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As a widely used anticancer and immunosuppressive agent, methotrexate (MTX) can induce multiple adverse
drug reactions (ADRs), such as gastrointestinal toxicity, the mechanisms are poorly understood. Gut microbiota
has beenwidely reported to be associatedwith the onset ofmultiple diseases aswell as treatment outcomes of dif-
ferent drugs. In this study, mucosal injury was observed in MTX-treated mice, leading to significant changes in
macrophages (i.e., M1/M2 ratio, P b 0.05) but not in dendritic cells. Moreover, the population, diversity and prin-
cipal components of the gut microbiota in mice were dramatically altered after MTX treatment in a time-
dependent manner, and Bacteroidales exhibited the most distinct variation among all the taxa (P b 0.05).
Bacteroides fragiliswas significantly decreased with MTX treatment (P b 0.01) and tended to decrease proportion-
ately with increasingmacrophage density. Gavage of mice with B. fragilis amelioratedMTX-induced inflammatory
reactions and modulate macrophage polarization. In conclusion, our results delineate a strong impact of the gut
microbiota onMTX-induced intestinal mucositis and provide a potential method for the prevention of such ADRs.
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1. Introduction

Methotrexate (MTX), a structural analog of folic acid, blocks folate
metabolism via competitive inhibition of dihydrofolate reductase
(DHFR), thus leading to the suppression of de novo synthesis of purines
and pyrimidines [1–3]. Over the past decades, MTX has been successfully
used to treat various cancers and autoimmune diseases either alone or in
combination with other agents [4]. Unfortunately, the curative potential
of MTX is sometimes reduced due to its morbid multi-organ toxicity, in-
cluding gastrointestinal toxicity, bone marrow toxicity, cardiotoxicity,
nephrotoxicity and hepatotoxicity [5–7]. Currently, intestinal toxicity is
the major dose-limiting factor for MTX administration, and MTX-
induced intestinal mucositis represents a significant burden to patients.
The condition may affect the entire gastrointestinal tract and is typically
accompanied with nausea, bloating, abdominal pain and diarrhea,
which often result in malabsorption, weight loss and disrupted
y, West China Hospital,
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73@gmail.com (L. Yang).
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chemotherapy [8–10]. Despite all the efforts being made to ameliorate
MTX-induced intestinal damage [11–14], there is no satisfactory thera-
peutic intervention so far that prevents or treats all the symptoms [15].
This is due, at least in part, to the lack of understanding of the mecha-
nisms by which MTX induces intestinal impairment. A limited number
of studies suggest that the administration of MTX induces DNA strand
breaks in rapidly proliferating intestinal epithelial cells [16] and causes
significant oxidative stress [17, 18]. More importantly, MTX may exert
deleterious effects through a dynamic sequence of complex inflamma-
tory events initiated by direct cellular injury in the intestinal epithelium
and submucosal tissues [16, 19]. According to various reports, the mono-
nuclear phagocyte system (MPS) plays a key role in the maintenance of
gut homeostasis and exhibits multiple functions during immune re-
sponses in the intestine. The MPS mainly comprises dendritic cells
(DCs) and macrophages [20], which initiate adaptive immune responses
[21] and act as innate effector cells [22], respectively. When tissues are
damaged following infection or injury, inflammatory monocytes are re-
cruited from the circulation or the intestinal reservoir for homeostatic ad-
aptation. Therefore, it is possible that theMTX-induced intestinal damage
may cause dysregulation of the intestinal MPS, thus leading to a vicious
inflammatory cycle.
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Research in context

Methotrexate has been successfully used to treat various cancers
and autoimmune diseases either alone or in combination with
other agents. Unfortunately, intestinal toxicity is the major dose-
limiting factor for MTX administration, and MTX-induced intesti-
nal mucositis represents a significant burden to patients. Our re-
sults delineate a strong impact of the gut microbiota on MTX-
induced intestinal mucositis and provide a potential method for
the prevention of such adverse drug reactions.
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On the other hand, the activated immune system in the intestine can
also impact the gut microbiota, a diverse microbial community mainly
composed of bacteria that colonize the gastrointestinal tract. Despite
the complexity of the gut microbiota, there is a mutualistic relationship
between the host and microorganisms in which the microbiota contrib-
utes tomany physiological processes of the host, and in turn the host pro-
vides niches and nutrients for microbial survival [23, 24]. As the
homeostasis of the gut microbiota is important to the intestinal epithe-
lium and immune system and may modulate the intestinal metabolism
of drugs, aberrant changes of the gut microbiota can result in altered
drug response, including treatment inefficiency as well as adverse drug
reactions (ADRs) [25]. For instance, the antitumor efficacy of CTLA-4
blockade-based immunotherapy is dependent on distinct Bacteroides
species in the intestine, and response to CTLA-4 inhibitors may be lost
in antibiotic-treated or germ-free mice [26]. Therefore, it is worthwhile
to investigate the relationship among MTX-induced intestinal toxicity,
immune responses and disruption of the gut microbiota.

