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KEY WORDS Abstract  Disruption of the intestinal mucosal barrier caused by gut dysbiosis and metabolic imbalance
S is the underlying pathology of inflammatory bowel disease (IBD). Traditional Chinese medicine Wuji
C(:Jiltis an; Wan (WJW) is commonly used to treat digestive system disorders and showed therapeutic potential

Gut microbiota;
Tryptophan metabolite;
Intestinal barrier;

for IBD. In this interdisciplinary study, we aim to investigate the pharmacological effects of WJW against
experimental colitis by combining functional metabolomics and gut-microbiota sequencing techniques.
Treatment with WJW altered the profile of the intestinal microbiota and notably increased the abundance

Aryl hydrocarbon of Lactobacillus, thereby facilitating the conversion of tryptophan into indole-3-acetic acid (IAA) and
receptor; indoleacrylic acid (IA). These indole derivatives activated the aryl hydrocarbon receptor (AhR) pathway,
Indole-3-acetic acid; which reduced colonic inflammation and restored the expression of intestinal barrier proteins.
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Lactobacillus

Interestingly, the beneficial effects of WIW on gut barrier function improvement and tryptophan meta-

bolism were disappeared in the absence of gut microbiota. Finally, pre-treatment with the AhR antagonist
CH-223191 confirmed the essential role of I[AA-mediated AhR activation in the therapeutic effects of
WIW. Overall, WIW enhanced intestinal barrier function and reduced colonic inflammation in a murine
colitis model by modulating Lactobacillus—IAA—AhR signaling pathway. This study provides novel in-
sights into colitis pathogenesis and presents an effective therapeutic and preventive approach against IBD.

© 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and
Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The human gut harbors almost 10'* microorganisms that have
co-evolved with the host for thousands of years, resulting in a
complicated and mutually beneficial relationship'. The involve-
ment role of gut microbiota in human disease has been extensively
investigated in the past decade. The intestinal epithelium serves as
a protective barrier, both physically and chemically, safeguarding
the intestinal epithelial mucosa and nearby organs against detri-
mental microorganisms. The gut dysbiosis, marked by changes in
the diversity, structure, and/or activities of the resident microbiota,
can destroy the integrity of the intestinal epithelial barrier,
resulting in heightened bacterial translocation and immune
response activation>. This can affect the onset, advancement, and
worsening of gastrointestinal disorders, such as inflammatory
bowel disease (IBD)'. IBD, which includes ulcerative colitis and
Crohn’s disease, is characterized by persistent and recurring
inflammation of the gastrointestinal tract™”. This disease repre-
sents a significant global health concern, and its annual incidence
has shown a substantial increase in parallel with shifts in diet and
lifestyle patterns®. While the precise causes of IBD are multifac-
eted and involve a mixture of genetic and environmental factors,
emerging research suggests that an impaired intestinal barrier,
triggered by gut dysbiosis, precedes the development of IBD’.
The production of small-molecule metabolites by the gut
microbiota is merging as a crucial factor in maintaining the
integrity of the intestinal barrier”. The three primary categories of
gut microbial metabolites that are currently receiving extensive
research attention and have been implicated in the pathogenesis of
IBD include: (1) short-chain fatty acids (SCFAs), synthesized de
novo by microbes, (2) bile acids (BAs), initially produced in the
liver and modified by the gut microbiota within the gut lumen
before exerting their effects on the host, and (3) tryptophan (Trp)
metabolites, produced from the dietary breakdown by gut micro-
biota®. Most of these metabolites exert their effects as signaling
molecules and substrates for metabolic reactions to initiate an
immune response within the gut mucosa and regulate inflamma-
tory processes™’. For instance, SCFAs enhance intestinal barrier
function through diverse mechanisms, including the inhibition of
pathogen development, reduction of intestinal inflammation, and
modulation of tight junctions (TJs) structure™'*''. Moreover,
secondary BAs can stimulate the regeneration of gut epithelium
and prevent the dysfunction of intestinal barrier and translocation
of bacteria by activating various cell surface and nuclear receptors,
including pregnane X receptor, farnesoid X receptor and G protein
bile acid receptor®'*'®. Furthermore, gut microbiota can

metabolize Trp into indole metabolites, which regulate the intes-
tinal barrier function through the xenobiotic sensing pregnane X
receptor and/or aryl hydrocarbon receptor (AhR). The activation
of Trp—AhR pathway plays a vital role in maintaining the normal
function of intestinal barrier and significantly mitigates its
dysfunction induced by proinflammatory cytokines’. Therefore,
targeting microbiota-modulated metabolites to restore the function
of intestinal barrier might be an effective strategy for IBD
therapy”'*.

