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The relationship among the gut microbiome, global fecal metabolites and rheumatoid
arthritis (RA) has not been systematically evaluated. In this study, we performed 16S rDNA
sequencing and liquid chromatography-tandem mass spectrometry (LC-MS/MS)-based
nontargeted metabolomic profiling on feces of 26 untreated RA patients and 26 healthy
controls. Twenty-six genera and forty-one MS2-identified metabolites were significantly
altered in the RA patients. Klebsiella, Escherichia, Eisenbergiella and Flavobacterium were
more abundant in the RA patients, while Fusicatenibacter,Megamonas and Enterococcus
were more abundant in the healthy controls. Function prediction analysis demonstrated
that the biosynthesis pathways of amino acids, such as L-arginine and aromatic amino
acids, were depleted in the RA group. In the metabolome results, fecal metabolites
including glycerophospholipids (PC(18:3(9Z,12Z,15Z)/16:1(9Z)), lysoPE 19:1, lysoPE
18:0, lysoPC(18:0/0:0)), sphingolipids (Cer(d18:0/16:0), Cer(d18:0/12:0), Cer(d18:0/
14:0)), kynurenic acid, xanthurenic acid and 3-hydroxyanthranilic acid were remarkably
altered between the RA patients and healthy controls. Dysregulation of pathways, such as
tryptophan metabolism, alpha-linolenic acid metabolism and glycerophospholipid
metabolism, may contribute to the development of RA. Additionally, we revealed that
the gut microbiome and metabolites were interrelated in the RA patients, while Escherichia
was the core genus. By depicting the overall landscape of the intestinal microbiome and
metabolome in RA patients, our study could provide possible novel research directions
regarding RA pathogenesis and targeted therapy.
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INTRODUCTION

Rheumatoid arthritis (RA) is a chronic, complex and systemic autoimmune disease. It is
characterized by autoantibody production, synovitis, and long-standing inflammation (Scott
et al., 2010). Its pathogenetic mechanism remains obscure. The gut microbiome influences the
health of the host, especially with regard to gut immune homeostasis. Mounting evidence has
suggested that dysbiosis of the intestinal microbiome is a vital environmental element that triggers
gy | www.frontiersin.org January 2022 | Volume 11 | Article 7635071
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the onset of RA, and dysregulation of the microbiome may result
in abnormal immune responses (Kau et al., 2011; Taneja, 2014).
It has been reported that mucosal microbes correlate with RA in
animal models (van den Broek et al., 1992). In recent years, an
increasing number of studies have tried to gain insight into gut
microbiome interactions in RA patients. For instance, Prevotella
copri was enriched and exhibited genomic rearrangement in
new-onset untreated RA patients, and one of its 27-kDa proteins
could stimulate the Th1 response in 42% of RA patients (Scher
et al., 2013; Pianta et al., 2017). Some probiotics, such as
Lactobacillus casei, significantly attenuate the expression of
interferon gamma (IFN-g), tumor necrosis factor alpha
(TNF-a) and interleukin (IL)-1b to prevent joint damage (Pan
et al., 2019). On the other hand, evidence indicates that microbial
metabolites are crucial intermediate factors connected with the
intestinal microbiome and the host. Intestinal microbes ferment
food to produce numerous metabolites. Gut metabolites may
pass through the mucosal barrier into the circulation to calibrate
our immune system. A deficiency of beneficial bacteria and their
metabolites may stimulate the inflammatory response
(Velasquez-Manoff, 2015).

Combined studies of the gut microbiome and metabolome
suggested promising prospects for the development of biomarkers.
Unraveling the interactions between the gut microbiome and
metabolome could provide new insights to discover novel
targets for the treatment of various inflammatory diseases
(Yang et al., 2019; Yang and Cong, 2021). Some studies of the
interplay between the human gut microbiome and metabolism in
RA patients have been conducted. For example, stool butyrate
levels were reduced in RA patients compared to healthy controls,
and supplementation with butyrate suppressed arthritis severity
in an antigen-induced arthritis mouse model (Rosser et al.,
2020). However, these studies mainly focused on short-chain
fatty acids (SCFAs), with few studies focusing on the full
spectrum of fecal metabolites. The association between the
intestinal microbiome and metabolites has not been
comprehensively evaluated in RA patients to date. Therefore,
we performed both 16S rDNA sequencing and liquid
chromatography-tandem mass spectrometry (LC-MS/MS)-
based nontargeted metabolomic profiling on fecal samples of
RA patients to identify potential biomarkers and microbiota-
metabolite interactions to provide novel research directions for
the pathogenesis of RA.
MATERIALS AND METHODS