In this study, we determined the impact of MTX on the intestinal
mucosal damage, alteration in the MPS properties, and consequent im-
balance in the host gutmicrobiota. We also observed that via a dynamic
sequence of detrimental intestinal inflammatory reactions, MTX pro-
foundly aggravates intestinal toxicity, which can be ameliorated by ga-
vage with specific Bacteroides species. The current study may fuel
subsequent studies investigating the prevention of treatment of MTX-
induced intestinal damage.
2. Methods

2.1. Mice and Treatment

Eight-week-old male Balb/c mice were purchased from Beijing Vital
River Laboratory Animal Co. Ltd. (Beijing, China). All mice were main-
tained in a pathogen-free animal facility. All experimental procedures
and animal care were carried out in compliance with the regulations
of the Animal Care Committee of Sichuan University. The mice were in-
traperitoneally (i.p.) injected with 1 mg/kg of MTX (Sigma-Aldrich,
USA) or PBS every 3 days. The mice were treated with or without met-
ronidazole (Sigma-Aldrich, USA) for 2 weeks before MTX injection and
given antibiotics until the beginning of the experiment. Metronidazole
(1 mg/ml) was added to sterile drinking water. The solutions and bot-
tles were changed 2 times a week.
2.2. Cell Culture and Reagents

Colon adenocarcinoma Caco2 cells and intestinal epithelial IEC6 cells
were cultured at 37 °C in 5% CO2 in DMEM (Gibco, USA) supplemented
with 10% heat-inactivated fetal bovine serum (Gibco, USA),
100 units/ml penicillin (Beyotime Biotechnology, China) and 100 μg/ml
streptomycin (Beyotime Biotechnology, China). Macrophage RAW264.7
cells were cultured at 37 °C in 5% CO2 in RPMI-1640 (Gibco, USA) me-
dium supplemented with 10% heat-inactivated fetal bovine serum
(Gibco, USA), 100 units/ml penicillin (Beyotime Biotechnology, China)
and 100 μg/ml streptomycin (Beyotime Biotechnology, China).

2.3. Microbial DNA Extraction, 16S rDNA Amplicon Sequencing

The fecal samples used in this study were collected before or after in-
jection of MTX (or PBS) from mice under metronidazole regimen or
water and kept at −80 °C until further analysis. Frozen fecal samples
were processed for DNA isolation using the Stool DNA Isolation Kit ac-
cording to manufacturer's instructions. One nanogram of purified fecal
DNAwas used for PCR amplification. Amplicons spanning the variable re-
gion 4 (V4) of the 16S rRNA gene were generated by using the following
primers: forward, 5′-GTGCCAGCMGCCGCGGTAA-3′; reverse, 5′-GGAC
TACHVGGGTWTCTAAT-3′. The PCR products were then sequenced on
an Illumina Hi-seq sequencer at Novogene (Novogene, Beijing, China).

2.4. Taxonomic Microbiota Analysis

FLASH (V 1.2.7, http://ccb.jhu.edu/software/FLASH/) [27] was used
to obtain assembly reads, i.e., the raw tags, for each sample, from
which the sequences of barcodes and primers were truncated. The
raw tags were then processed using the QIIME (Quantitative Insights
Into Microbial Ecology, http://www.qiime.org) analysis pipeline to ob-
tain clean tags [28–30]. Using Uparse (V 7.0.1001, http://drive5.com/
uparse/) [31], sequences sharing 97% nucleotide sequence identity in
the 16S region were binned into operational taxonomic units (OTUs).
Taxonomical classification was performed using the RDP-classifier (V
2.2, http://sourceforge.net/projects/rdp-classifier/) [32], and OTU map-
ping was employed using the SILVA database (http://www.arb-silva.
de/) [33]. For alpha diversity, QIIME and R (V 2.15.3) were used to con-
struct the Chao1 curve. For beta diversity, the Unifrac distance was cal-
culated using QIIME, and PCA was performed using R.

