDLINE, EMBASE, ScienceDirect, PubMed, Scopus) to identify relevant articles for inclusion. Two reviewers independently screened the literature search results and abstracted data from included studies. A systematic search was performed using keywords related to the diseases of interest (RA) and the main topics (microbiome, dysbiosis, and metabolome). The reference lists of all included articles and recent reviews were evaluated for their relevance to disease pathogenesis and their impact on outcome prediction and disease management.





2. Metabolome in RA


Metabolomics is an emerging science that is part of the omics group (e.g., proteomic, transcriptomics, etc.). It allows the identification of small molecules, known as metabolites, in a biologic system, catching the alteration of the metabolic status of different tissues and fluids that mirror the cellular perturbation occurring during disease.



Metabolic pathways can be influenced by various agents such as the surrounding environment, lifestyle, and exposure to microbiota imbalance. In this regard, links between diet-related metabolites and changes in the microbiome have been extensively investigated [12]. In turn, the body’s metabolic homeostasis influences the immune response [13], making metabolomics helpful not only to understand pathogenesis pathways, but also to improve early disease detection and therapeutic chances [13].



Nowadays, in the “omics era”, numerous metabolomics assays of peripheral blood, tissues, and urine in patients with RA have been conducted, and many techniques have been employed to characterize metabolomics. Metabolomics is based on two main high-throughput technologies: nuclear magnetic resonance (NMR) and mass spectrometry (MS). After the acquisition of experimental data, multivariate statistical analysis is performed in order to identify the patient’s metabolic profile. MS is more sensitive, but requires sample pre-treatment through separation of individual constituents using liquid chromatography or gas chromatography; this results in greater variability and lower reproducibility. In contrast, NMR does not require sample pre-treatment, yielding more reproducible NMR despite lower sensitivity. In both cases, a plot is obtained that identifies the different metabolites representing the metabolome of a specific sample [14].



Metabolomics has been applied in various fields of medicine, as it has enabled the identification of new possible biomarkers through new methods. This justifies the growing interest in its application in the study of rheumatic diseases.



A recent study demonstrated a correlation between inflammation in the early stages of immune diseases, as detected using C reactive protein (CRP) levels, and the serum/urinary metabolome. The most abundant metabolites present in the samples included glucose, amino acids, lactate, and citrate [15]. In 2013, Young et al. showed a relationship between the early inflammatory stages of RA and the levels of specific metabolites such as low-density lipoproteins, lipids, lactate, glucose, methylguanidine, amino acids, and their derivatives [16]. Nevertheless, inflammation has been related to metabolites derived from oxidative stress processes, the urea cycle, and catabolism protein [17], raising the profile of the urinary metabolome, which, so far, has been studied mainly to evaluate and predict pharmacological response [18] and to accelerate the diagnostic process [19].



However, no differences in metabolites were found between RA patients in the early stage and advanced stage, or between the seropositive and seronegative forms.



Interestingly, a negative correlation was identified between the levels of CRP and citrate, which can be explained by the metabolic reprogramming process resulting from the activation of the immune response [20]. Once innate immune cells such as macrophages and DCs are activated, the glycolysis and pentose phosphate pathways are upregulated, while the citrate pathway, oxidative phosphorylation, and fat acid oxidation are reduced. However, the increase in glycolytic flux can lead to an accumulation of citrate and succinate in the mitochondria, which, once transported to the cytosol, is broken down to form substances necessary for the activation of macrophages and DCs [21].



Conversely, a positive correlation between CRP levels and succinate was highlighted. This finding is consistent with the ability of succinate to stimulate IL-1ß production during the inflammatory process and, furthermore, post-translational processes such as succinylation are able to sustain inflammation [22].



Despite the positive association with glucose and lactate, serum CRP levels correlated negatively with pyruvate levels. Several mechanisms could justify elevated glucose levels during an inflammatory response in order to satisfy the increased cellular demand [23]. Mainly, the activation of glycolysis and the reduction of pyruvate to lactate are both pathways required for the perpetuation of the immune response [24].



Since the establishment of the inflammatory response requires adequate bioavailability of metabolites to meet the cellular demand necessary for clonal expansion and cytokine production, some metabolites are, therefore, considered potential biomarkers that can predict the onset of the disease and, simultaneously, potential therapeutic targets [5].



