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Abstract

Objectives: The impact of rheumatoid arthritis (RA) on the shaping of the oral and 

gut microbiome raises the question of whether and how RA treatment modifies microbial 

communities. We examined changes in the oral and gut microbiota in a mouse model of antigen-

induced arthritis (AIA) treated or not with methotrexate (MTX).

Methods: Maxillae and stools were evaluated by the MiSeq platform of the V4 region of the 16S 

rRNA gene. Alveolar bone parameters were analysed by micro-computed tomography. Moreover, 

arthritis-induced changes in hyperalgesia and oedema were assessed, along with the impact on 

periodontal bone health.

Results: Microbial communities in MTX-treated AIA mice revealed distinct clusters compared 

to the control and AIA groups. Overall, MTX impacted the richness and variability of 

microorganisms in the oral-gut axis microbiome at the phylum level. Regarding the oral 

microbiome, while in the control group the most dominant phylum was Firmicutes, in the 

AIA group there was a shift towards the predominance of Campilobacteriota and Bacteroidetes 
associated with the disease. MTX treatment led to greater dominance of the health-associated 

phylum Proteobacteria. In the gut microbiome, AIA induction resulted in increased abundance 

of the Verrucomicrobiota phylum, and MTX treatment restored its levels compared to control. 

Importantly, the MTX-treated AIA animals had significantly less periodontal bone loss, as well as 

decreased hyperalgesia and joint oedema compared to the AIA animals.

Conclusion: Data suggest the benefit of MTX treatment in protecting alveolar bone, in addition 

to providing new insights on the drug-microbiome interaction in the course of RA.
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1. Introduction

Rheumatoid arthritis (RA) is an autoimmune disease associated with inflammation and 

bone erosions in the joints [1]. Compelling evidence indicates that there is an interaction 

between the host and the microbiota in the presence of RA. This link suggests that RA-

associated inflammation causes a dysbiosis in the oral and gut microbiota [2–6]. In turn, 

dysbiosis triggers a host response that enhances local and systemic inflammatory pathways 

and may contribute to joint damage [6]. The oral microbiota may further contribute 

to RA autoimmunity by expressing enzymes that induce host protein citrullination and, 

consequently, the production of antibodies to citrullinated proteins or peptides [7,8].

Previous studies have described the composition of the oral and gut microbiome in 

individuals with RA [2,3,5,9,10]; however, data on the concurrent effects of the oral-gut 

microbiota are sparse [3,11]. Importantly, some periodontopathic bacteria such as Tannerella 
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and Treponema, were significantly higher in the oral microbiota of individuals with new-

onset RA and tended to decrease with better-controlled established RA [2]. This result 

suggests that measures to improve RA by treatment impact the ecological adaptation of the 

oral microbial niche. However, studies investigating this issue are limited and have been 

conducted on relatively small numbers of subjects [2].

After almost 60 years of existence, the folic acid antagonist methotrexate (MTX) is the most 

widely used disease-modifying antirheumatic drug (DMARD), either as a single agent or 

in combination with other DMARDs [12]. Findings from a recent study have revealed that 

oral MTX can be metabolized by the human gut microbiota and have suggested that the 

gut microbiome may be of value in predicting the response to MTX in patients with RA 

[13]. Nevertheless, few studies have addressed whether treatment with MTX can reverse 

the impact of RA on the oral or gut microbiota [3,13,14]. In an experimental model, it has 

been suggested that MTX affects the abundance of some species in the gut and protects 

against periodontal bone loss associated with arthritis along with periodontal infection [15]. 

Herein, we analysed the impact of arthritis and MTX on the microbiome composition of 

the oral-gut axis in an antigen-induced arthritis (AIA) model. We hypothesized that MTX 

therapy partially reverses AIA-induced oral-gut axis dysbiosis and alveolar bone loss.

