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Abstract
Purpose  Growing evidence shows that nutrient metabolism affects inflammatory bowel diseases (IBD) development. Pre-
viously, we showed that deficiency of indoleamine 2,3-dioxygenase 1 (Ido1), a tryptophan-catabolizing enzyme, reduced 
the severity of dextran sulfate sodium (DSS)-induced colitis in mice. However, the roles played by intestinal microbiota in 
generating the differences in disease progression between Ido1+/+ and Ido1−/− mice are unknown. Therefore, we aimed to 
investigate the interactions between the intestinal microbiome and host IDO1 in governing intestinal inflammatory responses.
Methods  Microbial 16s rRNA sequencing was conducted in Ido1+/+ and Ido1−/− mice after DSS treatment. Bacteria-
derived tryptophan metabolites were measured in urine. Transcriptome analysis revealed the effects of the metabolite and 
IDO1 expression in HCT116 cells. Colitis severity of Ido1+/+ was compared to Ido1−/− mice following fecal microbiota 
transplantation (FMT).
Results  Microbiome analysis through 16S-rRNA gene sequencing showed that IDO1 deficiency increased intestinal bacteria 
that use tryptophan preferentially to produce indolic compounds. Urinary excretion of 3-indoxyl sulfate, a metabolized form 
of gut bacteria-derived indole, was significantly higher in Ido1−/− than in Ido1+/+ mice. Transcriptome analysis showed that 
tight junction transcripts were significantly increased by indole treatment in HCT116 cells; however, the effects were dimin-
ished by IDO1 overexpression. Using FMT experiments, we demonstrated that bacteria from Ido1−/− mice could directly 
attenuate the severity of DSS-induced colitis.
Conclusions  Our results provide evidence that a genetic defect in utilizing tryptophan affects intestinal microbiota profiles, 
altering microbial metabolites, and colitis development. This suggests that the host and intestinal microbiota communicate 
through shared nutrient metabolic networks.
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Introduction

The gastrointestinal tract contains a vast population of com-
mensal bacteria, known as the gut microbiota. Gut micro-
biota are referred to as "the forgotten organ," showing simi-
larity to organs in terms of their biological function and 
complexity [1]. If the balance of gut microbiota is disturbed, 
dysbiosis of the microbiome causes intestinal diseases such 
as inflammatory bowel diseases (IBD) [2]. Over the past 
decade, the bidirectional relationship between the gut micro-
biota and IBD has been one of the most-studied aspects of 
IBD pathogenesis.

The gut microbiota can be affected by environmental fac-
tors such as diet [3], lifestyle [4], and geographic location 
[5]. Previous studies have reported that geographical dif-
ferences, both across different countries [6, 7] and within 
the same country [5, 8], contribute to shaping the human 
gut microbiota. The differences are closely related to vari-
ability in dietary habits or dietary products, which are influ-
enced by the geographical provenance of individuals [9]. In 
addition to human studies, it has recently been shown that 
genetically similar murine models can show extensive gut 
microbial variation depending on their housing conditions, 
for example, specific pathogen-free (SPF) and conventional 
conditions [10, 11].

Tryptophan, an essential amino acid, has a therapeutic 
effect in dextran sulfate sodium (DSS)-induced colitis by 
decreasing the expression of pro-inflammatory cytokines 
[12, 13]. Tryptophan is metabolized by indoleamine 
2,3-dioxygenase 1 (IDO1), the first and rate-limiting 
enzyme, as well as IDO2 and tryptophan-2, 3-dioxygenase. 
In particular, IDO1 is highly expressed in colonic tissues, 
and is highly expressed in patients with ulcerative colitis 
and Crohn’s disease [14]. A previous study in our laboratory 
showed that Ido1-knockout mice had less severe colitis than 
wild-type mice [15]. However, despite the importance of 
commensal bacteria in the development of colitis, the role 
IDO1 plays in colitis from the perspective of gut microbiota 
remains unclear.

The present study evaluated the roles of Ido1 in modu-
lating the profiles of intestinal microbiota, and identified 
bacterial taxa that ameliorate the severity of experimental 
colitis in Ido1-deficient mice. 16S rRNA gene sequencing 
approaches were used to analyze the gut microbiome in mice 
and the effects of bacterial metabolites on the transcriptome 
of colon cells. Fecal microbiota transplantation (FMT) from 
Ido1−/− mice or Ido1+/+ mice to Ido1−/− mice or Ido1+/+ 
mice was performed to examine the effect of microbial 
reconstitution on disease development.