However, it should be considered that the major cell lines adapt to different metabolic conditions: T cells reduce glycolysis and prefer anabolic reactions, while macrophages, on the other hand, store glucose in favor of cytokine production. The reason why major cell lines rely on different pathways could be related to the reprogramming of immune cells, influenced by the inflammatory environment.



The different metabolic adaptations mirror the main roles of the involved cell lines. T cells mainly perform a regulatory and memory function. Macrophages predominantly act as effector cells [25]. Anabolic reactions seem to be the exclusive prerogative of T lymphocytes, in particular of naive T lymphocytes and memory cells, while macrophages have developed an adaptation in a hypermetabolic sense and this imprinting is already present in undifferentiated monocytes [5].



Metabolic signature can predict arthritis onset in its early stages and can influence autoantibodies’ production, also according to genetic susceptibility.



Studies of genome-wide association (GWAS) highlighted the presence of many loci associated with metabolite levels, which are involved in various metabolic pathways, indicating the genetic influence on the metabolome. These pathways include amino acids, lipid metabolism, carnitines, fatty acid metabolism, intermediates of purine and pyrimidine metabolism, glucose homeostasis, vitamin, and cofactor levels; the genetic polymorphisms of genes linked to these metabolic pathways in RA have been described [26,27].



Specifically, GWAS studies have identified approximately 100 genetic loci implicated in the etiopathogenesis of RA [28].




3. Microbiome in RA


Beyond the genetic susceptibility, which is also strongly related to the presence of human leukocyte antigen (HLA)-DRB1 shared epitope (HLA-SE) alleles, great interest has developed around other environmental factors that may trigger the autoimmune process in RA (Figure 1) [29]. The underlying inflammatory and autoimmune mechanisms are triggered approximately one decade before RA clinical onset, resulting in the detection of anti-citrullinated protein antibodies (ACPA) at different sites during the pre-clinical phase of the disease [30].



Numerous studies on microbiota composition and on the different expression of its metabolites have been conducted, highlighting a correlation between RA etiopathogenesis and microbiome imbalance at multiple levels [31,32,33]. Disease development could be prompted by a regulatory mechanism induced by the microbiota and its metabolites, which are able to drive the immune response and the inflammatory process [34]. Specifically, the process of protein citrullination mediated by Porphiromonas gingivalis (P. gingivalis) and the activation of T helper (Th) 17 pathways by Prevotella copri (P. copri) are recognized among the mechanisms underlying the aberrant immune responses occurring during disease [35,36].



Several studies have reported the increased risk of developing RA in patients affected by periodontitis. The involvement of the bacteria coming from the oral cavity has an important role and influence on the immunity response in RA. The well-established link between periodontitis and RA is defined by the colonization of the oral cavity by the Gram-negative bacterium P. gingivalis [37]. P. gingivalis is involved in the production of citrullinated proteins through its enzyme P. gingivalis peptidyl-arginine deiminase (PPAD), which is able to convert arginine residues to citrulline [38]. Mechanistic studies in animal models have revealed that this periodontal bacterium significantly worsens the severity of collagen-induced arthritis (CIA) by the activation of the Th17-related pathway [39].



Recently, an alternative periodontal pathogen, Aggregatibacter actinomycetemcomitans, has been identified as trigger of autoimmunity in RA [40]. Its virulence factor, leukotoxin A (LtxA), may cause hypercitrullination of neutrophils in RA and, thus, allow the bacteria to evade host immune defenses [41]. Looh et al. [42] hypothesized that LtxA-mediated hypercitrullination may involve the abnormal activation of PAD enzymes, which leads to the citrullination of proteins and autoantigens recognized by ACPA. These mechanisms can further accelerate the development of RA in susceptible individuals.



RA susceptibility is not only influenced by oral microbiota, but also by gut dysbiosis, as demonstrated in multiple animal and human studies (Table 1). Xiaofei Liu et al., through 16S rRNA sequencing, characterized the intestinal microbiome in DBA1 mice that did or did not develop CIA [43]. In CIA-susceptible mice, they observed an enrichment of operational taxonomic units (OTUs) affiliated with the genus Lactobacillus before the arthritis onset and an increase in OTUs affiliated with the families Bacteroidaceae, Lachnospiraceae, and S24-7 after the disease development.



Strikingly, the authors described a higher frequency of arthritis induction in germ-free (GF) mice conventionalized with the microbiota from CIA-susceptible mice compared to those conventionalized with the microbiota from CIA-resistant mice. Finally, they also reported higher serum concentration of interleukin (IL)-17 and increased proportions of CD8+ T cells and Th17 lymphocytes in the spleen of CIA-susceptible mice [43].



