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Several studies have investigated the causative role of the microbiome in the development of rheumatoid arthritis (RA), but changes in the gut microbiome in RA patients during drug treatment have been less well studied. Here, we tracked the longitudinal changes in gut bacteria in 22 RA patients who were randomized into two groups and treated with Huayu-Qiangshen-Tongbi formula (HQT) plus methotrexate (MTX) or leflunomide (LEF) plus MTX. There were differences in the gut microbiome between untreated (at baseline) RA patients and healthy controls, with 37 species being more abundant in the RA patients and 21 species (including Clostridium celatum) being less abundant. Regarding the functional analysis, vitamin K2 biosynthesis was associated with RA-enriched bacteria. Additionally, in RA patients, alterations in gut microbial species appeared to be associated with RA-related clinical indicators through changing various gut microbiome functional pathways. The clinical efficacy of the two treatments was further observed to be similar, but the response trends of RA-related clinical indices in the two treatment groups differed. For example, HQT treatment affected the erythrocyte sedimentation rate (ESR), while LEF treatment affected the C-reactive protein (CRP) level. Further, 11 species and 9 metabolic pathways significantly changed over time in the HQT group (including C. celatum, which increased), while only 4 species and 2 metabolic pathways significantly changed over time in the LEF group. In summary, we studied the alterations in the gut microbiome of RA patients being treated with HQT or LEF. The results provide useful information on the role of the gut microbiota in the pathogenesis of RA, and they also provide potentially effective directions for developing new RA treatments.
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Introduction

Rheumatoid arthritis (RA) is a common chronic systemic inflammatory autoimmune disease characterized by the production of autoantibodies that target various molecules (1). Painful joint swelling and morning stiffness (2) are typical clinical manifestations of RA, which severely impair physical function and quality of life. The pathogenesis of RA is complex and involves several risk factors, including susceptibility genes, gender, and environmental factors. Increasingly, studies are revealing that microbiota alterations (3–5), particularly changes in the gut and oral microbiomes, are important environmental risk factors in RA development (6).

Driven by advances in shotgun sequencing technology, the burgeoning field of metagenomics has begun to uncover the impact of microbes on RA. Haemophilus spp. was decreased and Lactobacillus salivarius was increased in RA patients compared to healthy controls (HCs) in the gut, saliva, or dental microbial communities, but microbiome dysbiosis was partially resolved by RA DMARDs treatment (7). A recent study reported a decreased abundance of Enterobacter, Odoribacter, Lactobacillus, and Alloprevotella and an increased abundance of the genera Bacteroides and Escherichia-Shigella in a RA cohort in China (8), while there was an increased abundance of the genus Prevotella (e.g., Prevotella denticola) in Japanese RA patients. Blautia, Akkermansia, and Clostridiales were increased in anti-citrullinated peptide antibody (ACPA)-positive RA patients compared to ACPA-negative RA patients (9).

Additionally, several studies have indicated that periodontitis is closely associated with RA (10). Specific oral bacteria that are causative agents of periodontal disease have been shown to significantly influence the progression of RA. Members of the oral microbiome, such as P. gingivalis, Prevotella intermedia, and Aggregatibacter actinomycetemcomitans, play roles in the onset of RA via mechanisms such as direct or indirect modulation of citrullination and altering T cell-mediated adaptive immunity.

Increasing experimental and clinical evidence also suggests that the gut microbiome composition and function are affected by RA treatment. For example, a study by Picchianti-Diamanti et al. (11) showed that the tumor necrosis factor alpha (TNF-α) inhibitor etanercept can alter microbial communities and at least partially improve the microbiota in RA patients. Similarly, in mice with collagen-induced arthritis, etanercept reduced the abundance of Escherichia/Shigella and increased the abundance of Lactobacillus, Clostridium XIVa, and Tannerella (12). Additionally, antibiotic-induced partial depletion of the gut microbiota aggravated arthritis symptoms in a RA mouse model (13). Regarding natural compounds, Clematis triterpenoid saponins can alleviate arthritis-associated gut microbial dysbiosis and thereby improve arthritic disease indices (14). Recently, the emergence of data on microbiomes associated with different treatments has provided new insights regarding the associations among RA treatments, the gut microbiota, and clinical outcomes.

Huayu-Qiangshen-Tongbi formula (HQT) is a traditional Chinese medicine (TCM) formula adapted from classical Chinese medicine that has been widely used in clinical practice for the treatment of RA. In particular, the clinical application of HQT in combination with DMARDs is highly effective in the treatment of RA. Interestingly, we have also confirmed the effectiveness and possible mechanism of HQT in the treatment of RA through clinical trials and experimental studies. In the early stages, we implemented a retrospective clinical study and an investigator-initiated randomized clinical study with methotrexate (MTX) as the baseline drug and leflunomide (LEF) as the control, both of which suggested that “HQT+MTX” may have similar or even better clinical efficacy and tolerability than “LEF+MTX”. Importantly, the “HQT+MTX” group had fewer adverse events compared to the “HQT+LEF” group (15, 16). Along with the successful clinical trial of HQT, we have also conducted in-depth research on the mechanism of HQT for the treatment of RA and found that the mechanisms underlying the therapeutic effects of HQT on RA are closely related to its modulation of lncRNA uc.477 and miR-19b (17). In addition, pharmacological studies have also confirmed that HQT can treat RA by anti-inflammatory and regulating the body’s bone metabolism (18). In this study, the herbal composition and dosage of HQT were detailed in a previous study (16, 18).

Recent studies have sought to determine the gut microbiome factors that promote RA development. However, few studies have tracked the gut microbiota alterations in RA patients during treatment. In this study, we tracked the gut microbiota alterations in RA patients being treated with either HQT formula plus MTX or LEF plus MTX over 6 months. We aimed to assess the effects of the different treatments on the gut microbiome in RA patients.



Materials and Methods


Participant Recruitment and Ethics Statement

RA patients and healthy donors (44 participants) were recruited from the Second Affiliated Hospital of Guangzhou University of Chinese Medicine (Guangdong Provincial Hospital of Chinese Medicine) between August 2016 and September 2018. These included 22 RA patients who fulfilled the 2010 revised criteria of the American College of Rheumatology (ACR) for RA (19) and 22 ethnicity-, sex-, and age-matched individuals with no personal or family history of rheumatic diseases, who served as healthy controls (HCs) (Table S1).

After baseline sample collection, the 22 RA patients were randomized into two groups; 13 RA patients received the traditional Chinese medicine Huayu-Qiangshen-Tongbi (HQT) decoction (once every 2 days), while the other 9 RA patients received oral leflunomide (LEF; 20 mg/day). All patients received oral methotrexate (MTX; 10–15 mg/week). Each patient was continuously treated for 6 months. Fecal and blood samples were collected at baseline and in the first (M1), third (M3), and sixth (M6) months after treatment, along with detecting other RA-related clinical indices.

This study was reviewed and approved by the ethics committee of Guangdong Provincial Hospital of Chinese Medicine (no. B2016-076-01) and registered with the World Health Organization clinical trial registry (no. ChiCTR-INR-16009031). All participants provided their written informed consent to participate in this study before baseline sample collection. The 22 RA patients were part of a clinical study published in September 2020 (16).



Metagenome Sequencing and Analysis

A total of 110 fecal samples from the 44 participants underwent metagenomic sequencing. Total bacterial DNA was extracted from the fecal samples using a NucleoSpin® Soil kit (Macherey-Nagel, Düren, Germany) following the manufacturer’s instructions. A HiSeq X Ten sequencer (Illumina, San Diego, CA, USA) yielded 1,036.69 Gb of paired-end reads. After quality control and removal of host (human) reads, a mean ± SD of 8.18 ± 0.82 Gb of reads/sample remained for bioinformatics analysis. Taxonomic and functional profiling of the metagenomes were performed using MetaPhlAn2 (v2.0) and HUMAnN2 (v0.11.2), respectively. Detailed methods and parameters are provided in the Supplementary Material.

The origin of each species was determined using Integrated Microbial Genomes (IMG) data (http://img.jgi.doe.gov/cgi-bin/w/main.cgi). First, the bacterial species “Host Name” had to be “Homo sapiens”. Second, if the “Isolation” field contained oral components, e.g., “saliva”, “dental plaque”, or “nasopharynx”, the species was considered to be of oral origin. If it contained intestinal components, e.g., “feces” or “gastrointestinal tract”, the species was considered to be of fecal origin. In other cases, the species was considered to be of other or unknown origin.