2. Material and methods

2.1. Animals and ethical clearance

The experiments were performed using male C57BL/6 mice weighing 20–25 g (6–8 weeks) 

obtained from the Animal Facility of the School of Medicine of Ribeirão Preto, University 

of São Paulo, Brazil. Mice were housed in temperature- and light-controlled rooms with ad 
libitum access to water and food in the animal facility of the Department of Pharmacology, 

School of Medicine of Ribeirão Preto, University of São Paulo, Brazil. Animal husbandry 

and procedures followed the guidelines of the Animal Ethics Committee of the School of 

Medicine of Ribeirão Preto (241/2018).

2.2. Induction of AIA in mice and MTX treatment

AIA was induced as previously described, with some modifications [16]. The mice were 

anesthetized with 2% isoflurane before immunization and challenge. Briefly, mice were 

sensitized with subcutaneous (s.c.) injections of 500 μg methylated bovine serum albumin 

(mBSA) in 0.2 mL of an emulsion containing 0.1 mL saline and 0.1 mL complete Freund’s 

adjuvant (CFA; 1 mg/mL of Mycobacterium tuberculosis) on day 0. The mice were boosted 

with the same preparation on day 7. Control mice received vehicle injections without the 

antigen (mBSA). Twenty-one days after the initial injection, arthritis was induced in the 

immunized animals by intra-articular (i.a.) injection of mBSA (100 μg/cavity) into the right 

knee joint using a sterile 33-gauge syringe. Control mice were injected with 10 μL of 

PBS alone. Mice received a second challenge on day 26 after the first immunization. On 

days 28, 35 and 42 after the first immunization, mice were challenged again in a similar 

fashion. In the arthritis group treated with MTX, mice received treatment with 2 mg/kg 

MTX (Tecnomet®, Zodiac; São Paulo, SP, Brazil), which was initially administered 2 weeks 

before day 0 (2 weeks before the first immunization), being repeated weekly by gavage 
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until the week of euthanasia [17]. At the end of the experiment (day 43), a set of maxillae 

was collected for micro-computed tomography (micro-CT) and another set was collected for 

DNA extraction. Stools of all groups (control, AIA and AIA + MTX) were also collected for 

DNA extraction and stored at −70 °C.

2.3. Evaluation of articular hyperalgesia

Twenty-four hours after the last mBSA injection into the joint (day 43), knee joint thickness 

was measured in millimetres (mm) with a calliper. The results were expressed as means 

± the difference between the diameter on day 0 (baseline) and after the last challenge. 

In parallel, articular hyperalgesia of the femur-tibial joint was determined as previously 

described [18]. An increasing perpendicular force was applied to the central area of the 

plantar surface of the hind paw challenged with mBSA in order to induce flexion of the 

femur-tibial joint followed by paw withdrawal. The pressure of the force applied when the 

paw was withdrawn was recorded with a pressure gauge. The mechanical threshold was 

expressed in grams and hyperalgesia was equated with a reduction in this threshold.

2.4. Micro-CT and data analysis

Maxillae were fixed in 10% neutral buffered formalin for 48 h and scanned using a 

micro-CT system (Skyscan 1174 X-ray microtomograph; Skyscan, Aartselaar, Belgium). 

Calibration was carried out with a known density calcium hydroxyapatite phantom 

(Skyscan; Aartselaar, Belgium). High-resolution scans were acquired using a 14.49 μm 

image pixel size (50 kV, 0.5 mm aluminium filter, 0.7° rotation angle). The images 

obtained were reconstructed using the NRecon software (Skyscan; Aartselaar, Belgium). 

Maxillae were positioned so as to standardize the analysed area using the Data-Viewer 

software (Chauvin Arnoux®; Asnières-Sur-Seine, France), and analysed using CTAn 

software (Skyscan; Aartselaar, Belgium). Alveolar bone crest (ABC) loss was measured by 

determining the area between the cemento-enamel junction (CEJ) and the ABC (ABC-CEJ, 

μm2) in three-dimensional images of the first, second and third molars (Fiji - National 

Institute of Health; Bethesda, MD, USA).

The GraphPad Prism software version 8.0 (GraphPad software, San Diego, CA, USA) was 

used for statistical analysis. One-Way ANOVA and the chi-square test were employed to 

evaluate the differences between groups. For all analyses, the level of significance was set at 

<0.05.