In an elegant study, Chen Y. et al. analyzed the composition of the gut microbiome in RA patients using 16S rRNA gene sequencing, and identified different fecal metabolites, suggesting that alterations in fecal microbiota may result in alterations in fecal metabolites. The results of this analysis showed that the RA microbiome, as well as metabolites, differed substantially from those of healthy controls (HCs). Firmicutes, Bacteroidetes, Proteobacteria, and Actinobacteria were the principal components in the gut microbiota in both groups, but they differed mainly in abundance and not in composition [44].



The causes of altered gut flora include the reduction in probiotics, such as Bifidobacterium, and the increase in dangerous species. Such disruption would affect different metabolic pathways, leading to the onset of disease. However, some controversial results have been described.



For instance, although the presence of Bifidobacterium was constantly reduced, Lactobacillus was more abundant in HCs in one study, while it was overexpressed in the RA group in another report [37]. This suggests that the probiotic imbalance could follow the different stages of RA [45].



In addition, some peptides (Val Thr Ile, Ile Gly Gly Ile, Val Asn Ile, etc.), amino acids (lysine, methionine), and nucleotides (thymidine, deoxyuridine, deoxyinosine, deoxyguanosine, etc.) were overexpressed in the RA group, whereas some lipids were decreased. Two fatty acids metabolites were identified as potential biomarkers; specifically, long-chain fatty acids (9,12-octadecadiynoic acid and 10Z-nonadecenoic acid) were increased in the RA group and were related to the presence of Verrucomicrobia and Akkermansia, suggesting that these two metabolites can influence the disease development [33].



These results confirm what has already been demonstrated in other studies in which fatty acids were increased in RA patients and their presence was related to the inflammatory process [46]. Consistently, some metabolic pathways, including the biosynthesis process of fatty acids and the degradation of glycosaminoglycans, were increased in subjects with RA compared to HCs [47]. Some long-chain fatty acids have shown a protective role, improving symptoms of RA, while short-chain fatty acids (SCFAs), the products of microbial metabolism, have a pivotal role in the gut–joint axis in animal models [48,49,50]. Several factors contribute to the maintenance of intestinal homeostasis, mainly SCFAs, followed by IgA secreted by plasma cells in the lamina propria, α-defensins derived from Paneth cells, polysaccharide A from the commensal Bacteroides fragilis (B. fragilis), and RegIIIγ, an antibacterial lectin expressed by epithelial cells [50]. Disruption of this delicate balance can result in the development of chronic inflammatory diseases, including RA. SCFAs, mainly butyrate, propionate, and acetate, are derived from the bacterial fermentation of non-digestible carbohydrates such as fiber; they act as histone deacetylase (HDAC) inhibitors and G- protein-coupled receptor (GPCR) ligands modulating the function of immune cells in the gut and other tissues [51]. Furthermore, SCFAs, as active microbial metabolites, regulate intestinal homeostasis by facilitating the assembly of tight junctions and the production of antimicrobial peptides. SCFAs can also affect drug response, as demonstrated by the role of butyrate in the beneficial effect of B. fragilis on the efficacy of therapy with methotrexate (MTX). When added to drinking water during MTX treatment, butyrate restored the therapeutic effect of MTX in gut microbiota-deficient CIA mice to a similar level as that achieved with B. fragilis gavage [52]. These findings further support a potential microbial intervention strategy to improve the management of RA.



Another study showed the development of adjuvant-induced arthritis (AIA) only in GF rats, whereas the animals colonized with Gram-negative bacteria, such as Escherichia coli or Bacteroides, showed only a mild phenotype of arthritis [53]. The same group has also described a protective role of some Gram-negative Enterobacteria (Escherichia coli and Bacteroides species) when introduced into otherwise GF arthritis-susceptible rats [54], supporting the theory of bacterial modulation in disease onset and development [55].



In humans, although it has been observed that a lower risk of developing RA is associated with recent gastrointestinal and/or urogenital infections [56], there is a substantial body of evidence supporting the association between RA and intestinal dysbiosis.



Several studies have reported alterations of the intestinal epithelial barrier and increased gut permeability in RA patients, especially linked with the intake of non-steroid anti-inflammatory drugs (NSAIDs) and the severity of disease activity [57,58,59,60,61].