Recruitment of Subjects and Collection of
Fecal Samples
Twenty-six RA patients were recruited from Taizhou Hospital of
Zhejiang Province from July to December 2020. All patients were
newly diagnosed with RA based on the RA criteria of the
American College of Rheumatology. These patients did not
take any disease-modifying antirheumatic drugs, biological
agents or steroid drugs three months before the diagnosis.
Laboratory parameters and general clinical information were
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obtained from our diagnosis records. In addition, 26 sex- and
age-matched healthy controls (HCs) were enrolled from the
medical examination center, and these HCs did not have a
history of RA or abnormal inflammatory biomarkers. All
patients and HCs were excluded if they (i) received any
antibiotic or probiotic therapy within three months before
recruitment; (ii) suffered from malignant tumors, diabetes,
inflammatory bowel disease (IBD) or other autoimmune
diseases; or (iii) were on an extreme diet. Furthermore, an
additional 11 RA patients and 11 healthy subjects were
included as the validation cohort according to the same criteria
from September to October, 2021. Informed consent was
obtained from all participants. The study complied with all
relevant national regulations and institutional policies and was
approved by the Institutional Review Board of the Ethics
Committee, Taizhou Hospital of Zhejiang Province. Fecal
samples were collected using sterile stool containers. Each
sample was split into two tubes and stored at -80°C until
subsequent processing.

DNA Extraction and 16S rDNA Sequencing
The omics analysis was supported by LC-Bio Technology Co.,
Ltd, Hangzhou, Zhejiang Province, China. E.Z.N.A. ®Stool DNA
Kit (D4015, Omega, Inc., USA) was applied to extract DNA.
Then, the V3-V4 region of the 16S rRNA gene was amplified
with primers 341F (5’-CCTACGGGNGGCWGCAG-3’) and
805R (5’-GACTACHVGGGTATCTAATCC-3’) (Logue et al.,
2016). AMPure XT beads (Beckman Coulter Genomics,
Danvers, MA, USA) and Qubit (Invitrogen, USA) were used
for the purification and quantification of the polymerase chain
reaction (PCR) products respectively. Finally, the Illumina
NovaSeq platform was used for DNA sequencing.

Analysis of 16S rDNA Gene Sequences
Fast length adjustment of short reads (FLASH) was applied to
assign and merge paired-end reads. High-quality clean tags were
obtained by FQTrim (V0.94). Operational taxonomic unit
(OTU) data were then obtained based on the DADA2
algorithm (Callahan et al., 2016). SILVA and NT-16S databases
were used for sequence annotation. Alpha diversity and beta
diversity calculations were accomplished by QIIME2 and R
(v ;3.6.1). Principal coordinate analysis (PCoA) was based on
unweighted UniFrac distance, and the p-value of analysis of
similarities (ANOSIM) was obtained by permutation test. Then,
we conducted the Wilcoxon test and linear discriminant analysis
(LDA) effect size (LEfSe) analysis to determine differential taxa.
The validation cohort data were used to validate the biomarkers
in LEfSe analysis. Phylogenetic investigation of communities by
reconstruction of unobserved states 2 (PICRUST2) was applied
to predict the function of the metagenome. Other graphs were
produced using R (v 3.6.1).

Metabolite Extraction and
LC‐MS/MS Analysis
Briefly, 120 mL precooled 50%methanol buffer was added to each
50 mg fecal sample. Then the mixture was vortexed for 1 minute
January 2022 | Volume 11 | Article 76350
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at room temperature and centrifuged at 4,000 g for 10 minutes
(4 °C). The top 200 mL of each supernatant was transferred to 96‐
well plates. The quality control samples were composed of 10 µL
diluent from each sample.

An ultra-performance liquid chromatography system
(SCIEX, UK) was applied to achieve chromatographic
separations. Reversed-phase separation was performed on an
ACQUITY UPLC T3 column (100 mm*2.1 mm, 1.8 µm, Waters,
UK). The temperature was set at 35°C, and the flow rate was 0.4
mL/min. The mobile phase was composed of solvent A (water,
0.1% formic acid) and solvent B (acetonitrile, 0.1% formic acid).
Gradient elution parameters were set as follows: 0~0.5 min, 5%
B; 0.5~7 min, 5% to 100% B; 7~8 min, 100% B; 8~8.1 min, 100%
to 5% B; 8.1~10 min, 5% B.

Metabolites were detected by high-resolution tandem mass
spectrometer Triple-TOF5600plus (SCIEX, UK) in both negative
and positive ion models. The ion source gas 1 was 60 PSI, the ion
source gas 2 was 60 PSI, the curtain gas was 30 PSI. The source
temperature was 650°C. The ion spray voltage floating of the
positive and negative models were set as 5000 V and -4500 V,
respectively. The time of flight (TOF) mass ranged from 60 to
1200 Da and was acquired in 150 ms. The 12 most abundant
signals were chosen for the MS/MS scan, which exceeded a
threshold of 100 counts/s. The total cycle took 0.56 s. Dynamic
exclusion was 4 s. We conducted accuracy calibrations every
twenty samples and quality control detections every ten samples.