2.5. DNA extraction, 16S rRNA amplicon library preparation and sequencing

The DNA of the whole maxillae (i.e., bone, gingiva, and teeth) and stools was extracted 

using the DNeasy PowerSoil Pro kit (QIAGEN; Hilden, Germany). DNA concentration was 

assessed by spectrophotometry using a NanoDrop™ Spectrophotometer (Thermo Fisher; 

Waltham, MA, USA). The resulting purified DNA was stored at −20 °C until use. The 

V4 region of the 16S rRNA gene was amplified with region-specific primers that included 

the Illumina flowcell adapter sequences [19]. PCR was performed in 25 μL of a final 

volume containing 1X PCR Buffer, 0.2 mM dNTP, 2 mM MgSO4, 0.2 μM of primers, 1U 

Platinum™ Taq DNA Polymerase High Fidelity (Thermo Fisher; Waltham, MA, USA), and 

20–30 ng of DNA. Cycle conditions were 1 cycle at 94 °C (3 min), then 30 each cycle at 
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94 °C (45 s), 57 °C (60 s), 68 °C (45 s), and a final extension at 68 °C (10 min). Libraries 

were purified using AMPure XP beads (Beckman Coulter; Brea, CA, USA) according 

to the Illumina 16S metagenomic sequencing library protocol. The size of the libraries 

was checked with the Bioanalyzer DNA 1000 Assay (Agilent; Santa Clara, CA, USA). 

Quantification was performed with the KAPA Library Quantification Kit Illumina (Roche; 

Basel, Switzerland) and further DNA libraries were normalized and pooled. The libraries 

were paired end sequenced (2 × 300) in a single run on the Miseq platform (Illumina, San 

Diego, CA USA).

2.6. Data processing and analysis

All raw data files were imported and processed in the R-environment (version 4.1.1; https://

cran.r-project.org/) using inbuilt functions available in R. Data processing and raw reads 

were quality filtered and trimmed using the “filterAndTrim()” function from the Dada2 

package [20]. An amplicon sequence variant (ASV) table was created and chimeras were 

removed using the “make-SequenceTable()” and “removeBimeraDenovo()” functions from 

the Dada2 package. Taxonomy was assigned using the Silva (version 138) database and 

“assignTaxonomy()” function [21]. Unassigned taxa and singletons were removed using 

the “subset_taxa ()” and “prune_taxa()” functions of the phyloseq package in R [22]. 

This data object was used for alpha/beta diversity analysis in order to calculate microbial 

abundances and to carry out other statistical tests using various functions in phyloseq and 

other packages.

2.7. Diversity analysis

Alpha diversity for the oral and gut microbial axis was computed using the Phyloseq R 

package [23] and was estimated by the Chao1 and Shannon diversity index. Statistical tests 

were performed after visual data inspection with histograms and normal data distribution 

was tested by the Shapiro-Wilk test for normality. Beta diversity was analysed using Bray-

Curtis and unweighted UniFrac distances and visualized with PCoA. Sample groups were 

compared by permutational analysis using a dissimilarity matrix. The “adonis” function 

from the Vegan R package [24] was used to test differences in the composition of the 

community between sample groups (n. of permutation 999). Differential abundance analysis 

was performed by DESeq [25]. The taxa were considered to be differentially abundant if 

logFc |0| and p < 0.05.

2.8. Co-occurrence analysis

Co-occurrence analysis was performed by Spearman’s rank correlation at the genus level. 

The correlation threshold was ≥ 0.3 and the p value ≤ 0.05. The network was viewed through 

the Microbiome Analyst (https://www.microbiomeanalyst.ca/MicrobiomeAnalyst/).

2.9. Partial least squares discriminant analysis (PLS-DA)

To discriminate the microbial profiles between groups, PLS-DA was performed in the R 

package mixOmics framework for the analysis of mixMC microbial communities [26]. The 

loading plot displayed the microbial species contributing to the separation of PLS-DA scores 

between MTX, AIA and control groups.
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3. Results

3.1. Treatment with MTX prevented AIA-induced alveolar bone loss, joint oedema and 
pain

Micro-CT revealed that MTX prevented the loss of alveolar bone crest, while greater loss 

of alveolar bone crest was observed in the AIA group compared to control (Fig. 1A–D). 