Additionally, it has been proven that a reduction in gut microbial diversity occurs in RA patients compared to HCs, characterized by an abundance of some rare taxa, such as Actinobacteria. Moreover, an association between the increase in Collinsella, Eggerthella, and Faecalibacterium genera and the production of IL-17A has been described [32].



Zhang et al. investigated the oral and gut microbial community of RA patients and controls, detecting a dysbiosis at both sites in RA patients, partially attenuated after treatment with disease-modifying antirheumatic drugs (DMARDs) [62].



In particular, they described a rise in Gram-positive bacteria and a depletion of Gram-negative bacteria, such as Proteobacteria and Firmicutes, in the gut of RA patients. Moreover, at all sites, in individuals with RA, they observed a reduction in Haemophilus spp., negatively correlated with titers of the RA-specific autoantibodies, and an increase in Lactobacillus salivarius, associated with high disease activity.



In an interesting study, Scher et al. characterized and compared intestinal microbiota between new-onset DMARDs/steroids naive RA patients (NORA), chronic treated RA patients, psoriatic arthritis (PsA) patients, and HCs [63]. They performed sequencing of the 16S gene on stool samples, identifying higher levels of P. copri associated with decreased commensal beneficial Bacteriodes in NORA patients. Additionally, they highlighted the capacity of P. copri to regulate the gut microbiota and to induce colitis in an inflammatory bowel disease (IBD) mice model.



A recent study has also shown a marked sequence homology between two autoantigens, N-acetylglucosamine-6-sulfatase (GNS) and filamin A (FLNA), that are highly expressed in the synovial tissue of RA patients, and epitopes from Prevotella sp. This result further supports the molecular mimicry theory in RA and the association between mucosal and joint inflammation [64].




4. Metabolomics Applied to Treatment and Interference with Microbiome Pathological Dysfunction in RA


The metabolic profile of RA patients changes importantly during disease course, as reviewed above, but treatments could even contribute to altering metabolite levels, for example increasing anti-inflammatory molecules. In this regard, metabolomics could help in identifying new biomarkers to assess response to treatment with the final goal of profiling responders and non-responders, and of creating a more personalized approach to prevent treatment failure [65,66].



Currently, a large proportion of patients still shows a poor response to both conventional (c)DMARDs and biologic (b)DMARDs [67].



Regarding cDMARDs, the metabolome of RA patients revealed that the levels of tryptophan are decreased under treatment with MTX or leflunomide [68]. Tryptophan is involved in the metabolic pathway that drives TLR activation, danger molecule recognition, and IL-6 production, so its reduction could mirror the efficacy of MTX [69,70]. In an early RA cohort of 82 patients treated with MTX, a recent study demonstrated that the baseline concentrations of homocysteine, taurine, adenosine triphosphate, guanosine diphosphate, and uric acid were significantly lower in the plasma of non-responders versus responders, while glycolytic intermediates 1,3-/2,3-diphosphoglyceric acid, glycerol-3-phosphate, and phosphoenolpyruvate were significantly higher in non-responders [71]. In addition, in a mouse model of RA, low serum levels of N-methylisoleucine were revealed as a potential biomarker of response to MTX [72]. The effects of MTX even include the normalization of taurine, aspartate, alanine, lactic acid, adenosine, and guanine, whose levels are reestablished after treatment [73].



In relation to gut microbiome, Artacho et al. reported a possible association between gut bacteria and response to MTX in new-onset naive RA. In non-responders, gut bacteria showed an increased metabolism of MTX, possibly accounting for a decrease in drug availability for patients, leading to a worsened clinical response [74].



Among biologic agents, most evidence linking metabolomics to treatment focused on TNF-inhibitors (TNFi), as TNF is a strong proinflammatory cytokine renowned to influence glucose and lipid metabolism [75]. In particular, an increase in hippuric acid, citrate, and lactic acid was described after infliximab use, while an increase in choline, phenylacetic acid, urea, creatine, and methylamine was observed after treatment with etanercept [76].



A specific metabolite signature was even outlined between responders and non-responders to TNFi both at the blood and urine level. After TNFi therapy, two different metabolic profiles differentiated good responders from non-responders, and carbohydrate derivates, such as D-glucose, D-fructose, sucrose, and maltose, emerged as determinants of the therapeutic response [77]. Additionally, five metabolites (glycerol 3-phosphate, betonicine, N-acetylalanine, hexanoic acid, and taurine) were identified as potential predictors of good response to TNFi.



