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Purpose: Indole-3-aldehyde (IAld) has been shown to improve intestinal epithelial barrier (IEB) function through the aryl hydro-
carbon receptor (AhR) in murine colitis models. However, the impact of IAld on intestinal tissue inflammation remains unexplored. 
This study aimed to investigate the effects of IAld on the inflammatory responses of the gut both in vivo and in vitro and probe the 
mechanisms by which IAld attenuates colitis.
Methods: The effects of IAld on phenotypic changes, pro-inflammatory cytokines, IEB functions and the faecal bacterial composition 
in mice with dextran sulfate sodium salt (DSS)-induced colitis were assessed. Macrophage cells and intestinal epithelial cells were 
stimulated with lipopolysaccharide (LPS), and the effects of IAld on the inflammatory responses and IBE functions were measured.
Results: IAld reduced IL-6, IL-1β and TNF-α protein levels in both colonic tissues from the mice with colitis and LPS-stimulated 
macrophage cells. The IAld-mediated reduction of IL-6 but not IL-1β and TNF-α was through AhR activation. Furthermore, nuclear 
factor-κB pathway was found to be inhibited by IAld treatment via AhR activation both in vivo and in vitro. Gut permeability was 
significantly improved by IAld in both DSS-treated mice and LPS-stimulated Caco-2 cells. This observation is consistent with 
downregulation of phosphorylated myosin light chain through AhR activation. IAld did not appear to have an effect on the bacterial 
composition in mice with colitis despite the reduced colonic inflammatory responses.
Conclusion: IAld improved DSS-induced colitis by inhibiting the inflammatory responses and restoring IEB function, partially via 
AhR activation. This work provided insight into the function of IAld in modulating gut inflammation.
Keywords: indole-3-aldehyde aryl hydrocarbon receptor intestinal inflammation

Introduction
Ulcerative colitis (UC), a type of inflammatory bowel disease (IBD), is chronic immune-mediated inflammation 
occurring in the colon and rectum.1 The main contributing factors to the pathogenesis of UC include an abnormal 
immune response of the mucosa and impaired intestinal epithelial barrier (IEB) functions.1 These two pathogenic features 
result in devastating clinical consequences, such as rectal bleeding and diarrhoea. Although immunomodulators have 
frequently been used in treating patients with UC, therapeutic strategies remain a challenge owing to limited treatment 
options.2 Recent advances in characterising gut microbial metabolism and metabolite functions have highlighted several 
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microbial metabolites that improve intestinal homeostasis, including short-chain fatty acids (SCFAs), bile acid deriva-
tives such as isoallolithocholic acid (isoalloLCA)3 and tryptophan (Trp) metabolites.4

Trp is an essential amino acid that is exclusively supplied by diet. Trp is metabolised in the mammalian gut in three 
main pathways, including the kynurenine pathway, serotonin pathway and through the bacterial pathway to produce 
indole and indole derivatives,5 eg, indole-3-pyruvate (IPyA), indole-3-aldehyde (IAld), and indole propionic acid (IPA).6 

A lower level of serum Trp was observed in patients with UC compared to healthy subjects.7 In addition, faecal levels of 
Trp, kynurenine and indole-3-acetic acid (IAA) in patients with UC were significantly different from those in healthy 
individuals.8 Trp supplementation to mice with colitis alleviated the intestinal inflammation.9,10 The anti-inflammatory 
effects of Trp and its metabolites such as IPA on experimental colitis have been proposed to occur through different 
mechanisms, one of which is through binding to receptors, such as aryl hydrocarbon receptor (AhR), to exert many 
immune effects.11 The beneficial effects of AhR on reducing the inflammatory response in the gut of mice with colitis 
were blocked by AhR antagonist, CH223191(CH-22).8,12

AhR is a nuclear receptor that is widely expressed in vertebrate cells, residing in the cytosol in an inactive form that binds 
to several cochaperones.13 In the canonical pathway, AhR dissociates from chaperones upon ligand binding and translocates 
into the nucleus, where it dimerizes with its partner gene AHR nuclear translocator (ARNT) to have functional activity by 
initiating downstream gene transcription, such as cytochrome P450 1A1 (CYP1A1) and CYP1B1.14 In the noncanonical 
pathway, AhR activation by different ligands appears to interact with several signalling pathways to regulate pathophysio-
logical processes, such as inflammation.15 Reduced AhR expression was observed in mucosal biopsies of patients with UC16 

and AhR deficiency increased the mucosal inflammatory score in a colitis mouse model.17 Indole metabolites, such as indole, 
IPyA and IPA, derived from bacterial metabolism of Trp are an essential source of AhR ligands.18 These indole metabolites 
were found to regulate the intestinal immune responses and protect the IEB function through AhR signalling, such as affecting 
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T-cell differentiation,19 regenerating epithelial cells20 and regulating the formation of the apical junctional complex.21 IAld, 
a Trp metabolite produced by Lactobacillus acidophilus, L. murinus, L. reuteri, and L. johnsonii from the phylum Firmicutes, 
was shown to attenuate the severity of colitis through the AhR-IL-22 axis in innate lymphocytes in a dextran sulphate sodium 
salt (DSS)-induced colitis mouse model.22,23 In addition, IAld was reported to maintain IEB function through AhR by 
regulating tight junction (TJ) and cytoskeleton proteins.21 These evidence indicate that AhR activation by IAld plays a role in 
modulating inflammation and maintaining intestinal homeostasis. However, the underlying mechanisms remain largely 
uncharacterized.

The nuclear factor-κB (NF-κB) and c-Jun N-terminal kinase (JNK) pathways are two main pathways involved in 
inflammation, and their activation was observed in immune cells and intestinal epitheliums from the colonic tissue of 
patients with UC.24–28 Targeting these pathways in macrophages has been proposed as a therapeutic strategy for patients 
with IBD.29 Therefore, it is valuable to investigate the impact of IAld on NF-κB and JNK pathways and understand how 
IAld-mediated AhR activation affects downstream cytokine expression. Despite that IAld was reported to maintain IEB 
function, the mechanisms through which IAld modulates IEB function and the downstream inflammatory pathways 
remain unknown. These mechanistic insights help further develop IAld as a therapeutic option for patients with UC.