Traditional Chinese medicine (TCM) has the advantages of
accurate efficacy, low recurrence rate, and few side effects in
treating IBD. Numerous studies have demonstrated that TCM can
target and regulate the composition of gut microbiota and mitigate
gut barrier dysfunction through multi-component mediation,
exerting therapeutic effects on IBD'*'°. Wuji Wan (WIW), a
well-established TCM formula recorded in Chinese Pharmaco-
peia, has attracted researchers’ attention due to its beneficial
effects against various gastrointestinal diseases. WIJW is
composed of Radix Paeoniae Alba, Fructus Evodiae Rutaecarpae,
and Rhizoma Coptidis in the ratio of 6:1:6'"'®. Recent studies
have indicated that WJW can alleviate diarrhea, improve colonic
motility, and restore the intestinal microbiota and gut epithelial
barrier in individuals with post-inflammatory irritable bowel
syndrome'”'®. Moreover, the major bioactive compounds of
WIW, such as berberine, evodiamine and paeoniflorin, have been
shown to rectify gut dysbiosis, restore microbial metabolites, and
improve the gut barrier function in dextran sulfate sodium (DSS)-
induced colitis animal models'****!. At the same time, these
compounds have been demonstrated to exhibit lower oral
bioavailability and prolonged retention in the gastrointestinal
tract’>>®. This indicates that the gastrointestinal tract, especially
the gut microbiota, might be the site of action of WIW for IBD.
Nevertheless, the regulatory effects and underlying mechanism of
WIW on gut dysbiosis in IBD, especially its metabolism function,
remain unexplored. Therefore, the present study systematically
investigated the regulatory effects of WJW on gut dysbiosis in
preventing IBD using a DSS-induced colitis mouse model, which
is the most widely used and well-characterized model of IBD.
This model of acute colitis displayed key features resembling
human IBD, including bloody diarrhea, weight loss and mucosal
ulceration®"**. Additionally, the luminal bacteria likely contribute
to the progression of this form of colitis, providing a basis for
exploring gut microbiota-mediated mechanisms during the thera-
peutic process’®. Our results demonstrated that WJW might pro-
tect against intestinal barrier dysfunction in IBD by targeting the
Lactobacillus—indole-3-acetic acid (IAA)—AhR axis.
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2. Materials and methods
2.1.  Chemicals and reagents

Magnoflorine was purchased from Beyotime Biotech Inc.
(Shanghai, China), berberine, rutaecarpine, evodine were pur-
chased from Macklin Biochemical Co., Ltd. (Shanghai, China),
jatrorrhizine, evodiamine were obtained from Meryer Co., Ltd.
(Shanghai, China), albiflorion was obtained from Push bio-
technology Co., Ltd. (Chengdu, China), benzoylpaeoniflorin was
purchased from Standard Technology Co., Ltd. (Shanghai, China)
and paeoniflorin was purchased from Baoji Fang Sheng Biological
Development Co., Ltd. (Baoji, China). Dextran sulfate sodium
(DSS, MW 36,000—50,000) was sourced from MP Biochemicals,
while Wuji Wan (WJW; Batch No. 202001002) was acquired from
Li Shizhen Pharmaceutical Co., Ltd. The antibiotics (ABX)
ampicillin, neomycin sulfate, vancomycin, and metronidazole
were acquired from Shanghai Macklin Biochemical Co., Ltd. The
procurement of indole-3-acetic acid (IAA), indole-3-acrylate (IA),
lipopolysaccharides derived from E. coli (LPS; O55:BS), CH-
223191, Dulbecco’s modified Eagle’s medium (DMEM), TRIzol
reagent, and fetal bovine serum (FBS) were all sourced from
Sigma—Aldrich. Methanol (HPLC grade) and formic acid (LC/
MS grade) were purchased from Macklin Biochemical Co., Ltd.
Acetonitrile (HPLC grade) was purchased from Adamas-beta.

2.2.  Animal experiment and handling

Male C57BL/6J mice, at the aged eight weeks, were supplied by
the Experimental Animal Center of Xi’an Jiaotong University
(Xi’an, China) [SCXK (Shan) 2018-001]. Mice were kept in
specific pathogen-free conditions at 22 £ 1 °C on a 12-h light/dark
cycle. They were provided with unlimited access to food and
water and were acclimatized for a minimum of one week prior to
the start of the experiments. All experimental procedures were
conducted in compliance with the institutional guidelines for the
care and use of laboratory animals in China and approved by the
Animal Ethical Council of Xi’an Jiaotong University Health
Science Center (permit NO. XJTU2019-679).

The mice were divided into five groups in a random manner:
control (Ctrl), colitis (DSS), colitis plus 150 mg/kg WIW
(WIW-L), colitis plus 300 mg/kg WIW (WJW-H), and colitis plus
100 mg/kg S-aminosalicylic acid (5-ASA) groups. The onset of
experimental colitis was triggered by oral administration of 2.5%
(w/v) DSS in drinking water for a period of 10 consecutive days.
WIW powder and 5-ASA were dissolved in water and adminis-
tered to their respective groups via oral gavage throughout the 10-
day duration, while the mice in Ctrl and model groups were given
identical amounts of water. Details on the formulation and qual-
itative evaluation of WJW powder are outlined in Fig. 1 and
Supporting Information Fig. S1. Daily monitoring of the mice
including recording the body weight and disease activity index
(DAI), which encompassed body weight reduction, stool consis-
tency, and gross blood'*. On the 10th day, the mice were eutha-
nized, and their entire spleen and colon were weighed and
subjected to photography. A 1-cm portion of the distal colon was
preserved for histological and immunofluorescence analysis, while
the remaining portion was rapidly frozen in liquid nitrogen and
stored at —80 °C for subsequent analyses. The fecal samples were
gathered to analyze the structure of intestinal microbiota and
related metabolites. Serum was collected for the purpose of
metabolomic analysis.

For establishing the pseudo-germ-free model, mice received
ABX-dissolved drinking water (ampicillin 1 g/L, vancomycin
0.5 g/L, neomycin sulfate 1 g/L, and metronidazole 1 g/L),
starting 10 days prior to colitis induction and continuing until the
end of the experiment for depleting the gut microbiota'”. For ITAA
and IA treatment, the mice daily received intragastric injections of
20 mg/kg of either IAA or IA throughout the entire duration of
colitis induction®”.