Statistical Analysis

The alpha diversity of the groups was estimated at the gene family and species level. Beta diversity between groups was estimated based on Bray–Curtis distance at the gene family level using the vegdist function in the vegan R package. Permutational multivariate analysis of variance (PERMANOVA) was also performed on the gene family profiles using the adonis function in the vegan R package, and the permuted P value was based on 9,999 permutations. Significantly affected taxa and MetaCyc pathways between the groups were identified by Wilcoxon rank-sum test, based on P < 0.05. Significantly affected Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways were identified using the reporter score (20, 21) based on |reporter score| > 1.65. The Jonckheere-Terpstra test was used to investigate the trends in RA-associated bacterial species over time. The correlations among the relative abundances of species, gut microbiome KEGG functional pathways, and RA-related clinical indices were calculated by Spearman’s rank correlation analysis and visualized using the ComplexHeatmap R package. Cross-validated random forest modeling (using randomForest 4.6-14 R package) was performed based on the relative abundances of species in the samples (21). In 5 trials of 10 fold cross-validated model, all bacterial species were sorted according to the importance of their variable and added to the model in turn. Then the cross-validation error curves were averaged and the minimum error in the averaged curve plus the s.d. at the point was used as the cut-off for feature selection. All bacterial species set with an error less than the cut-off were listed and the set with the smallest number of bacterial species was selected as the optimal set. Enterotype analysis of samples was performed based on the genus relative abundance profile as described by Arumugam et al. (22). Jensen–Shannon divergence (JSD) distance metric of samples was calculated, and clustered using the PAM clustering algorithm. The optimal number of clusters was determine by Calinski–Harabaze (CH). Principal component analysis (PCA) was preformed to visualize samples distances using ‘ade4’ package in R. All statistical analyses were carried out in R (v3.5.0).




Results


General Characteristics of Study Cohorts

The study cohorts comprised 22 HCs and 22 RA patients, and their baseline characteristics are shown in Table 1. No significant differences in age, gender, or body mass index (BMI) were observed between the HC and RA groups. As expected, the RA diagnostic markers rheumatoid factor (RF) and anti-cyclic citrullinated peptide (anti-CCP) were significantly higher in RA patients than HCs. The inflammatory markers C-reactive protein (CRP) and erythrocyte sedimentation rate (ESR) were also significantly higher in RA patients than HCs. In contrast, no significant differences were observed in the other blood parameters except alanine transaminase (AST), which was lower in RA patients though still in the normal range in both groups.


Table 1 | Baseline characteristics of healthy controls (HC; n = 22) and rheumatoid arthritis (RA) patients (n = 22).



The baseline characteristics of the 13 MTX+HQT-treated and 9 MTX+LEF-treated RA patients in the study cohort are shown in Table 2. There were no significant differences in age, gender, height, and BMI between the HQT and LEF groups of RA patients, except for weight (P=0.044). Undoubtedly, the differences in RA-specific diagnostic markers, inflammatory markers, and other blood markers (RF, Anti-CCP, hs-CRP, ESR, WBC, HB, BUN, Cr, PLT, ALT, AST) between the two treatment groups were also not statistically significant.


Table 2 | Baseline characteristics of MTX+HQT-treated (n = 13) and MTX+LEF-treated (n = 9) RA patients.





Alterations in Gut Microbes of RA Patients

Based on the Shannon index, there was no significant difference in alpha diversity between the RA and HC groups. There was no significant difference in the number of species (Figure S1A and Table S8). There were also no significant differences in microbial community composition based on principal coordinate analysis (PCoA) and PERMANOVA at the gene family level (Figure S1B and Table S9). Furthermore, for the separate clusters of PCoA1 in Figure S1B, we found by individual gut type analysis that the main reason was the different gut types among individuals.Two clusters, one with g_Prevotella as the dominant species (HC=3; RA=6) and the other with g_Bacteroides as the dominant species (HC=19; RA=16). The results of Fisher’s exact test showed p=0.4566 for different gut types in HC and RA individuals, indicating that there was no significant difference in the frequency of different gut types in the two groups (Figure S1C).

At baseline, 12 phyla, 225 genera, and 656 species were identified. The dominant phyla were Bacteroidetes (69.92% ± 13.95%), Firmicutes (20.88% ± 11.71%), and Proteobacteria (5.48% ± 6.47%) (Figure S1D and Table S10), and the dominant genera were Bacteroides (46.41% ± 22.23%), Prevotella (12.18% ± 22.40%), Alistipes (6.19% ± 6.70%), Faecalibacterium (3.79% ± 3.84%), and Eubacterium (3.06% ± 2.82%) (Figure S1E and Table S11). The number of different taxa at each taxonomic level was 1 phylum, 2 classes, 7 orders, 12 families, 26 genera, and 58 species between the HC and RA groups (based on the Wilcoxon rank-sum test). Among them, for 26 significant differences genera, 16 genera were enriched in RA patients, e.g. Neisseria, Haemophilus, Veillonella, Campylobacter, and 10 genera were enriched in HC, e.g. Xanthomonas, Enterococcus, Megasphaera (Figure S2 and Table S3). The 58 species with significantly different were all low abundance species (mean relative abundance <2%) (Figure 1A and Table S3). 37 species were enriched in RA patients, including Streptococcus spp., Haemophilus spp., and Neisseria spp., while the remaining 21 species were depleted, including Clostridium celatum, Enterococcus faecalis, and Fusobacterium varium. Most of the RA-enriched species belonged to Proteobacteria (19, 51.35%), followed by Firmicutes (14, 37.84%). Most of the HC-enriched species belonged to Firmicutes (12, 57.14%). However, for Prevotella spp., no significant differences were observed between the HC and RA (Figure S3). Regarding the origin of the species, 63.16% of the RA-enriched species were residents of the human oral cavity such as the genera Streptococcus, Neisseria, and Haemophilus, while 47.62% of the HC-enriched species were residents of the human gut.




Figure 1 | Taxonomy and function of gut microbes that varied between rheumatoid arthritis (RA) patients and healthy controls (HCs) at baseline. Heatmaps of differentially abundant (A) bacterial species and (B) MetaCyc metabolic pathways in the RA group compared to the HC group. (C) MetaCyc vitamin K biosynthesis-related pathways.



Regarding gut microbial function, there were 18 significantly different MetaCyc metabolic pathways in the RA patients compared to HCs (Figure 1B and Table S4). Downregulated pathways included allantoin degradation IV (anaerobic) (PWY0-41), L-lysine fermentation to acetate and butanoate (P163-PWY), and seleno-amino acid biosynthesis (PWY-6936). Upregulated pathways included purine nucleobases degradation I (anaerobic) (P164-PWY), mevalonate pathway I (PWY-922), geranylgeranyl diphosphate biosynthesis (PWY-5121 and PWY-5910), menaquinol biosynthesis (PWY-5897, PWY-5898, and PWY-5899), and 1,4-dihydroxy-2-naphthoate biosynthesis (PWY-5791 and PWY-5837) (Figure 1B and Table S4). The PWY-922 pathway is responsible for the synthesis of pentenyl diphosphate, which is then metabolized to 2E,6E-farnesyl diphosphate via the PWY-5910 pathway. 2E,6E-farnesyl diphosphate, along with the products of the PWY-5837 pathway, are raw materials for vitamin K2 biosynthesis. Thus, the PWY-922, PWY-5910, and PWY-5837 pathways, which are involved in vitamin K2 biosynthesis in gut microbes, were upregulated in RA patients (Figure 1C). These results further indicate that the gut microbial composition and function differed between RA patients and HCs.



Associations of Gut Microbiota With Clinical Indices

Based on the above analysis, changes in gut microbes and differences in gut microbiome functional pathways between RA patients and the HCs were observed. To investigate the relationships among the clinical indices, the gut microbiome species and the gut microbiome KEGG functional pathways at baseline in the RA and HC groups, correlation coefficients were calculated using the method reported by Pedersenet et al. (23).

