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Objective: Gut toxicity of methotrexate restricts its long-term clinical application in patients with
rheumatoid arthritis (RA). However, the disturbed gut microbiota especially beneficial bacteria induced
by methotrexate remain unclear, and the way to alleviate the disturbances is limited. The aim of present
study was to elucidate the effects of methotrexate on gut microbiota in RA patients and collagen-
induced-arthritis (CIA) rats, and to explore a way targeted for restoring gut microbiota.
Methods: The gut microbiota including lactobacilli and bifidobacterial communities were analyzed by
high-throughput sequencing of samples from RA patients and healthy controls (HCs), furthermore, pro-
pionate and butyrate were administrated to CIA rats to confirm the effects on gut microbiota.
Results: The findings showed gut microbiota significantly altered, and bifidobacterial community was tol-
erant to methotrexate while lactobacilli community such as L. delbrueckii, L. manihotivorans and L. intesti-
nalis species under-represented in RA samples. Propionate supplementation was significantly associated
with the rebalance of gut microbiota especially lactobacilli species including L. acidophilus, L. intestinalis
and L. amylovorus in CIA rats.
Conclusion: Methotrexate disturbed gut microbiota and lactobacilli community in RA patients, and pro-
pionate supplementation contributed to normalize lactobacilli community in CIA rats. These findings
suggested that propionate may be a potential alleviator for gut microbiota in RA patients treated with
methotrexate.
� 2021 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Rheumatoid arthritis (RA) is a type of chronic autoimmune dis-
ease characterized by synovial membrane hypertrophy, inflamed
joints resulting in symmetric polyarthritis as well as bone and car-
tilage destruction. The antirheumatic drug methotrexate induces
gut toxicity in a time-dependent manner, and eliminating the gut
toxicity associates with gut microbiota (Zhou et al., 2018). The
human gut microbiota has been evidenced as an opportunistic trig-
ger or improver for RA (Scher et al., 2013; Zhang et al., 2015). Por-
phyromonas gingivalis and Prevotella copri have been evidenced to
enhance susceptibility and even aggravate arthritis (Scher et al.,
2013; Sato et al., 2017). On the other hand, several independent
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studies have reported that oral administration of Lactobacillus or
Bifidobacterium strains, typical beneficial bacteria, can mitigate
arthritic inflammation in rodents and clinical studies (Elnaz et al.,
2014; Fan et al., 2020). These bacteria protected against arthritis
through modulating the gut microbiota, improving intestinal
mucosal immunity and the gut intestinal barrier. Importantly,
the inducted and protective actions were species-dependent
(Marietta et al., 2016; Achi et al., 2019; Fan et al., 2020). Hence,
the characterization and alteration of beneficial bacteria at species
level in RA patients treated with methotrexate (MTX-RA) warrants
further investigation. Although, it has been reported that drug
treatment of RA will lead to changes in gut microbiota, and
changes in gut microbiota will also affect the occurrence and
development of RA (Bodkhe et al., 2019; Ellie et al., 2018; Maeda
and Takeda, 2019). However, at present, the research on this inter-
action is still limited, and we still don’t fully understand how the
changes of gut microbiota caused by drug therapy affect the patho-
genesis of RA.

Gut microbes affect the immune system by continually produc-
ing repertoire of metabolites, such as short chain fatty acids
(SCFAs), which are the major end-products from the microbial
breakdown and fermentation of dietary fiber. SCFAs being impor-
tant immune mediators and have shown to regulate arthritic
inflammation in mice (Maslowski et al., 2009; Luu et al., 2019).
Strong evidence has shown that direct supplementation of pen-
tanoate or butyrate, and mediterranean diet which increases the
production of SCFAs, can help reduce inflammation and promote
bone remodeling (Sköldstam et al., 2003; McKellar et al., 2007),
and yet the interaction between SCFAs and gut microbiota in RA
was remained unclear (Zaragoza et al., 2020; Renuka et al., 2019;
Marine et al., 2020).