Proteowizard MSConver was applied to transform the raw
data files into mzXML format. Then, mzXML files were imported
into XCMS software for peak picking and retention time
correction. The Human Metabolome Database (HMDB) and
online Kyoto Encyclopedia of Genes and Genomes (KEGG) were
used to annotate the metabolites. The mass tolerance was set as
10 ppm. The MS/MS fragment data were validated by using an
in-house metabolite fragment spectrum library. Metabolite
quantification was then performed using metaX. Features
were removed if observed in less than 50% of quality control
samples or less than 20% of biological samples. The probabilistic
quotient normalization (PQN) algorithm was applied for
data normalization.
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 3
Metabolomic Data Analysis
Multivariate analysis, Student’s t-test, and fold change (FC) values
were used to identify differential features. The heatmap was
generated by R (v 3.6.1) with the “ComplexHeatmap” package,
and a volcano plot was produced with GraphPad Prism (v 8.0.1).
KEGG pathway enrichment analysis was performed on
differentially abundant metabolites by using R (v 3.6.1). The co-
occurrence network graph was then generated with the igraph
package of R (v 3.6.1). Values of p < 0.05 were considered
significant, and the Benjamini-Hochberg (BH) method was used
to obtain false discovery rate (FDR)-adjusted p-values (Q-values).
RESULTS

Characteristics of the Study Participants
The demographic and clinical data of the RA and HC groups are
described in Table 1. The sex (p > 0.05) and age (p > 0.05) of the
two groups were matched. Body mass index (BMI) values were
provided by 19 RA patients and 25 HCs. Based on the available
data, no significant difference was found between the two groups
(p > 0.05). Detailed clinical information of each enrolled subject
are shown in Supplementary Table 1.

Species Diversity of the Gut Microbiome
In microbiome sequencing, an average of 64,426 reads were
obtained from each sample after quality filtering, and no
significant difference was found between the RA patients
(63,296 ± 6,711) and HCs (65,555 ± 6,340). In total, 5,804
OTUs were obtained by the DADA2 algorithm. A rarefaction
curve based on the Observed species specified that the
sequencing data were sufficient to detect all species in the
samples (Figure 1A).

In our results, no significant differences in the Observed
species, Shannon, Pielou’s Evenness and Simpson index were
noted (Figure 1B) between the RA and HC groups. To further
analyze the microbial composition, beta diversity was evaluated
using PCoA and ANOSIM. Although the separation shown in
the unweighted three-dimensional PCoA diagram was not
TABLE 1 | Main demographic, clinical, and laboratory data of RA patients and healthy controls.

Characteristic RA (n = 26) Healthy controls (n = 26) P-value

Female n (%) 16 (61.5) 16 (61.5) 0.999
Age, mean (median) years 53.3 (52.0) 52.9 (53.5) 0.917
BMI, mean (median)a kg/m2 21.8 (21.1) 23.5 (23.9) 0.055
Disease course, mean (median) months 8.6 (2.0) –

TJC, mean (median) 5.9 (3.5) –

SJC, mean (median) 5.3 (2.5) –

DAS28-ESR, mean (median) 4.49 (4.16) –

RF positive n (%) 17 (65.4) –

RF titer, mean (median) IU/ml 93.9 (48.6) –

Anti-CCP positive n (%) 16 (61.5) –

ESR, mean (median) mm/h 37.8 (37.0) –

CRP, mean (median) mg/L 26.8 (14.2) –
January 2022 | Volume 11 | Article
a19 RA patients and 25 healthy controls provided this data.
RA, rheumatoid arthritis; BMI, body mass index; TJC, tender joint count; SJC, swollen joint count; DAS28-ESR, disease activity score with 28 joint using erythrocyte sedimentation rate; RF,
rheumatoid factor; Anti-CCP, anti-cyclic citrullinated peptide; ESR, erythrocyte sedimentation rate; CRP, C-reactive protein.
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apparent, ANOSIM revealed differences between RA patients
and HCs (R = 0.1028, p < 0.05, Figure 1C).

Alterations in Microbial Composition
Associated With RA
The differences in the microbial composition between the two
groups were evaluated at different taxonomic levels. Among the
dominant phyla, Bacteroidetes and Proteobacteria were enriched
in the RA patients, while Firmicutes and Actinobacteria were
enriched in the HCs (Figure 1D). The Firmicutes/Bacteroidetes
(F/B) ratio in the RA group was downregulated with no significant
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 4
difference noted (p = 0.055, Figure 1E). The Wilcoxon test was
next used to identify the significantly altered taxa. In total, 3 phyla
were identified, including Firmicutes (p = 0.044), Proteobacteria
(p = 0.001) and Verrucomicrobia (p = 0.006, Figure 1F). Among
them, Verrucomicrobia was enriched in the RA group. In
addition, of the 359 genera, 26 genera (p < 0.05) markedly
differed in abundance between the two groups. After p-value
adjustment, Klebsiella (Q = 0.018), Enterococcus (Q = 0.018)
and Eisenbergiella (Q = 0.036) remained significant
(Supplementary Table 2). There were 5 genera with significant
differences in abundance among the top 30 richest genera.
A B