There were 11 bacterial species and 24 KEGG pathways associated with the clinical indices (Figure 2 and Table S7). 9 HC-enriched pathways and 7 HC-enriched species were negatively correlated with ESR, CRP, RF, or anti-CCP, while 7 RA-enriched pathways were positively correlated with at least one of these clinical indices. In contrast, these species and pathways exhibited the opposite correlations or no correlation with AST. In detail, the phenylalanine metabolism pathway (map00360) was identified as being positively correlated with AST and negatively correlated with anti-CCP and RF, and it was positively correlated with five HC-enriched species (Enterococcus faecium, E. faecalis, Acidaminococcus intestini, Erysipelotrichaceae bacterium 3-1-53, and F. varium) and negatively correlated with three RA-enriched species (Eikenella corrodens, S. noxia, and Neisseria meningitidis). Of note, E. bacterium 3-1-53 was positively correlated with AST, while E. corrodens, S. noxia, and N. meningitidis were negatively correlated with AST, and E. bacterium 3-1-53, E. faecalis, and F. varium were negatively correlated with RF and anti-CCP. Thus, gut microbes may affect phenylalanine metabolism and thereby influence AST and RF/anti-CCP (via mechanisms that act in opposite directions for the former vs the latter two). In addition, the Salmonella infection pathway (map05132) was identified as being positively correlated with ESR, CRP, RF, and anti-CCP, and it was negatively correlated with six HC-enriched species (E. faecium, Xanthomonas perforans, E. faecalis, E. bacterium 3-1-53, Acidaminococcus intestinii, and F. varium) and positively correlated with two RA-enriched species (S. noxia and N. meningitidis). Of note, X. perforans, E. faecalis, E. bacterium 3-1-53, and F. varium were negatively correlated with RF and anti-CCP, and the mechanism may involve the Salmonella infection pathway. These results suggest that gut microbes may influence clinical indices in the host.




Figure 2 | Associations among the phenotypes (rheumatoid arthritis RA-related clinical indices), gut microbiome species, and gut microbiome functions (KEGG pathways) in the RA patients and healthy controls (HCs) at baseline. Left and bottom panels show significant correlations between the RA-related clinical indices and KEGG pathways or bacterial species, respectively (blue, negative association; red, positive association; grey, no significant association). Top and right panels show the treatment group-specific enrichment of bacterial species and KEGG pathways, respectively (blue, HC-enriched; red, RA-enriched; grey, no significant difference). Middle panel shows the significant associations between the clinical index-related bacterial species and clinical index-related KEGG pathways (blue, negative; red, positive). +, FDR < 0.05; *, FDR < 0.01; #, FDR < 0.001, according to the Wilcoxon rank-sum test. AST, aspartate transaminase; ESR, erythrocyte sedimentation rate; CRP, high-sensitivity C-reactive protein; RF, rheumatoid factor;Anti-CCP, anti-cyclic citrullinated peptides.





Different Effects of the Two Treatments on Clinical Indicators

Furtherly, to assess the effects of different therapies on the gut microbiome in RA patients, the 13 RA patients in the HQT group received traditional Chinese medicine plus MTX and the 9 patients in the LEF group received LEF plus MTX. The RA patients underwent clinical assessment (including arthritis severity scores and inflammation-related indices) and blood and fecal sample collection at baseline and three times during the 6-month treatment period (Figure 3A).




Figure 3 | Different effects of the two treatments on primary clinical indicators (A) Sample collection time points in the two treatment groups. (B) Changes between time points in RA-related primary clinical indices in HQT and LEF groups. *P < 0.05; **P < 0.01, ns, no significance, between different time points according to Wilcoxon rank-sum test. DAS28-CRP, disease activity score for 28 joints based on the C-reactive protein level; RF, rheumatoid factor; Anti-CCP, anti-cyclic citrullinated peptides; CRP, high-sensitivity C-reactive protein; ESR, erythrocyte sedimentation rate; HAQ, health assessment questionnaires.



Among the 22 RA patients who were treated for 6 months, most of the clinical indices were continuously and effectively improved over time compared to baseline in both the HQT and LEF groups (Figures 3B, S4 and Table S1), including disease activity score for 28 joints based on the C-reactive protein level (DAS28-CRP), morning stiffness duration (MS), joint tenderness score (JTS), joint swelling score (JSS), RPJ, visual analogue scale for disability (VAS-D), and visual analogue scale for pain (VAS-P).

However, the two treatments influenced the clinical indices in different ways. In the HQT group, JSS, JTS, and MS were significantly reduced at month 3 compared to baseline, while these clinical indices were only significantly reduced in the LEF group at month 6. Thus, these clinical indices were improved earlier in the HQT group than in the LEF group. Additionally, in the LEF group, RF, DAS28-CRP, and RPJ were decreased at month 1 until the end of the study while, in the HQT group, RF was significantly decreased at month 1, though not at month 6, and DAS28-CRP and RPJ were significantly decreased at months 3 and 6. Moreover, ESR did not significantly change with LEF treatment, but significantly decreased at month 6 in the HQT group. In contrast, CRP was altered by LEF, but HQT had no effect. Furthermore, in the HQT group, VAS-P was decreased at month 1 until the end of the study while, in the LEF group, it only significantly decreased at month 3 until the end of the study. Health Assessment Questionnaires (HAQ) scores were not significantly changed in the HQT group, but significantly decreased at month 3 in the LEF group. Neither treatment affected anti-CCP levels (Figures 3B, S4 and Table S1). Although many clinical indices significantly differed at various time points compared to baseline in the same treatment group, there were no significant differences between the two treatment groups. In summary, the response trends of RA-related clinical indices in the two treatment groups differed, but the clinical efficacy of the two treatments was similar.



Effects of Treatment on the Microbiome

Based on longitudinally tracking the gut microbiota during treatment, the gut microbial diversity (alpha or beta) did not significantly differ over time, except for beta diversity being greater between baseline and month 6 than between baseline and month 1 in the LEF group (Figures S5A, B and Table S12). In the HQT group, 11 species and 9 MetaCyc metabolic pathways significantly changed over time (based on the Jonckheere–Terpstra test), with 4 species (C. somerae, Haemophilus aegyptius, Dialister succinatiphilus, and C. celatum) being restored by the late stage of HQT treatment (Figure 4A and Table S5). Additionally, as HQT treatment progressed, the abundances of Roseburiaw inulinivorans, Turicibacter sanguinis, and Pasteurella bettyae significantly increased while Clostridium symbiosum and Clostridiales bacterium 1-7-47FAA significantly decreased (Figure 4A and Table S5). In the HQT group, bacterial purine degradation (PWY0-1297 and PWY-6353) was decreased and amino acid biosynthesis (VALSYN-PWY and ILEUSYN-PWY) was increased over time (Figure 4B and Table S6). In the LEF group, only 4 species and 2 MetaCyc metabolic pathways significantly changed over time (based on the Jonckheere–Terpstra test), but their abundances were very low in both groups (Figure S6, Tables S13 and S14). However, the Prevotella spp. known as the dominant gut microbiota in RA patients was not significantly different in both the HQT-treated and LEF-treated groups. Thus, there were few changes over time in the relative abundance of gut microbiota species in the LEF group, but many changes in the HQT group.




Figure 4 | Trends over time in gut microbial taxonomy and function after treatment with Huayu-Qiangshen-Tongbi (HQT) or leflunomide (LEF). Significant changes in (A) species and (B) MetaCyc metabolic pathways in HQT group over time. P < 0.05 according to Jonckheere–Terpstra test. (C) Comparisons of relative abundance of various species at various time points between the HQT and LEF groups. P < 0.05 according to Wilcoxon rank-sum test.



To determine how distinct the gut microbiota in the LEF and HQT groups were, the relative abundance of each species between the LEF and HQT groups at each time point was assessed using the Wilcoxon rank-sum test. In the HQT group compared to the LEF group, C. bacterium 1-7-47FAA was increased at month 1, Burkholderiales bacterium 1-1-47 was increased at months 3 and 6, and Enterobacter aerogenes was decreased at months 3 and 6 (Figure 4C).




Discussion

In this study, gut microbiome metagenome sequencing provided rich microbial data, including data on the microbial compositions and functions, in participants with diverse clinical phenotypes (in terms of RA-related clinical indices). We reconfirmed that certain bacteria (including oral microbiome bacteria) in the gut were associated with RA. More changes over time in the gut microbiome were observed during traditional Chinese medicine (HQT) treatment than LEF treatment. This study provides a deep understanding of the gut microbiome of RA patients during LEF or HQT treatment, and it may help to develop more efficient and safe treatments for RA.