In the current study, Illumina Miseq sequencing was applied to
investigate the effects ofmethotrexate on gutmicrobiota. Since Bifi-
dobacterium and Lactobacillus are two important components of
probiotics, we used molecular tools to evaluate the composition
of Bifidobacterium and Lactobacillus at species level in order to fur-
ther evaluate the changes of probiotics in gutmicrobiota.Moreover,
propionate and butyrate were given to collagen-induced-arthritis
(CIA) rats to assess their effects on gut microbiota and SCFAs.
2. Material and methods

2.1. Subject recruitment

Thirty-three RA patients that fulfilled the inclusion criteria of
the American College of Rheumatology (ACR) 2010 were recruited
in the Traditional Chinese Medicine Hospital of Ili Kazak Autono-
mous Prefecture in Yi’ning, China. Thirty-two healthy controls
(HCs) were also enrolled. Patients with long disease duration
(12–48 months) and routinely received methotrexate treatment
were included. Any participants having a personal history of other
autoimmune illness, or taking antibiotics, probiotics and prebiotics
within three months were excluded. All the collected fecal samples
were for public health purposes and were the only human materi-
als used in the present study, and fecal sample collection involved
no risk of predictable harm or discomfort to the participants. Writ-
ten informed consent regarding fecal sample use was obtained
from all participants. All procedures performed in study involving
human participants was approved by the Ethics Committee in
Jiangnan University, China (SYXK 2012–0002).
2.2. Animal experimental designed

Six-week-old female Wistar rats (Beijing Vital River Labora-
tory Animal Ltd, Beijing, China) were kept in SPF conditions.
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After one week adaptation, rats were randomly divided into con-
trol, model, propionate and butyrate groups (n = 8 per group).
The rats in propionate or butyrate groups were respectively
given 150 mM propionate or butyrate in drinking water (freshen
every day), and rats in control and model groups were given
sodium-matched water. The CIA induction was according to the
previous described method (Brand et al., 2007). Briefly, the rats
were subcutaneously injected in the base of tail with 150 lg
bovine type II collagen (Chondrex, Redmond, WA, USA) emulsi-
fied in incomplete Freund adjuvant (Chondrex, Redmond, WA,
USA) at day 14 and 21, respectively. The thickness of hind paws
was evaluated for swelling, and each paw was scored according
to the previous description (Brand et al., 2007). Arthritis assess-
ments were performed every three days until no more severe
swollen throughout the trials. The animal experiment was
approved by the Ethics Committee of Jiangnan University (JN.
No. 20191115 W0640201 [313]).
2.3. Fecal sample collection, DNA extraction and sequencing

Fecal samples from participants and rats were collected and
stored at �80 �C until further analysis. Total DNA was extracted
using the FastDNA Spin Kit for Feces (MP Biomedical, Irvine, CA,
USA). The V3-V4 region of the 16S rRNA gene, Bifidobacterium
and Lactobacillus groEL genes was amplified as previously
described (Hu et al., 2017; Yang et al., 2018; Xie et al., 2019).
Amplifications were purified and sequenced on the Illumina MiSeq
platform (Illumina, San Diego, CA, USA) according to the manufac-
turer’s instructions.
2.4. Bioinformatic analysis

The sequence reads were processed as previously described
(Hu et al., 2017). Taxonomic identification of OTUs for Lactobacil-
lus and Bifidobacterium groEL genes was performed as previously
described (Hu et al., 2017; Xie et al., 2019). To overcome the
random sequencing errors, high sequencing coverage depth
threshold for V3-V4, Bifidobacterium_groEL and Lactobacillus_-
groEL genes were 10000, 4500 and 4500 reads, respectively.
The 16S rRNA gene sequencing data of humans and rats were
respectively deposited in SRA database: PRJNA646930 and
PRJNA647234.
2.5. Fecal SCFAs measurement