Methods

Animal

Ido1 knockout (Ido1−/−) mice with the C57BL/6J genetic 
background were purchased from Jackson Laboratory (Bar 
Harbor, Maine, USA) [15]. Ido1−/− mice were crossed 
with C57BL/6J wild-type mice to generate the Ido1−/− and 
Ido1+/+ offspring used in this study. Mice were female, 
10–12 weeks old, and weighed 18–23 g. Age- and weight-
matched female littermates were used as controls. All mice 
were fed a standard rodent diet (Purina Laboratory rodent 
chow diet 38057; Purina Korea Inc., Seoul, Korea) ad libi-
tum. Mice were kept in different cages under conditions of 
a SPF animal facility at the Biomedical Center for Animal 
Resource Development (BCARD) of Seoul National Univer-
sity College of Medicine (Seoul, Korea). All experimental 
protocols were approved by the Institutional Animal Care 
and Use Committee of the Institute of Laboratory Animal 
Resources, Seoul National University (Institutional Animal 
Care and Use Committee permit number: SNU-150119-5).

Induction and evaluation of DSS‑induced acute 
colitis

As previously described [15], Ido1−/− and Ido1+/+ mice 
were treated with two different concentrations of DSS (MW 
36,000–50,000, MP Biomicals, Illkirch, France) (1% and 
2%) in drinking water for 7 days ad libitum, and control mice 
received drinking water without DSS (n = 4–8 per group). 
The subsequent course of colitis development was evaluated 
daily by scoring via the disease activity index (DAI). The 
DAI score was calculated by grading on a 0–4 scale based on 
the following parameters: change in bodyweight (1, 5–10%; 
2, 11–15%; 3, 16–20%; and 4, ≥ 21%), stool consistency (0, 
normal; 2, loose stools; 4, diarrhea), and stool blood (0, no 
blood seen; 2, obvious blood with stool; 4, grossly bloody 
stool). Seven days after DSS-colitis induction, mice were 
euthanized with excess CO2 gas. Food was removed from 
mice the night before sacrifice. After sacrifice, the proximal 
to distal colon was quickly removed, and colonic contents 
were collected by gently scraping the colonic mucosa. The 
colonic contents were frozen in liquid nitrogen and stored at 
− 80 °C until analysis.

Bacterial 16S rRNA gene pyrosequencing 
and analysis

An average of 110 mg intestinal contents were homog-
enized in ASL buffer using an IKA® T-10 Basic Ultra-
Turrax homogenizer (IKA Werke GmbH & Co., Staufen, 
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Germany) at power level 5.5 for 1 min. Then, the sus-
pension was heated at an optional high-temperature step 
(95 °C) to lyse gram-positive bacterial cells. In the last 
incubation step, we increased the time from 1 to 5 min to 
increase DNA yield. Hypervariable regions (V1–V3) of 
the 16S rRNA gene were amplified using barcoded uni-
versal primers for each sample (Supplementary Table S1). 
Polymerase chain reaction (PCR) was carried out in a final 
volume of 50 μL, which comprised about 10 ng DNA tem-
plate, 5 μL 10× Taq buffer (20 mM Mg2+), 1 μL 10 mM 
dNTP mix, 2 μL forward and reverse barcoded primers 
(20 pmol/μL), and 2.5 U of Taq DNA polymerase (Sol-
Gent Co., Seoul, Korea). PCR reactions were run as fol-
lows: 5 min at 94 °C, followed by 30 cycles of denatura-
tion (30 s, 94 °C), annealing (30 s, 55 °C), and extension 
(30 s, 72 °C); with a final extension step of 7 min at 72 °C 
followed by holding at 4 °C. The PCR product was con-
firmed using 1% agarose gel electrophoresis and visualized 
using a Gel Doc system (BioRad, Hercules, CA, USA). 
The amplified products were purified using a QIAquick 
PCR purification kit (Qiagen, Valencia, CA, USA), and 
equimolar concentrations of each amplicon from differ-
ent samples were pooled and used as template for pyrose-
quencing. Pyrosequencing was conducted by ChunLab 
Inc. (Seoul, South Korea) using a 454 GS junior platform 
(Roche, Mannheim, Germany), according to the manufac-
turer’s instructions.