The diversity of the gut microbiome in RA patients is a matter of ongoing debate. Some studies have reported significant differences in microbiome diversity between RA patients and healthy individuals (8, 9), but others have indicated no differences (7, 24). Our results indicated that the microbial diversity did not significantly differ between RA patients and healthy individuals, which may be caused by the small sample size and/or the involvement of RA patients with different phenotypes.

The species identified as being significantly different between RA and HCs vary among studies. Kishikawa et al. and Scher et al. reported that multiple species in the genus Prevotella were increased in RA patients in Japanese (24) and US (25) cohorts, respectively. In a Chinese cohort, Sun et al. found that the genera Bacteroides and Escherichia-Shigella were more abundant in RA patients (8), while Chiang et al. reported a higher abundance of the genus Akkermansia (9). In the present study, species such as Streptococcus spp., Haemophilus spp., and Neisseria spp. were found to be enriched in RA patients, while Clostridium celatum, Enterococcus faecalis, and Fusobacterium varium were depleted. Most of the RA-enriched species belonged to Proteobacteria and Firmicutes, and the HC-enriched species belonged to Firmicutes. Among them, Enterococcus faecalis, Yamamoto et al. found that hyperimmunization with attenuated E. faecalis as normal gut microbiota could provide an animal model of chronic polyarthritis (26). Chandradevan et al. and Luo et al. observed E. faecalis in both blood cultures and synovial tissue culture from RA patients (27, 28). However, other species and phyla have not been reported in other studies. The fact that the RA-associated species differed among these studies might reflect dietary (29) and geographical (30) variation impacting the gut microbiome composition in the various study samples.

Meanwhile, in this study, we found that most of the RA-enriched bacteria are known to colonize the oral cavity, such as P. gingivalis, Aggregatibacter segnis, Streptococcus spp., Haemophilus spp., and Neisseria spp. Additionally, oral microbial dysbiosis in RA patients has been reported to promote increased joint inflammation, and the oral bacteria P. gingivalis, A. actinomycetemcomitans, and Prevotella nigrescens are associated with RA pathogenesis (31). Moreover, oral cavity and gut bacteria in RA patients exhibit covariation. Therefore, the inflammatory status in the joints in RA patients may be due to the translocation of oral bacteria to the gut, which is consistent with our findings.

Whole-genome shotgun sequencing of the metagenome provides data on microbial function, allowing identification of altered microbial functions in RA patients relative to healthy individuals. Menaquinone, a type of vitamin K, can be produced by bacteria. Several MetaCyc menaquinone biosynthesis-related pathways were enriched in RA patients, which is consistent with previous research (32). Vitamin K homologs have been shown to affect serum CRP, matrix metalloproteinase (MMP)-3, and DAS28-CRP in RA patients (33). This indicates that the gut microbiota may contribute to the initiation or development of RA by affecting vitamin K biosynthesis.

To identify the associations of the gut microbiome species and gut microbiome functional pathways with RA-related clinical indices, correlation coefficients were calculated using the baseline data from the RA and HC groups. Most of the HC-enriched pathways and species were negatively correlated with ESR, CRP, RF, and anti-CCP, while the RA-enriched pathways and species were positively correlated with these clinical indices. Further, we concluded that gut microbes may affect phenylalanine metabolism and thereby influence the liver function index AST and RA specific index RF/anti-CCP (via mechanisms that act in opposite directions for the former vs the latter two). This pathway was positively correlated with HC-enriched E. bacterium 3-1-53, and this species was positively correlated with AST and negatively correlated with ESR, CRP, RF, and anti-CCP, which suggested that this species directly influences phenylalanine metabolism and thereby affects ESR, CRP, RF, anti-CCP, and AST. Furthermore, several gut microbial species may affect the clinical indices by influencing the Salmonella infection pathway. Among these species, HC-enriched species were negatively correlated with ESR, CRP, RF, and/or anti-CCP and positively correlated with AST, while RA-enriched species were negatively correlated with AST. Associations between the gut microbiota in RA patients and clinical indices were observed in another study (11), but the related gut microbiome functional pathways have rarely been reported.

By assessing the effects of different treatments on RA patients, we found that both treatments, to a certain extent, alleviated RA progression, based on different clinical indices. LEF improved the CRP level, while the traditional Chinese medicine (HQT) improved the ESR level. This result indicates that their mechanisms of action differ. Previous research reported that the gut microbiota was moderately restored in RA patients after DMARD treatment (7), and similar results were found in spondyloarthritis (34) and ankylosing spondylitis (35). We observed that several bacteria were restored after both treatments but the gut microbiota exhibited greater restoration (regarding gut microbial species and functional pathways) in the HQT group than the LEF group. A possible reason for this is that the composition of the traditional Chinese medicine (HQT) is more complicated than LEF and so has broader effects.

In a previous study, the quantification of 10 compounds in HQT extracts was carried out by UPLC-PDA method (18). The 10 compounds are danshensu, 3-caffeoylquinic acid, paeoniflorin, rutin, quercetin, salvigenin, caffeic acid, rosmarinic acid, calycosin and glycyrrhizic acid, respectively. Interestingly, most of these 10 compounds in the HQT extract were shown to have significant antibacterial effects and even to directly modulate the homeostasis of the gut microbiota. For example, Liu et al. suggested that the paeoniflorin derivative can be used as an antibacterial agent to abolish the hemolytic activity of Staphylococcus aureus α-toxin (36). Motallebi et al. highlighted that a combination of rutin and florfenicol could act as an alternative strategy to treat bacterial infections (37). The antibacterial effects of quercetin have been demonstrated in several studies (38, 39), and quercetin has even been found to be effective in restoring the intestinal microbiota of mice after antibiotic treatment (40). Meanwhile, chlorogenic acid was found to have antibacterial activity against Foodborne Pathogen Pseudomonas aeruginosa and Salmonella enteritidis (41), and caffeic acid was found to have antibacterial activity against Staphylococcus aureus clinical strains (42). In addition, the antibacterial effect of Salvia miltiorrhiza Bunge (Danshen), a major component herb of HQT, has been widely reported and studied (43–45). Therefore, we speculate that HQT can significantly restore and improve gut microbial species and function in RA patients, possibly due to the fact that HQT contains a variety of compounds with antimicrobial effects.

During drug treatment, there were 11 species and 9 MetaCyc metabolic pathways in the HQT group while 4 species and 2 MetaCyc metabolic pathways in the LEF group changed significantly over time. These species and pathways include C. somerae, Clostridium symbiosum, Turicibacter sanguinis, C. celatum and bacterial purine degradation pathways (PWY0-1297 and PWY-6353) et al. In particular, the presence and abundance of an important microbe, C. celatum, was restored in the HQT group. Importantly, it was shown to be downregulated in RA patients relative to HC. Currently, C. celatum has tended not to be noted in microbiota studies of RA patients. However, for the genus Clostridium, Schmidt et al. found that infection with Clostridioides (Clostridium) difficile VPI 10463 induced intestinal inflammation and thus reduced the incidence of collagen induced arthritis (CIA) in mice (46). Moreover, we identified several other restored species and functions that are not consistent with previous studies, possibly due to treatment differences. Recent studies have also reported that MTX treatment can alter the gut microbiota of RA patients. Nayak et al. evaluated the differences in gut microbiome between responders (MTX-R) and non-responders (MTX-NR) after MTX treatment for RA, but found that MTX-R exhibited a significant decrease in Bacteroidetes relative to MTX-NR, without any significant difference in the other phyla (47). Similarly, the analysis by Artacho et al. found that, at the phylum level, MTX-R was significantly more abundant in OTUs from Bacteroides and Prevotella genus (Bacteroidetes phylum) and less abundant in OTUs from the order Clostridiales and the genus Ruminococcus (phylum Firmicutes) (48). However, These microbiota were not found to change in our study of drug therapy, which may be influenced by various factors such as diet and environment. Therefore, in this study, we speculate that some of the alterations in the gut microbiota of the HQT and LEF groups were also caused by MTX.