Arthritis parameters such as oedema and articular hyperalgesia mechanical threshold were 

analysed in parallel. The mechanical threshold was reduced in the AIA group. Treatment 

with MTX reduced the joint hyperalgesia induced by mBSA injected into immunized 

animals (Supplementary Fig. 1A). Likewise, MTX therapy reduced the oedema of treated 

animals compared to the AIA group (Supplementary Fig. 1B).

3.2. Treatment with MTX affected the diversity of the oral and gut microbiota

In oral samples, AIA showed a shifting trend in alpha diversity measured by Chao1. In 

contrast, AIA + MTX significantly increased species richness (p < 0.05) compared to 

AIA measured by Chao1. When measured by Shannon diversity, AIA + MTX species 

were significantly different compared to untreated controls (p < 0.01), but not significantly 

different for the AIA group, with also a decrease in diversity compared to AIA and controls 

(Fig. 2A). To determine whether oral microbial communities differed among groups (beta-

diversity), distances were calculated by unweighted UniFrac (p = 0.006) and Bray-Curtis (p 

= 0.02) statistics. No clear separation between the AIA and control groups was observed in 

most oral samples from the AIA group clustered separately from the control group; however, 

in the AIA + MTX group there was a clear distinction in relation to the control and AIA 

groups (Fig. 2B and C).

For the gut microbiome, the AIA groups tended to show increased diversity compared 

to control. However, MTX treatment caused a decrease in the diversity assessed by the 

Chao1 index (Fig. 3A). Similar to the oral microbiota, in the gut microbiome, most samples 

from the AIA group clustered separately from the control and the AIA + MTX group 

showed a clear difference in the gut microbiota composition (weighted UniFrac: p = 0.003; 

Bray-curtis: p = 0.005) (Fig. 3B and C).

3.3. Treatment with MTX modified the composition of the oral and gut microbiota by 
altering the dominant phyla

Regarding the differences in the abundance of the major phylum in the oral microbiota, 

in the control group, the most dominant phylum was Firmicutes, with many of its 

health-related members. In the AIA group, there was a shift toward the predominance of 

disease-associated Campilobacteriota and Bacteroidetes, and MTX treatment led to greater 

dominance of the health-associated phylum Proteobacteria. The abundance of Bacteroidota, 

Campilobacterota and Verrucomicrobiota increased in the AIA group compared to control, 

while MTX treatment reversed this increase and led to lower proportions of these bacteria 

than in the control group (Fig. 4A). In contrast, Firmicutes and Proteobacteria were reduced 

in AIA animals, with a pronounced increase in Proteobacteria after MTX treatment, making 

this phylum the dominant bacterial type in the MTX group (Fig. 4B).
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Most gut bacteria belonged to the phylum Bacteroidota, followed by Firmicutes. AIA had 

a diverse impact on these phyla, decreasing Bacteroidota and increasing Firmicutes. The 

Firmicutes/Bacteroidetes ratio is widely accepted to have an important influence on the 

maintenance of normal intestinal homeostasis. While MTX treatment partially reversed the 

AIA effect in Bacteroidota, an additional increase in Firmicutes was revealed in this group 

compared to the control and AIA groups (Fig. 5A). The Verrucomicrobiota phylum was 

the most impacted by the induction of AIA, with the highest proportion of these bacteria. 

Treatment with MTX restored the levels of Verrucomicrobiota in relation to the control. The 

Deferribacterota and Cyanobacteria phyla were significantly reduced in the AIA and AIA + 

MTX groups compared to control (Fig. 5B).