Materials and Methods
Chemicals and Antibodies
IAld, CH-22, lipopolysaccharide (LPS, Escherichia coli O111:B4), phorbol 12-myristate 13-acetate (PMA), and FITC- 
dextran sulphate sodium salt (FITC-dextran, molecular weight 4 kDa) were obtained from Sigma‒Aldrich (MO, USA). 
DSS (molecular weight 36–50 kDa) was obtained from MP Biomedicals (CA, USA). Hank’s balanced salt solution 
(HBSS), phosphate buffered saline (PBS), Dulbecco’s modified Eagle’s medium (DMEM), dimethyl sulfoxide (DMSO), 
protease and phosphatase inhibitor, Triton X-100, and ProLong Diamond Antifade Mountant with DAPI (P36966) were 
obtained from Thermo Fisher Scientific. DMEM (high glucose), RPMI 1640, trypsin-EDTA (0.25%), penicillin‒ 
streptomycin and premium foetal bovine serum (FBS) were purchased from Gibco. RNAiso Plus, PrimeScript RT 
reagent Kit with gDNA Eraser and Tli RNaseH Plus kit were purchased from Takara Bio.

Anti-COX-2 (ab179800) and anti-iNOS (ab179845) antibodies were purchased from Abcam. Anti-NF-κB P65 (8242), anti- 
p-NF-κB P65 (3033), anti-JNK (9252), anti-pJNK (9255), anti-p-MLC (3675) and MLC (8505) antibodies were purchased from 
Cell Signaling Technology. Anti-MLCK antibody was purchased from Sigma. Anti-ZO-1 (21773-1-AP), anti-occludin (66378- 
1-Ig), anti-claudin-1 (28674-1-AP) and anti-lamin B1 (12987-1-AP) antibodies were purchased from Proteintech, whereas goat 
anti-mouse secondary antibody-HRP, goat anti-rabbit secondary antibody-HRP, Alexa Fluor 488-conjugated anti-ZO-1 
(339188), goat anti-rabbit secondary antibody-Alexa Fluor Plus 555 (A32732), goat anti-mouse secondary antibody-Alexa 
Fluor Plus 594 (A32742) and goat anti-rabbit secondary antibody-Alexa Fluor Plus 647 (A32733) were purchased from Thermo 
Fisher Scientific.

Animal Experiment and Induction of Colitis
All animals were provided by the Shanxi Provincial People’s Hospital Institutional Animal Care and Use Committee 
(Taiyuan, China). The study (2022–124) was approved by the animal ethics committee of Shanxi Provincial People’s 
Hospital, the Fifth Affiliated Hospital of Shanxi Medical University. The guidelines followed for the welfare of the 
laboratory is the Chinese national guidelines, People’s Republic of China National Standard GB/T 35892–2018 [Issued 
6 February 2018 Effective from 1 September 2018].

Male wildtype C57BL/6 mice (6 to 8 weeks old) were housed 2/cage at 22–23°C with a 12 h/12 h light/dark cycle 
under specific pathogen-free conditions and ad libitum access to food and water. Mice were randomly divided into five 
groups (n = 8 per group), including group 1: control; group 2: IAld; group 3: DSS; group 4: DSS mice treated with IAld 
(DSS+IAld) and group 5: DSS mice treated with IAld and CH-22 (DSS+IAld+CH-22) (Figure 1A). After 1-week 
acclimatisation, IAld or CH-22 was given to mice orally at a dose of 20 and 10 mg/kg body weight in olive oil, 
respectively, for 7 days. Mice assigned to the control and DSS groups were orally gavaged with olive oil (10 mL/kg/day) 
as a vehicle. Colitis was subsequently induced by supplementation of 2.5% DSS in drinking water for 7 days followed by 
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Figure 1 Experimental schedule and effects of IAld supplementation on basic indicators in a DSS-induced colitis mouse model. 
Notes: (A) Animal treatments schedule. (B) The mRNA expression of CYP1A1 in each group. (C) The measurements of bodyweight in each group. (D) The measurements 
of DAI scores in each group. (E) Representative images of colon length and quantitation of colon length of each group. (F) Representative images of haematoxylin and eosin 
staining of the colonic tissue and quantitation of histological score in each group. Arrows, ulceration; #, transmural inflammation; *, mucosal immune cell infiltration, 
magnification is X20 (G) The expression of IL-6, IL-1β and TNF-α in the colonic tissue were measured by enzyme-linked immunosorbent assay. The data are shown as the 
mean ± SEM (n = 8/group). * p < 0.05, ** p < 0.01, *** p < 0.001; # p < 0.05, ## p < 0.01 versus DSS; &p < 0.05 versus CH-22; $p< 0.05, $$$ p < 0.001 versus Control; ns, 
statistically non-significant.

https://doi.org/10.2147/JIR.S432747                                                                                                                                                                                                                                    

DovePress                                                                                                                                                 

Journal of Inflammation Research 2023:16 5848

Wang et al                                                                                                                                                            Dovepress

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


2 days of regular drinking water before culling. During acute colitis induced by DSS, the disease activity index (DAI) 
was evaluated daily as previously described.30 The faecal samples were collected 2 days after DSS withdrawal for 
bacterial compositional analysis. At the end of the experiment, the mice were sacrificed by cervical dislocation. A portion 
of colon tissue was fixed in a 10% paraformaldehyde solution at 4°C for histological examination, and the others were 
snap frozen in liquid nitrogen and stored at −80°C.

Haematoxylin and Eosin (H&E) Staining and Histological Examination
Colonic tissue samples were embedded in paraffin and sectioned (4 μm) before staining with H&E. The histological 
changes were observed with optical microscopy (DM2500, Leica, Solms, Germany). All histologic quantitation was 
performed by the same individual, who was blinded to the sample group information, using a scoring system previously 
described.31

Intestinal Permeability Test in Mice
To assess IEB function in vivo, the FITC-dextran intestinal permeability assay was performed in an independent 
experiment. The mouse experimental design was the same as the programme described in Section 2.2. Mice (n = 
5 per group) were fasted for 4 h prior to gavage with FITC-dextran (600 mg/kg body weight) dissolved in deionised 
water. Blood was collected by cardiac puncture 4 h after FITC-dextran gavage, and the blood sample in EDTA-coated 
tubes was centrifuged at 2000 × g for 10 min at 4°C to collect plasma. The fluorescence intensity of each plasma sample 
was measured using a microplate reader (excitation: 490 nm; emission: 525 nm). A series of concentrations of FITC- 
dextran (0, 0.25, 0.5, 1, 2, 4, and 8 μg/mL) in the plasma from PBS-treated mice were used to generate a standard curve.