The SCFAs in dried fecal samples were extracted, and then mea-
sured using gas chromatography (GC-2010 Plus, Shimadzu Corpo-
ration, Japan) as previously described (Wang et al., 2017).
2.6. Statistical analyses

Data were presented as means ± SEM. Statistical analyses were
performed using GraphPad Prism 8 (Graphpad Software Inc., San
Diego, CA). Mann-Whitney test was used to compare the differ-
ences between two groups, and a one-way ANOVA with Turkey
post-hoc test was performed between four groups. Permutational
multivariate analysis of variance (PERMANOVA) using 999 permu-
tations was performed to determine the significance in PCoA using
R software (v 3.5.6). Spearman correlated analysis was used to
evaluate the relationship between SCFAs and gut microbiota. Sta-
tistical significance was defined as *p < 0.05, **p<0.01, ***p<0.001.
All data were visualized in R (v 3.5.6).



Fig. 1. The differences of gut microbiota in MTX-RA and HCs. The alpha-diversity (A) and beta-diversity (B) illustrated by PCoA on weighted (left panel) and unweighted (right
panel) UniFrac distances. The average relative abundances of predominant phyla (C) and the top fifteen classified genus (E). (D) PCoA based on the Bray-Curtis distance using
OTUs from Firmicutes, Bacteroides, Actinobacteria and Proteobacteria. The selected significantly different genera (F) and differentially abundant taxa (LDA score > 2 and
p < 0.05) based on LDA analysis (G). (H) The significantly discriminative predicted metabolic pathways on 16S rRNA gene (LDA score > 2 and p < 0.05). Statistical significance
was considered at *p < 0.05.
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3. Results

3.1. The diversity and compositions of gut microbiota in MTX-RA
patients

Based on the 16S sequencing results, there were significant
differences in beta diversity when calculated unweighted Uni-
Frac distance among HCs and MTX-RA patients (Fig. 1A-B). Bac-
teroidetes, Firmicutes, Proteobacteria and Actinobacteria were
the main phylum (Fig. 1C). Specifically, the relative abundance
of Firmicutes tended to be depleted (p = 0.06) while Actinobac-
teria was significantly enriched (p = 0.017) within the MTX-RA
cohort. Phylum-specific Bray-Curtis distances suggest that the
taxonomic structure of Actinobacteria and Proteobacteria in
MTX-RA patients differed from that in the HCs group (Fig. 1D).
And unclassified Ruminococcaceae, unclassified Enterobacteri-
aceae, unclassified Lachnospiraceae, Blautia, Bifidobacterium and
Streptococcus were the major genera in the two groups
(Fig. 1E). Compared with the HCs group, five genera exhibited
significant differences and Haemophilus and Megamonas tended
to be decreased in MTX-RA patients (p = 0.058 and p = 0.076,
respectively) (Fig. 1F).

Logarithm linear discriminant analysis (LDA) was performed
and identified a total of 12 feature taxa responsible for microbial
differences among individuals from HC and MTX-RA groups (LDA
score > 2, p < 0.05) (Fig. 1G). The MTX-RA patients showed signif-
icantly increased feature taxa including Bifidobacteriaceae along-
side its genus Bifidobacterium, Christensenellaceae alongside its
unclassified genus, and Ruminococcaceae alongside its unclassified
genus and Ruminococcus, while no difference was observed for
genus Lactobacillus. PICRUSTs was performed to infer the func-
tional genes of the gut microbiota. Three KEGG pathways were sig-
nificantly enriched in MTX-RA patients including nicotinate and
nicotinamide metabolism, folate biosynthesis and fatty acid meta-
bolism pathways (Fig. 1H).
3.2. Diversity of bifidobacterial and lactobacilli communities in HCs
and MTX-RA patients

After filtering coverage depth, 61 sequenced samples were
used to evaluate the bifidobacterial community profiles in indi-
viduals. A total of 1,502,045 reads were acquired with an aver-
age of 26,429 and 21,876 reads per sample in MTX-RA patients
and HCs, respectively. There were no significant differences in
alpha and beta diversity (Fig. 2A,B). The bifidobacterial commu-
nity was dominated by three typical species (B. longum, B. ado-
lescentis and B. pseudocatenulatum) in both groups (Fig. 2C). No
bifidobacterial species changed significantly between MTX-RA
and HC groups, as well as among gender-specific groups
(Fig. 2D).