D

E F

C

FIGURE 1 | Comparison analysis of species diversity and relative abundance at the phylum level. (A) The curve of each sample was nearly smooth, indicating that
the sequencing data was sufficient. (B) Alpha diversity was measured by the Observed species, Shannon, Pielou’s Evenness and Simpson index. NS, not significant.
(C) Beta diversity was measured by principal coordinate analysis (PCoA) and analysis of similarities (ANOSIM). (D) The distribution plot of relative abundance at the
phylum level. (E) The comparison of F/B ratio between the RA patients and healthy controls. NS, not significant. (F) The Wilcoxon test showed that three phyla were
significantly altered in RA patients. P-value, *p < 0.05; **p < 0.01.
January 2022 | Volume 11 | Article 763507
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Specifically, Escherichia (p = 0.034) and Klebsiella (p < 0.001) were
enriched in the RA group, while Clostridiales_unclassified (p =
0.034), Megamonas (p = 0.028) and Fusicatenibacter (p = 0.006)
were enriched in the HC group (Supplementary Figure 1).

To further determine the specific predominant bacteria
associated with RA, LEfSe was used to compare the microbial
composition between the two groups. Ultimately, 36 taxa (LDA >
3, p < 0.05) were identified as significantly discriminative.
Among them, Klebsiella, Escherichia, Flavobacterium and
Proteobacteria_unclassified were the main taxa enriched in
the RA patients, while Fusicatenibacter , Megamonas,
Clostridiales_unclassified and Coriobacteriaceae were more
abundant in the HCs (Figures 2A, B).
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 5
The Potential Value of the Gut Microbiota
in RA Risk Assessment
To investigate the potential of the gut microbiome in
distinguishing the RA patients from the HCs, AUC values of
the genera in LEfSe analysis (LDA > 3, p < 0.05) were calculated,
and Klebsiella and Fusicatenibacter were ranked high
(Supplementary Table 3). Furthermore, according to the
va l idat ion cohort data (Supplementary Table 4 ) ,
Fusicatenibacter was selected as a biomarker, with AUC values
of 0.7212 and 0.8595 in the test cohort (Figure 2C) and
validation cohort (Figure 2D), respectively.

Based on Spearman’s correlation analysis, a heatmap was
generated to show the relationship between the differentially
A B

DC

FIGURE 2 | The specific altered taxa were identified by linear discriminant analysis (LDA) effect size (LEfSe) analysis. (A) The histogram of taxa with LDA scores
more than 3 and p-value less than 0.05. (B) The phylogenetic tree in cladogram of the specific differential taxa. (C) ROC curve of Fusicatenibacter in test cohort.
(D) ROC curve of Fusicatenibacter in validation cohort.
January 2022 | Volume 11 | Article 763507
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abundant genera and clinical parameters. The main correlations
(r > 0.4, p < 0.05) were further displayed in a co-occurrence
network graph (Figure 3A). We noticed that BMI, a potential
experimental confounder, had minimal effects on most of the
genera except Clostridiales_unclassified (r = 0.56, p < 0.001). The
rheumatoid factor (RF) level was positively correlated with 3 RA-
enriched genera (Klebsiella, Lactobacillus and Enterobacter). In
addition, the C-reactive protein (CRP) level was negatively
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 6
correlated with Enterobacter and positively correlated
with Staphylococcus.

Microbial Function Prediction Analysis
Compared with microbial composition, microbial function
seems to be more analogous in homologous environments
(Gibbons, 2017). Hence, PICRUSt2 was used to infer the gene
function of the microbiota. According to KEGG pathway
A

B

FIGURE 3 | Correlations between microbes and clinical indicators and function prediction analysis. (A) The heatmap revealed correlations between
differentially abundant genera and clinical indicators, and partial correlations (Spearman’s correlation analysis, r > 0.4, p < 0.05) were shown in co-
occurrence networks. Asaccharobacter, Aeromonas and Gelria were excluded because they were only identified in the healthy controls. Genera were
divided into two groups based on their alterations in the RA group. P-value, *p < 0.05; ***p < 0.001. (B) The top 30 KEGG pathways with the most
significant difference in function prediction.
January 2022 | Volume 11 | Article 763507
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enrichment analysis, 171 pathways were significantly altered
between the RA patients and HCs (Q < 0.05, Supplementary
Table 5). The top 30 pathways with the most significant
differences are illustrated in Figure 3B. The results revealed
that specific amino acid biosynthesis pathways were depleted in
the RA group, and these amino acids included L-arginine,
ornithine, aromatic amino acids, and branched amino acids. In
addition, pathways such as thiamin salvage II and peptidoglycan
maturation were also depleted in the RA group, while some other
pathways, such as urate biosynthesis and fatty acid elongation-
saturation, were enriched.

General Overview of the
Fecal Metabolome
Given that the gut microbiome could affect the immune response
by producing metabolites (Krautkramer et al., 2021), LC-MS/
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 7
MS-based nontargeted metabolomic profiling was performed on
fecal samples of all participants. Ultimately, 1,338 features were
validated through the MS2 fragment spectrum, of which 1,198
features were quantified. KEGG pathway enrichment analysis
was performed, resulting in 35 significantly enriched pathways
(FDR< 0.05, Supplementary Figure 2, Supplementary Table 6).