DNA Extraction of Faeces and Illumina MiSeq Sequencing
Microbial genomic DNA was extracted from faecal samples using the OMEGA Soil DNA Kit (M5635-02) (Omega Bio- 
Tek, GA, USA) following the manufacturer’s protocol. The extracted DNA was quantified using a NanoDrop NC2000 
spectrophotometer (Thermo Fisher Scientific, MA, USA) and diluted to 5 ng/mL. The bacterial 16S rRNA gene V3–V4 
region was amplified by the forward primer 338F (5’-ACTCCTACGGGAGGCAGCA-3’) and the reverse primer 806R 
(5’-GGACTACHVGGGTWTCTAAT-3’). Sample libraries were prepared following Illumina’s protocols.32 Sequencing 
was analysed on the Illumina MiSeq platform with MiSeq Reagent Kit v3 at Shanghai Personal Biotechnology Co., Ltd. 
(Shanghai, China) using paired end 2 × 250 bp chemistry.

Data Analysis of 16S rRNA Gene-Based Sequences
The sequences were analysed using R (v.4.2.2) and RStudio (v.2022.07.2+576) with the DADA2 (v.1.16.0) package. The 
forward and reverse reads were trimmed using a quality score of 30 as the cut-off. Taxonomic labelling of amplicon 
sequence variants (ASVs) was conducted with the SILVA v.138.1 database. In total, 1088 ASVs were detected. The taxon 
filter and prevalence control cut-off were set at ASVs ≥4 counts in 10% of the total number of samples. After the filter 
was applied, the resulting data set consisted of 630 ASVs. The number of reads per sample pre- and post-rarefaction is 
listed in Supplementary Table 1. The phyloseq package (v.1.40.0) in R was used to run further analysis. For alpha 
diversity, rarefaction was performed with a minimum sequence depth of 19217 counts, and the observed reads and 
Shannon and Simpson indices were calculated. The comparisons of alpha-diversity indices among groups were 
performed using ANOVA. Principal coordinate analysis (PCoA) with the Bray-Curtis distance was used to visualise 
the beta-diversity. Linear discriminant analysis (LDA) effect size (LEfSe) (log10 LDA scores > 2; adjusted p < 0.05) was 
used to determine significant changes in the abundance of the bacterial taxa between experimental groups.33 Spearman’s 
rank correlation was performed using R (v.4.2.2) to assess the correlation between the abundance of bacterial taxa and the 
inflammatory responses and the barrier function-associated parameters measured in the colonic tissues, with p < 0.05 
being considered significantly different.
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Cell Culture and Treatment
Murine macrophage RAW264.7 cells and human intestinal epithelium Caco-2 cells (Chinese Academy of Sciences, 
Shanghai, China) were cultured in DMEM with 10% FBS at 37°C under 95% air/5% CO2 and sub-cultured successively 
when they reached approximately 80% confluence. Human monocyte THP-1 cells (Chinese Academy of Sciences, 
Shanghai, China) were cultured in RPMI 1640 medium with 10% FBS at 37°C under 95% air/5% CO2 and were sub- 
cultured successively when the cell density reached approximately 2 × 106 cells/mL. All experiments were carried out in 
cell passage numbers between 20 and 30.

RAW264.7 and THP-1 cells were seeded in six-well plates at densities of 1 × 106 per well and 5 × 105 per well, 
respectively. THP-1 monocytes were directly differentiated into macrophages after 48h incubation with 100 ng/mL PMA 
and a 24 h rest period in complete RPMI medium without PMA. At the end of 72 h, THP-1 macrophages were used as 
M0 macrophages. LPS, IAld and CH-22 were dissolved in DMSO. Aliquots of the stock solutions of LPS, IAld and CH- 
22 at concentrations of 1 mg/mL, 400 mM and 20 mM, respectively, were stored at −20°C and diluted freshly into media 
prior to the cell treatment. The final concentration of DMSO in all wells was kept at 0.3%.

Cytotoxicity Assay
To evaluate the cytotoxicity of IAld on different cell lines, RAW264.7, THP-1 macrophages and Caco-2 cells were plated 
in a 96-well plate at a density of 1 × 105 cells, 5×10,4 and 1.5 × 104 per well, respectively, and treated with IAld at the 
concentrations of 10, 50, 100, 200 or 400 µM for 48 h. In addition, the cytotoxic effects of LPS on Caco-2 cells at 
different treatment times were evaluated. The treatments were added when the cells reached 60% confluency. Cell 
viability was then assessed using a Cell Counting Kit-834 (Proteintech, Wuhan, China) following the manufacturer’s 
protocol. The optical density (OD) at 450 nm was measured using a microplate reader (Epoch 2, Biotek, VT, USA). 
Relative cell viability (%) was calculated as (ODtreated well - ODblank well) / (ODcontrol well - ODblank well) × 100%.

Transepithelial Electric Resistance Measurement of Caco2 Monolayer
Caco-2 cells were seeded on a 12-well transwell insert (polyester membrane, diameter, 6.5 mm; pore size, 0.4 μm; 
Corning, MA, USA) at the density of 5 × 104 per well to form a monolayer. The permeability of the Caco-2 monolayer 
was monitored by measuring the electrical resistance using an EVOM2 Epithelial Voltohmmeter (EVOM2, World 
Precision Instruments, FL, USA) as previously described.35 After the transepithelial electric resistance (TEER) values 
reached a plateau (550 to 650 Ω•cm2) from 17 to 19 days, the cells were subjected to different treatments, CH-22, IAld 
and LPS. The Caco-2 monolayer was treated with LPS for 3 days, and the TEER was measured daily after the start of 
LPS treatment (Day 1 to Day 3). The blank resistance was determined by measuring the resistance across a filter without 
cells in HBSS. TEER was calculated according to Ohm’s law: TEER (Ω * cm2) = (Measured Resistance-Blank 
resistance) (Ω) × Area (cm2). The changes in TEER at Day 1–3, presented in percentage, were normalised to Day 0 
(one day prior to LPS treatment) per transwell insert.

FITC-Dextran Permeability Assay for Caco-2 Cell Monolayer
To quantify the epithelial barrier function of the Caco-2 cell monolayer, the flux of FITC-dextran from the apical 
chambers to basolateral chambers was measured as described previously.36 At the end of LPS treatments, the monolayer 
was washed, and the medium was replaced with HBSS. FITC-dextran was added to the apical chamber at 1 mg/mL in 
HBSS and incubated for 4 h at 37°C. A total of 200 μL of HBSS were removed from the basal chamber and transferred 
into 96-well black opaque plates. The fluorescence intensity in the basolateral compartment was measured using 
a microplate reader (excitation, 490 nm: emission, 525 nm). A series of concentrations of FITC-dextran in HBSS (0, 
0.25, 0.5, 1, 2, 4, and 8 μg/mL) were used to generate a standard curve.