2.5. Co-Culture of B. fragilis with RAW264.7 Macrophages

B. fragilis (ATCC 25285) were plated at 1 × 106 per well with 100 μl
BHI and cultured with or without 1 × 106/ml RAW264.7 cells. After
16 h, the B. fragilis was collected, diluted and cultured on sheep blood
agar plates for 24 h.

2.6. Gut Colonization with Dedicated Bacterial Species

For inoculation of mice untreated or treated with metronidazole,
colonizationwas performed on the day following thefirstMTX injection
by oral gavage with 100 μl PBS containing 1 × 109 bacterial cells.
B. fragilis was grown on sheep blood agar plates for 48 h at 37 °C
under anaerobic conditions. B. fragilis was harvested from the sheep
blood agar plates, suspended in sterile PBS, centrifuged and washed
with PBS and then resuspended in sterile PBS at an optical density
(600 nm) of 1, which corresponds to approximately 1 × 109 colony-
forming units (CFUs) per ml.

2.7. Flow Cytometry

Mesenteric lymph nodes (MLNs) and spleens were harvested from
mice on day 7 or day 14 after the first injection of MTX. The tissues
were cut into small pieces and digested with type IV collagenase
(Sigma, USA) at 37 °C for 30 min with shaking. The mixture was subse-
quently filtered through a 70 μm cell strainer. The cells were stained
with antibodies against the following surface markers for flow cytome-
try: CD11b, F4/80, CD206 and CD11c. The antibodies were purchased
from BD Biosciences and BioLegend. Cell populations were gated as fol-
lows: M1 macrophage (CD11b+F4/80+), M2 macrophage
(CD11b+CD206+) and DC (CD11c+). Flow cytometry was performed
on a FACSCalibur (BD, USA) flow cytometer, and the data were analyzed
with the software FlowJo 6.0.

http://ccb.jhu.edu/software/FLASH
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2.8. Histology of Gut Tissue and Immunofluorescence Staining of the Gut
Leukocytes

The whole tissue of the small intestine (duodenum, jejunum and
ileum) and colonwas harvested, cleaned from feces,fixed in 4% parafor-
maldehyde for 24 h and then embedded longitudinally in paraffin. Small
intestine or colon tissues were cut into 4 μm longitudinal sections and
stained with hematoxylin and eosin for histological analyses. To evalu-
ate lymphocytic infiltration, the longitudinal sections were blocked
with 5% bovine serum albumin (BSA) for 1 h. Then, FITC-conjugated
anti-mouse CD4 (1:100 for 2 h, BD Biosciences), PE-conjugated anti-
mouse CD11b (1:100 for 2 h, BD Biosciences) and DAPI (Beyotime Bio-
technology) were used. All steps were performed at 4 °C in the dark.
Thickness of muscularis mucosae was assessed using Image J.

2.9. Gene Expression Analysis

Total RNAwas extracted from intestinal tissues or cells using RNAiso
Plus (TaKaRa, Japan). Complementary DNA was generated using the
PrimeScript™ RT reagent Kit with gDNA Eraser (TaKaRa, Japan) accord-
ing to the manufacturer's instructions. Quantification of gene expres-
sion was performed on Bio-rad CFX Connect platform using the
SYBR® Fast qPCR Mix (TaKaRa, Japan). The gene-specific primer se-
quences are shown in Supplementary Table 1.

2.10. Quantification of Bacteria by qPCR

Genomic DNA was isolated from fecal samples using the Stool DNA
Isolation Kit (Foregene, China) following the manufacturer's instruc-
tions. qPCR was performed using SYBR Green for different Bacteroides
species. The gene-specific primer sequences are shown in Supplemen-
tary Table 1.

2.11. Cytotoxicity Tests and Cell Treatment With B. fragilis

The ability of MTX to inhibit the replication of cells was assayed in
96-well plates using a cell counting kit-8 (CCK-8, Dojindo, Japan).
Cells were plated at a density of 1 × 104 per well with 100 μl cell culture
medium and treated with or without 7.8–2000 ng/ml MTX. After 24 h,
the cells were further incubated with 10 μl CCK-8 for 4 h at 37 °C. The
percentage of cells that stained positively with CCK-8 compared with
the control cells were used to quantify the half-maximal inhibitory
Fig. 1.MTX induces inflammatory responses in intestinal tissues. (a) Representative hematoxyli
(b) Representative immunofluorescence staining of the monocyte surface marker (CD11b) in t
counterstained with DAPI (blue); magnification 200×.
concentration (IC50). Cells were plated at a density of 2 × 105 per well
in 6-well plates with MTX (according to IC50) and incubated with or
without 1 × 107 CFUs/ml B. fragilis for 4 h and then were collected and
evaluated for gene expression analysis.
2.12. Statistical Analyses