2.3.  Preparation and qualitative analysis of Wuji Wan powder

Wuji Wan (WJW, Li Shizhen Pharmaceutical Co., Ltd., Batch No.:
202001002) powder used in this study was crude powder without
any extraction process. WJW were pulverized into fine powder
screening through a 300-mesh sieve for the following study. WIW
powder was dissolved using distilled water to extract the WIW
components into solution. The qualitative chemical profiles of
WIW were analyzed by UHPLC system (Agilent 1290 Infinity,
Agilent Technologies, USA) coupled to QTOF/MS (Agilent 6560
IM-QTOF, Agilent Technologies, USA). Chromatographic sepa-
ration was established by ACQUITYUPLC®BEH CI18 column
(2.1 mm x 100 mm, 1.7 pm, Waters) with gradient change of
mobile phases A and B (mobile phases A: water with 0.1% formic
acid, mobile phases B: acetonitrile with 0.1% formic acid), and the
gradient-elution program is as follows: 0—1 min, 2% B; 1—8 min,
2%—28% B; 8—28 min, 28%—62% B; 28—33 min, 62%—98% B.
The parameter information for mass spectrometry is provided in
Supporting Information Table S1. The complex components of
WIW were preliminary identified by matching analysis with the
compounds in the Personal Compound Database and Library
(Agilent Technologies, USA), and the WJW components would be
accurately identified when it has identical MS/MS spectra as the
reference compounds®®.

2.4.  Biochemical assays

The activity of myeloperoxidase (MPO) in the colonic tissues was
assessed as described previously'®. The levels of tumor necrosis
factor (TNF-a), interleukin (IL)-18, IL-6, and IL-10 in the colonic
tissues were measured using specific ELISA kits (eBioscience
Biotechnology, CA, USA), following the guidelines provided by
the manufacturer.

2.5.  Histopathological assessment

Specimens from the distal colon were immersed in a 10% neutral
formalin solution overnight, subsequently embedded in paraffin,
sliced into sections measuring 5 pm in thickness, and stained with
hematoxylin and eosin, following the established protocols. On
the other hand, the partial colonic tissues were immediately fixed
in Carnoy’s solution during dissection for Periodic-acid Schiff
(PAS) staining.

2.6.  Assessment of intestinal permeability

The intestinal barrier function was examined using fluorescein
isothiocyanate (FITC)-dextran (Sigma—Aldrich) as described
previously””. In summary, mice were fasted for 4 h, followed by
the oral administration of FITC-dextran at a dosage of 60 mg per
100 g of body weight. After 5 h, blood samples were obtained, and
the concentration of FITC-dextran in the serum was measured by
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Figure 1

Accurate identification of 9 main chemical compounds in Wuji Wan (WJW) with an LC—QTOF-MS/MS based chemical profiling

method. (A) The extract ion chromatograms of 9 components: berberine, evodiamine, paeoniflorin, jatrorrhizine, benzoylpaeoniflorin, albiflorin,
magnoflorine, rutaecarpine, and evodine. (B) The MS/MS spectra of 9 chemical features in WJW and the corresponding MS/MS spectra of

reference compounds.
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WIJW improved the pathological phenotype of dextran sulfate sodium (DSS)-induced colitis and reduced colonic inflammation. Colitis

was induced by administering 2.5% DSS dissolved in drinking water of mice for consecutive 10 days. WIW at dosage of 150 mg/kg (L) and
300 mg/kg (H), 5-aminosalicylic acid (5-ASA) (100 mg/kg) were orally administered daily in indicated group during colitis process. (A) Percentage
body weight and disease activity index (DAI) scores change during 10 consecutive days with DSS treatment (n = 10). (B) Macro observation of
colon and spleen, colon weight to length ratio and spleen weight to body weight ratio in indicated group (n = 10). (C) Representative hematoxylin
and eosin stained pictures of the colon (scale bars, 100 um) and histological scores of different groups (n = 3). (D) MPO activity and inflammatory
cytokine concentration (IL-6, IL-18, TNF-« and IL-10) in colon tissues (n = 3). Data are presented as the mean + SEM. Statistical significance was
determined using one-way or two-way ANOVA with Dunnett’s 7 test for multiple-group comparisons. ***P < 0.001 vs. Ctrl group, *P < 0.03,
#P < 0.01 and *P < 0.001 vs. colitis group, “P < 0.05, ¥*P < 0.01 and ¥**P < 0.001 vs. WIW-H group.



210

Wanghui Jing et al.

utilizing the standard curve method (excitation at 485 nm; emis-
sion at 525 nm; BioTek).

2.7. 168 rRNA gene sequencing and analysis

The genomic DNA of the bacteria was isolated from the fecal
samples by utilizing the hexadecyltrimethylammonium bromide
method and measured using agarose gel electrophoresis'>. The
highly variable V3—V4 region of the 16S rRNA gene was
amplified using PCR, followed by sequencing the amplified
products on the Illumina MiSeq platform (Illumina, San Diego,
CA, USA). And the raw sequencing data underwent filtration,
trimming, and subsequent clustering into identical operational
taxonomic units (OTUs) with >97% similarity, using the Quan-
titative Insights into Microbial Ecology (QIIME, V1.9.1) pipeline
and Uparse software (Version 7.0.1001). A representative set of
sequences was generated and annotated using SILVA database
based on the Mothur algorithm. The MUSCLE software (Version
3.8.31) was used for multiple sequence alignment, and the R
program (Version 3.5.3) was used to calculate a-diversity indices
and conduct principal coordinate analysis (PCoA) based on Bray-
Curtis distance. A taxonomic cladogram was generated using
linear discriminant analysis (LDA) effect size (LEfSe) with a
threshold of 4 on the logarithmic LDA score.