Immunofluorescence and Confocal Analysis
RAW264.7 (2 × 105) and THP-1 (1 × 106) cells on glass coverslips or a Caco-2 monolayer on the membrane of the insert were 
fixed with 4% paraformaldehyde in PBS for 15 min, permeabilised with 0.1% Triton X-100 in PBS for 15 min and blocked 
with PBS containing 5% BSA for 1 h at room temperature. For preparations of the colonic tissue, paraffin-embedded tissue 
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samples were boiled in antigen retrieval buffer (100 mM Tris, 5% (w/v) urea, pH 9.5) at 95°C for 10 min, cooled to room 
temperature, rinsed in PBS twice and fixed in 4% paraformaldehyde prior to staining. Cells or tissue samples were then 
incubated with primary antibodies (anti-NF-κB p65 and Alexa Fluor 488-conjugated anti-ZO1 antibodies were used at 
a dilution of 1:500; anti-occludin, anti-ZO-1 and anti-p-MLC antibodies were used at a dilution of 1:200) in PBS containing 
5% BSA at 4°C overnight before being incubated with species-specific secondary antibodies (Alexa Fluor Plus 555, Alexa 
Fluor Plus 594 and Alexa Fluor Plus 647 were used at a dilution of 1:500) in the dark for 1 h in PBS containing 5% BSA. After 
each incubation, the cells were washed with 1 mL of PBS, and the tissue slides were washed with 5 mL of PBS 3 times. 
Coverslips were mounted with DAPI Prolong Diamond at 4°C overnight and imaged by a laser-scanning confocal microscope 
(SP8, Leica, Wetzlar, Germany). The obtained photos were analysed using ImageJ software v.1.53q. The total intensity of p65 
in the nuclear was divided by that in the cytoplasm to obtain the nuclear-to-cytoplasmic ratio of NF-κB.

Reverse Transcription and Real-Time PCR
Total cellular or tissue RNA was extracted using RNAiso Plus according to the manufacturer’s instructions. Briefly, total 
RNA was extracted by using RNAiso Plus (700 μL), chloroform (140 μL) and isopropanol. The collected RNA was 
washed with 75% ethanol at 7500 x g for 5 min at 4°C. The supernatant was then discarded, and the precipitate was left 
at room temperature to dry. After the precipitate was dry, RNase-free water was added to dissolve the RNA. RNA 
concentration was measured by a microplate reader (Epoch 2, Biotek, VT, USA). For reverse transcription-PCR, 1 μg of 
total RNA was converted to cDNA using the PrimeScript RT Reagent Kit with gDNA Eraser in a 20 μL volume. Real- 
time PCR was performed using a Tli RNaseH Plus kit in a 20 μL volume containing 8 μL cDNA, 2 μL primer pairs (0.5 
μM/primer) and 10 μL TB Green Premix Ex Taq II. The primer sequences for PCR are shown in Supplementary Table 2. 
Amplification conditions were as follows: one hold at 95°C for 60s; 40 cycles at 95°C for 5s, 55°C for 30s and 55°C for 
30s; 1 cycle at 95°C for 15s, 60°C for 30s and 95°C for 15s. All values were normalised to the expression of β-actin.

Cytokine Measurement
The levels of cytokines present in colonic tissue or cell culture medium were determined by enzyme-linked immuno-
sorbent assay (ELISA) kits against mouse interleukin (IL)-6, IL-1β and tumour necrosis factor alpha (TNF-α) 
(Proteintech, Wuhan, China) according to the manufacturer’s instructions.

Nuclear Extraction and p65 DNA Binding Activity
Nuclear extracts were prepared using an NE-PER Nuclear Cytoplasmic Extraction Reagent kit (Pierce, IL, USA). The 
extracted nuclear fractions were used to assess p65 DNA binding activity using an NF-κB p65 Transcription Factor 
Assay Kit (Abcam, MA, USA) following the manufacturer’s protocol. Another aliquot of nuclear fraction was used to 
measure the p65 level using immunoblot.

Immunoblot Analysis
Protein expression in colonic tissue or cells was assessed by immunoblot. Tissue or cells were lysed with RIPA buffer 
containing phosphatase and protease inhibitors. The lysates were sonicated and centrifuged at 10,000 × g for 10 min at 
4°C in an Eppendorf centrifuge to obtain a clear lysate. The supernatant was collected, and the protein concentration was 
determined by a BCA assay (Thermo Fisher Scientific, MA, USA). The obtained lysate containing 10 to 20 mg of protein 
was added to SDS loading buffer protein and boiled at 95°C for 10 min. The proteins were then separated on an SDS‒ 
PAGE gel (8%–10%) and transferred to a PVDF membrane. The membrane was subsequently blocked with 5% dry milk 
in TBS-1% Tween 20 buffer for 2 h, after which the membrane was incubated with primary antibodies overnight at 4°C. 
Following a wash in TBS-1% Tween buffer, the membrane was then incubated in the secondary antibody for 1 h at room 
temperature. To measure the expression of loading control proteins, the membranes were stripped and reprobed. Proteins 
in the membrane were normalised to total protein concentration (TPN) using No-Stain Protein Labelling Reagent 
(Invitrogen, MA, USA) and analysed using a Bio-Rad Chemidoc™ XRS+ Imaging system. The results were quantified 
using Bio-Rad Image Lab Software to account for variation in loading among lanes.
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Statistical Analysis
All experiments in the cellar study were performed with three independent biological replicates. Data are expressed as the 
mean ± SEM. Differences between groups were analysed by one-way analysis of variance (ANOVA) followed by Tukey’s 
multiple comparison test. For comparisons between only 2 groups, an unpaired, 2-tailed standard Student’s t test was used. 
GraphPad Prism 9 software (CA, USA) was used for statistical analysis. p <0.05 was considered statistically significant.