The change in microbial community composition 
was determined using Ribosomal Database Project 
(RDP) pyrosequencing pipeline (https​://pyro.cme.msu.
edu/; release 11) [16] at each phylogenetic level. Primer 
sequence, key tag, and the sequences of low quality (aver-
age score < 20) were removed using the initial processing 
step of the RDP. Any reads containing more than one ’N’ 
(ambiguous nucleotides), and/or reads shorter than 300 bp 
were excluded from further analysis. Chimeric sequences 
were excluded by UCHIME [17], and included in USE-
ARCH ver. 6.0 and aligned. Chimera removed sequences 
were rarefied at 4200 reads per sample and classified 
using the RDP-classifier [18] in the RDP pipeline at a 
confidence threshold of 97%. Gut microbiota sequencing 
datasets are available in the Sequence Read Archive data-
base (https​://www.ncbi.nlm.nih.gov/sra, project number: 
PRJNA327010).

Plasmid DNA

The Human IDO1 (hIDO1)-coding region tagged with 
Flag was subcloned into bicistronic vectors that included 
the internal ribosomal entry site. Enhanced green fluores-
cent protein (eGFP) was included as a reporter gene [19].

Cell culture and construction of h1IDO1‑expressing 
HCT116 stable cell lines

HCT116 colon cancer cells were obtained from Korea Cell 
Line Bank (KCLB, Seoul, Republic of Korea). HCT116 
cells were maintained in Dulbecco’s modified Eagle’s 
medium (Gibco, Grand Island, NY, USA) supplemented 
with 10% bovine calf serum, penicillin, streptomycin, and 
gentamycin. HCT116 cells were transfected with 2 μg of 
the hIDO1 recombinant DNA constructs using polyethyl-
enimine (Sigma-Aldrich, St Louis, MO, USA) transfection 
reagent to generate hIDO1-expressing HCT116 stable cell 
lines. Transfected HCT116 cells were sorted on a FACS Aria 
(BD Bioscience, Franklin Lakes, NJ, USA) to isolate the 
GFP-positive hIDO1-expressing cells. Cells were exposed 
to 1 mM indole (Acros Organics, Geel, Belgium) or N,N-
dimethylformamide (DMF) for 24 h. Then, total RNA was 
isolated from cells using an RNAqueous-4PCR kit (Ambion, 
Austin, TX, USA) following the manufacturer’s instruction.

Total RNA extraction and amplicon‑sequencing

RNA samples were quantified using a NanoDrop (ND-2000, 
Carlsbad, CA, USA) and were converted into cDNA using 
a MessageSensor™ RT Kit (Ambion, Austin TX, USA). 
RNA samples were quantified using a Qubit® RNA HS 
Assay Kit (Life Technologies, Carlsbad, CA, USA) and 
the percentage of RNA fragments larger than 200 nt was 
determined by smear analysis using an Agilent 2100 Bio-
analyzer (Agilent Technologies, Palo Alto, CA, USA). An 
Ion AmpliSeq™ Transcriptome library was constructed with 
using an Ion Transcriptome Human Gene Expression Kit 
(Life Technologies, Part # MAN0010742 Rev. A.0) as per 
the manufacturer’s protocol. Ten-nanograms of total RNA 
were reverse transcribed to make cDNA by random priming. 
The cDNA product was amplified for target genes using the 
Ion AmpliSeq™ Human Gene Expression Core Panel with 
the Ion AmpliSeq™ Library Kit Plus (PCR 16 cycle). After 
primer digestion, adapters and molecular barcodes were 
ligated to the amplicons, before magnetic bead purification. 
This library was amplified for a total of 5 cycles and puri-
fied. Amplicon size and DNA concentration were measured 
using an Agilent High Sensitivity DNA Kit (Agilent Tech-
nologies), according to the manufacturer’s recommendation. 
Sample emulsion PCR, emulsion breaking, and enrichment 
were performed using the Ion PI™ Template OT2 200 Kit 
v3 (Life Technologies, Part #4488318 Rev. B.0), according 
to the manufacturer’s instructions.

Multiple barcoded libraries were combined with equal 
molar ratios for one Ion PI™ v2 chip. Four pooled Ion 
AmpliSeq™ Transcriptome libraries were loaded onto a sin-
gle Ion PI™ v2 chip. Subsequent emulsion PCR, and enrich-
ment of the sequencing beads of the pooled libraries was 

https://pyro.cme.msu.edu/
https://pyro.cme.msu.edu/
https://www.ncbi.nlm.nih.gov/sra
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performed using the Ion OneTouch™ system (Life Tech-
nologies) according to the manufacturer’s protocol within 
about 7 h. Finally, 520 Flows sequencing was done on the 
Ion PI™ v2 chip using an Ion PI™ Sequencing 200 Kit v3 
(Life Technologies, Part #4488315 Rev. B.0) on the Ion Pro-
ton™ sequencer (Life Technologies) [20, 21]. Transcriptome 
sequencing datasets are available in the Gene Expression 
Omnibus repository (www.ncbi.nlm.nih.gov/geo/, accession 
number GSE83939).