3.4. MTX reversed the increase of pathogenic species caused by the AIA shift

In the oral microbiota, the operational taxonomic units (OTU) differed considerably between 

the AIA and control groups. Many members of Lachnospirales were differentially affected 

by MTX, with some of them increasing in number and others decreasing compared to the 

AIA and control groups (Fig. 6A). When comparing the oral microbiota between the AIA 

and AIA + MTX groups, some differences were observed, such as an increased abundance 

of Rikenella and Streptococcus in the latter group (Fig. 6B). When comparing differentially 

abundant taxa at the species level, it was observed that Escheria coli increased in the 

AIA group compared to control. However, treatment with MTX drastically reduced the 

proportion of this species. Other species, including Enterococcus faecium, Akkermansia 
muciniphila, Bacteroides uniformis, were also reduced by MTX treatment. Conversely, 

Streptococcus respiraculi, Brevundimonas olei, Pseudomonas xanthomarina, and Rothia 
nasimurium numbers were lower in the control and AIA groups, but were significantly 

increased in the AIA + MTX group (Supplementary Fig. 2).

When comparing the gut microbiota between the control animals and the AIA 

group, differences were observed in the proportion of bacteria such as Roseburia and 

Ruminococcus, with a significant reduction in the AIA animals. Also, many OTU from 

the Muribaculaceae family were differentially abundant between groups. The proportions 

of some bacteria such as Bacteroides and Butyricimonas were decreased in the AIA 

group compared to the AIA + MTX group (Supplementary Fig. 3A). Other bacteria such 

as Rikenella and Odoribacter were increased in AIA animals (Supplementary Fig. 3B). 

Akkermansia muciniphila was increased in the AIA group, although it was reduced in the 

AIA + MTX group (Supplementary Fig. 4).

We next investigated the correlations among the microorganisms at the genus level in oral 

and gut samples. Negative correlations were found between Campylobacter and Rothia, 

and positive correlations between Campylobacter and Entereococcus, and Prevotellaceae 
and Staphylococcus (Supplementary Fig. 5A). In the gut microbiome, Akkermansia 
showed a negative correlation with Bacteroides, Escherichia Shigella and Lachnospiraceae 
and a positive correlation with Campylobacter and Enterorhabdus. Bacteroides was 

negatively correlated with Campylobacter and positively correlated with Butyricimonas 
(Supplementary Fig. 5B).
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4. Discussion

We demonstrated that MTX was able to decrease joint oedema and prevent arthritis-induced 

alveolar bone loss in mice. These effects may be due to changes in the oral and gut 

microbiota since MTX impacted microbial communities. For the first time, our data 

collectively highlight the impact of MTX on the oral-gut axis microbiota and the protective 

activity of MTX against arthritis-induced alveolar bone loss.

It is known that MTX remains the anchor drug for the treatment of RA worldwide [12], 

although it may be ineffective for 30%–40% of individuals, with no indication about 

which patients may benefit from therapy [27]. In this scenario, contemporary studies have 

reported that the bioavailability and clinical efficacy of MTX in the treatment of RA can 

be modulated by the composition and function of gut microorganisms and their enzymatic 

products, leading to a decrease in host immune activation [3,11,13]. Furthermore, RA 

supposedly affects the oral microbiota [10]; in turn, the impact of MTX on the latter and on 

alveolar bone is unknown. Herein, we demonstrated that the response to MTX impacted the 

richness and variability of the oral and gut microbiome in an experimental model of arthritis. 

On this basis, it has recently been proposed that microbial diversity in the oral sample 

of individuals with RA is more likely to increase or to remain static in these individuals 

compared to healthy controls [10]. The most profound impact was on the gut microbiota, 

where AIA tended to increase diversity compared to control. However, treatment with MTX 

caused a decrease in diversity. Former studies have shown that MTX also has an impact on 

the gut microbiota in addition to decreasing alpha diversity in stool samples [3,11,28]. We 

also observed that most of the oral and gut samples from the AIA group clustered separately 

from the control group, whereas treatment with MTX clearly changed the beta diversity, as 

documented elsewhere [5,11,28].

In line with the alpha and beta diversity findings, we observed a series of changes in 

the oral and gut microbiota induced by MTX treatment both at the phylum and at the 

species level. Arthritis-induced alveolar bone loss has been associated with changes in 

the composition of the oral microbiota in the AIA model [29]. In our study, an in-depth 

analysis of the oral microbiome revealed similar findings. For instance, at the phylum 

level, the oral microbiota of control animals was dominated by Firmicutes, with a reduced 

proportion in the AIA group and partially restored with MTX treatment. Indeed, most 

members of the Firmicutes phylum are linked to healthy ones such as Streptococcus [10,30]. 