2.8. Targeted metabolomics analysis

The precision-targeted metabolomics approach was employed to
analyze the metabolomes of both serum and fecal specimens'**".
In brief, 100 pL serum samples were added in 500 pL iced
ddH,O0, and vortexed and ultra-sounded for 10 min, respectively.
After the collection of supernatants, adding 500 pL iced methanol
to EP tube for extracting with organic phase. The supernatants of
the extracts of aqueous and organic phases were mixed and filtered
with 0.22 pm organic phase membrane. About 100 mg fecal
sample was accurately weighed and dissolved in 500 pL of ice-
cold ddH,O followed by 10 min of vigorous shaking. After a
10 min sonication extraction, the sample was centrifuged at 6000
x g for 10 min at 4 °C to collect the supernatant. Then, the
remaining precipitation was subjected to the same steps in 500 pL
ice-cold methanol solution containing 0.001 mg/mL of the internal
standard 4-chloro-p,L-phenylalanine. Finally, the aqueous and
methanol extracts were mixed and centrifuged at 20,000 x g for
10 min at 4 °C and the supernatant was filtered by 0.22 um filter
membrane (organic phase) for metabolomics assay. 5 uL of the
sample from each individual was combined to create a quality
control sample. After analyzing every 10 samples, the quality
control samples were analyzed to assess the stability and accuracy
of data acquisition.

The metabolic profiles of samples were characterized by tar-
geted metabolomics through UHPLC—TQ/MS system (Agilent
1290 Infinity LC System coupled with Agilent 6495 Series Triple
Quad MS System, Agilent Technologies, USA). The parameter
information for mass spectrometry is provided in Supporting
Information Table S2. The ACQUITY UPLC HSS T3 column
(2.1 mm i.d. x 100 mm, 1.8 um; Waters) was used at 0.3 mL/min
following gradient-elution program (A: water with 0.1% formic
acid (v/v), B: acetonitrile with 0.1% formic acid (v/v); 0—2 min,
98% A; 2—10 min, 98%—65% A; 10—12 min, 65%—20% A;
12—14 min, 20%—2% A).

The MS raw data were processed using the Agilent Quantita-
tive Analysis software (Agilent Technologies, USA), and the

metabolites with peak area lower than 1000 would be manually
excluded to Ensure the high quality and authenticity of the MS
data. 1 pg/mL of the internal standard 4-chloro-p,L-phenylalanine
were added to the sample pretreatment reagent (80% iced meth-
anol). During the statistical analyses of metabolomics data, the
peak area of metabolites was normalized using the expression
levels of the internal standard and the weight of the fecal samples.
Then the normalized peak area of metabolites was imported to
SIMCA-P Statistical Analysis 13.0 program (Umetrics, Umea,
Sweden) for partial least squares-discriminant analysis (PLS-DA).
Screening of the differential metabolites was conducted using
following thresholds: variable importance in the projection
(VIP) > 1 from the PLS-DA model, and the adjusted P
values < 0.05 from Mann—Whitney U-test with
Benjamini—Hochberg false discovery rate correction. The heat-
map overview of targeted metabolomes was generated using
MetaboAnalyst 4.0 (https://www.metaboanalyst.ca/) based on the
differential metabolites.

2.9.  Cell culture and drug treatment

Caco-2 cell lines, sourced from the American Type Culture
Collection (Rockville, MD, USA) were cultured in DMEM
enriched with 20% FBS and 100 U/mL penicillin—streptomycin
solution in a humidified incubator (5% CO,, 95% air, 37 °C). Cells
were cultivated until 80%—90% confluence and exposed to
various treatments. In brief, Caco-2 cells were planted into six-
well plates at a density of 5 x 10> cells per well, and treated as
follows for 24 h: (1) DMEM - control group; (2) 1 png/mL LPS; (3)
1 pg/mL LPS plus 250 or 500 mg/L WIW; (4) 1 pg/mL LPS plus
20 pmol/L. CH-223191; and (5) 1 pg/mL LPS plus 500 pmol/L
IAA with or without 20 pmol/L CH-223191. All experiments were
performed in triplicates. The cells were rinsed and harvested for
either RNA or protein extraction. Cell viability was measured by
utilizing the Cell Counting Kit-8 assay kit (Solarbio Co., Beijing,
China), adhering to the instructions provide by the manufacturer.

2.10.  Immunofluorescence staining

Following established procedures, Caco-2 cells and colon slices
were fixed and stained using antibodies targeting zonula
occludens-1 (ZO-1, 1:100, Cat #ab221547; Abcam, Cambridge,
MA, USA), Occludin (1:100, Cat #ab216327; Abcam), and aryl
hydrocarbon receptor (AhR, 1:150, Cat #A1451; Abclonal, Bos-
ton, MA, USA) as per standard protocols. The samples were
incubated with the primary antibodies overnight at 4 °C, and then
rinsed with PBS. Subsequently, they were co-stained with a
fluorochrome-labeled secondary antibody at 37 °C for 1 h and
counterstained with DAPI (for nucleus staining). The fluorescence
images were captured using laser scanning confocal microscopy
(Leica, Wetzlar, Germany).

2.11.  Quantitative real-time PCR

Total RNA was extracted from the colonic tissues and Caco-2 cells
employing TRIzol reagent following the guidelines provided by
the manufacturer. The RNA quantity and purity were evaluated by
measuring the absorbance at 260 and 280 nm. The first-strand
cDNA was generated using the Superscript III First-Strand Syn-
thesis System (Invitrogen, Carlsbad, CA, USA). qPCR was per-
formed using the SYBR Green reagents with total reaction volume
of 20 pL on a real-time fluorescence quantitative PCR instrument
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(MX3005P, Agilent). The primer sequences can be found in
Supporting Information Table S3, providing further details. The
expression of each gene was normalized to that of GAPDH.