Despite our promising findings, several limitations should be considered when interpreting the results. Accumulating studies have demonstrated that gut microbial dysbiosis can occur in RA patients compared to healthy individuals, but differences in gut microbial compositions were also observed among RA patients with different clinical phenotypes, such as ACPA seropositivity and cytokine levels (TNF-α, IL-6, and IL-17A) (8, 9). Sun et al. also reported that some basic characteristics of RA patients (including age, gender and enterotypes) alter the gut microbiota (8). The effects of geographical location on the gut microbiome community structure (30) also need to be considered. Therefore, future metagenome research on RA populations should be designed to minimize the impact of these known factors that introduce bias. Given the known heterogeneity of the gut microbiome among individuals, exploring the role of the gut microbiome in the etiology and pathogenesis of RA requires larger sample sizes to ensure sufficient statistical power. Unfortunately, current RA microbiome studies (49, 50), including the present study, are limited by their small sample sizes. Therefore, larger longitudinal cohort studies, which can provide more precise results, are required to confirm the current research results to fully understand the etiology of RA.

Our results further confirm that the initiation and/or development of RA is accompanied by alterations in part of the gut microbiota and also demonstrate that the microbiome composition and functions change during treatment, including treatment with traditional Chinese medicine. C. celatum was depleted in RA patients relative to HCs and it was restored in RA patients by HQT treatment. Additionally, vitamin K biosynthesis may act as a newly identified bridge between the gut microbiome and RA. Further, we observed that the two treatments had similar clinical efficacy, but the response trends of RA-related clinical indices differed between treatments. Moreover, the abundances of specific gut microbiome species in RA patients were associated with various serological and clinical indices. However, validation of these potential RA-related microbial markers using large independent cohorts is required. This is also a deficiency of the current research, and we need to consider increasing the number of samples and discussing more optimal experimental design options in depth in future studies. However, the data from this exploratory phase of the study may provide a reference for further large cohort studies. Further studies on the role of the gut microbiome in RA should incorporate other omics technologies including metatranscriptomics and metabolomics and other microbiomes such as mycobiomes and viromes. This research provides useful resources for the future development of new therapeutic strategies for RA.



Data Availability Statement 

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: https://db.cngb.org/cnsa/, CNP0001832.



Ethics Statement

The studies involving human participants were reviewed and approved by the ethics committee of Guangdong Provincial Hospital of Chinese Medicine. The patients/participants provided their written informed consent to participate in this study.



Author Contributions

RH and QH designed the study and supervised all parts of the study. MW and ZY contributed to the clinical trial and the collection of samples and clinical data. LM conducted analyses and wrote the manuscript. All authors approved the final version.



Funding

This study was supported by National Natural Science Foundation of China (No.81774218, No.81804041), Natural Science Foundation of Guangdong Province (No. 2021A1515011593, No. 2021A1515011477), the grant from the Clinical Research Project of Guangdong Provincial Hospital of Chinese Medicine (No. YN10101906, YN2018ML08), Guangdong-Hong Kong-Macau Joint Lab on Chinese Medicine and Immune Disease Research (2020B1212030006), Guangdong Provincial Key laboratory of Chinese Medicine for Prevention and Treatment of Refractory Chronic Diseases(2018) (No. 2018B030322012), the grant from Guangzhou Basic Research Program (No.202102010256), as well as grants from Guangdong Provincial Hospital of Chinese Medicine (No. MB2019ZZ07). The study was also funded by State Key Laboratory Project of Dampness Syndrome of Chinese Medicine (No. SZ2020ZZ17), the Key Research Project of Guangzhou University of Chinese Medicine (No. XK2019021), and the Key-Area Research and Development Program of Guangdong Province (No. 2020B1111100010).



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2021.704089/full#supplementary-material



References

1. Weyand, CM, and Goronzy, JJ. Immunometabolism in the Development of Rheumatoid Arthritis. Immunol Rev (2020) 294:177–87. doi: 10.1111/imr.12838

2. Smolen, JS, Aletaha, D, Barton, A, Burmester, GR, Emery, P, Firestein, GS, et al. Rheumatoid Arthritis. Nat Rev Dis Primers (2018) 4:18001. doi: 10.1038/nrdp.2018.1

3. Shamriz, O, Mizrahi, H, Werbner, M, Shoenfeld, Y, Avni, O, and Koren, O. Microbiota at the Crossroads of Autoimmunity. Autoimmun Rev (2016) 15:859–69. doi: 10.1016/j.autrev.2016.07.012

4. Taneja, V. Arthritis Susceptibility and the Gut Microbiome. FEBS Lett (2014) 588:4244–9. doi: 10.1016/j.febslet.2014.05.034

5. Correa, JD, Fernandes, GR, Calderaro, DC, Mendonca, S, Silva, JM, Albiero, ML, et al. Oral Microbial Dysbiosis Linked to Worsened Periodontal Condition in Rheumatoid Arthritis Patients. Sci Rep (2019) 9:8379. doi: 10.1038/s41598-019-44674-6

6. Scher, JU, Littman, DR, and Abramson, SB. Microbiome in Inflammatory Arthritis and Human Rheumatic Diseases. Arthritis Rheumatol (2016) 68:35–45. doi: 10.1002/art.39259

7. Zhang, X, Zhang, D, Jia, H, Feng, Q, Wang, D, Liang, D, et al. The Oral and Gut Microbiomes Are Perturbed in Rheumatoid Arthritis and Partly Normalized After Treatment. Nat Med (2015) 21:895–905. doi: 10.1038/nm.3914

8. Sun, Y, Chen, Q, Lin, P, Xu, R, He, D, Ji, W, et al. Characteristics of Gut Microbiota in Patients With Rheumatoid Arthritis in Shanghai, China. Front Cell Infect Microbiol (2019) 9:369. doi: 10.3389/fcimb.2019.00369

9. Chiang, HI, Li, JR, Liu, CC, Liu, PY, Chen, HH, Chen, YM, et al. An Association of Gut Microbiota With Different Phenotypes in Chinese Patients With Rheumatoid Arthritis. J Clin Med (2019) 8:1770. doi: 10.3390/jcm8111770

10. Mercado, F, Marshall, RI, Klestov, AC, and Bartold, PM. Is There a Relationship Between Rheumatoid Arthritis and Periodontal Disease? J Clin Periodontol (2000) 27:267–72. doi: 10.1034/j.1600-051x.2000.027004267.x

11. Picchianti-Diamanti, A, Panebianco, C, Salemi, S, Sorgi, ML, Di Rosa, R, Tropea, A, et al. Analysis of Gut Microbiota in Rheumatoid Arthritis Patients: Disease-Related Dysbiosis and Modifications Induced by Etanercept. Int J Mol Sci (2018) 19:2938. doi: 10.3390/ijms19102938

12. Wang, B, He, Y, Tang, J, Ou, Q, and Lin, J. Alteration of the Gut Microbiota in Tumor Necrosis Factor-Alpha Antagonist-Treated Collagen-Induced Arthritis Mice. Int J Rheum Dis (2020) 23:472–9. doi: 10.1111/1756-185X.13802

13. Dorozynska, I, Majewska-Szczepanik, M, Marcinska, K, and Szczepanik, M. Partial Depletion of Natural Gut Flora by Antibiotic Aggravates Collagen Induced Arthritis (CIA) in Mice. Pharmacol Rep (2014) 66:250–5. doi: 10.1016/j.pharep.2013.09.007

14. Guo, LX, Wang, HY, Liu, XD, Zheng, JY, Tang, Q, Wang, XN, et al. Saponins From Clematis Mandshurica Rupr. Regulates Gut Microbiota and Its Metabolites During Alleviation of Collagen-Induced Arthritis in Rats. Pharmacol Res (2019) 149:104459. doi: 10.1016/j.phrs.2019.104459

15. Lv, Y, Chen, X, Huang, R, Zhao, Y, Wu, J, Chen, XM, et al. Clinical Analysis of Chinese Medicine Compound Huayu-Qiangshen-Tongbi Decoction Combined With Methotrexate for the Treatment of Chinese Patients With Rheumatoid Arthritis: A Retrospective Study. Zhongguo Zhong Xi Yi Jie He Za Zhi (2019) 39:547–52. doi: 10.7661/j.cjim.20190329.110

16. Wu, J, Chen, X, Lv, Y, Gao, K, Liu, Z, Zhao, Y, et al. Chinese Herbal Formula Huayu-Qiangshen-Tongbi Decoction Compared With Leflunomide in Combination With Methotrexate in Patients With Active Rheumatoid Arthritis: An Open-Label, Randomized, Controlled, Pilot Study. Front Med (Lausanne) (2020) 7:484. doi: 10.3389/fmed.2020.00484