Microarray analysis of small intestines and colons 
of mice maintained in SPF or conventional facilities

NFS.V+ mice, inbred sublines of NFS/N mice of Swiss ori-
gin [22], were maintained in the SPF or conventional animal 
facility in the National Institute of Health. Total RNA puri-
fied from the small intestines and colons of each 8-month-
old mouse were subjected to Agilent NIAID-customized 
mouse gene expression arrays. Scanned images were ana-
lyzed as detailed previously [15]. Raw data were normalized 
using the LIMMA package in R. Differentially expressed 
genes (DEGs) were identified with one-way analysis of vari-
ance (ANOVA) analysis with 5% FDR. Principal component 
analysis (PCA) and functional classification analysis were 
carried out.

Determination of the level of 3‑indoxyl sulfate

After DSS treatment, urine samples were collected from 
mice over 24 h in a metabolic cage (Jeungdo Bio & Plant 
Co., Seoul, Republic of Korea) before being sacrificed. 
Urine samples were centrifuged at 14,000 rpm for 20 min 
at 4 °C to remove any solid debris, and the supernatant was 
diluted with distilled water. A 4 μL aliquot of prepared urine 
sample was injected into a 2.1 × 100 mm ACQUITY 1.8 μm 
HSS T3 column using an ACQUITY UPLC system (Waters 
Corp, Milford, MA, USA) coupled to a Waters Xevo Q-TOF 
mass spectrometer (Waters Corp.). The urinary 3-indoxyl 
sulfate was identified by comparing the ms/ms fragmentation 
pattern of the authentic 3-indoxyl sulfate (Sigma-Aldrich). 
To determine the relative level of 3-indoxyl sulfate, the peak 
intensity of 3-indoxyl sulfate was analyzed using Marker-
Lynx software (Waters Corp.)

Antibiotic cocktail (ABX) treatment and fecal 
microbiota transplantation

Five-week-old mice were treated with ampicillin sodium salt 
(1 g/L; Amresco), neomycin sulfate (1 g/L; Fisher BioRea-
gents), metronidazole (1 g/L; Sigma-Aldrich), and vancomy-
cin hydrochloride (500 mg/L; Cayman Chemical) ad libitum 
for 4 weeks in their drinking water [23]. Artificial sweetener 
(5 g/L; Equal® Sweetener, Chicago, IL, Merisant Co.) was 

added to water to enhance palatability [24]. The ABX was 
exchanged every other day, and replaced with normal water 
two days before FMT. Depletion of gut microbiota after the 
ABX treatment was successfully validated as described pre-
viously [25]. Fecal pellets of donor mice were homogenized 
in sterile phosphate-buffered saline (PBS) to 100 mg fecal 
pellet/1 mL of PBS. Supernatants of homogenized samples 
were transplanted to recipient mice by oral gavage for two 
consecutive days.

Statistical analysis

Quantitative results were expressed as means ± SEM. Sta-
tistical analysis was performed using one-way ANOVA 
followed by Bonferroni’s multiple comparison procedure. 
Differences between the two groups were tested with an 
unpaired t test. Correlation between severity of colitis and 
relative abundance of genus was carried out using Spear-
man’s correlation test. All data were analyzed using Graph-
Pad Prism v. 6.0 (GraphPad Software, Inc., San Diego, CA, 
USA). We used the linear discriminant analysis (LDA) 
effect size (LefSe) analytical method via the Galaxy work-
flow framework (https​://hutte​nhowe​r.sph.harva​rd.edu/galax​
y/root) to identify differentially abundant bacterial genera 
between two groups [26].