The data were analyzed with Prism 5 (GraphPad). The data are pre-
sented as the means ± SEM, and P values were computed using un-
paired two-way analysis of variance (ANOVA). Corrected p values
were shown to account for multiple testing. All reported analyses
were considered significant at P values b0.05.
3. Results

3.1. MTX Induced Inflammatory Response in Intestinal Tissues

To investigate the effects of MTX on the intestinal tissue, intesti-
nal samples were collected from Balb/c mice after systemic adminis-
tration of MTX for 14 days and prepared for histological analyses. In
comparison with the PBS-treated controls, the MTX-treated mice
tended to exhibit distinct villous atrophy, increased goblet cell accu-
mulation and collapsed muscularis mucosae in the jejunum. In addi-
tion to these alterations, the MTX-induced mucosal damage in the
colon was accompanied with inflammatory cell infiltration (Fig. 1a
and Supplementary Fig. 1), indicating that MTX induces mucosal in-
flammation. In line with these results, immunofluorescence staining
of jejunum and colon showed aberrant accumulation of CD11b+ my-
eloid cells in the MTX-treated mice but not in the PBS-treated mice
(Fig. 1b), while no difference in CD4+ T cells was detected. These
data suggest that the MTX-induced intestinal damage may be attrib-
uted to a series of intestinal inflammatory changes including
CD11b+ myeloid cell infiltration.

To further confirm the hypothesis that MTX promotes intestinal in-
flammatory response, the mRNA expression levels of inflammatory
markers in jejunal and colonic tissues were detected in the MTX-
treated mice and PBS-treated mice using real-time PCR. We observed
anup-regulation of IL-1β, TNF-α and IFN-γmRNA expression in both je-
junum and colon of the MTX-treated mice, while lower levels of IL-6
were observed in the jejunum of the same groups (Fig. 2). However,
no IL-10 was detectable in the intestinal tissues.
n-eosin (HE) staining of the jejunumand colon in control andMTX-treatedmice on day 14.
he jejunum and colon of Balb/cmice treated with or without MTX on day 14. Nuclei were
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3.2. MTX Induced Changes in Macrophage Subsets

To explore the changes in immune cell activities, we focused on
the increased proportions of CD11b+ mononuclear phagocytes,
which can be subdivided into macrophages and DCs. There are two
main groups of macrophages, designated as activated macrophages
(also known as M1 macrophages, promoting inflammatory re-
sponses by producing substantial amounts of nitric oxide and pro-
inflammatory cytokines such as IL-12 and TNF-α) and alternatively
activated macrophages (also known as M2 macrophages, serving
Fig. 2.MTX induces alterations in intestinal cytokines. (a-d) Real-time PCR analyses of expres
treatment with or without MTX (n = 3/group). (e-h) Expression levels of cytokines (e) IFN
means ± SEM; *P b 0.05 and **P b 0.01 versus PBS treatment (normal).
anti-inflammatory functions by producing anti-inflammatory cyto-
kines such as IL-10) [34–37]. Due to the plasticity of environment-
dependent M1 or M2 polarization and their diverse roles in inflam-
mation induction/homeostasis maintenance, we quantified the M1
and M2 macrophages in the mesenteric lymph nodes (MLNs) and
spleens to investigate the effect of MTX on the intestinal and extra-
intestinal lymphoid tissues, respectively. The MTX-treated mice ex-
hibited fewer CD11b+F4/80+ M1 macrophages and more
CD11b+CD206+ M2 macrophages in both MLNs and spleens accord-
ing to flow cytometric examination (Fig. 3a–d). The M1/M2 ratio-
sion of cytokines (a) IFN-γ, (B) IL-1β, (c) TNF-α, and (d) IL-6 in the mouse jejunum after
-γ, (f) IL-1β, (g) TNF-α, and (h) IL-6 in the mouse colon (n = 3/group). Shown are the
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based differences were markedly pronounced in the MTX-treated
group than in the PBS-treated group (Fig. 3e and d), indicating that
MTX facilitates the polarization of pro-inflammatory M1 macro-
phages and decreases the anti-inflammatory M2 phenotype, thereby
promoting intestinal inflammation. Concomitantly, MTX can also be
implicated in the regulation of monocyte polarization in the spleen.