Differentially Abundant Metabolites
Between the RA and HC Groups
Differentially abundant metabolites were identified based on
multivariate analysis. The partial least-squares-discriminant
analysis (PLS-DA) model displayed a discrimination between
the RA patients and HCs according to their metabolic differences
(Figure 4A). The permutation test indicated that the PLS-DA
model was not overfitting (Intercept of Q2 = -0.3514, Figure 4B).
Finally, 41 differentially abundant metabolites (VIP > 1, FC ≥ 1.5,
A B

C

FIGURE 4 | The alterations in fecal metabolites of RA patients. (A) PLS-DA score plot of the first two principal components. (B) Validation model through 200
permutation tests. (C) The heat map of differentially abundant metabolites based on the relative abundance.
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p < 0.05) between the RA patients and HCs were identified.
Figures 4C and 5 reveal the alterations of these metabolites. As a
result, the RA group showed significantly high levels of
glycerophospholipids (PC(18:3(9Z,12Z,15Z)/16:1(9Z)), lysoPE
19:1, lysoPE 18:0, lysoPC(18:0/0:0)), benzene and substituted
derivatives (O-toluidine, benzaldehyde), cholesterol,
phytosphingosine, His-Pro, glycerol 3-phosphate and
dodecanoylcarnitine. In contrast, metabolites enriched in the
HC group mainly including sphingolipids (Cer(d18:0/16:0), Cer
(d18:0/12:0), Cer(d18:0/14:0)), fatty acyls (traumatic acid, 9,10-
epoxyoctadecenoic acid, ricinoleic acid, acylcarnitine 12:3,
acylcarnitine 21:4, acylcarnitine 20:6, 2-linoleoylglycerol),
indoles and derivatives (N-methylserotonin, 5-hydroxyindole-
3-acetic acid (5-HIAA), 3-formyl-6-hydroxyindole), kynurenic
acid, xanthurenic acid, 3-hydroxyanthranilic acid (3-HAA),
(-)-riboflavin and N-alpha-acetyl-L-lysine. Notably, Cer(d18:0/
12:0) and Cer(d18:0/14:0) were the most significantly different
molecules, and their differences remained after BH adjustment
(Supplementary Table 7). To evaluate the possible impact of
confounders (gender, age and BMI) on the differentially
abundant metabolites, a correlation heat map was applied to
show their relationship (Supplementary Figure 3). As a result,
gender had remarkable associations with 2-linoleoylglycero, Gly-
Trp and lacto-N-triaos, age was significantly correlated with 3-
hydroxyanthranilic acid and glycerol 3-phosphate, while BMI
affected these metabolites little.

KEGG pathway enrichment analysis was then performed on
differentially abundant metabolites. As a result, twenty pathways,
including unsaturated fatty acid (alpha-linolenic acid, linoleic
acid, arachidonic acid) metabolism, tryptophan metabolism,
riboflavin metabolism and glycerophospholipid metabolism
were the main pathways related to RA (Figure 6A). The
alterations of eleven differentially abundant metabolites
involved in the top five pathways were further illustrated by
box maps (Figure 6B). We noticed that the RA patients exhibited
lower levels of tryptophan metabolites in feces, including
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 8
N-methylserotonin, 5-HIAA, kynurenic acid, xanthurenic acid
and 3-HAA.

Correspondingly, in the validation cohort, pathway
enrichment analysis based on significantly altered metabolites
also emphasized the importance of glycerophospholipid
metabolism, linoleic acid metabolism and arachidonic acid
metabolism (Supplementary Table 8, Supplementary Figure 4).

Multiomics Analysis Revealed Microbiota-
Metabolite Interactions of RA
To further investigate the microbiota-metabolite interactions
related to RA, we evaluated the correlations between 26 genera
and 41 metabolites (Supplementary Table 9, Supplementary
Figure 5). Then a co-occurrence network graph was constructed
to illuminate the main interplays (Spearman’s correlation
analysis, r > 0.42, p < 0.05, Figure 7). From the graph,
Escherichia seemed to be the core genus given that it was
negatively correlated with 8 HC-enriched metabolites
(ricinoleic acid, xanthurenic acid, quinoline-2,8-diol, Cer
(d18:0/16:0), N-alpha-acetyl-L-lysine, traumatic acid, D-
pipecolic acid, 3-formyl-6-hydroxyindole). In addition,
Eisenbergiella was negatively correlated with HC-enriched Cer
(d18:0/12:0), Cer(d18:0/14:0) and xanthurenic acid, while
Fusicatenibacter was positively correlated with HC-enriched N-
alpha-acetyl-L-lysine, traumatic acid and 1-methylhistamine.
The above correlations are illustrated in Supplementary
Figure 6 using x-y plots. Other genera, such as Klebsiella, were
also associated with certain metabolites.
DISCUSSION