Results
IAld Reduces Colonic Protein Levels of Interleukin IL-6, IL-1β and TNF-α in Mice with 
DSS-Induced Colitis and IAld-Induced Reduction of IL-6 is Through AhR Activation
To study the effects of IAld on gut inflammation and the mechanisms associated with AhR in vivo, wild-type mice were 
treated with IAld or IAld and AhR inhibitor (CH-22) and DSS was used to induce colitis (Figure 1A). We showed that mRNA 
expression levels of AhR downstream gene CYP1A1 were upregulated in the colonic tissue by IAld (p < 0.001) and 
downregulated in the IAld+AhR inhibitor CH-22 group (p < 0.05) (Figure 1B). These observations confirm that IAld activated 
AhR signalling, and CH-22 suppressed this signalling pathway. IAld improved the phenotypic characteristics of mice with 
DSS-induced colitis, including body weight, DAI score and colon length, compared with DSS or DSS+IAld+CH-22 groups 
(Figure 1C-E). H&E staining of colon sections from mice in either the DSS or DSS+IAld+CH-22 groups showed notable 
ulceration, transmural inflammation and immune cell infiltration in the mucosa and submucosa, which were improved by IAld 
treatment, as evidenced by a significant reduction in histological scores (Figure 1F). Furthermore, we observed that IAld 
significantly reduced the protein levels of pro-inflammatory cytokines, such as IL-6, IL-1β and TNF-α, in the colonic tissue 
(Figure 1G). The IAld-induced decrease in the IL-6 level but not IL-1β and TNF-α was inhibited by CH-22 (p < 0.05).

Taken together, our results suggested that IAld suppresses the colonic proinflammatory responses induced by DSS, 
partially through AhR activation.

IAld Reduces the Level of NF-κB Through AhR Activation in Colonic Tissues from 
Mice with DSS-Induced Colitis
We next investigated if IAld impacts the NF-κB pathway, which plays a key role in regulating inflammation. As shown in 
Figure 2A, the protein levels of p65 from extracted nuclear fractions and the p65 DNA binding activity were significantly 
lower in the DSS+IAld group in contrast to the DSS group or the DSS+IAld+CH-22 group, suggesting that IAld-mediated 
AhR activation inhibits the NF-κB pathway. The IEB is critical in protecting the host from persistent activation of lamina 
propria immune cells caused by translocating microorganisms or endotoxins (eg, LPS).37 Therefore, we evaluated the gut 
permeability and gut integrity-related proteins in the current mouse model. The damaged IEB is related to increased myosin 
light-chain kinase (MLCK) expression and subsequent myosin II regulatory light chain (MLC) phosphorylation.38 

Phosphorylated MLC (p-MLC) by MLCK contracts the perijunctional actomyosin ring, exerting physical tension on tight 
junction (TJ) proteins and increasing paracellular permeability.39 Consistent with previously reported findings,21 we also 
observed that IAld significantly reduced the gut permeability (p < 0.01) and the phosphorylation of MLC in the colon from 
mice with colitis (p < 0.001) (Figure 2B and C). The latter was reversed by inhibiting AhR activation (p < 0.05) (Figure 2C), 
but not the reduction in the gut permeability. As shown in Figure 2D and E, IAld significantly increased levels of TJ proteins, 
zonula occludens-1 (ZO-1) and occludin (p < 0.01) in the colon, but not claudin-1. Inhibiting AhR signalling resulted in 
a significant reduction in ZO1 levels (p < 0.05) but had no effect on IAld-induced increases in occludin (Figure 2D and E).

Taken together, our findings suggested that IAld reduces NF-κB through AhR activation, which could play a role in 
IAld-mediated reduction of proinflammatory responses in the colon and improving the gut epithelial function.

IAld Alleviates Proinflammatory Responses in LPS-Stimulated Macrophages Partially 
Through AhR
To further probe the effects of IAld on the immune and epithelial cells separately, we carried out studies in vitro using 
RAW264.7, THP-1 macrophages, and Caco-2 colonic epithelial cells. The viability of the cells was evaluated using 
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Figure 2 Effects of IAld supplementation on gut barrier integrity in a DSS-induced mouse model. 
Notes: (A) p65 expression (nuclear fractions) from colonic tissue was measured using immunoblot. Lamin B1 was a loading control. Data are presented as the ratio of p65/ 
Lamin B1. p65 DNA binding activity (nuclear fractions) was determined using p65 Transcription Factor Assay. (B) The intestinal permeability was measured as the FITC-dextran 
levels in the serum of the mice. (C and D) The expression of and MLCK and p-MLC were measured using immunoblot. Total protein was a loading control. (E) Representative 
images of immunofluorescent staining of TJ proteins in colonic tissue. The data are shown as the mean ± SEM (n = 5–8/group). *p < 0.05, **p < 0.01, ***p < 0.01. 
Abbreviation: ns, statistically non-significant.
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CCK-8 assay after 48 h exposure of IAld at a range of concentrations from 10 to 400 μM and no cytotoxic effects were 
observed (Supplementary Figure 1A-C). To determine an optimal treatment concentration of IAld, we treated the 
RAW264.7 cells with IAld at concentrations of 50, 100, 200 or 400 μM for 1 h, followed by 12 h treatment of LPS at 
a final concentration of 100 ng/mL. The protein levels of two common inflammatory mediators (ie, inducible nitric oxide 
synthase (iNOS) and cyclooxygenase-2 (COX-2)) were measured, and IAld at 200 μM was chosen for subsequent 
investigations since it showed the most effect on iNOS and COX-2 levels (Figure 3). To examine if IAld is an agonist of 
AhR in RAW264.7, THP-1 and Caco-2 cell lines and how effectively CH-22 inhibits IAld-mediated AhR activation, cells 
were treated with IAld with or without CH-22. The mRNA levels of CYP1A1 and CYP1B1, which are AhR downstream 
genes,14 were measured. IAld significantly upregulated CYP1A1 and CYP1B1 mRNA expression levels in all three cell 
types, and the upregulated expression levels were significantly suppressed by CH-22 (Figure 4).

Figure 3 The effects of different concentrations of IAld on decreasing the level of inducible nitric oxide synthase (iNOS) and cyclooxygenase-2 (COX-2) in LPS stimulated 
RAW264.7 cells. 
Notes: Cells were treated with IAld at concentrations of 400, 200, 100, 10 μm for 1h before LPS (100ng/mL) stimulation for 12 h. Total protein was a loading control. The 
data are shown as the mean ± SEM (n = 3). **p < 0.01, ***p < 0.001. 
Abbreviation: ns, statistically non-significant.