Given that dendritic cells are also essential for active immunity,
changes in the CD11c+ dendritic cells were also monitored in the
MLNs and spleens using flow cytometry. Increasing numbers of DCs
were observed in the MLNs after 14 days of MTX treatment, whereas
no significant difference could be detected in the spleens (Supplemen-
tary Fig. 2), suggesting that long-term MTX treatment can increase the
number of DCs in the MLNs but not in spleens.
Fig. 3. MTX induces changes in macrophage subsets in the mesenteric lymph nodes (MLNs)
(b) CD11b+CD206+ M2 macrophages in MLNs on day 7 and day 14. (c, d) MTX-associated ch
in the spleens on day 7 and day 14. (e) M1/M2 ratio in the MLNs on day 7 and day 14. (f) M1
±SEM; *P b 0.05 and **P b 0.01 versus PBS treatment.
3.3. MTX Induced Changes in Intestinal Microbial Components

Considering that M1 macrophages function as phagocytes and are
specialized in the recognition and elimination of microbes [38] and
the gut microbiota is closely associated with the intestinal epithelium
and immune system, we hypothesized that MTX would stimulate M1
macrophage growth and causally disturb the balance of the gutmicrobi-
ota. Therefore, feces of mice with/without MTX treatment were col-
lected on day 0, day 7 and day 14 for analyses of the gut microbiota by
performing high throughput pyrosequencing of 16S ribosomal RNA
(rRNA) gene amplicons.

Analyses of alpha diversity of bacteriawith the Chao1 index revealed
gradually reduced diversity of the total microbiota in the MTX-treated
and spleens. (a, b) MTX-associated changes in (a) CD11b+F4/80+ M1 macrophages and
anges in (c) CD11b+F4/80+ M1 macrophages and (d) CD11b+CD206+ M2 macrophages
/M2 ratio in the spleens on day 7 and day 14. (A-F, n = 3/group) Shown are the means
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groups, whereas the species richness of microbial communities in the
PBS-treated controls showed little difference over time (Fig. 4a), the
analyses of Observed species, abundance-based coverage estimator
(ACE) and Shannon diversity were in accord with Chao 1(Supplemen-
tary Fig. 3). Additionally, principal component analysis (PCA) demon-
strated that the composition of the gut microbiome of mice treated
with MTX for 14 days was significantly altered compared with that of
the PBS-treated mice on day 0 (Fig. 4b and Supplementary Fig. 4).
These findings are consistent with our hypothesis that MTX contributes
to perturbations of microbiota composition.

Further, the significantly altered components of the intestinalmicro-
biota were estimated by comparing theMTX-induced discrimination of
normalized operational taxonomic units (OTUs) in mice. The OTUs of
different microbiota were gradually increased or decreased during
MTX treatment (Supplementary Table 2), which is illustrated in the
form of a heatmap (Fig. 5a). For instance, the Ruminococcaceae family
underwent a sharp decrease (Fig. 5b), while the number of
Lachnospiraceae family members was dramatically increased (Fig. 5c).
To identify the most differentially abundant taxa in the MTX-treated
mice over time, the linear discriminant analysis (LDA) effect size
(LEfSe) method was applied to assess the effect size of each taxon. The
output revealed that mice treated with MTX for 7 days and 14 days
had fewer Bacteroidetes in the feces (Fig. 5d). Consistent with this find-
ing, statistical analysis indicated a reduction in Bacteroidales in the MTX
group (Fig. 5e). In addition, LefSe and statistical analysis for MTX-
treated mice versus PBS-treated mice had been proceeded with
timepoint as covariate, the results indicated that Bacteroidales was de-
creased in MTX-treated mice compared to PBS-treated mice
Fig. 4.MTX induces changes in intestinalmicrobial components. (a) Alpha diversity and (b) prin
on day 0, day 7, and day 14. Shown are the means ± SEM; ns, not significant; *adjusted P b 0.0
(Supplementary Fig. 5a–b). Linear mixed effect model was conducted
at the same time, MTX treatment and timepoint were considered as
fixed effect, Bacteroidaleswas also changed significantly in this analysis
(Supplementary Table 3). Collectively, we demonstrate a profound role
ofMTX in thequantitative alteration of a diverse range ofmicrobial taxa,
among which Bacteroidales exhibited the most distinct variation.