There were 54 qualified sequenced samples after filtering
coverage depth at 4500 targeting the Lactobacillus groEL gene.
From those samples, 1,020,972 high-quality sequenced reads
were identified with an average of 18,702 and 19,144 reads
per sample in MTX-RA patients and HCs group, respectively.
MTX-RA samples tended to have higher alpha diversity
(Fig. 2E). In line with the differences of PCoA on weighted and
unweighted UniFrac distance, the major species were L. del-
brueckii (20.54%), L. mucosae (17.00%) and L. plantarum (11.92%)
in HCs, however, in MTX-RA patients it was dominated by L.
mucosae (27.47%), L. salivarius (19.02%) and L. ruminis (12.24%)
(Fig. 2F–G). In addition, L. delbrueckii, L. manihotivorans and L.
intestinalis were under-represented in the MTX-RA group
(Fig. 2H), conversely, L. mucosae and L. salivarius expanded in
some MTX-RA patients (Fig. 2I).
4

3.3. Fecal SCFAs in HCs and MTX-RA patients

Acetate, propionate and butyrate were the major fecal SCFAs in
both groups, without significant difference between the two
groups (Table 1), though 16S rRNA gene-based predictions indi-
cated that fatty acid metabolism were upregulated in MTX-RA
patients (Fig. 1H). However, a significant decline of the propi-
onate/butyrate ratio was observed in the MTX-RA group compared
with HCs.

Spearman correlation analyses were performed to identify cor-
relations between fecal SCFAs and the taxa. The results revealed
that the abundances of Adlercreutzia and Turicibacter had signifi-
cant positive correlations with acetate, propionate and butyrate
in MTX-RA patients (Fig. 3A). Furthermore, [Ruminococcus] and Bifi-
dobacterium, both of which promote SCFAs production, were inver-
sely correlated with all the SCFAs. The microbe-SCFAs interaction
in male MTX-RA patients was distinct from that in female patients.
The interactions of some genera with SCFAs in male patients were
reversed in the female group, such as Enterococcus, Coprococcus,
Dorea, Megamonas and unclassified Christensenellaceae. In line
with the insignificant undiminished total SCFAs, no obvious differ-
ences were found in SCFA-producing bacteria Lachnospiraceae,
Lactobacillaceae, Ruminococcaceae and Bacterioidaceas (Fig. 3B).

3.4. Propionate protected arthritis and rebalanced fecal SCFAs in CIA
rats

To further address the effect of SCFAs on gut microbiota under
arthritis, the CIA rats were orally administered with propionate
or butyrate. The swollen symptoms in joint and paws appeared
at 14 days after the first immunization, and the three most abun-
dant SCFAs (acetate, propionate and butyrate) were lower in CIA
rats. Supplementation with butyrate or propionate showed no dif-
ferences in remitting swelling and slowing inflammatory progress
(Fig. 4A). Administrating of propionate upregulated SCFAs concen-
tration of which butyrate reach a significant level, whereas buty-
rate supplementing didn’t change any types of SCFAs (Fig. 4B).
Comparing with CIA rats, the propionate/butyrate ratio was lower
in propionate (p = 0.06) and butyrate (p = 0.14) treated rats.