Figure 4 IAld activated AhR signalling in the different cell types. 
Notes: (A) RAW264.7 (B) THP-1 (C) Caco-2 cells were treated with IAld (200 μM) for 2 h with or without 1 h prior treatment of CH-22 (10 μM). mRNA expression of 
CYP1A1 and CYP1B1 was measured using qPCR. The mRNA expression of CYP1B1 in RAW264.7 cells was not detected. The data are shown as the mean ± SEM (n = 3). *p < 
0.05, **p < 0.01, ***p < 0.001.
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To examine the effects of IAld-mediated AhR activation on the LPS-induced inflammatory response in macrophages 
from both mice and humans, RAW264.7 and THP-1 cells were treated with IAld, CH-22 or both. We showed that the 
secretion of proinflammatory cytokines, IL-6, IL-1β and TNF-α was significantly increased by LPS (Figure 5). IAld 
treatment decreased IL-6 and IL-1β secretion from both cell lines but only decreased TNF-α secretion in mouse 
macrophages (Figure 5). Furthermore, as shown in Figure 5, when LPS-stimulated macrophage cells were co-treated 
with IAld and CH-22, the suppressive effects of IAld on IL-6 secretion, but not IL-1β and TNF-α, were abrogated, which 
is consistent with our findings from the mouse model.

Taken as a whole, our results reveal that IAld decreases IL-6 secretion through AhR and the IAld-induced reduction 
in IL-1β is independent of AhR activation in both mouse and human macrophages. IAld reduces TNF-α secretion of 
murine macrophages in an AhR-independent manner but poses no effects on TNF-α levels in human macrophages, 
suggesting that IAld suppresses the pro-inflammatory response through multiple mechanisms, which remain to be 
unveiled.

IAld Suppresses NF-κB and JNK Pathways in LPS-Stimulated Macrophages Through 
AhR
To further explore the impact of IAld-mediated AhR activation on the NF-κB and JNK inflammatory pathways in the 
immune cells, LPS-stimulated macrophage cells were treated with IAld, CH-22 or both. The protein levels of phos-
phorylated NF-κB p65 (p-p65) and JNK (p-JNK) in cells were significantly reduced by IAld (p < 0.01, p < 0.05) and CH- 
22 significantly inhibited this reduction (p < 0.05) (Figure 6A and B). Furthermore, IAld significantly reduced the 

Figure 5 IAld decreased proinflammatory cytokine expression in LPS-stimulated macrophages partially through AhR. 
Notes: (A) RAW264.7 (B) THP-1 cells were treated with IAld (200 μM) for 1 h with or without 1 prior treatment of CH-22 (10 μM), followed by LPS (100 ng/mL) 
stimulation for another 12 h. The protein levels of proinflammatory cytokine IL-6, IL-1β and TNF-α in the supernatant of cell culture were measured using enzyme-linked 
immunosorbent assay. The data are shown as the mean ± SEM (n = 3). *p < 0.05, ***p < 0.001. 
Abbreviation: ns, statistically non-significant.
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Figure 6 IAld suppressed NF-κB and JNK pathway through AhR in macrophage cells. 
Notes: (A) RAW264.7 (B) THP-1 cells were treated with IAld (200 μM) for 1 h with or without 1 h prior treatment of CH-22 (10 μM), followed by LPS (100 ng/mL) 
stimulation for 30 min, the levels of phosphorylated NF-κB p65 (p-p65) and JNK (pJNK) were determined by immunoblot. The levels of phosphorylated NF-κB p65 (p-p65) 
were determined by immunoblot. Total protein was a loading control. Data are presented as the ratio of p-p65/total p65 and pJNK/total JNK. Representative images of 
immunofluorescent staining of p65 translocation from cytoplasmic to nucleus and quantitation of p65 translocated ratio in (C) RAW264.7 (D) THP-1. All data obtained from 
immunoblot or IF were quantified using Image J. The data are shown as the mean ± SEM (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001. 
Abbreviation: ns, statistically non-significant.
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translocation of p65 from the cytoplasm to the nucleus, which is a key step in NF-κB activation in macrophages, and this 
reduction was notably inhibited by CH-22 (Figure 6C and D).

Taken together, our observations lead us to conclude that IAld-mediated AhR activation is necessary for reduction of 
p65 translocation from cytoplasm to nucleus and downregulation of NF-κB and JNK pathways in both human and murine 
macrophages.

IAld Attenuates IEB Dysfunction and Suppresses the NF-κB Pathway Through AhR in 
the LPS-Stimulated Caco-2 Monolayer
To investigate the effect of IAld on LPS-induced disruption in IEB, TEER was measured as an index of epithelial barrier 
integrity in Caco-2 monolayers following the treated with IAld, CH-22 or both. Figure 7A shows that the LPS reduced 
TEER levels (p < 0.001) and this reduction was restored by IAld (p < 0.001) but not IAld with the presence of CH-22. 
Consistent with the observations in the permeability of LPS-stimulated Caco-2 monolayer, CH-22 abolished the 
protective effect of IAld (p < 0.01) (Figure 7B). LPS at the concentration of 100 ng/mL was not cytotoxic to Caco-2 
cells at 24 and 48 hours (Figure 7C), indicating that the increased permeability was due to paracellular leakage rather 
than LPS-induced cell death. We subsequently investigated if LPS affects the TJ proteins and if IAld can restore these 
protein levels. We did not observe changes in the levels of TJ proteins (ZO-1, occludine, claudine-1) induced by LPS nor 
IAld (Figure 7D). In contrast, LPS significantly increased MLCK and p-MLC levels compared with untreated controls 
and increases in these protein levels were normalised by IAld treatment (Figure 7E). Furthermore, we observed that CH- 
22 abolished these protective effects of IAld on MLCK and p-MLC (Figure 7E), which agrees with our observations 
in vivo. Immunofluorescence analysis was used to visualise the phenotype of the Caco-2 monolayer under different 
treatments. LPS treatment for 48 h disturbed the Caco-2 monolayer phenotype, resulting in a zigzag shape of TJ proteins, 
and IAld mitigated the deformation of the monolayer, and this alleviation was partly blocked by CH-22 (Figure 7F). In 
addition, compared with the controls, LPS-treated monolayers showed a higher proportion of merged TJs with p-MLC 
(Figure 7F), indicating that LPS resulted in redistribution and co-localisation of TJs and p-MLC. These effects were 
inhibited by IAld, as shown by the increased portion of separate staining of TJ and p-MLC in the cells, and CH-22 partly 
eliminated these effects (Figure 7F).