Since Bacteroides serves as a representative genus of the
Bacteroidaceae family, we performed real-time PCR targeting specific
Bacteroides species in fecal contents. The content of B. thetaiotamicron
distinctly increased (Fig. 6a), while that of B. uniforms and B. fragilis sig-
nificantly decreased after MTX but not PBS treatment (Fig. 6b–c). Nota-
bly, one of the well-reported regulatory Bacteroides isolates, B. fragilis
[39], was the most significantly impacted in terms of fold change
(Fig. 6b).

3.4. B. fragilis Ameliorated MTX-Associated Inflammatory Damage

B. fragilis, a member of the normal colon microbiata, has been dem-
onstrated to play a vital role in immune regulation and associated with
auto-immune diseases [40] as well as to the drug response against
CTLA-4 [26]. Therefore, we focused on B. fragilis to explore the relation-
ship between the intestinal microbiota andMTX-induced inflammatory
response.

First, we performed co-culture of RAW264.7 macrophages and
B. fragilis to validate the causal effect of promotion of M1 macrophages
by Bacteroides. Our data showed that the proliferation rate of B. fragilis
tended to decreasewith the increase inmacrophage density, suggesting
that the proliferation of B. fragilis was inhibited by RAW264.7
cipal component analysis (PCA) of the gutmicrobiota inMTX-treated and PBS-treatedmice
5 versus day 0.
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macrophages (Supplementary Fig. 6). Accordingly, the MTX-associated
decrease in intestinal B. fragiliswas likely mediated by M1 macrophage
polarization.

These findings prompted us to ask whether the decrease in B. fragilis
promoted MTX-induced inflammation. Therefore, real-time PCR was
performed to monitor the expression of inflammatory cytokines in
Caco2 and IEC6 cells treated with or without B. fragilis and MTX at the
half-maximal inhibitory concentration (IC50) of MTX for these two
cell lines (Supplementary Fig. 7). It was illustrated that B. fragilis could
efficiently decrease the MTX-induced secretion of IFN-γ and IL-1β
(Fig. 7a and b) and increase the MTX-induced reduction in the expres-
sion of IL-6 (Fig. 7d) in both cell lines. However, the expression of
TNF-α was significantly increased by B. fragilis in Caco2 but not in
IEC6 cells (Fig. 7c). Accordingly, we found that B. fragilis could pro-
foundly ameliorate the inflammatory process promoted by MTX.

To further validate the hypothesis that B. fragilis can rescue the intes-
tine fromMTX-induced inflammatory damage, we performed histolog-
ical analyses on intestinal tissues. Since oral gavagewith B. fragilis led to
an increase in the intestinal B. fragilis quantity in mice pre-treated with
or without the antibiotic metronidazole (Supplementary Fig. 8), the
Fig. 5.MTX induces alterations in various microbial taxa over time. (a) Heatmap of OTUs of inte
abundance (b) decreased or (c) increased afterMTX treatment. (d) Linear discriminant analysis
day 14 in theMTX-treatedmice. Only taxameeting an LDA significant threshold of N3.6 are show
±SEM; ns, not significant; * adjusted P b 0.05 and ** adjusted P b 0.01 versus day 0.
metronidazole-treated mice were gavaged with bacteria of this taxon
to verify the effect of B. fragilis. In line with previous studies, MTX-
treated mice exhibited damage to the muscularis mucosae, which was
more severe in mice pre-treated with metronidazole and significantly
alleviated by gavage with B. fragilis (Supplementary Fig. 9). The results
confirmed a protective role of B. fragilis against the MTX-induced in-
flammatory damage, and thus we can confidently conclude that MTX-
associated reduction in B. fragilis aggravates the detrimental inflamma-
tory response.

3.5. B. fragilis Ameliorated MTX-Associated Macrophage Alteration

As stated earlier, MTX-induced macrophage polarization tended to
lead to the decrease in Bacteroides, and B. fragilis protected cells from
MTX-associated inflammatory response in vitro, so we next investi-
gated whether B. fragilis had any impact on macrophages.