2.12.  Western blotting

Cells and colonic tissues were lysed using the radio-
immunoprecipitation assay lysis buffer supplemented with prote-
ase and phosphatase inhibitors. The protein content was
quantitated by a BCA protein assay kit. Western blotting was
performed as previously described, utilizing the following anti-
bodies: ZO-1 (1:1000, Cat #ab276131; Abcam, Cambridge, MA,
USA), Occludin (1:1000, Cat #ab216327; Abcam), Claudin-2
(1:1000, Cat # A14085; Abclonal), Mucin-2 (1:1000, Cat
#A14659; Abclonal), AhR (1:1000, Cat #A1451; Abclonal), Cy-
tochrome P450 1A1 (CYP1A1, 1:1000, Cat #A2159; Abclonal),
myosin light chain kinase (MLCK, 1:1000, Cat #A3835; Abclo-
nal), Phospho-MLC (p-MLC, 1:1000, Cat #3671; CST, USA), and
GAPDH (1:5000, Cat #ab8245; Abcam). The protein bands were
visualized using enhanced chemiluminescent reagent and then
quantified using Image J software.

2.13.  Statistical analyses

Statistical analysis was conducted using GraphPad Prism 8.0
(GraphPad, San Diego, CA, USA). Data are presented as the
mean * Standard error of mean (SEM). Significant differences
between two groups were evaluated using a two-tailed unpaired
Student’s t-test, whereas the differences among multiple groups
were analyzed using one-way or two-way analysis of variance
(ANOVA) followed by Dunnett’s post hoc multiple comparison’s
test. A two-tailed Wilcoxon rank-sum test was performed using
the R software to analyze the gut microbiota sequencing data. All
results were considered statistically significant at P < 0.05.

3. Results

3.1.  Accurate identification of WIW components by
UPLC—QTOF-MS analysis

To identify the main components of WJW, a chemical profiling
method with UHPLC—QTOF MS was developed. This method
enabled the profiling of core chemicals in the WJW extract, which
is crucial for accurately verifying the identities of WJW chemical
compounds by comparing them with reference compound MS/MS
spectra. By conducting matching analysis with compounds in the
Personal Compound Database and Library database and manual
screening, components with matching retention time and daughter
ions, along with high abundance in the WJW extract, were
selected for further precise identification. Subsequently, through
comparative analysis of MS/MS spectra between the reference
compounds and WJW chemical features, nine core chemicals of
WIW were accurately identified. These included magnoflorine,
berberine, and jatrorrhizine (Rhizoma Coptidis); evodiamine,
rutaecarpine, and evodine (Fructus Evodiae); and albiflorin, ben-
zoylpaeoniflorin, and paeoniflorin (Radix Paeoniae Alba)
(Fig. 1A). As depicted in Fig. 1B, these nine components were
consistently detected in the WJW extract, indicating their presence
in higher concentrations in WJW. The details of the chemical
structures of these nine components in WIW are illustrated in

Fig. S1. Basically, berberine, paeoniflorin, and evodiamine,
despite their low oral bioavailability, have demonstrated signifi-
cant anti-colitis pharmacological activities without adverse ef-
fects. This is attributed to their regulation of gut microbiota.
Therefore, it is suggested that modulating gut microbiota may be a
critical mechanism by which WJW exerts its therapeutic effects in
the treatment of ulcerative colitis.

3.2, WJWalleviated colitis symptoms and colonic inflammation
in a mouse model

This study established a DSS-induced acute colitis mouse model,
which simulated several common phenotypes of human colitis,
such as prostration, diarrhea, and bloody stools'*. WIW (150 or
300 mg/kg) or 5-ASA (100 mg/kg) was orally administered to the
mice every day during the whole period of colitis induction.
Significant body weight loss and increased DAI scores were
observed in the DSS-treated mice compared to the Ctrl group,
starting from Day 4 and Day 2 of induction, respectively
(Fig. 2A), indicating that the acute colitis model was successfully
established. WIW administration significantly reversed the DSS-
induced body weight loss and DAI scores in a dose-dependent
manner (Fig. 2A). The DSS-induced colitis mice also exhibited
colon shortening and spleen enlargement, which are recognized as
crucial indicators of colonic and systemic inflammation, respec-
tively'”. However, WIW treatment decreased the colon weight to
length and spleen weight to body weight ratios when compared to
the untreated model group (Fig. 2B).

WIW supplementation also inhibited the MPO activity, an
indicator of neutrophil accumulation'”, in the mice with DSS-
induced colitis (Fig. 2D). Furthermore, WJW decreased the
levels of the pro-inflammatory cytokines, including TNF-«, IL-16,
and IL-6, and significantly increased the levels of anti-
inflammatory cytokines, such as IL-10. This suggested that
WIW could prevent the infiltration of inflammatory cells into the
colon and mitigate active inflammation (Fig. 2D). Histological
examination of the distal colon specimens showed that WIW
repaired mucosal injury, restored crypt structure, and decreased
the infiltration of inflammatory cells (Fig. 2C). Furthermore, high-
dose WJW was more effective compared to 5-ASA. Taken
together, WIW alleviated the symptoms associated with DSS-
induced colitis and reduced inflammation in colon tissue.