Also, the levels of the phyla Bacteroidota, Campilobacterota and Verrucomicrobiota were 

increased in the AIA group and were reduced by MTX treatment. Studies have shown 

that Bacteroidota are highly associated with disease [30,31]. On the other hand, our results 

showed a greater abundance of the Proteobacteria phylum after MTX treatment, consistent 

with previous studies showing higher Proteobacteria levels under healthy conditions [30,31]. 

Members of Lachnospirales were also differentially affected by MTX, with some increasing 

in abundance and others decreasing when compared to the AIA and control groups. Of 

note, we have previously documented that increased levels of some Gram-negative and 

anaerobe species, including Parvimonas micra, Veillonella parvula, and Selenomonas noxia 
in oral microbiota composition, were primarily associated with experimental AIA [29]. 

Another study, however, reported that oral pathobionts were associated with the synovial 
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proteome in the RA model [32]. The authors hypothesized that this certainly occurred 

because periodontal bacteria shape the arthritis subtype and thereby set the groundwork for 

the ultimate response to therapy [32].

Our co-occurrence analysis regarding the oral microbioma indicated that the presence 

of pathogenic bacteria such as Escherichia shigella was positively correlated with other 

pathogenic bacteria such as Akkermansia [33] and Campylobacter [34]. Conversely, negative 

correlations were observed between Akkermansia and Haemophilus, and other members 

of the microbiome considered to be “healthy bacteria” such as Streptococcus and Rothia 
[34,35]. Notably, MTX satisfactorily prevented arthritis-induced bone loss, an effect 

possibly linked to the changes in bacterial communities. In this respect, we emphasize that 

it is uncertain how to differentiate what is bidirectional from changes in alveolar bone and 

oral microbiota caused by RA, MTX treatment, or interactions with commensal bacteria. In 

the case of reversal of alveolar bone loss by MTX treatment, it should be mentioned that, at 

least in experimental settings, bacteria in the oral cavity significantly affected the intestinal 

microbiome [6,36]. Nonetheless, further studies are needed to investigate specific bacteria 

in the oral-gut axis microbiota and their role in alveolar bone homeostasis. Recent literature 

revealed that MTX improved periodontal bone loss, although the authors did not investigate 

the isolated effects of MTX on the RA-induced alveolar bone [15]. The likelihood that 

MTX may also positively impact the dental supporting tissues of individuals with RA has 

been hypothesized [15]; however, in animals, MTX has been reported to promote osteoclast 

formation through increased levels of inflammatory cytokines [37].

An accumulating body of evidence supports a relationship between gut microbiota and 

joint inflammation in animals and humans [10,11,38,39]. Herein, we detected that, the 

induction of AIA led to a decrease in Bacteroidota in the gut microbiota, but treatment 

with MTX reversed this effect. The Firmicutes/Bacteroidetes ratio has been associated with 

several pathological conditions [40]. In this context, a study revealed that the population, 

diversity and major components of the gut microbiota of mice were dramatically modified 

in response to treatment with intraperitoneal MTX in a time-dependent manner. As a result, 

Bacteroidales exhibited the most distinct variation among all taxa [41]. Another study 

reported that oral administration of Porphyromonas gingivalis increases the Bacteriodetes 
and decreases the Firmicutes [36], while others showed that treatment with MTX increased 

the proportion of Bacteriodetes, Firmicutes and Verrucomicrobiota, in agreement with our 

findings [11].