Results

Gut transcriptome profiling analysis identified 
tryptophan metabolism as a responder to different 
housing environments

To examine roles of gut microbiota in eliciting physiological 
responses from the host to different housing environments, 
we performed gene expression profiling analysis of gut tis-
sues from mice in a SPF and compared them to those from 
a conventional facility (CONV). PCA identified a dramatic 
distinction in the gene expression patterns between CONV 
and SPF mice, in addition to the established tissue-specific 
differences between the small and large intestine (Fig. 1a). 
DEGs between SPF and CONV mice were classified based 
upon their biological functions, and the significance of each 
biological category was tested by Fisher’s exact test. Surpris-
ingly, amino acid metabolism was identified as one of the top 
five significantly modulated functions (p < 0.001), together 
with cell proliferation, gene expression, antigen presentation, 
and inflammatory response (Fig. 1b). Among the significant 
genes in the category, Ido1 was the most highly expressed 
gene between CONV and SPF mice (Fig. 1c). Considering 
that SPF mice have dramatic differences in the gut micro-
biome compared to CONV mice [11], our results suggest 
that the difference in gut bacterial communities driven by 

http://www.ncbi.nlm.nih.gov/geo/
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https://huttenhower.sph.harvard.edu/galaxy/root
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different housing conditions might have a significant impact 
on Ido1 expression, and that changes in tryptophan metabo-
lism may be one of the mediating processes between com-
mensal intestinal bacteria and host physiological response.

Absence of Ido1 in mice induces changes in the gut 
bacterial communities

The observation that different housing conditions changed 
the Ido1 expression in the host, prompted us to examine if a 
challenge in Ido1 expression might cause an alteration in the 
gut bacteria communities. To test this hypothesis, we com-
pared the gut microbial communities from Ido1-deficient 
(Ido1−/−) and wild-type (Ido1+/+) mice through 16S rRNA 
gene sequencing analysis. In addition, we analyzed the gut 
microbiome of DSS-treated mice for both genotypes to char-
acterize the changes in the inflamed tissues. To establish a 
murine model of colitis, Ido1-deficient (Ido1−/−) and wild-
type (Ido1+/+) mice were administered either 1% or 2% DSS 
in drinking water. We have previously shown that clinical 
signs of DSS-induced colitis were less severe in Ido1−/− mice 
than in Ido1+/+ mice [15]. Briefly, after DSS exposure, DAI 
and body weight loss were significantly elevated in Ido1+/+ 
mice as compared with Ido1−/− mice [15]. When compar-
ing colon length between Ido1+/+ mice and Ido1−/− mice, 
Ido1+/+ mice showed significantly shorter colons compared 
to the Ido1−/− mice after DSS exposure [15]. Additionally, 
histological scores of the colon in Ido1−/− mice were sig-
nificantly decreased as compared with Ido1+/+ mice [15]. 
These differences of clinical symptoms were not detected in 
1% DSS treatment group but in 2% DSS treatment groups. 
Then, we compared the gut microbiota composition between 

Ido1+/+ and Ido1−/− mice by performing 16S rRNA gene 
sequencing. Rarefaction curves for each sample reached a 
plateau, proving that the depth of sequencing could describe 
the microbial communities reasonably well (Supplementary 
Fig. S1a). PCA analysis showed that the bacterial commu-
nities of Ido1−/− mice were distinguished from those of 
Ido1+/+ mice, especially in the high dose (2%) DSS treat-
ment group. Additionally, the microbiome profile in the 2% 
DSS-induced colitis model was clearly different from the 
microbiome profile in the 1% DSS model (Supplementary 
Fig. S1b). This result is in agreement with our previous 
finding that Ido1−/− mice showed significant differences in 
severity of acute colitis compared to Ido1+/+ mice in the 2% 
DSS treatment groups [15].

To identify the specific gut bacterial taxa associated 
with Ido1 genes in the host, we compared the microbiota 
of Ido1+/+ and Ido1−/− mice using the linear discriminant 
analysis (LDA) effect size (LefSe) method. When Ido+/+ 
and Ido−/− mice were compared in the unstimulated state 
(no-DSS) treatment, 11 bacterial taxa were identified as 
key markers, with increasing numbers of taxa being identi-
fied in a dose-dependent manner, 19 taxa in 1% DSS, and 
27 taxa in the 2% DSS treatment groups. It is of inter-
est that Akkermansia, which has a beneficial role in the 
mucus layer [27], was enriched in Ido1−/− mice only in 
the 2% DSS treatment group (Fig. 2a). We have previously 
shown that [15] Ido1+/+ mice have more severe damage 
of intestinal barrier integrity compared to Ido1−/− mice, 
when induced by 2% DSS treatment. Moreover, we also 
confirmed that Muc1 expression in colon of Ido1−/− mice 
was significantly higher than Ido1+/+ mice after 2% DSS 
treatment [15]. These findings support the arguments that 