3.5. Propionate modulated gut microbiota in CIA rats

The gut microbiota were analyzed to evaluate the effects of pro-
pionate or butyrate on gut microbiota in arthritic rats. Alpha and
beta diversity recovered in propionate and butyrate treated rats
(Fig. 4C,D). The LEfSe analysis further accounted that Bacteroidetes,
containing Prevotella, [Prevotella], Parabacteroides, unclassified
[Barnesiellaceae], Rikenellaceae and S24-7, clustered differently,
and Bifidobacterium, Allobaculum, unclassified Enterococcaceae
and Erysipelotrichacea were enriched in feces of CIA rats compared
with other groups (Fig. 4E). Propionate significantly restored the
abundance of Bacteroidetes along with genus Parabacteroides and
unclassified [Barnesiellaceae], Rikenellaceae and S24-7 (Fig. 4F).

3.6. The modulation of propionate on lactobacilli and bifidobacterial
communities in CIA rats

Lactobacillus and Bifidobacterium were enriched in the gut
microbiota in CIA rats, therefore, whether propionate or butyrate
can regulate the two communities at species level were investi-
gated. The alpha and beta diversity in Lactobacillus community
changed slightly (Fig. 5A-B). Comparing with control rats, the
abundances of L. taiwanensis (p = 0.03), L. johnsonii (p = 0.56), L. aci-
dophilus (p = 0.22), L. intestinalis (p = 0.24) and L. amylovorus
(p = 0.22) were lower in CIA rats (Fig. 5C). Administration of propi-
onate could upregulate the last three species’s abundance, how-



Fig. 2. The bifidobacterial and lactobacilli communities in MTX-RA and HCs. The alpha diversity and beta diversity in bifidobacterial community (A,B) and lactobacilli
community (E,F). PCoA were based on weighted (left panel) and unweighted (right panel) UniFrac distances (B and E). The average relative abundances of major
Bifidobacterium (C,D) and Lactobacillus (G–I) species in MTX-RA and HCs.
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Table 1
Fecal SCFA concentrations in subjects a

SCFAs (mg/g) HCs (n = 27) MTX-RA (n = 24) P
value

Acetate 1.308 ± 0.171
(1.075)

1.266 ± 0.173 (1.236) 0.978

Propionate 1.151 ± 0.176
(0.869)

0.991 ± 0.166 (0.817) 0.688

Butyrate 0.701 ± 0.109
(0.444)

0.756 ± 0.113 (0.626) 0.543

Iso-butyrate 0.191 ± 0.061
(0.085)

0.110 ± 0.009 (0.104) 0.531

Pentanoate 0.150 ± 0.029
(0.101)

0.137 ± 0.035
(0.0904)

0.874

Propionate/
Butyrate

2.076 ± 0.291
(1.652)

1.423 ± 0.192 (1.349) 0.033

a The values are expressed as mean ± SEM (median). Differences were calculated
by Mann-Whitney test.
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ever, butyrate treatment inversely exacerbated the depletion. The
decreased abundance of L. taiwanensis and L. johnsonii evoked by
arthritis can not be recovered after neither propionate nor butyrate
treatment. Simpson index of bifidobacterial community was signif-
icantly increased in propionate-treated rats (Fig. 5D). In addition, B.
pseudolongum was the dominant bifidobacterial species which
accounted for over 99% of bifidobacterial community in all rats
(Fig. 5E).
4. Discussion

It is generally accepted that RA is an autoimmune disorder and
the first-line drug methotrexate is limited due to its toxicity on
multi-organ including gut, cardioid, bone marrow, kidney and
liver. Methotrexate impairs the intestinal epithelial cells and asso-
ciated mucosal tissues, and even exacerbates to mucositis. Induc-
tion and amelioration of gut toxicity are partly related to gut
microbiota, nevertheless, the effects of methotrexate on beneficial
bacterial community in RA patients remain unclear. Our current
study provided new evidence on the gut toxicity of methotrexate
concerning the gut microbiota in RA patients, with particular inter-
est in lactobacilli and bifidobacterial communities at species level.