17. Wang, M, Mei, L, Liu, Z, Tang, X, Wu, X, Chen, X, et al. The Mechanism of Chinese Herbal Formula HQT in the Treatment of Rheumatoid Arthritis Is Related to Its Regulation of lncRNA Uc.477 and miR-19b. J Leukoc Biol (2020) 108:519–29. doi: 10.1002/JLB.3MA0620-441RRRR

18. Wang, Z, Linghu, KG, Hu, Y, Zuo, H, Yi, H, Xiong, SH, et al. Deciphering the Pharmacological Mechanisms of the Huayu-Qiangshen-Tongbi Formula Through Integrating Network Pharmacology and In Vitro Pharmacological Investigation. Front Pharmacol (2019) 10:1065. doi: 10.3389/fphar.2019.01065

19. Kay, J, and Upchurch, KS. ACR/EULAR 2010 Rheumatoid Arthritis Classification Criteria. Rheumatol (Oxford) (2012) 51 Suppl 6:i5–9. doi: 10.1093/rheumatology/kes279

20. Patil, KR, and Nielsen, J. Uncovering Transcriptional Regulation of Metabolism by Using Metabolic Network Topology. Proc Natl Acad Sci USA (2005) 102:2685–9. doi: 10.1073/pnas.0406811102

21. Feng, Q, Liang, S, Jia, H, Stadlmayr, A, Tang, L, Lan, Z, et al. Gut Microbiome Development Along the Colorectal Adenoma-Carcinoma Sequence. Nat Commun (2015) 6:6528. doi: 10.1038/ncomms7528

22. Arumugam, M, Raes, J, Pelletier, E, Le Paslier, D, Yamada, T, Mende, DR, et al. Enterotypes of the Human Gut Microbiome. Nature (2011) 473:174–80. doi: 10.1038/nature09944

23. Pedersen, HK, Forslund, SK, Gudmundsdottir, V, Petersen, AO, Hildebrand, F, Hyotylainen, T, et al. A Computational Framework to Integrate High-Throughput ‘-Omics’ Datasets for the Identification of Potential Mechanistic Links. Nat Protoc (2018) 13:2781–800. doi: 10.1038/s41596-018-0064-z

24. Kishikawa, T, Maeda, Y, Nii, T, Motooka, D, Matsumoto, Y, Matsushita, M, et al. Metagenome-Wide Association Study of Gut Microbiome Revealed Novel Aetiology of Rheumatoid Arthritis in the Japanese Population. Ann Rheum Dis (2020) 79:103–11. doi: 10.1136/annrheumdis-2019-215743

25. Scher, JU, Sczesnak, A, Longman, RS, Segata, N, Ubeda, C, Bielski, C, et al. Expansion of Intestinal Prevotella Copri Correlates With Enhanced Susceptibility to Arthritis. ELIFE (2013) 2:e1202. doi: 10.7554/eLife.01202

26. Yamamoto, H, Konishi, Y, Mineo, S, Sekiya, M, Kohno, T, and Kohno, M. Characteristics of Polyarthritis in Rabbits by Hyperimmunization With Attenuated Enterococcus Faecalis. Exp Toxicol Pathol (2000) 52:247–55. doi: 10.1016/S0940-2993(00)80041-X

27. Chandradevan, R, Takeda, H, Lim, T, and Patel, N. Mycobacterium Tuberculosis Concealed by Enterococcal Sacroiliitis. IDCases (2020) 21:e858. doi: 10.1016/j.idcr.2020.e00858

28. Luo, JM, Guo, L, Chen, H, Yang, PF, Xiong, R, Peng, Y, et al. A Study of Pre-Operative Presence of Micro-Organisms in Affected Knee Joints of Rheumatoid Arthritis Patients Who Need Total Knee Arthroplasty. KNEE (2017) 24:409–18. doi: 10.1016/j.knee.2016.11.001

29. Philippou, E, Petersson, SD, Rodomar, C, and Nikiphorou, E. Rheumatoid Arthritis and Dietary Interventions: Systematic Review of Clinical Trials. Nutr Rev (2021) 79:410–28. doi: 10.1093/nutrit/nuaa033

30. He, Y, Wu, W, Zheng, HM, Li, P, McDonald, D, Sheng, HF, et al. Regional Variation Limits Applications of Healthy Gut Microbiome Reference Ranges and Disease Models. Nat Med (2018) 24:1532–5. doi: 10.1038/s41591-018-0164-x

31. du Teil, EM, Gabarrini, G, Harmsen, H, Westra, J, van Winkelhoff, AJ, and van Dijl, JM. Talk to Your Gut: The Oral-Gut Microbiome Axis and Its Immunomodulatory Role in the Etiology of Rheumatoid Arthritis. FEMS Microbiol Rev (2019) 43:1–18. doi: 10.1093/femsre/fuy035

32. Jeong, Y, Kim, JW, You, HJ, Park, SJ, Lee, J, Ju, JH, et al. Gut Microbial Composition and Function Are Altered in Patients With Early Rheumatoid Arthritis. J Clin Med (2019) 8:693. doi: 10.3390/jcm8050693

33. Ebina, K, Shi, K, Hirao, M, Kaneshiro, S, Morimoto, T, Koizumi, K, et al. Vitamin K2 Administration Is Associated With Decreased Disease Activity in Patients With Rheumatoid Arthritis. MOD Rheumatol (2013) 23:1001–7. doi: 10.3109/s10165-012-0789-4

34. Bazin, T, Hooks, KB, Barnetche, T, Truchetet, ME, Enaud, R, Richez, C, et al. Microbiota Composition May Predict Anti-Tnf Alpha Response in Spondyloarthritis Patients: An Exploratory Study. Sci Rep (2018) 8:5446. doi: 10.1038/s41598-018-23571-4

35. Yin, J, Sternes, PR, Wang, M, Song, J, Morrison, M, Li, T, et al. Shotgun Metagenomics Reveals an Enrichment of Potentially Cross-Reactive Bacterial Epitopes in Ankylosing Spondylitis Patients, as Well as the Effects of TNFi Therapy Upon Microbiome Composition. Ann Rheum Dis (2020) 79:132–40. doi: 10.1136/annrheumdis-2019-215763

36. Liu, X, Zhang, Y, Li, Z, Zhang, P, Sun, YJ, and Wu, YJ. Paeoniflorin Derivative in Paeoniae Radix Aqueous Extract Suppresses Alpha-Toxin of Staphylococcus Aureus. Front Microbiol (2021) 12:649390. doi: 10.3389/fmicb.2021.649390

37. Motallebi, M, Khorsandi, K, Sepahy, AA, Chamani, E, and Hosseinzadeh, R. Effect of Rutin as Flavonoid Compound on Photodynamic Inactivation Against P. Aeruginosa and S. Aureus. Photodiagnosis Photodyn Ther (2020) 32:102074. doi: 10.1016/j.pdpdt.2020.102074

38. Yang, X, Zhang, W, Zhao, Z, Li, N, Mou, Z, Sun, D, et al. Quercetin Loading CdSe/ZnS Nanoparticles as Efficient Antibacterial and Anticancer Materials. J Inorg Biochem (2017) 167:36–48. doi: 10.1016/j.jinorgbio.2016.11.023

39. Wang, S, Yao, J, Zhou, B, Yang, J, Chaudry, MT, Wang, M, et al. Bacteriostatic Effect of Quercetin as an Antibiotic Alternative In Vivo and Its Antibacterial Mechanism In Vitro. J Food Prot (2018) 81:68–78. doi: 10.4315/0362-028X.JFP-17-214

40. Shi, T, Bian, X, Yao, Z, Wang, Y, Gao, W, and Guo, C. Quercetin Improves Gut Dysbiosis in Antibiotic-Treated Mice. Food Funct (2020) 11:8003–13. doi: 10.1039/D0FO01439G

41. Su, M, Liu, F, Luo, Z, Wu, H, Zhang, X, Wang, D, et al. The Antibacterial Activity and Mechanism of Chlorogenic Acid Against Foodborne Pathogen Pseudomonas Aeruginosa. Foodborne Pathog Dis (2019) 16:823–30. doi: 10.1089/fpd.2019.2678