Fig. 1   Gene expression profiling analysis of intestinal tissues from 
mice housed in SPF or conventional facilities. Transcriptomes of 
small intestines and colons from mice raised in conventional (n = 6) 
or SPF (n = 8) facilities were analyzed using whole mouse genome 
expression microarray. a Principal component analysis (PCA) 
of DEGs. Significant genes were identified by one-way ANOVA 
(p < 0.01). Each ball represents each transcriptome of the individual 

mouse. b Functional classification of the significant genes. Enrich-
ment of significant genes in each category was tested by Fisher’s 
exact test. c The transcript levels of Ido1 in the colonic tissues. The 
relative expressions of Ido1 are shown in log2 transformation. The 
significance in the difference between SPF vs. CONV was tested by 
the unpaired t test (*p < 0.01)
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the absence of Ido1 in mice might be attenuate intestinal 
barrier damage via mucus formation and gut microbial 
changes. Additionally, this observation supports our pre-
vious finding that colitis progression in Ido−/− mice was 
significantly less severe than in Ido+/+ mice [15]. Because 
many bacteria in the GI tract can utilize nutrient precursors 
available in the host lumen [28], we questioned whether 
the genera that distinguished Ido−/− mice from Ido+/+ mice 
have metabolic features in common (Fig. 2b). Interest-
ingly, three out of four genera enriched in Ido−/− mice, 
namely Bacteroides, Parabacteroides, and Prevotella, are 
known to produce an indole-containing compound after 
utilizing tryptophan [29–31]. This finding that indole-
producing bacteria were abundant in the Ido−/− mice led 
us to assume that Ido−/− mice contain more indole in the 
lumen, and therefore absorb, metabolize, and excrete it 
to a great extent than Ido+/+ mice. The urinary excretion 
of 3-indoxyl sulfate, which is a metabolized form of gut 
bacteria-derived indole by the host [32], was success-
fully detected by UPLC/Q-TOF–MS/MS. The level of the 
metabolite was significantly higher in Ido1−/− mice than 
in Ido1+/+ mice (Fig. 2c). These findings suggest that the 
tryptophan, which could not be utilized by the host due to 
the deficiency in the tryptophan metabolizing enzyme and 
was left in the GI tract, might be taken up by bacteria that 
can metabolize tryptophan into indole.

Indole treatment activated transcriptional networks 
of tight junction integrity in colonic epithelial cell 
lines in an IDO1‑dependent manner

To examine the effect of indole on colon tissues, we treated 
a colonic epithelial cell line, HCT116, with an indole com-
pound in vitro. Using an Ampli-Seq method, we performed 
transcriptome analyses of indole-, or vehicle-treated cells 
that were infected with IDO1-overexpression or empty 
vectors (Fig. 3a). Although the indole treatment did not 
change the cell survival (data not shown), it induced sub-
stantial changes in the transcriptome (Fig. 3b), resulting in 
703 genes identified as DEGs. It was notable that cytoskel-
eton organization and tight junctions were significantly 
enhanced at the transcriptional level by indole treatment 
(Fig. 3c). However, IDO1 overexpression dramatically 
shut down the beneficial effects of indole on cellular 
integrity, and even changed the roles of indole to inhibi-
tory, because 36 of 47 components of the tight junction 
signaling pathway were upregulated in their expression 
by indole treatment (Fig. 3b) in the cells infected with 
empty-vector, whereas 29 genes were downregulated in 
IDO1-overexpressing cells by the same indole treatment 
(Fig. 3d).

These results implied that commensal bacteria-derived 
indole might play protective roles in colonic epithelial tight 

Fig. 2   Comparison of bacterial community composition between 
Ido1+/+ and Ido1−/− mice. a Taxonomic cladogram from linear dis-
criminant effect size (LEfSe) analysis of gut microbial 16s rRNA 
sequencing. Only taxa meeting an LDA threshold > 2 and p value 
threshold < 0.1 are shown. b Bar graphs summarize the top 13 most 
differentially detected genera between Ido1+/+ (green) and Ido1−/− 

mice (red) following three doses of DSS. Genera with asterisks are 
indole-producing bacteria. c Comparison of indoxyl sulfate concen-
tration in urine from Ido1+/+ and Ido1−/− mice. Data are expressed 
as means ± SEM and analyzed using the two-tailed nonparametric 
Mann–Whitney t test (*p < 0.05)
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junction integrity and the roles were mediated by the levels 
of IDO1 in the host.