In contrast to the metabolome of serum or urine samples, the fecal
metabolome could reflect the direct interactions between dietary
factors and the gut microbiome (Yang et al., 2019). Previous
studies on the intestinal microbiome of RA patients lacked the
FIGURE 5 | The volcano plot showed the differentially altered metabolites between the two groups.
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attention of global fecal metabolites. Herein, we performed 16S
rDNA sequencing and nontargeted metabolomic profiling to
screen for neglected biomarkers and explore microbiota-
metabolite interactions. Compared with the HCs, the intestinal
microbiome and metabolome of the RA patients exhibited the
following characteristics. (1) Microbial composition was altered.
Multiple analytical approaches indicated that the main
upregulated genera in the RA patients were Klebsiella,
Escherichia, Eisenbergiella and Flavobacterium, and the main
downregulated genera were Fusicatenibacter, Megamonas and
Enterococcus. (2) The RA patients displayed high levels of fecal
metabolites such as glycerophospholipids, benzene and substituted
derivatives and cholesterol, and low levels of metabolites such as
sphingolipids and tryptophan downstream metabolites. (3) The
gut microbiome andmetabolites were interrelated, and Escherichia
was the core genus.
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 9
Evidence from previous studies on RA patients indicated that
the alpha diversity of the intestinal microbiome was reduced or
unchanged (Chu et al., 2021). Our result was consistent with the
latter. Furthermore, beta diversity showed an alteration in
microbial composition. We found that Proteobacteria and
Verrucomicrobia were remarkably enriched in RA patients,
while Firmicutes was depleted. Despite the lack of a significant
difference, the RA patients had lower F/B ratios. The
aberrant composition of Firmicutes and Bacteroidetes may
activate proinflammatory pathways by breaking the intestinal
barrier (Khan et al., 2021). We hypothesized that the F/B
ratio alteration in RA patients may contribute to the
inflammatory status.

In the present study, intestinal microbiota including
Klebsiella , Escherichia , Eisenbergiella , Flavobacterium,
Lactobacillus, and Enterobacter were more abundant in the RA
A B

FIGURE 6 | Alterations of KEGG pathway related to RA. (A) The KEGG pathway enrichment scatter plot displayed alterations in the intestinal metabolic processes
of RA patients. (B) Eleven differentially abundant metabolites involved in the mainly altered pathways were further illustrated by box maps. P-value, *p < 0.05; **p <
0.01; ***p < 0.001.
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pat ients . Klebs ie l la and Escher ichia belong to the
Enterobacteriaceae family. Consistent with our results, Li et al.
also found an increased proportion of Escherichia in fecal
samples of the RA patients (Li et al., 2021b). Furthermore, the
level of anti-Klebsiella IgG antibodies was found increased in the
serum of RA patients (Chou et al., 1998). These two kinds of
bacteria can produce pathogen-associated molecular patterns
(PAMPs) (Feng et al., 2019), and their lipopolysaccharide
(LPS) could enhance intestinal permeability to promote
inflammation (Chiang et al., 2019). In our results, Escherichia
was negatively correlated with 8 HC-enriched fecal metabolites,
including unsaturated fatty acid (ricinoleic acid and traumatic
acid), D-pipecolic acid, xanthurenic acid and Cer(d18:0/16:0).
Klebsiella was negatively correlated with HC-enriched kynurenic
acid and Cer(d18:0/12:0), and exhibited a positive correlation
with the serum RF. We hypothesized that the excessive
expansion of Klebsiella and Escherichia contributes to a
nonnegligible effect on pathogenicity in RA, which might be
partly attributed to the interaction between bacteria and
metabolites. Lactobacillus-ruminis , which has TNFa
stimulatory activity (Taweechotipatr et al., 2009), was enriched
in RA patients. Consistent with our results, the increase of
Lactobacillus in the gut of chronic rheumatic disease patients
has been reported previously (Salem et al., 2019). Eisenbergiella
belongs to the Firmicutes. It was negatively correlated with HC-
enriched fecal metabolites including sphingolipids (Cer(d18:0/
12:0), Cer(d18:0/14:0)) and xanthurenic acid, indicating a role in
promoting the development of RA. However, due to the lack of
biological information, the relevant mechanism remains to be
further studied.

The RA patients displayed decreases in genera such as
Enterococcus, Fusicatenibacter and Megamonas. Enterococcus
is a potential probiotic that has a wide range of inhibitory
effects on pathogenic and spoilage bacteria by producing
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 10
bacteriocins (Hanchi et al., 2018). The adjuvant-induced
arthritis rat model demonstrated that Enterococcus_faecium
could enhance the anti-inflammatory and antiarthritic effects
of methotrexate (Rovensky et al., 2005). We hypothesized that
the decrease of Enterococcus in RA patients may relieve the
suppression of pathogenic bacteria, thus promoting a gut
proinflammatory environment. Fusicatenibacter induces IL-10
in intestinal mucosa to exert anti-inflammatory effects
(Takeshita et al., 2016). A cirrhosis fecal microbiota study
specified that the abundance of Fusicatenibacter_saccharivorans
was positively correlated with SCFA production (Jin et al., 2019),
and SCFAs are beneficial to maintain the integrity of the
intestinal mucosa and anti-inflammation (Davila et al., 2013;
Morrison and Preston, 2016). Consistent with our study, Lee
et al. also found a decrease in Fusicatenibacter in feces of RA
patients (Lee et al., 2019). In addition, we revealed that
Fusicatenibacter was positively correlated with HC-enriched
metabolites such as traumatic acid and N-alpha-acetyl-L-lysine,
and negatively correlated with serum CRP. Megamonas, another
bacterium decreased in the RA patients, participates in the
metabolism of carbohydrate fermentation into SCFAs (Feng
et al., 2019). Therefore, we hypothesized that Fusicatenibacter
and Megamonas might antagonize RA by affecting the
abundance of SCFAs. The bacteria mentioned above might
represent promising targets for RA therapy in the future and
deserve further verification experiments.