Gut microbiota alpha diversity indexes were rather similar
among HC individuals and MTX-RA patients, which was compati-
ble with previous reports (Chen et al., 2016; Picchianti-Diamanti
et al., 2018). Bacterial diversity significantly associated with dis-
ease duration and drug treatments, so, a consistent conclusion
has not been reached. Furthermore, the significant difference of
beta diversity emerged only on the unweighted UniFrac distance,
revealing that low abundant taxa may be responsible for the result
such as Christensenellaceae. Furthermore, the significant increase
of predictive folate biosynthesis in MTX-RA might be a comple-
mentary action of gut microbiota due to methotrexate regarding
as an anti-folate agent during RA clinical treatment, which means
gut microbiota might cooperatively evolve via host epithelial selec-
tion to maintain the homeostasis and health.

The most abundant phyla Firmicutes and Bacteroidetes impli-
cate in metabolic and immune activities. The relative abundance
of Firmicutes decreased in the MTX-RA patients in this study, char-
acterized by decreases of Dorea, [Ruminococcus] and unclassified
Erysipelotrichaceae. The positive correlation between Ruminococ-
cus and Dorea and serological markers in RA has been reported
(Sun et al., 2019), and Ruminococcus is a genus associated with
SCFAs production and mucin degradation, as found in Sun’s study,
it positively correlated with acetate, propionate and butyrate (Sun
et al., 2019). Additionally, the reported increases of Prevotella and
Lactobacillus in new-onset RA patients has not been observed in
MTX-RA patients in this study.
6

Lactobacillus and Bifidobacterium are members of the beneficial
bacterial community and cross-talk with the host through adher-
ing to epithelial cells, colonization in gastrointestinal mucosa,
defensing pathogens and regulating immune. However, it’s a fact
that various species of a same genus may exert divergent effects
on arthritis. A typical example was Prevotella, in which Prevotella
copri was correlated with increased arthritis susceptibility, whilst
Prevotella histicola could suppress arthritis (Scher et al., 2013;
Marietta et al., 2016; Pianta et al., 2017). So, identification of the
distribution of the beneficial bacteria is an essential procedure to
understand the intricate interaction in gut. Previously, the lacto-
bacilli community structure in RA patients was analyzed through
DGGE (Liu et al., 2013). In our study, high-throughput-
sequencing offset the deficiency of DGGE on low detection and
poor data reproducibility. The increased alpha diversity of lacto-
bacilli community in MTX-RA group is consistent with previous
reports (Liu et al., 2013; Zhang et al., 2015). Several Lactobacillus
species, namely L. mucosae and L. salivarius, expanded in MTX-RA
patients. L. salivarius is widely distributed in the oral cavity, vagina
and gut. Administration of L. salivariusmitigated arthritis andmod-
ulated immune cells differentiation, while it strongly correlated
with active disease in RA patients (Sheil et al., 2004; Liu et al.,
2013; Zhang et al., 2015; Liu et al., 2016; Picchianti-Diamanti
et al., 2018). In addition, L. salivarius overrepresents in the oral cav-
ities of individuals with caries or periodontitis, and periodontal
disease linked with an increased risk of RA (Farquharson et al.,
2012; Hojo et al., 2014; Caufield et al., 2015). However, limited
sample size and the lack of serological indicators in RA patients
restricted the construction of linkages between gut microbiota,
gut metabolites and disease activity. In the CIA model, propionate
supplementation rebalanced Lactobacillus species such as L. aci-
dophilus, L. intestinalis and L. amylovorus while butyrate seemed
to have no effects. One possibility is that microbiota-derived buty-
rate regulate gut microbiota different from other SCFAs based on
the fact that butyrate mainly serves as substrate for enterocytes
and little was released into portal circulation (Henrike et al., 2008).