3.3.  WJW attenuated gut dysbiosis in the DSS-induced colitis
model

Considering the significant contribution of gut dysbiosis to the
development of IBD, the effects of WIJW on the diversity and
composition of the intestinal microbiota were also evaluated in
DSS-induced colitis model using 16S rRNA gene sequencing. As
shown in Fig. 3A, WJW administration mitigated the DSS-induced
decrease in bacterial diversity and richness, as indicated by the
Shannon index of a-diversity and OTUs. A distinct clustering of
the microbial taxa was also observed among the different treat-
ment groups through Bray-Curtis distance based on PCoA; the
WIW group exhibited a closer resemblance to the Ctrl group when
compared to the colitis group (Fig. 3B). In order to compare the
overall structure and composition of the intestinal microbiota
among different groups, the degree of bacterial taxonomic simi-
larity was analyzed specifically at the phylum level. In the DSS-
induced colitis group, there was a notable reduction of
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Firmicutes (10.2%) and a concomitant increase in Bacteroidetes
(10%) compared to the Ctrl group. However, WIW administration
effectively restored the levels of phyla to normal (Fig. 3C).
Consistent with previous reports’', the Firmicutes/Bacteroidetes
(F/B) ratio was significantly lower in the colitis mice compared
to the normal group, and increased following WJW administration
(Fig. 3C). At the family level, the DSS-induced colitis group
exhibited a significant decrease in the relative abundance of
Lactobacillaceae and Muribaculaceae, while the abundance of
Peptostreptococcaceae, Bacteroidaceae, Tannerellaceae and
Enterococcaceae significantly increased in comparison to the Ctrl
group. WIW supplementation reversed the proportion of Lacto-
bacillaceae (from 52% in Ctrl to 7% in Colitis, P < 0.001; from
7% in Colitis to 21% in WIW, P < 0.05), Muribaculaceae [from
11% (Ctrl) to 4% (Colitis), P < 0.05; from 4% (Colitis) to 10%
(WJW), P < 0.05], and Bacteroidaceae [from 0.9% (Ctrl) to 26%
(Colitis), P < 0.001; from 26% (Colitis) to 3% (WIW),
P < 0.001] (Fig. 3D). While DSS induction had no effect on the
abundance of Akkermansiaceae, Lachnospiraceae, and Pre-
votellaceae, WIW treatment significantly increased all three
families. At the genus level, the administration of WIW effectively
restored the abundance of Lactobacillus, Bacteroides and Allo-
baculum back to normal level. In addition, following WIW
intervention, the proportion of Akkermansia, which exerts a pro-
tective effect on the gut barrier, as well as the common probiotic
Bifidobacterium showed a notable increase compared to the colitis
group (Fig. 3E)°>*. The abundance of Lactobacillus, the best
characterized and widely commercialized probiotic, also signifi-
cantly decreased in the colitis group (from 52% to 7%, P < 0.001)
and increased after WJW treatment (from 7% to 21%, P < 0.05)
(Fig. 3E)****. LEfSe analysis demonstrated distinct taxa in the
colitis and WJW-treated groups. Furthermore, LDA with LEfSe
confirmed that the Lachnospiracae and Lactobacilliaceae fam-
ilies were clearly altered after WJW treatment. Interestingly,
Lactobacillus and Lactobacillus murinus showed higher LDA
scores in the WIJW group compared to that in the colitis group,
suggesting that Lactobacillus could mediate the preventive effects
of WJW on colitis (Fig. 3F).

In order to ascertain the crucial role of gut microbiota in
mediating the beneficial effects of WIJW, we depleted the exiting
gut flora in the colitis and WJW-treated groups using a cocktail of
ABX, including vancomycin, metronidazole, neomycin sulfate,
and ampicillin. Surprisingly, no significant distinctions were found
between the ABX-Colitis and ABX-WJW groups regarding body
weight, DAI, colonic weight/length ratio, spleen weight/body
weight ratio, MPO activity, and inflammatory factors (Supporting
Information Fig. S2A—S2C). In addition, the protective effects of
WIW on intestinal barrier function and the expression of TJ
proteins were abolished when the gut microbiota was depleted
(Fig. S2D and S2E). Taken together, WIW could alleviate the
progression of DSS-induced colitis by altering the composition of
gut microbiota composition and increasing the abundance of

Lactobacillus, and the ameliorative effects of WIW were depen-
dent on the gut microbiota.

3.4.  WJW enriched gut microbiota-derived tryptophan
metabolites

Small-molecule microbial metabolites mediate host-microbiota
interactions and modulate host physiology®*. Therefore, we hy-
pothesized that WIJW improved the symptoms of DSS-mediated
colitis by promoting synthesis of secondary microbial metabo-
lites. To this end, we analyzed the fecal and serum metabolites of
different groups using our previous developed precision-targeted
metabolomics'”,

PLS-DA model, distinct clusters were observed for the fecal and
serum metabolites of the Ctrl group, colitis group, and WJW-treated
group (Fig. 4A and B). These findings suggested that WJW protected
against colitis progression by reshaping the metabolic profile of the
gut. According to the heat map presented in Fig. 4C, DSS admin-
istration significantly affected the composition of fecal metabolites
in comparison to the Ctrl group, and WJW administration partially
restored the levels of 29 metabolites to the normal. In addition, the
WIW group exhibited an increase in 10 metabolites and a decrease in
3 metabolites in feces compared to the colitis group (Supporting
Information Table S4). Likewise, WJW intervention partially
counteracted the metabolite changes induced by DSS in the serum,
resulting in a significant upregulation of 6 metabolites and down-
regulation of 3 metabolites (Fig. 4D and Supporting Information
Table S5). The elimination of the gut microbiota using ABX cock-
tail diminished the metabolic effects of WJW in the feces and serum
(Supporting Information Fig. S3A—S3D), suggesting that the impact
of WJW on small-molecule metabolism in colitis is dependent on the
gut microbiota. The altered metabolic pathways were further
analyzed using the MetaboAnalyst 5.0 (www.metaboanalyst.ca)
program. Although the metabolites’ alteration included BAs me-
tabolites (deoxycholic acid and cholic acid) and SCFAs (glutaric
acid), the Trp metabolic pathway involving 1A, IAA, Trp, Indole-3-
propionic acid (IPA), and Serotonin (5-HT) was enriched in the feces
and serum topology maps (Fig. 4E, Supporting Information
Tables S4 and S5), indicating the potential role of Trp metabolites
in the therapeutic mechanism of action of WJW. Therefore, we next
evaluated the levels of Trp metabolites associated with the indole
pathway, kynurenine pathway, and 5-HT pathway™ in the fecal and
serum samples of different groups.