Our PICRUSt2 analysis specified that the biosynthesis of
amino acids, such as L-arginine, ornithine, aromatic amino
acids, and branched amino acids, decreased in the RA group.
Amino acids, especially branched amino acids, are precursors of
SCFA synthesis in the intestinal microbiota. L-arginine has been
found to alleviate inflammation in IBD patients (Baier et al.,
2020). We consider that the lack of amino acid biosynthesis
seems to be the main alteration of microbial function in RA
FIGURE 7 | Multiomics approach revealed microbiota-metabolite interactions in RA patients. The co-occurrence network graph showed the main microbiota-
metabolite correlations (Spearman’s correlation analysis, r > 0.42, P < 0.05). Microbes were labeled with circles and metabolites with triangles. Solid or dashed
borders indicated that the corresponding nodes were enriched in RA patients or healthy controls, respectively. Yellow connecting lines represent positive correlations
between two nodes, while gray connecting lines represent negative correlations, and thicker lines indicate greater correlation values.
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patients, and this feature might partly induce an imbalance in the
immune system.

In the metabolomic results, our study emphasized the crucial
role of tryptophan metabolism in RA. We found that the
downstream products of tryptophan metabolism, including N-
methylserotonin, 5-HIAA, kynurenic acid, xanthurenic acid and
3-HAA, were depleted in the feces of the RA patients. Consistent
with our findings, a study on the feces of children with enthesitis-
related arthritis found downregulation of tryptophan metabolites
(Stoll et al., 2016). Kang et al. also demonstrated a lower level of
tryptophan metabolites in the synovial fluid of RA patients than
in osteoarthritis patients (Kang et al., 2015). 5-HIAA is derived
from the decomposition of serotonin and is an indole derivative.
Many indole derivatives are known as ligands for aryl-
hydrocarbon receptor (AhR), which can dampen immune
responses by activating Treg cells (Agus et al., 2018). Rosser
et al. demonstrated that microbiota-derived SCFAs could
stimulate Breg cell activity and alleviate arthritis by increasing
the level of 5-HIAA (Rosser et al., 2020). Kynurenic acid has an
immunosuppressive function (Balog et al., 2021). It is an
endogenous component of RA synovial fluid that interferes
with synoviocyte proliferation in vitro (Parada-Turska et al.,
2006). In addition, 3-HAA suppresses the LPS-induced
inflammatory response in macrophages through inhibition of
the nuclear factor kappa-light-chain enhancer of activated B cells
(NF-kB) pathway (Lee et al., 2016). A decrease in 3-HAA was
also found in the serum of RA patients (Panfili et al., 2020).
Recently, studies have continually appeared suggesting that other
autoimmune diseases, including systemic lupus erythematosus
and multiple sclerosis, also have an obvious relationship with
altered tryptophan metabolism (Brown et al., 2020). However,
mechanistic studies on microbiota-derived tryptophan
metabolites are lacking. Our multiomics analysis revealed the
interactions between tryptophan downstream metabolites
(kynurenic acid, xanthurenic acid and 3-HAA) and differential
bacteria such as Klebsiella and Escherichia. The gut microbiota
catabolizes tryptophan through tryptophanase and produces
diverse metabolites with immune regulatory activity (Agus
et al., 2018). We hypothesized that the reduced levels of fecal
tryptophan metabolites may be one of the environmental risks of
RA. This might be caused by complex inducements such as the
redistribution of gut microbial composition and the greater
gastrointestinal uptake results from the compromised gut
barrier. Microbiota-derived tryptophan catabolites are expected
to be developed as biomarkers for dysbiosis and provide new
directions for the therapeutic target of RA.