42. Kepa, M, Miklasinska-Majdanik, M, Wojtyczka, RD, Idzik, D, Korzeniowski, K, Smolen-Dzirba, J, et al. Antimicrobial Potential of Caffeic Acid Against Staphylococcus Aureus Clinical Strains. BioMed Res Int (2018) 2018:7413504. doi: 10.1155/2018/7413504

43. Kong, WJ, Zhang, SS, Zhao, YL, Wu, MQ, Chen, P, Wu, XR, et al. Combination of Chemical Fingerprint and Bioactivity Evaluation to Explore the Antibacterial Components of Salvia Miltiorrhizae. Sci Rep (2017) 7:8112. doi: 10.1038/s41598-017-08377-0

44. Lai, D, Li, J, Zhao, S, Gu, G, Gong, X, Proksch, P, et al. Chromone and Isocoumarin Derivatives From the Endophytic Fungus Xylomelasma Sp. Samif07, and Their Antibacterial and Antioxidant Activities. Nat Prod Res (2019) 33:1–5. doi: 10.1080/14786419.2019.1696333

45. Liu, QQ, Han, J, Zuo, GY, Wang, GC, and Tang, HS. Potentiation Activity of Multiple Antibacterial Agents by Salvianolate From the Chinese Medicine Danshen Against Methicillin-Resistant Staphylococcus Aureus (MRSA). J Pharmacol Sci (2016) 131:13–7. doi: 10.1016/j.jphs.2015.10.009

46. Schmidt, CJ, Wenndorf, K, Ebbers, M, Volzke, J, Muller, M, Strubing, J, et al. Infection With Clostridioides Difficile Attenuated Collagen-Induced Arthritis in Mice and Involved Mesenteric Treg and Th2 Polarization. Front Immunol (2020) 11:571049. doi: 10.3389/fimmu.2020.571049

47. Nayak, RR, Alexander, M, Deshpande, I, Stapleton-Gray, K, Rimal, B, Patterson, AD, et al. Methotrexate Impacts Conserved Pathways in Diverse Human Gut Bacteria Leading to Decreased Host Immune Activation. Cell Host Microbe (2021) 29:362–77. doi: 10.1016/j.chom.2020.12.008

48. Artacho, A, Isaac, S, Nayak, R, Flor-Duro, A, Alexander, M, Koo, I, et al. The Pretreatment Gut Microbiome Is Associated With Lack of Response to Methotrexate in New-Onset Rheumatoid Arthritis. Arthritis Rheumatol (2021) 73:931–42. doi: 10.1002/art.41622

49. Eriksson, K, Fei, G, Lundmark, A, Benchimol, D, Lee, L, Hu, Y, et al. Periodontal Health and Oral Microbiota in Patients With Rheumatoid Arthritis. J Clin Med (2019) 8:630. doi: 10.3390/jcm8050630

50. Scher, JU, Joshua, V, Artacho, A, Abdollahi-Roodsaz, S, Ockinger, J, Kullberg, S, et al. The Lung Microbiota in Early Rheumatoid Arthritis and Autoimmunity. Microbiome (2016) 4:60. doi: 10.1186/s40168-016-0206-x




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


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

Copyright © 2021 Mei, Yang, Zhang, Liu, Wang, Wu, Chen, Huang and Huang. 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.


OEBPS/Images/fimmu-12-704089-g002.jpg
CRP
Anti-CCP

AST
ESR
RF

e e Enrichment
[ T T 1] I map00195 Photosynthesis

map00670 One carbon pool by folate
map00360 Phenylalanine metabolism
map00400 Phenylalanine, tyrosine and tryptophan biosynthesis
I map00550 Peptidoglycan biosynthesis
map01502 Vancomycin resistance
|| map02040 Flagellar assembly
[ | map02030 Bacterial chemotaxis
| | | map00190 Oxidative phosphorylation
I map00052 Galactose metabolism

map00051 Fructose and mannose metabolism
map00630 Glyoxylate and dicarboxylate metabolism
map00250 Alanine, aspartate and glutamate metabolism
map00970 Aminoacyl-tRNA biosynthesis

map00520 Amino sugar and nucleotide sugar metabolism
map00500 Starch and sucrose metabolism

map03010 Ribosome

map00680 Methane metabolism

map00540 Lipopolysaccharide biosynthesis

map02020 Two—-component system

map02010 ABC transporters

map01503 Cationic antimicrobial peptide (CAMP) resistance
map05132 Salmonella infection

map05150 Staphylococcus aureus infection

SCC bg.adj

[
Enrichment I 0

-04-02 0 0.2 04 06

TEQLREEL 2T
288 1232882 Associati

~ 82 €5 ssociation
228 ISE80 "D
m.}‘_’w-._m = 1= 0-= g . g
|m|Q_m|EIEw|58gq:, .Posmve association
n | = ; e
s3833238a2E B Negative association
So8oT- o8 E g
£3508%% 8'528-5 No significant
255828838834
£820°%090=05480 .
CEEE B E LD D Enrichment
SoSWUer S | | |=
NRAE e, e
n N O p'<C [7)]
(%]

o 577 I RA

= e

3 @ No significant

[O]

L

[

>

—

w

S





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Sustained Drug Treatment Alters the Gut Microbiota in Rheumatoid Arthritis

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Participant Recruitment and Ethics Statement

          



          		

            Metagenome Sequencing and Analysis

          



          		

            Statistical Analysis

          



        



        



        		

          Results

        

          		

            General Characteristics of Study Cohorts

          



          		

            Alterations in Gut Microbes of RA Patients

          



          		

            Associations of Gut Microbiota With Clinical Indices

          



          		

            Different Effects of the Two Treatments on Clinical Indicators

          



          		

            Effects of Treatment on the Microbiome

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement 

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu.2021.704089_cover.jpg
, frontiers
In Immunology

Sustained Drug Treatment
Alters the Gut Microbiota in
Rheumatoid Arthritis





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
Clinical factor

Age, year*
Gender, female®
Height, cm*
Weight, kg*

BMI, kg/m?*
WBC count, 10%/L*
HB, g/L*

BUN, mmol/L*
Cr, umol/L*

PLT count, 10%L*
ALT, U/L*

AST, U/L*
hs-CRP, mmol/L*
ESR, mm/h*

RF, IU/mL*
Anti-CCP, U/mL*

MTX+HQT; n = 13

50.4 +10.4
11 (84.6%)
1612+ 6.6
58.1 £ 4.4
22.4+ 2.0
7428
133.1 £ 50.0
48+1.4
64.0+11.2
296.2 £ 122.0
14.9 + 134
150+ 2.6
225177
67.9+219
222.4 +302.0
97.0+ 87.8

MTX+LEF; n=9

451 +12.8
8 (88.9%)
159.2 + 3.1
52676
207 +25
74+24
119.7 + 135
43+15
61.3+10.3
3142 £75.2
187+ 6.7
166 +3.5
25.7 £ 24.7
47.4 + 30.7
171.6 + 2271
108.9 + 73.4

Adjusted P value

0.300
0.787
0.416
0.044
0.087
0.988
0.444
0.370
0578
0.698
0.799
0.674
0.724
0.082
0674
0.746

‘mean + SD, 5n (%).

BMI, body mass index; WBC, white blood cell; HB, hemoglobin; BUN, blood urea nitrogen; Cr, creatinine; PLT, platelet; ALT, alanine transaminase; AST, aspartate transaminase; hs-CRP,

high-sensitivity C-reactive protein; ESR, erythrocyte sedimentation rate; RF, rheumatoid factor; anti-CCP, anti-cyclic citrullinated peptides.