In urine samples, histamine, glutamine, phenylacetic acid, xanthine, xanthurenic acid, and creatinine were found to be upregulated in patients responding to TNF antagonist, while ethan-olamine, hydroxyphenylpyruvic acid, and phosphocreatine were downregulated.



Three metabolites, namely 3-aminobutyric acid, citric acid, and quinic acid, were shown to positively predict response to abatacept [78].



Changes in arachidonic acid metabolism with the consequent modulation of the inflammatory pathway related to IL-6 signaling were depicted in a study focused on tocilizumab efficacy [79]. Moreover, tocilizumab responders present higher levels of 3-hydroxybutyrate and phenylalanine, which can improve the ability to predict tocilizumab responders [80].



Rituximab administration determines a downregulation in phosphatidylethanolamines, phosphatidyserines, and phosphatidylglycerols levels, once again stressing the im-portance of amino acids and lipid perturbations in RA [81,82].



Coming to new treatments, specifically JAK-inhibitors, higher levels of omega-3 fatty acids and docosahexaenoic acid in treated patients were demonstrated and correlated with an important effect on pain reduction [83].



To improve the identification of possible responders to treatments, the combination of metabolites and clinical data is crucial [84], and new players, such as gut bacteria and alternative therapies targeting their functions, should carefully be taken into account.



On the basis of substantial evidence regarding the correlation between gut dysbiosis and RA, the effect of probiotics in RA patients has been recently investigated, with some encouraging results. Probiotics are live bacteria that, when administered to the host in appropriate doses, provide significant health benefits. Specifically, exogenous bacteria can improve gut microbiota homeostasis, modulate the immune response, and support gut barrier integrity, treating dysbiosis and related pathological conditions. Several studies have investigated the role of probiotic bacteria in systemic immune responses. In these studies, the supplementation with probiotics correlated with a decrease in disease activity score (DAS28), CRP, and systemic inflammatory cytokines, such as tumor necrosis factor-α (TNFα), IL-12, and IL-6, and at the same time, with an increase in IL-10 [45,85]. To identify potential probiotic gut microbes that can ameliorate the development of RA, microbiota profiling in RA patients was studied using 16S rDNA bacterial gene sequencing and shotgun metagenomics. Interestingly, the relative abundance of Parabacteroides distasonis (P. distasonis) in RA patients was decreased, and this decrease was negatively correlated with DAS28. These findings were explained by the effects of microbial metabolites derived from P. distasonis, lithocholic acid (LCA), deoxycholic acid (DCA), isolithocholic acid (isoLCA), and 3-oxolithocholic acid (3-oxoLCA), on CD4+ T-cell differentiation and macrophage polarization. In particular, 3-oxoLCA and isoLCA promoted the M2 polarization of macrophages and, simultaneously, inhibited Th17 cell differentiation. Consistently, oral treatment of arthritic mice with live P. distasonis significantly mitigated RA development, pointing to P. distasonis as a potential probiotic agent in the treatment of RA [86]. Another potential probiotic agent suggested for RA is Bifidobacterium pseudocatenulatum, which is also involved in bile acid (BA) metabolism. B. pseudocatenulatum prevented joint damage in a CIA mouse model by elevating the enzymatic activity of bile salt hydrolase and increasing the levels of unconjugated secondary BA to suppress aberrant Th 1/17-type immune responses [87]. Probiotics have been proposed as an adjuvant treatment in the therapeutic strategy of immune-mediated disorders. MTX, one of the most widely used DMARDs in inflammatory arthritis, alters the composition of the gut microbiota, helping to restore the altered microbial balance [62]. Further introduction of a probiotic has demonstrated a synergistic effect that can effectively control the inflammatory status. In this regard, the positive influence of the Lactobacillaceae family on the microbiota in RA has been optimized in patients taking DMARDs, as demonstrated by the ability of Lactobacillus casei (L. casei) to reduce RA symptoms and inhibit proinflammatory cytokines [88]. In their study, Alipour et al. showed that L. casei supplementations decreased serum CRP levels, and reduced tender and swollen joint counts; furthermore, serum levels of interleukins (IL-10, IL-12) and TNF-α were improved in the probiotic group [88]. The impact of lactobacilli on joint inflammation has also been explored in the CIA model. The addition of L. casei or L. acidophilus in a rat model of CIA proved to be as effective as standard treatment with indomethacin [89]; the anti-inflammatory properties of L. casei in the CIA rat model were confirmed by its ability to inhibit the COX-2 enzyme and downregulate proinflammatory cytokines [90]. Recently, the effect of Lactoplantibacillus plantarum LS/07 (LB) was investigated in combination therapy with MTX in adjuvant arthritis (AA) in rats. LB administered in combination with MTX helped relieve hind leg swelling and body weight loss for the whole duration of the experiment. The combination therapy was more effective in reducing the inflammation than MTX alone. Regarding the positive anti-inflammatory effect of Lactiplantibacillus plantarum LS/07, administration of LB to AA rats reduced the concentrations of IL-17A, metalloproteinase-9 (MMP-9), and monocyte chemotactic protein-1 (MCP-1), with the latter two involved in macrophage recruitment and joint destruction during RA [91].
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Table 1. The table reports the main studies on predisposing/protective gut bacteria involved in rheumatoid arthritis.
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	Metabolites
	References