MTX treatment alone induced M1 macrophage proliferation in
MLNs, especially in mice pre-treated with metronidazole, and addition
of B. fragilis significantly attenuated this increase inM1macrophages in-
duced byMTX(Fig. 8a). However, no significant differencewas detected
stinal microbiota in the MTX-treatedmice (n=7). (b, c) Examples of OTUs for which the
(LDA) effect size (LEfSe) of the differentially abundantmicrobial taxa on day 0, day 7, and
n. (e) Changes in Bacteroidales inmice treatedwith orwithoutMTX. Shown are themeans
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in M2 macrophages and M1 macrophages in the spleen (Fig. 8b–d).
Meanwhile, gavage with B. fragilis also mitigated the increase in the
M1/M2 ratio as a result ofMTX administration in bothMLNs and spleen,
especially in the metronidazole-treated mice that had reduced number
of B. fragilis (Fig. 8e and f), suggesting that B. fragilis can modulate the
MTX-induced macrophage imbalance and that reduction of B. fragilis
can in turn aggravate this imbalance resulting from MTX administra-
tion, thus leading to a positive feedback, which contributes to intestinal
tissue damage.
Fig. 6. Trend towards a decrease in Bacteroidales in feces post MTX treatment. Real-time PCR an
MTX-treated PBS-treated mice. Ns, not significant; *P b 0.05, **P b 0.01 and ***P b 0.001 versus
4. Discussion

MTX is considered a cornerstone of many multidrug-based chemo-
therapeutic regimens and is used for the treatment of immune diseases,
mainly targeting the folate metabolite pathway. Nevertheless, the ad-
ministration of MTX is often associated with multiple adverse events,
among which gastrointestinal toxicity is the major dose-limiting factor.
As with many other chemotherapeutic agents, MTX can induce intesti-
nal mucositis, which can affect the entire gastrointestinal tract and
alyses of feces DNA targeting (a) B. thetaiotamicron, (b) B. fragilis, and (c) B. uniforms in the
day 0.
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cause malabsorption, diarrhea, and severe pain [16, 41]. Although the
precise pathogenic mechanism underlying the chemotherapy-induced
intestinal mucositis remains unknown, several studies have suggested
the disruption of immune regulation initiated by direct
chemotherapy-induced injury to intestinal mucosa [42]. In this study,
we demonstrated that MTX-induced intestinal mucosal injury can facil-
itate the recruitment of mononuclear phagocytes, which release addi-
tional pro-inflammatory cytokines, thus potentiating tissue damage.

Notably, the human intestinal tract hosts N1012 microorganisms per
gramof luminal content [43]. Differences are reported betweenmucosal
(in both colon and jejunum) and fecal bacteria in terms of relative abun-
dance. However, they are correlated, and fecal bacteria ismostly used to
reflect the status of mucosal bacteria, due to the easy collections. This
large arsenal of microbes promotes a broad range of biochemical and
metabolic activities to complement the host physiology. For instance,
the microbiota facilitates the digestion of polysaccharides, production
of essential vitamins, development of the host's intestinal epithelium
and immune system, and prevention of pathogenic colonization
[44–46]. In turn, the dynamically and rapidly changing intestinal habitat
plays a major part in regulating both the composition of the microbial
community and the individual genomes. Accordingly, when the delicate
balance between the host and flora is disrupted, the gutmicrobiotamay
cause or contribute to diseases [47, 48]. It has been demonstrated that
the gut microbiota is associated with a diverse array of intestinal and
extra-intestinal diseases, such as inflammatory bowel disease, multiple
sclerosis, arthritis, type 1 diabetes, and allergic inflammation [49, 50].
Fig. 7. B. fragilisprotects fromMTX-induced inflammatory responses. (a-d) Effects of B. fragilis an
cells and IEC6 cells. *P b 0.05 and **P b 0.01 versus the MTX group.
Moreover, disruption of the microbiota has been shown to hinder dis-
ease rehabilitation. For example, persistent alterations in the intestinal
microbiome have been shown to contribute to obesity-associated
weight regain after dieting [51]. Our data from in vivo and in vitro stud-
ies suggested thatMTX administration lead to alterations in the popula-
tion, diversity, and major components of the intestinal microbiota,
especially Bacteroides. To reduce the technical artifacts of UPARSE, we
also conducted DADA2 to re-analyzed our data and got the similar con-
clusion (Supplementary Table 4). Along with previously confirmed
mechanisms such as high levels of oxidative and nitrosative stress, dis-
tortion in the gut microbial community exacerbates the existing intesti-
nal damage. Intriguingly, disruption of the gut microbiota has been
linked to drug responses, for example, the antitumor effects of CTLA-4
blockade has been recently found to be influenced by the composition
of the microbiota (B. fragilis and/or B. thetaiotaomicron and
Burkholderiales) [26]. Althoughwe did not investigate the impact of in-
testinalmicrobes on the efficiency of MTX treatment, we have indicated
the protective role of B. fragilis against MTX-induced inflammatory re-
sponses, suggesting the important role of such Bacteroides species in re-
sponse to multiple drugs. Collectively, we infer that the gut microbiota
may be involved in the improvement of antitumor therapeutic effects
either by directly strengthening drug efficiency or by alleviating toxic-
ities, prompting new resolutions for MTX-induced gastrointestinal tox-
icity and future studies on the mechanisms of chemotherapy-induced
complications. Moreover, our results suggested that co-treatment of
MTX and metronidazole results in severe intestinal damage partly due
dMTXon the expression of cytokines (a) IFN-γ, (b) IL-1β, (c) TNF-α, and (d) IL-6 in Caco2
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to the lack of protectivemicrobes in the intestine, and the combinatorial
use of specific antibiotics (e.g., metronidazole) and MTX is inevitable,
exogenous supplementation of B. fragilis may ameliorate the intestinal
damage. Hence, retrospective investigationsmay be needed to evaluate
the side effect of antibiotics on MTX treatment patients to avoid drug-
induced severe intestinal mucositis.