Comparing differences at the species level, we found that Escherichia coli, a known 

pathogenic bacterium, was increased in the AIA group compared to control, and treatment 

with MTX drastically reduced the proportion of this species. Of interest, differences in 

colonization by pathogenic types of Escherichia coli were identified in individuals with 

inflammatory arthritis, who had lower joint scores and inflammatory markers although 

their IgA anti-Escherichia coli antibody responses were higher [42]. Enterococcus faecium, 

Akkermansia muciniphila [33] and, to a lesser extent, Bacteroides uniformis [11], are also 

bacteria that have been associated with some autoimmune rheumatic diseases and were 

reduced here by MTX treatment. Previous studies have demonstrated that the probiotic 

bacteria Escherichia coli and Enterococcus faecium had a beneficial effect on MTX 
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treatment of adjuvant arthritis in murine models [43,44]. Dysbiosis of the gut microbiota 

has been detected in individuals with RA, as also observed for the oral microbiome, with 

some species being depleted (Haemophilus spp.) and others (Lactobacillus salivarius) being 

significantly increased. Curiously, these changes were partially recovered with treatment 

with DMARDs [3]. According to this premise, immunosuppressive agents that can restore 

gut microbial composition and immunologic balance may function as therapeutic drugs 

for RA [45]. Low-dose MTX-induced changes in the gut microbiome reduce host immune 

activation [11]. Specifically, alterations in the microflora can lead to the decrease of multiple 

populations of host cells, such as activated T cells, B cells, myeloid cells, among others [46]. 

In this line, antigen-specific regulatory T cells revealed a promising immunosuppressive key 

in an arthritis-prone mouse model [47]. Nonetheless, experimental studies are needed to 

unravel the induction of tolerogenic cell therapy in the microbiome content of the oral-gut 

axis in RA.

Taken together, our data support the idea that the oral and gut microbiome can experience 

dramatic changes after MTX therapy. These results underscore the importance of the 

changes in the oral-gut axis microbiome to monitor the response to MTX therapy. However, 

this study also has shortcomings that should be acknowledged. Despite the limitations 

that apply to animal models, especially in the context of recapitulation of the complex 

process of RA in humans, we chose the AIA because it has high reproducibility and allows 

the quantification of the response with quantitative parameters of the disease. Finally, the 

cellular and molecular mechanisms underlying MTX rescue in the oral-gut axis microbiota 

and the protective activity of MTX against arthritis-induced alveolar bone loss remain to be 

defined.

5. Conclusion

In summary, despite the significance of these results at the individual microorganism 

level, treatment with MTX clearly demonstrated a significant impact on the diversity 

and composition of the oral and gut microbiota while protecting alveolar bone loss. An 

orchestrated interaction between pathogenic microorganisms that can lead to dysbiosis in 

arthritis is a remarkable phenomenon. Our findings also provide new insights into drug–

microbiome–host interactions during the course of RA.
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Fig. 1. 
Representative 3D image of the alveolar bone crest of control mice (A), mice with 

antigen-induced arthritis (AIA) (B) and AIA mice treated with methotrexate (MTX) (C). 

Quantification of alveolar bone crest loss on the palatal surface of the maxillary first, second 

and third molar regions. The region analysed is circled in red (D). Note: n = 5 animals per 

group; One-Way ANOVA (p < 0.05).
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Fig. 2. 
Diversity of oral microbiota. (A) Chao1 and Shannon alpha diversity index. (B) Microbiota 

separation on the principal coordinates calculated from unweighted and (C) weighted 

UniFrac distances. Control animals, arthritis induced group (AIA) and animals with arthritis 

treated with methotrexate (AIA + MTX). Note: n = 5 to 12 animals per group; ns: non-

significant.
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Fig. 3. 
Diversity of gut microbiota. (A) Chao1 and Shannon alpha diversity index (B) Microbiota 

separation on the principal coordinates calculated from unweighted and (C) weighted 

UniFrac distances. Control animals, arthritis induced group (AIA) and animals with arthritis 

treated with methotrexate (AIA + MTX). Note: n = 4 to 16 animals per group; ns: non-

significant.
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Fig. 4. 
Relative abundance of oral microbiota composition at the phylum level. Note: n = 5 to 12 

animals per group.
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Fig. 5. 
Relative abundance of gut microbiota composition at the phylum level. Note: n = 4 to 16 

animals per group.
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Fig. 6. 
(A) Graph depicting oral operational taxonomic units (OTU) with differences in relative 

abundance in the AIA group compared to control animals based on partial least squares-

discriminant analysis (PLSDA). (B) Graph depicting oral OTU with differences in relative 

abundance in the AIA + MTX group compared to AIA animals based on PLSDA results.
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