Fecal microbiota transplantation confirmed 
the interplay between gut microbiota and host 
tryptophan metabolism

To establish whether the gut microbiota enriched in 
Ido1−/− mice might be transferable and maintain the protec-
tive functions against inflammatory injury after transplanta-
tion, we carried out an FMT experiment and examined the 
roles of transplanted microbiota in development of DSS-
induced colitis. First, to establish the optimal condition for 
studying the effect of the gut microbiota during colonic 
inflammation, we examined the efficiency of the ABX treat-
ment (Fig. 4a). When the C57BL/6 J mice were treated with 
the ABX regime, and subsequentially with DSS treatment, 
we confirmed that body weight loss and a heightened DAI 

were observed only in the no ABX group, while there were 
no signs of acute colitis in the ABX-treated mice (Fig. 4b, c).

Fresh fecal microbiota from Ido1−/− mice were trans-
ferred to gut-sterilized Ido1+/+ mice or Ido1−/− mice, 
and those from Ido1+/+ mice were transferred to the gut-
sterilized Ido1+/+ mice or Ido1−/− mice, after following 
the ABX regime. During development of DSS-induced 
colitis, the symptoms of colitis were less severe in the 
mice colonized with the gut microbiota from Ido1−/− mice 
(both Ido1+/+ recipient and Ido1−/− recipient that harbored 
Ido1−/− microbiota) compared to those mice reconstituted 
with the gut microbiota from Ido1+/+ mice (both Ido1+/+ 
recipient and Ido1−/− recipient that harbored Ido1+/+ 
microbiota) (Fig. 4d, e). These data suggest that the gut 
microbiota of Ido1−/− mice played a role in alleviating 
DSS-induced colitis. On the other hand, in the compari-
son of two different genotypes that both received the same 
Ido1+/+ mice microbiota, Ido1−/− recipients showed less 
severe colitis than Ido1+/+ recipients. These data showed 

Fig. 3   Treatment of colonic epithelial cell lines with indole in vitro. 
a HCT116 cells infected with IDO1-overexpressing (IDO1 OVX) or 
empty vector were treated with an indole compound in vitro. Effects 
of indole treatment on the transcriptome profiles of IDO1 OVX or 
empty-vector cells were examined by Ampli-Seq technology. b Heat 
map showing hierarchical clustering of 703 DEGs shared between 

HCT116 and IDO1-overexpressed HCT116 cells treated with indole. 
c, d Tight junction signaling pathway depicted by ingenuity pathway 
analysis (IPA). Genes involved in the tight junction pathway that were 
differently expressed in indole-treated HCT116 (c) and IDO1-overex-
pressed HCT116 cells (d). Up- and down- regulated genes are colored 
in red and green, respectively
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that the presence of Ido1 in the host also contributed 
to disease severity. Collectively, these findings dem-
onstrated that the effect of gut microbiota composition 
was more dominant than host genotypes in acute colitis 

development and, furthermore provided evidence showing 
the intercommunication between tryptophan metabolism 
of the host and the gut microbiota.

Fig. 4   Effects of transplanted fecal microbiota on the changes in 
acute colitis development. a Healthy C57BL/6J mice were treated 
with an antibiotic cocktail or not for 4  weeks, and subsequently 
treated with DSS or no-DSS in drinking water. Disease severity 
was evaluated by monitoring body weight changes (b) and the dis-
ease activity index (DAI) (c). Asterisks (*p < 0.05, **p < 0.01, 
***p < 0.001, ****p < 0.0001) denote body weight changes signifi-
cantly different from the control, assessed using one-way ANOVA 
with Bonferroni multiple comparison test. d, e Fresh fecal micro-

biota from Ido1−/− or Ido1+/+ were transplanted to ABX-treated 
Ido1−/− or Ido1+/+ mice. After the FMT, recipient mice were stimu-
lated with DSS. Percentage body weight loss (d) and DAI (e). Val-
ues were analyzed by one-way ANOVA followed by Bonferroni 
multiple comparison test. **, ††, ‡‡p < 0.01; ****, ††††, ‡‡‡‡p < 0.0001. 
All symbols denote statistical significance compared to the control 
(Ido1+/+ → Ido1+/+). * Significantly different to Ido1+/+  → Ido1−/−. 
‡Significantly different to Ido1−/− → Ido1+/+. †Significantly different 
to Ido1−/− → Ido1−/−
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Discussion

Dysbiosis of the gut microbiota [33] and nutrient metabo-
lism [34–36] are important factors in the pathogenesis of 
IBD, but the mechanisms underlying the interconnection 
between the gut microbiota and host metabolism remain 
to be elucidated. This study focused on the mechanism by 
which a lack of host tryptophan catabolism regulates the 
severity of DSS-induced colitis via alteration of the com-
mensal gut microbiota. Here, we show that Ido1-dependent 
changes in the composition of the intestinal microbiome 
and their metabolic products exert a protective effect in 
DSS-treated mice.