It should be noted that our analyses at the species level only focused
on Bacteroides species due to their significant variance in quantity. Nev-
ertheless, the intestinal microbiota represents a complicated ecologic
niche in which a wide range of microorganisms are correlated to the
host's immune system. Supportive evidence has revealed complicated
interactions among these microbial taxa, which play an important part
in the metabolism of food and drugs [49]. It is possible that a combined
effect of a variety of microbes played a role in the amelioration of MTX-
Fig. 8. B. fragilis ameliorates MTX-induced macrophage alterations. (a) M1 macrophages and
spleen. (A-D, n = 3/group). *P b 0.05 and **P b 0.01 versus blank control. #P b 0.05, ##P b 0.0
induced inflammation. Therefore, studies on single species without
deciphering the interplay with other taxa may be inadequate in
explaining the underlying mechanisms. Although we have indicated
that the MTX-induced gastrointestinal toxicity was exacerbated
through the alteration of the gut microbiota and that B. fragilis can ame-
liorate the damage, we did not investigate the underlying mechanisms.
Limited evidence indicates that polysaccharide A (PSA) produced by
B. fragilis may act as the causal component in the protection against
Helicobacter hepaticus-induced experimental colitis [52], so it is worth
testing whether PSA can ameliorate MTX-induced ADRs instead of
B. fragilis. In that case, taking PSA together withMTX could be a strategy
to reduce the toxicity ofMTX-based therapy. Notably, the risk of ADRs to
MTX is also associated with germline single nucleotide polymorphisms
(SNPs). For example, SNPs in the SLCO1B1 gene (e.g., rs11045879) are
(b) M2 macrophages in the MLNs. (c) M1 macrophages and (d) M2 macrophages in the
1 and ###P b 0.001 versus metronidazole + MTX.
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related to the toxicity of MTX, with the C allele being associated with
higher risk for delayed clearance and higher plasma concentration of
MTX [53]. Moreover, relationship between SNPs in the MTHFR gene (a
key enzyme for MTX pharmacokinetics) and MTX-induced toxicities
in patients with acute lymphoblastic leukemia has also been evaluated
in various populations. Although the results remain conflicting, the
C677T variant of the MTHFR gene has been associated with increased
risk of severe gastrointestinal mucositis [54]. As the reported SNPs
have potential influence on gene or protein expression, it is worthwhile
to further investigate the association between the gut microbiota and
related genes.

Our study was conducted with the hypothesis that MTX initiates
mucositis by directly impairing basal epithelial cells and cells in the sub-
mucosal tissues via DNA and non-DNA injury [16]. Subsequently, muco-
sal integrity is further damaged via up-regulation of pro-inflammatory
cytokines, resulting in higher susceptibility to bacterial colonization
and enhanced recruitment of immunocytes such as mononuclear
phagocytes. After being activated by microbial products, mononuclear
phagocytes produce additional pro-inflammatory cytokines and disrupt
the gut microbial community, which in turn enhance immunocyte re-
cruitment and contribute to imbalanced macrophage composition. The
whole process results in a vicious inflammatory cycle to amplify the pri-
mary damage. Therefore, our results essentially indicate an indirectway
bywhichMTX serves a pro-inflammatory function that is not contradic-
tory to the conventional knowledge of MTX as an immunosuppressive
agent.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ebiom.2018.06.029.
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