In the present study, we also confirmed that glycero-
phospholipid and unsaturated fatty acid (alpha-linolenic acid,
linoleic acid and arachidonic acid) metabolism pathways were
disturbed in the gut of RA patients. Under the catalysis of PLA2,
glycerophospholipid is hydrolyzed to generate lysophospholipid
and arachidonic acid. Subsequently, arachidonic acid is
metabolized to produce inflammatory mediators such as
prostaglandins and leukotrienes, which participate in the
inflammatory response. Our study revealed that the fecal
metabolites of the RA patients displayed significantly high levels
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 11
of glycerophospholipids including PC(18:3(9Z,12Z,15Z)/16:1(9Z)),
lysoPE 19:1, lysoPE 18:0 and lysoPC(18:0/0:0). Consistently,
disturbance of the glycerophosphate and arachidonic acid
metabolic network was also found in the serum of collagen-
induced arthritis (CIA) rats (Ding et al., 2014; Li et al., 2021a).
PLA2-deficient mice were not susceptible to arthritis since
glycerophospholipid metabolism was restrained (Hegen et al.,
2003). In contrast, as an omega-3 polyunsaturated fatty acid,
alpha-linolenic acid plays a vital antithrombotic and anti-
inflammatory role. Traumatic acid is a little-known beneficial
compound derived from alpha-linolenic acid metabolism that
has antioxidant and anti-inflammatory potential (Jablonska-
Trypuc et al., 2019). In our metabolomic data, traumatic acid
was significantly downregulated in the RA patients, indicating a
possible antagonistic effect on RA. Furthermore, traumatic acid
displayed correlations with the relative abundances of Escherichia,
Fusicatenibacter and Bacillales-unclassified. Kindt et al.
demonstrated that intestinal microbial colonization degraded
dietary fiber to produce acetate, which was a precursor involved
in the hepatic synthesis of unsaturated fatty acid and
glycerophospholipids (Kindt et al., 2018). We suggested that the
dysregulation of glycerophospholipid and unsaturated fatty acid
metabolism in RA patients might be partly caused by dysbiosis of
the intestinal microbiome. This mechanism may further promote
the conversion of the intestinal environment from
antiinflammation to proinflammation.

Other differentially abundant metabolites including
cholesterol, Cer(d18:0/12:0), Cer(d18:0/14:0), (-)-riboflavin, N-
alpha-acetyl-L-lysine, D-pipecolic acid and ricinoleic acid were
also identified. Cholesterol is a well-known risk factor for
cardiovascular disease. We observed an increase of cholesterol
in the feces of RA patients, which was consistent with the results
of the study based on serum (Lakatos and Harsagyi, 1988). Cer
(d18:0/12:0) and Cer(d18:0/14:0) are ceramides of sphingolipids
that are widely found in membranes. Bacteroidetes were the
main intestinal bacteria that produce sphingolipids. Bacteroides-
derived sphingolipids are beneficial for maintaining intestinal
homeostasis and are negatively correlated with inflammation in
IBD patients (Brown et al., 2019). Fecal metabolites of Cer(d18:0/
12:0) and Cer(d18:0/14:0) was found decreased in the RA
patients in our study, suggesting to be possible protective
factor for RA. (-)-Riboflavin, i.e., vitamin B2, contributed
strongly to maintaining gut microbiota populations. The
supply of multiple vitamins is essential for the most abundant
butyrate-producing Firmicutes species (Pham et al., 2021). Thus,
(-)-riboflavin deficiency may lead to the depletion of SCFAs. N-
alpha-acetyl-L-lysine is a lysine acetylated derivative. Lysine
acetylation exists in various metabolic processes of the
intestinal microbiota, including the production of SCFAs by
Firmicutes. Approximately half of the lysine-acetylated
derivatives in human feces were derived from Firmicutes
(Zhang et al., 2020). We found that N-alpha-acetyl-L-lysine in
feces of the RA patients was downregulated and significantly
positively correlated with the relative abundance of
Fusicatenibacter (a genus of Firmicutes). We hypothesized that
the decrease in N-alpha-acetyl-L-lysine might be caused by the
January 2022 | Volume 11 | Article 763507

https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Yu et al. Microbiome, Metabolome and Rheumatoid Arthritis
depletion of Firmicutes represented by Fusicatenibacter. This
process may involve a decrease in SCFA production, thus
affecting intestinal permeability.

Considering that diet has an essential impact on gut microbial
composition, we excluded extreme diets, but we failed to control
the diet composition of each participant. In addition, other
confounders including gender and BMI were evaluated.
Although RA is more prevalent among females than males,
this study included male subjects. To eliminate gender bias, the
sex ratios between the RA patients and HCs were matched.
Furthermore, we checked the gender bias in correlation analyses
and found a little impact on the main conclusion. BMI might
influence Clostridiales_unclassified, which is consistent with
previous studies (de La Serre et al., 2010; Kubeck et al., 2016),
but has no evident impact on the genera we mainly focused on.

This study was only a cross-sectional study with a small
sample size, which did not provide sufficient causality
verification. According to the results, no significant difference
was found in Prevotella, which is a research focus in RA. This
finding supported the conclusion of previous studies that
Prevotella copri increased only in the pre-or early stage of RA
rather than the established RA (Vural et al., 2020). In addition,
due to the low content or the unsuitable metabolite detection
platform, the vital metabolite SCFAs were not identified.
Expanding the duration and size of the study and performing
an in-depth verification may be beneficial to further study.

Compared with single microbial data set analysis, this study
presented more functional insights by introducing global
metabolomic profiling, which demonstrated that the gut
microbiome and metabolites were altered and interrelated in
RA patients compared to HCs. The clinical verification and
application of these candidate biomarkers deserve further
research and development.
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