	Predisposing Bacteria
	Collinsella, Eggerthella, and Faecalibacterium genera
	
	[32]



	
	Verrucomicrobiaand Akkermansia
	9,12-octadecadiynoic acid and 10Z-nonadecenoic acid
	[33] (animal study)



	
	Lactobacillus salivarius
	
	[62]



	
	P. copri
	
	[63]



	
	Prevotella sp.
	
	[64]



	Protective Bacteria
	B. fragilis
	Butyrate
	[52] (animal study)



	
	Escherichia coli and Bacteroides species
	
	[53] (animal study), [54] (animal study)



	
	Haemophilus spp.
	
	[62]



	
	Lactiplantibacillus plantarumLS/07
	
	[82] (animal study)



	
	P. distasonis
	LCA, DCA, isoLCA and 3-oxoLCA
	[86] (animal study)



	
	Bifidobacterium pseudocatenulatum
	unconjugated secondary BA
	[87] (animal study)



	
	L. casei
	
	[88,89] (animal study), [90] (animal study)



	
	L. acidophilus
	
	[89] (animal study)







LCA: lithocholic acid; DCA: deoxycholic acid; isoLCA: isolithocholic acid; 3-oxoLCA: 3-oxolithocholic acid; BA: bile acid.












5. Conclusions and Future Perspectives


The association between the gut microbiome and metabolites has not been fully evaluated yet in RA. Nevertheless, combined gut microbiome and metabolome studies have suggested promising new research directions to deepen our knowledge of RA pathogenesis.



The microbiome is critical for the balance of the host immune system, and its changes are essential for modulating inflammation and promoting the loss of immune tolerance, as demonstrated by the correlation between gut microbiota dysbiosis and the development of arthritis in several mouse models. The early stages of the pathological immune response associated with autoimmune diseases occur in mucosal tissues, such as the intestinal or oral mucosa, and are strongly associated with an abundance of specific bacterial species. Several studies, including animal studies, have pointed out an interaction between the gut microbiome, local/systemic immunity, and activation of joint inflammation. The link between these domains could be intimately connected to the activation of specific metabolic pathways. Metabolomics is an approach that has not been fully explored, but certainly holds promise for identifying biomarkers in different fields of medicine, including rheumatic diseases. Despite the undisputed potential, some limitations emerge, such as the lack of clear standardization of the technique used (NMR or MS) and sample collection methods, as well as the challenging availability of these methods and the specific laboratory skills required.



This review summarizes recent studies that have shown the correlation between the development of RA and the cross-link between the microbiome and metabolome.



Further evidence is needed to confirm what has been highlighted so far regarding the possible role of the microbiome and its influence on the metabolome in shaping the pathogenesis of RA. Identifying the prevalent metabolites and studying the gut–joint axis and intestinal dysbiosis could represent the fundamental steps needed to broaden the therapeutic strategies scenario in the era of personalized medicine to achieve a comprehensive “treat-to-target” approach. Moreover, the identification of these markers can be a valuable tool for predicting the course of the disease and preventing its progression.
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Figure 1. Dysbiosis and altered metabolic homeostasis in rheumatoid arthritis. Genetics, infections, and other environmental factors are involved in dysbiosis, triggering the immunological mechanisms underlying RA development. Gut dysbiosis and altered metabolic pathways contribute to RA onset and progression. RA: rheumatoid arthritis; PAD: peptidyl-arginine deiminases; ACPA: anti-citrullinated protein antibodies; SCFA: short-chain fatty acids; LCA: lithocholic acid; DCA: deoxycholic acid; isoLCA: isolithocholic acid; 3-oxoLCA: 3-oxolithocholic acid. 
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