Our previous work showed that Ido1−/− mice with DSS-
mediated colitis experience symptoms that are less severe 
than those of Ido1+/+ mice [15]. However, there are other 
reports that the deficiency or inhibition of Ido1 exacer-
bates intestinal inflammation [37, 38]. These discrepan-
cies might result from different experimental settings. In 
addition to the differences in the pathogenetic mechanism 
by which TNBS or DSS-induced experimental colitis, it 
is possible that these inconsistencies might be due to dif-
fering compositions of the gut microbiota. In this regard, 
our data also demonstrated that mice transplanted with the 
Ido1−/− gut microbiota before induction of colitis exhib-
ited an attenuated disease phenotype compared to mice 
colonized with the Ido1+/+ microbiota. This substantiates 
that the gut microbiota is a primary modulator of colitis 
development in Ido1−/− mice.

Various metabolites excreted by commensal bacte-
ria play a crucial role in modulating the physiology of 
the mammalian intestinal tract. Therefore, another pos-
sible mechanism of resistance to DSS-induced colitis is 
the increased abundance of indole-producing bacteria in 
Ido1−/− mice. Indole is an inter-kingdom signaling mol-
ecule that is involved in interactions with the host [29], 
and is synthesized from tryptophan by the intestinal micro-
biota [28, 32]. Indole enhanced the expression of proteins 
involved in the tight junction signaling pathway in colon 
cancer cell lines, which is in agreement with other studies 
[39, 40]. Intestinal barrier dysfunction, which is observed 
in both IBD patients and experimental colitis models, may 
exacerbate IBD susceptibility [41, 42]. Zelate et al. [43] 
showed that, in Ido1-deficient mice, Lactobacilli convert 
tryptophan to indole-3-aldehyde (IAld), which protects 
against Candida albicans colonization. We assume that 
indole derivatives produced by the gut microbiota of 
Ido1−/− mice not only influence intestinal barrier integ-
rity but also disrupt colonization by pathogenic bacteria 
[44, 45].

Recently, host–gut microbiota interactions, which 
directly or indirectly contribute to host physiology, have 

been the focus of several studies. Nutrition is a particu-
larly important factor in this interaction. We found that 
the cause of disease is different, based on the changes in 
gut microbiota caused by tryptophan metabolic deficiency 
of the host. This supports the notion that disease progres-
sion is influenced by tryptophan metabolism by both the 
gut microbiota and the host. In parallel, the lack of the 
Ace2 gene, which is related to tryptophan absorption, in 
mice with DSS-induced colitis resulted in a significant 
difference in the severity of intestinal inflammation com-
pared to control mice [46]. However, many questions 
about host–gut microbiota interactions in IBD remain 
unanswered. Hence, future studies should investigate other 
systemic communications with gut microbiota, and not be 
confined to the gastrointestinal tract.

To our knowledge, this study is the first to analyze the 
profiling of gut microbiota in Ido1−/− mice. We demon-
strated that altered gut microbiota in Ido1−/− mice ame-
liorates the symptoms of DSS-induced colitis. Due to the 
inability of Ido1−/− mice to metabolize tryptophan, it might 
be relatively abundant in the large intestine, resulting in 
increased abundance of microbial genera that metabolize 
tryptophan to indole-containing compounds. The contribu-
tion of bacteria-derived indole to intestinal barrier integ-
rity depended on the down-regulation of Ido1 expression. 
However, this study has a limitation that the relationship 
between the gut microbiota and intestinal inflammation has 
been confirmed using only genetic defect models of trypto-
phan metabolism. Thus, further research is needed to inves-
tigate the direct effect of a tryptophan-deficient/rich diet on 
gut inflammation. Additionally, our findings provide further 
evidence that the host communicates with its commensal 
gut microbiota by means of shared tryptophan metabolism 
networks. Although further research is required to validate 
our findings that indole and the indole-producing bacteria 
can predict IBD risk, increased knowledge of the role of 
the gut microbiota and its metabolite, indole, might lead to 
development of more effective therapeutic options for IBD. 
Moreover, our findings suggested that reciprocal interac-
tions between the gut microbiota and the host inflammatory 
response may be mediated by shared tryptophan metabolism 
networks.
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