OEBPS/Images/fimmu-12-704089-g003.jpg
w

DAS28.CRP (mmol/L)

ESR (mm/h)

22 RA patients d—l—l—lq
MO

Treatment: MTX + HQT (n = 13) or MTX + LEF (n =

M1 M3
(1] [ 1) (1]

Drugs dose

MTX: 10-15 mg pre week, oral administration

HQT: one dose of every two days, decoction 2 times
LEF: 20 mg pre day, oral administration

* ns *

164 —— —_ 15004 —— .. —
5, = = = 3
o o ° Wy
129 . £ 1000 . 2
° 35 ® o
8 . 5 2 . 3]
ﬁ%gé ggg% L 500 : o
44° 3 ° =
; B o @ c
HQT LEF HQT LEF
* ns ns ns
1607 NS _| —ns s —
s, e, =) s, -
1201, i g 100 ° .
80 ' . f’ g
€ ‘ T 50 ¢ . T
“fF ! "lBees i
ol 2, BRER Al
HQT LEF HQT LEF

Timepoints £ MO EJ M1 E3 M3 EJ M6

9)

0 Collection of feces
# Collection of blood

200
150
100

0

Me
(1]

ns

HQT





OEBPS/Images/logo.jpg
’ frontiers
in Immunology





OEBPS/Images/fimmu-12-704089-g001.jpg
RIS 0 L

ol il

IREWET

it L

L

[ | J [ |
Enrichment Relative abundance (log, )

M HC
RA

il

- i I'::A'.' [l

-

Enrichment

s__Actinomyces_massiliensis Relative abundance (log, )
Bifidobacterium_bifidum
Enterorhabdus_caecimuris I::::]

s__Gemella_unclassified -4 -2 0 2

Enterococcus_faecalis

M«,M
Ceee
o)
533
g8
N
g
2053
Bse
g
Satg
Q,

|

Lactol?acillus:mucosae Enrichment

M HC
RA

@
o
o
2
a
2
3
8!
o
g
3

Lachnospiraceae_bacterium_2_1_46FAA
s__Clostridium_bartlettii
Erysipelotrichaceae_bacterium_3_1_53
s__Acidaminococcus_intestini
Dialister_invisus
Megasphaera_elsdenii
s__Megasphaera_unclassified
s__Fusobacterium_varium

Burkholderiales_bacterium_1_1_47

]

»

[ —
woooo
[ ]|
Y
S
g
g
g
s
D
I
g
a
@
3
¥
=
-
o
3
2
z

Phylum

p__Bacteroidetes
M p__Firmicutes
B p__Proteobacteria
M p__Actinobacteria
p__Fusobacteria

Suspected origin

[l Faecal bacteria
Oral bacteria
[I Others or unknown

PWY-922: mevalonate
pathway |

|
}

PWY-5910: superpathway of
geranylgeranyl diphosphate
biosynthesis |

|
|

PWY-5897: superpathway
of menaquinol-11
biosynthesis (vitamin K2)

f

PWY-5837: 1,4-dihydroxy-2
-naphthoate biosynthesis |

s__Xanthomonas_perforans

s__Slackia_exigua

| s__Bacteroides_faecis
s__Porphyromonas_gingivalis

l s__Porphyromonas_somerae
s__Lactobacillus_fermentum
s__Streptococcus_cristatus
s__Streptococcus_gordonii

|| s__Streptococcus_mitis_oralis_pneumoniae
s__Streptococcus_oligofermentans
s__Streptococcus_peroris

|| s__Streptococcus_tigurinus
s__Johnsonella_ignava

I s__Clostridium_hiranonis
s__Phascolarctobacterium_succinatutens
s__Anaeroglobus_geminatus
s__Selenomonas_noxia
s__Veillonella_dispar

|| s__Veillonella_unclassified
s__Lautropia_mirabilis

|| s_Sutterella_parvirubra

s__Eikenella_corrodens

»

Neisseria_macacae
Neisseria_meningitidis
Neisseria_subflava
s__Campylobacter_concisus
s__Campylobacter_gracilis
s__Succinatimonas_hippei
s__Cardiobacterium_hominis
s__Cardiobacterium_valvarum
s__Enterobacter_aerogenes
s__Enterobacter_cloacae
s__Aggregatibacter_segnis
s__Haemophilus_haemolyticus
s__Haemophilus_parainfluenzae
s__Haemophilus_paraphrohaemolyticus
s__Haemophilus_pittmaniae
s__Haemophilus_sputorum

»

®
()

phytol degradation

allantoin degradation IV

L-lysine fermentation to acetate and butanoate
seleno-amino acid biosynthesis

reductive TCA cycle |

mevalonate pathway |

C4 photosynthetic carbon assimilation cycle, PEPCK type

C4 photosynthetic carbon assimilation cycle, NAD-ME type

C4 photosynthetic carbon assimilation cycle, NADP-ME type

heme biosynthesis Il

superpathway of geranylgeranyl diphosphate biosynthesis Il (via MEP)
purine nucleobases degradation |

superpathway of geranyigeranyldiphosphate biosynthesis | (via mevalonate)
superpathway of menaquinol-11 biosynthesis

superpathway of menaquinol-12 biosynthesis

superpathway of menaquinol-13 biosynthesis
1,4-dihydroxy-2-naphthoate biosynthesis Il
1,4-dihydroxy-2-naphthoate biosynthesis |





OEBPS/Images/fimmu-12-704089-g004.jpg
s__Subdoligranulum_sp_4_3_54A2FAA

A MO M1 M3 M6
I E iN I ll II ‘ L 1 s__Clostridium_symbiosum

s__Clostridiales_bacterium_1_7_47FAA

- [} | L s__Eubacteriaceae_bacterium ACC19a

I B  } s_ Cetobacterium_somerae
[ N [ | s__Haemophilus_aegyptius
I 1 [ | s__Dialister_succinatiphilus
[ | s__Clostridium_celatum
s__Pasteurella_bettyae
I | | s__Turicibacter_sanguinis
s__Roseburia_inulinivorans

Enrichment Relative abundance (log, )

&
1)
B Afer reatment . S
_ _ <
4 2 0 2 Q/Q

[ Before treatment

| acetylene degradation
acetyl-CoA fermentation to butanoate Il
- | purine nucleotides degradation
superpathway of purine deoxyribonucleosides degradation
xylose degradation IV
unsaturated, even numbered fatty acid &beta;-oxidation
yruvate fermentation to isobutanol
-valine biosynthesis
L-isoleucine biosynthesis |

Enrichment Relative abundance (log,,)

&
Q
M After reaiment O
&
L%

[ Before treatment

Cc
M1 M3 M6
2 -1 = >
> g0 $ 0 £ HaT
=5 T = = 4 ES LEF
g o -1 @
2 o o
g & G -2
c -3 3 2 3
3 5 5
E 2 5o T
-4 © ©
o [ [
2 =z 4 > 4
= =4 =
T -5 ~ 9 s ] .
14 2 -5 g -5
€ é ~ » ~ » o
2 £ < o < o ]
© I = [ = ]
= (5nd — [0] - [0]
3 < | = | =] £
-~ (¢} ~— o o
c ™~ g ® g b o,
® @
e il = ! e o £
=2 £ 5 ) 5 o} 2
s S 2 kit o kit 5
] = 3] o k] ] L
o [0} © o © o Q
O ° < ° = o B
| =4 | = Q
| 8 3 o a o) [¢]
» I ] € 2 € ©
4 3 w & [im} O
K] S 3
) k] ®» ] ® ®
= : 2
® < =
o 5 5
(&) @ @D
")) () (7))





OEBPS/Images/table1.jpg
Clinical factor HCs;n=22 RA patients; n = 22 Adjusted P value

Age, year* 485+ 133 482+ 115 1.000
Gender, female® 19 (86.4%) 19 (86.4%) 1.000
Height, cm* 158.7 £ 6.2 160.4 + 5.4 0.327
Weight, kg* 522 +6.8 55.8 £+ 6.4 0.208
BMI, kg/m** 20.7+1.8 21.7+23 0.224
WBC count, 10%/L* 62+13 74+£26 0.203
HB, g/L* 1248 £17.2 127.6 +39.3 0.554
BUN, mmol/L* 4814 46+14 0.687
Cr, umol/L* 66.1 +14.7 62.9£10.7 0.687
PLT count, 10%/L* 266.9 + 61.8 303.5 + 103.6 0.229
ALT, UL* 18.3+ 183 14.4+11.0 0.283
AST, U/L* 207 +74 1562 +29 0.002
hs-CRP, mmol/L* 12+16 23.8+20.3 <0.001
ESR, mm/h* 224 £148 59.5 £27.2 <0.001
RF, IU/mL* 75+28 201.6 + 269.1 <0.001
Anti-CCP, U/mL* 06+0.2 102.1 +80.2 <0.001

‘mean + SD, 5n (%).
BMI, body mass index; WBC, white blood cell; HB, hemoglobin; BUN, blood urea nitrogen; Cr, creatinine; PLT, platelet; ALT, alanine transaminase; AST, aspartate transaminase; hs-CRP,
high-sensitivity C-reactive protein; ESR, erythrocyte sedimentation rate; RF, rheumatoid factor; anti-CCP, anti-cyclic citrullinated peptides.