Intriguingly, Bifidobacterium was enriched in MTX-RA patients,
which also found in patients with juvenile Spondyloarthritis or
ankylosing spondylitis in previous studies (Stebbings et al., 2003;
Stoll et al., 2014). To date there is no reasonable explanation for
the paradoxical expansion. B. catenulatum (an adult Bifidobacterium
species) and B. angulatum (an elderly Bifidobacterium species)
expanded in some MTX-RA patients, rather than edible species
such as B. breve, B. bifidum and B. longum (Fig. 5F). B. breve
NCIM5671, B. longum NCIM5672 and B. bifidum NCIM5697 have
been shown to downregulate inflammatory markers to protect
against arthritis in rats (Achi et al., 2019), while B. catenulatum
and B. angulatumwere associated with production of proinflamma-
tory cytokines such as TNFa and IFN-c in vitro (Pozo-Rubio et al.,
2011). Herein, the expansion of undesired Bifidobacterium species
may account for the expanded of Bifidobacterium together with
missing ‘probiotic’ effects in RA patients.

SCFAs positive modulate arthritis in RA patients or CIA mice
(Maslowski et al., 2009; Kim et al., 2018; Lucas et al., 2018; Luu
et al., 2019; Takahashi et al., 2020). Our results show that the dis-
tributions of SCFAs in MTX-RA patients were similar to that of
healthy individuals, which likely to be explained by the insignifi-
cant changes of the SCFA-producing bacteria. Our results revealed
that the concentration of fecal butyrate, rather than propionate,
increased in propionate treatment rats, and butyrate treatment
did not influence on acetate, propionate and butyrate in CIA rats.
Directly propionate or butyrate supplementation does not always
mean increase of correspondent SCFA in feces. Most likely, this is
due to fecal SCFAs account for only 5% of total SCFAs and the rest
of them present in circulation, and butyrate being quickly utilized
as energy source for colonocytes. Additionally, the family S24-7, a



Fig. 3. Spearman correlation between SCFAs and gut microbiota. (A) The correlation between the genus (the average abundance > 0.1%) and SCFAs. (B) The abundance of
SCFA-producing bacteria at family level. Statistical significance was considered at *p < 0.05, **p < 0.01, ***p < 0.001.
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typical butyrate-producing inhabitant, and other producers Bac-
teroidaceae and Ruminococcaceae were markedly increased in
propionate-treated rats. In addition, we also found that Bifidobac-
terium decreased significantly in propionate-treated CIA rats,
7

which may be due to the increase in the proportion of other spe-
cies. From another point of view, the significant increase in gut
microbiota diversity in propionate-treated CIA rats also confirmed
this view from the side.



Fig. 4. The effects of propionate on CIA rats. Thickness of paw and arthritis score (A) and the distribution of fecal SCFAs (B) in rats. Propionate changed the gut microbiota of
CIA rats in alpha diversity (C) and beta diversity (D). PCoA were analysed on weighted (left panel) and unweighted (right panel) UniFrac distances (D). Differentially
microbiota taxa were shown as cladogram (E) and bar charts (F). Statistical significance was considered at *p < 0.05, **p < 0.01, ***p < 0.001.
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Fig. 5. The effects of propionate on CIA rats on lactobacilli and bifidobacterial community. The indexes of alpha and beta diversity of lactobacilli (A,B) and bifidobacterial
community (D) in rats. PCoA based on weighted (left panel) and unweighted (right panel) UniFrac distances (B). The relative abundances of Lactobacillus (C) and
Bifidobacterium (E) species in rats. Statistical significance was considered at *p < 0.05, **p < 0.01, ***p < 0.001.
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5. Conclusion

This study delves into exploring the effects of methotrexate on
bifidobacterial community in RA patients. Our findings support the
conclusion that the bifidobacterial community was more tolerance
to methotrexate therapy than that of lactobacilli community in RA
patients. Exogenous supplementation of propionate, not butyrate,
could restore gut microbiota especially lactobacilli community
and increase butyrate concentration in CIA rats. These results pro-
vide new insights that exogenous propionate can normalize gut
microbiota when methotrexate be adopted in RA patients.
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