The NF-kB pathway has been suggested to be involved in upregulating MLCK and p-MLC to cause an increase in 
Caco-2 monolayer permeability;40 therefore, we next explored the effects of IAld-mediated AhR activation on NF-kB in 
Caco-2 cells. We observed that LPS upregulated the NF-kB pathway (p<0.01), and this upregulation was prevented by 
IAld-mediated AhR activation (p<0.05) (Figure 8A). IAld-mediated AhR activation prevented the translocation of p65 
from the cytoplasm to the nucleus in LPS-stimulated Caco-2 cells (Figure 8B and C). In contrast, the protein levels of 
JNK were not affected by LPS at a concentration of 100 ng/mL nor IAld (Supplementary Figure 2).

Taken together, our data suggest that IAld ameliorates LPS-induced disruptions in epithelial barrier integrity by 
downregulating MLCK and p-MLC/MLC and NF-κB through AhR activation.

Faecal Relative Abundances of the Certain Bacterial Families Including 
Akkermansiaceae Were Changed by IAld in Mice with DSS-Induced Colitis and are 
Correlated with Tight Junction Proteins and Inflammation
As the intestinal inflammation and increased gut permeability are frequently accompanied by compositional changes in the gut 
microbiota,41 the regulatory effect of IAld on the gut bacterial composition in DSS-induced colitis mice was studied using 16S 
rRNA gene sequencing technique. Alpha-diversity (Shannon and Simpson indices) was not significantly different among the 
groups (Figure 9A). Non DSS-treated groups were separated from the DSS-treated groups along the 2nd component (Axis 2) 
in the PCoA score plot (p = 0.001) (Figure 9B). We observed that the relative abundance of bacterial family Lactobacillaceae 
was higher in the control mice compared to the other groups (Figure 9C). LefSe analysis revealed that the relative abundances 
of 16 bacterial families were significantly changed owing to DSS treatment and gram-negative bacteria, including 
Prevotellaceae, Acholeplasmataceae, Oscillospirales UCG_010, Bacteroidaceae and Christensenellaceae were enriched 
(Figure 9D). We further observed significant changes in the abundances of 14 bacterial families induced by IAld-treated 
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Figure 7 IAld attenuated Caco-2 epithelial barrier dysfunction through AhR activation. 
Notes: Polarized Caco-2 monolayers were pre-treated with or without CH-22 (10 μM) for 1 h before IAld (200 μM) was added to the apical chamber for another 1 h, 
followed by adding LPS (100 ng/mL) into the basolateral chamber for next 48 h. Epithelial permeability was measured by (A) TEER or (B) FITC-dextran paracellular 
transport from the apical to basolateral compartment. (C) The cytotoxic effects of LPS on Caco-2 monolayer at different time points were measured. (D and E) The 
expression of tight junction (TJ) proteins (eg, ZO-1, occludin, and claudin-1), and MLCK and p-MLC were determined by immunoblot. Total protein was a loading control. 
(F) Representative images of immunofluorescent (IF) staining of TJ and p-MLC in Caco-2 monolayer. Arrows, the disrupted phenotypes of TJ proteins in LPS-stimulated 
Caco-2 monolayer. All data obtained from IF was quantified using Image J. The data are shown as the mean ± SEM (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001; #p < 0.001 
versus LPS; &p < 0.01 versus CH-22; $p < 0.001 versus Control. 
Abbreviation: ns, statistically non-significant.
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mice with colitis, for example, increased relative abundances of Akkermansiaceae and Enterobacteriaceae and decreases in 
Bifidobacteriaceae and Fusobacteriaceae (Figure 9E). Moreover, treatment with IAld and CH-22 in mice with colitis 
increased the relative abundances of these bacterial families that showed a reduction in IAld-treated mice, such as, 
Bifidobacteriaceae, Clostridiacaea, Peptostreptococcaceae and Christensenellaceae (Figure 9F).

In the control and DSS groups, the bacterial families, eg, Atopobiaceae, Eggerthellaceae and Lactobacillaceae 
showed a strongly negative correlation with inflammatory cytokines and displayed a highly positive correlation with 
TJ proteins, whereas Clostridiaceae, Bacteroidaceae, Prevotellaceae and Ruminococcaceae showed the opposite corre-
lation (Figure 9G). In the DSS and DSS+IAld groups, Christensenellaceae, Deferribacteraceae, Acholeplasmataceae and 
Clostridiaceae were positively correlated with inflammatory parameters and pMLC/MLC, while Bifidobacteriaceae and 
Clostridiaceae were negatively correlated with TJ protein levels (Figure 9H). In particular, Akkermansiaceae was 
significantly and negatively correlated with IL-1β (Figure 9H) No statistically significant correlations were found in 
the DSS+IAld and CH-22 groups.

Figure 8 IAld supressed NF-κB through AhR in Caco-2 cells. 
Notes: Polarized Caco-2 cells were treated with IAld (200 uM) for 1 h with or without 1 h prior treatment of CH-22 (10 μM), followed by LPS (100 ng/mL) stimulation for 4 
h. (A) The levels of phosphorylated NF-κB p65 (p-p65) were determined by immunoblot. Total protein was a loading control. Data are presented as the ratio of p-p65/total 
p65. (B and C) Quantitation of p65 translocated ratio in Caco-2 cells and representative images of immunofluorescent staining of p65 translocation from cytoplasmic to 
nucleus. All data obtained from immunoblot or IF were quantified using Image J. The data are shown as the mean ± SEM (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001. 
Abbreviation: ns, statistically non-significant.
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Figure 9 Effects of IAld and AhR activation on the gut microbiome composition in a DSS-induced mouse model. 
Notes: (A) α-diversity was determined using Simpson index and Shannon index. (B) β-diversity was determined using weighted UniFrac distance-based Principal 
Coordinates Analysis (PCoA) (R2 = 0.49613 P = 0.001). (C) The relative abundance of bacteria of different groups at family level. (D-F) LDA scores from LefSe analysis 
were performed on relative ASV between groups of Control vs DSS; DSS vs DSS+IAld; DSS+IAld vs DSS+IAld+CH-22. (G and H) Correlation heatmap was calculated by 
using Spearman correlation coefficient. The data are shown as the mean ± SEM (n = 5–8/group). *p < 0.05.
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Taken as a whole, these observations prompt us to conclude that IAld-mediated improvement in gut epithelial 
integrity and reductions in gut tissue inflammation are associated with gut bacteria changes. Investigating their causal 
relationship warrants further studies.