As depicted in Fig. 4F, the Trp level in feces did not notably
increase in colitis mice compared to the normal group, while
WIW treatment led to a considerable decrease in its levels. Spe-
cifically, IPA, IAA, and 5-HT levels were significantly reduced in
the feces of the colitis mice, and WIJW treatment increased the
levels of IPA and IAA. Interestingly, the fecal IA levels remained
unchanged in colitis group, but increased approximately threefold
following WIW treatment compared to that in the normal group
(Fig. 4F). The levels of Trp and N-acetyl-L-tryptophan in serum

metabolites in feces and serum. The red spots indicate a positive correlation, while blue color show a negative correlation. The intensity of the
color is proportional to the strength of Spearman correlation. *P < 0.05, **P < 0.01 and ***P < 0.001. (I) Scatterplot with Spearman’s rank
correlations between the relative abundances of Lactobacillus genera and indole-3-acetic acid (IAA) levels in feces and serum. All analyses were
based on a high dose of WIJW (300 mg/kg) (n = 8). Data are presented as the mean + SEM. The differences of abundance distributions among
metabolites between two groups were measured by the Mann—Whitney U test with Benjamini—Hochberg false discovery rate correction.
#P < 0.05 and **P < 0.01 vs. Ctrl group, *P < 0.05 vs. colitis group. TA: 3-indoleacrylic acid; IPA: indole-3-propionic; IAA: indole-3-acetic acid;

5-HT: serotonin.
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Figure 5 WIJW relieved gut barrier disruption in DSS-induced colitis. Colitis was induced by administering 2.5% DSS dissolved in drinking
water of mice for consecutive 10 days. WIW at dosage of 150 mg/kg (L) and 300 mg/kg (H) were orally administered daily in indicated group
during colitis process. (A) Intestinal permeability from different groups (n = 3). (B) The mRNA levels of tight junction (TJ) and mucin related
molecules involving Tjpl, Ocln, Cldnl, Cldn2, Cldn4, Mucl and Muc2 (n = 3). (C) Representative immunoblots and the relative expression
levels of zonula occludens-1 (ZO-1), Occludin, Claudin-2 and Mucin-2 proteins (n = 3). (D) Representative immunofluorescence images
showing in situ expression of ZO-1, Occludin proteins and images of Periodic Acid-Schiff (PAS) stained colonic sections (n = 3, scale
bars = 100 um). Data are presented as the mean 4+ SEM. Statistical significance was determined using one-way ANOVA with Dunnett’s  test for
multiple-group comparisons. *P < 0.05, **P < 0.01 and ***P < 0.001 vs. Ctrl group, *P < 0.05, ¥P < 0.01 and " P < 0.001 vs. colitis group,
&P < 0.05, “*4P < 0.001 vs. WIW-H group.
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were respectively lower and higher in the colitis mice compared to
both the normal and WJW-treated mice; however, the difference
was not statistically significant. On the other hand, the levels of
IAA, IA, and 5-HT in the serum of colitis mice were significantly
decreased compared to the Ctrl group. However, WIW supple-
mentation restored the levels of IAA and 5-HT back to normal
(Fig. 4G). Overall, these results suggest that JAA and IA might
potentially mediate the protective effects of WIW. Therefore, we
evaluated the relationship between the levels of these Trp me-
tabolites and common colitis phenotypes, such as weight loss,
DAI, and inflammation indices. As shown in Fig. 4H, the serum
and fecal IAA levels were significantly associated with colitis-
related characteristics. However, the regulatory effects of WIW
on [AA production were abolished in the colitis mice treated with
the ABX cocktail (Fig. S3E and S3F), suggesting a crucial role of
the gut microbiota in WJW-mediated Trp metabolism. Finally,
Spearman’s rank correlation analysis demonstrated a notable
positive correlation between the levels of serum and fecal IAA and
the abundance of Lactobacillus in the group treated with WIW
(Fig. 4I). Overall, these findings suggest that WIW enriched IAA
in the gut through the increased abundance of Lactobacillus,
which could be the basis of its protective effect against colitis.