Discussion
The bacterial metabolites of Trp have been increasingly studied owing to their biofunctional properties in regulating host 
physiology.5 IAld, one of the Trp metabolites by the gut bacteria, has been shown to have anti-inflammatory properties in 
multiple disease models, such as endometritis, dermatitis, and experimental autoimmune encephalomyelitis.12,22,42,43 In this 
study, we report that IAld reduces pro-inflammatory cytokines, namely, IL-6, IL-1β and TNF-α in both colon tissues from the 
mice with DSS-induced colitis and LPS-stimulated macrophages. Pro-inflammatory cytokines are commonly increased in 
mucosal biopsies from patients with UC or mice with colitis.44–46 Therapies of suppressing these pro-inflammatory cytokines 
such as anti-TNF-α and anti-IL-6 have been shown to be effective in certain cohorts of patients.47,48 In line with our findings, 
IPA and IAld have been reported to upregulate epithelial IL-10R1 activity to reduce colitis severity and promote epithelial 
wound healing.9 These evidence as a whole suggest that IAld not only enhances anti-inflammatory cytokines but also reduces 
pro-inflammatory cytokines to exert anti-inflammatory effects. Furthermore, we report that IAld-induced reduction of IL-6 is 
AhR activation-dependent, but the reductions of IL-1β and TNF-α are likely through AhR-independent mechanisms, which 
remain to be explored. Our observations agree with a previous study, where AhR deficiency was found to increase IL-6 
expression at the protein level in LPS-stimulated macrophages,49 indicating that AhR activation is involved in the down-
regulation of IL-6 levels. IAld was found to reduce mRNA expression levels of IL-1β and CH-22 partially inhibited this 
reduction in RAW264.7 cells, of which heat-killed Mycobacterium tuberculosis was used to induce the inflammatory 
responses; however, the functional protein level of IL-1β was not measured.50

Another profound finding was that IAld reduces NF-κB and JNK pathways through AhR activation in LPS-stimulated 
macrophages. AhR suppresses p65 activation induced by TNF-α and Poly I:C;51 on the other hand, NF-κB activates the 
transcription of AhR and enhances the activities of AhR-regulated genes.52 We provide experimental evidence that IAld- 
mediated AhR activation suppresses the NF-κB pathway by both reducing the phosphorylated p65 expression and inhibiting p65 
translocation. In contrast, little is known about the effect of AhR on the JNK pathway.53 The AhR ligands of 2,3,7,8-tetra-
chlorodibenzo-p-dioxin (TCDD) was observed to activate JNK pathway to regulate cell plasticity. Previous studies have shown 
that these two pathways regulate the expression of a number of pro-inflammatory cytokines, such as IL-6 in macrophages.54–57 

Therefore, these evidence together suggest that IAld-mediated AhR activation reduces LPS-induced secretion of IL-6, which is 
likely through inhibiting NF-κB and JNK pathways in both murine and human macrophages in the current study.

In addition to reduction in pro-inflammatory cytokine secretion, our investigation revealed that through AhR activation 
IAld resulted in improved IEB function and reduced protein levels of MLCK and p-MLC in LPS-stimulated Caco-2 
monolayers which are in agreement with several published studies where AhR activation was shown to ameliorate IEB 
dysfunction under different intestinal stresses.21,58–60 A previous study using TNF-a as a stimulant for Caco-2 cells found that 
IAld reduced the permeability of the monolayer21 which is consistent with our observations. Furthermore, we observed 
a down-regulatory effect of IAld on NF-κB pathway through AhR activation, evidenced by reduced levels of p-p65 and 
inhibition of p65 translocation to from cytoplasm to nucleus in the LPS-stimulated Caco-2 cells. Inhibition of NF-κB by 
siRNA knockdown of p50/p65 was reported to prevent MLCK expression and maintain the permeability of LPS-stimulated 
Caco-2 monolayers.40 As the previous study showed that MLCK inhibitor prevented the TNF-α induced increase in the 
permeability of the Caco-2 monolayer,61 indicating that gut permeability is regulated by MLCK. These evidence together 
suggest that IAld-mediated AhR activation inhibits NF-κB pathway, which downregulates both IL-6 secretion in macrophages 
and MLCK/p-MLC expression in the intestinal epithelial cells to improve the gut permeability and IEB function.

In contrast to the findings from human Caco-2 cells, we noted a significant reduction in the gut permeability induced by IAld 
in mice with DSS-induced colitis; however, this improvement was not fully abolished by the AhR inhibitor. This observation 
suggests that IAld-induced protective effects on the gut integrity could be through some AhR-independent mechanisms. This 
finding differs from a previous study using Ahr-/- mice, where IAld at a dose of 1000 mg per kg of body weight,21 a much higher 
than the physiological concentration found in human stool,62 was shown to improve the gut permeability in an AhR-dependent 
manner.21 This inconsistency could be due to the differences in the mouse models and IAld doses.
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Our further investigation on the faecal bacterial composition showed that neither alpha- nor beta-diversity was 
significantly affected by IAld treatment. However, the relative abundance of Akkermansiaceae family was higher in IAld- 
treated mice with colitis compared to the non-treated mice, and this increase was inversely correlated with colonic IL-1β 
expression. Akkermansia muciniphila is a well-studied species of Akkermansiaceae family and has been found to reduce 
the risk of metabolic disorders.63,64 A previous study reported that IAld at above 5 µM promoted the growth of 
A. muciniphila BAA-835T in vitro,65 which is in line with our observations in vivo. A. muciniphila BAA-835T was 
also shown to metabolise Trp to indole, indole-3-acetic acid, indole-3-lactic acid and IAld.65 These data together led us to 
speculate that IAld promotes the growth of Akkermansiaceae bacteria in the gut, which in turn increases the bioavail-
ability of Trp metabolites to improve IEB function, forming a positive feedback loop. This hypothesis warrants further 
investigation by assessing bacterial function and Trp metabolite concentrations in the lumen following IAld treatment.

Conclusion
In summary, our data showed that IAld-mediated AhR activation suppressed the NF-κB pathway, which is key in 
regulating inflammation (down-regulation of pro-inflammatory cytokine IL-6 secretion) and IEB function (reduced 
expression of MLCK/p-MLC and improved gut permeability). We also demonstrated that IAld could exert its beneficial 
effects such as reduction of IL-1β and TNF-α via AhR-independent mechanisms, as well as through potential gut 
microbiota-mediated mechanisms (eg, growth of Akkermansiaceae). The latter will require further studies to probe the 
complex crosstalk amongst Trp metabolites, the gut microbiota and the host. These anti-inflammatory effects of IAld on 
intestinal inflammation provide us with new perspectives as a potential adjuvant therapeutic approach to alleviate colitis 
symptoms in patients with UC.
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