3.5.  WJIW improved the intestinal mucosal barrier function and
integrity in the colitis model

To investigate the potential correlation between the anti-colitis
effects of WJW and intestinal barrier function, we assessed
mucosal barrier permeability using FITC-dextran as the tracer.
Additionally, we analyzed the expression levels of various TJ
proteins, including ZO-1, Occludin, Claudin-1, Claudin-2, and
Claudin-4. As shown in Fig. 5A, the serum levels of FITC-dextran
exhibited a significant increase in DSS-induced colitis mice
compared to the Ctrl group. However, treatment with WIJW
resulted in a notable reduction in the serum levels of FITC-
dextran. Furthermore, WJW also upregulated the mRNA levels
of Tjpl, Ocln, and Muc?2 and significantly downregulated that of
the TJ leaky protein Cldn2*° relative to the colitis group (Fig. 5B).
As expected, ZO-1, Occludin, and Mucin-2 proteins were all
significantly upregulated, whereas Claudin-2 was downregulated
in the WJW-treated group when compared to the untreated colitis
group, suggesting that WIW could restore the intestinal barrier
integrity (Fig. 5C). Indeed, immunofluorescence staining revealed
the presence of ZO-1 and Occludin proteins primarily along the
epithelial cell membranes in the healthy intestines. However, in
the inflamed tissues of the colitis group, their expression was
notably reduced and observed only in sparse amounts. Remark-
ably, the administration of WJW significantly enhanced the
expression of TJ proteins in both the spinous and granular layers
of the mucosa (Fig. 5D). In addition, in the colitis mice, PAS
staining revealed a significant loss of goblet cells, which are
involved in mucin production and storage; the WIJW treatment
restored this loss (Fig. 5D)*’. Taken together, WIW effectively
enhanced the intestinal barrier function in colitis mice by stimu-
lating TJ protein expression and gut mucin production.

3.6.  WJW improved gut barrier function by activating the AhR
signaling pathway in a gut microbiota-dependent manner

Since Trp metabolites formed in the gut during microbial
fermentation activate the AhR pathway, we hypothesized that the
potential protective effects of WIJW on the integrity of intestinal

barrier could be associated with the indirect activation of AhR
signaling via the Trp-derived indole compounds®®*. DSS treat-
ment led to an obvious downregulation in Asr and Cyplal mRNA
and protein levels, whereas WJW enhanced AhR expression and
activity when compared to the colitis group (Fig. 6A and C).
Immunofluorescence staining for AhR showed consistent results
(Fig. 6D). AhR activation has been shown to enhance epithelial
barrier and ameliorate colitis symptoms in mice by inducing IL-22
production and suppressing MLCK—pMLC signaling™*.
Consistent with previous findings*’, we found that DSS inter-
vention stimulated the MLCK—pMLC signaling pathway and
decreased IL-22 concentration in the colonic tissue. However,
administration of WJW reversed the upregulation of MLCK and
phosphorylated MLC and increased IL-22 levels in the colitis
model (Fig. 6A—C). Interestingly, depletion of the intestinal
microbiota abrogated the effects of WIJW on the AhR/IL-22 and
AhR/MLCK—pMLC pathways (Fig. 6B and C).

To further characterize the crucial role of intestinal microbiota
in intestinal barrier defense by WIW, we treated LPS-induced
Caco-2 cells with 250 and 500 pg/mL WIW for 24 h and analyzed
the colitis-related pathways (Fig. 6E). As shown in Fig. 6F, WIW
significantly reversed the LPS-induced increase in the mRNA
levels of Il1b in a dose-dependent manner. However, WIW
treatment did not activate AhR signaling or upregulate TJ proteins
in the Caco-2 cells (Fig. 6G), which confirmed that the protective
effects of WIW on intestinal barrier dysfunction are dependent on
the gut microbiota. Overall, these findings suggested that WIW
exhibited the potential to alleviate murine colitis by inducing AhR
activity and suppressing MLCK—pMLC signaling, thereby
restoring the gut barrier function in a gut bacteria-dependent
manner.

The involvement of AhR in the protective effects of WIW was
directly assessed by treating the DSS-induced colitis and WIW-
treated mice with the AhR antagonist CH-223191. As expected, CH-
223191 significantly decreased AhR expression and its target genes
Cyplal and II122 (Supporting Information Fig. S4E and S4F).
Furthermore, blocking AhR signal transduction abolished
WIJIW-induced improvements in colitis symptoms, colonic inflam-
mation, and intestinal barrier permeability (Fig. S4A—S4D).
Additionally, the upregulation of TJ proteins and Mucin-2 in the
WIW group was also abated after AhR inhibition (Fig. S4F). Taken
together, activation of AhR signaling is crucial for the protective
effects of WJW against the gut epithelial barrier injury in colitis.

3.7.  IAA improved intestinal functions and mitigated colitis by
activating the AhR signaling pathway

Since IAA and IA were identified as crucial signaling molecules
for the therapeutic action of WJW, we next confirmed their effects
on intestinal barrier function and DSS-induced colitis. As shown
in Fig. 7A and B, both IAA and IA rescued the body weight loss,
DAI, colon shortening, and splenomegaly in the DSS-induced
colitis model and demonstrated the same therapeutic effect as 5-
ASA. Moreover, both metabolites reversed the elevation in MPO
and inflammatory cytokines in colon tissues and improved barrier
permeability (Fig. 7C—E). The improvement effects of IAA on the
disrupted gut barrier were stronger than that of 1A (Fig. 7A—F),
suggesting that IAA might be the major metabolite responsible for
WIJIW-induced gut barrier protection in colitis mice. Based on our
findings so far, we hypothesized that IAA-mediated gut barrier
protection was associated with the activation of AhR signaling.
We examined this hypothesis using the LPS-induced Caco-2 cell
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monolayer model. IAA did not have significant impact on the
viability of Caco-2 cells at concentrations <1 mmol/L (Fig. 8A),
and 1 mmol/LL was used for the subsequent experiments.
Fig. 8B—D demonstrates that LPS stimulation significantly
increased the mRNA levels of pro-inflammatory cytokines (TNF,
ILIB and IL6) and disrupted the expression of intestinal barrier-
related proteins (Occludin, ZO-1, and Claudin-2) in the
Caco-2 cells. The changes were reversed by IAA treatment.
However, AhR blockade using CH-223191 significantly hindered
the regulatory effects of IAA on the levels of inflammatory cy-
tokines and TJ proteins (Fig. 8B and C). Taken together, IAA
could enhance the integrity of the intestinal barrier and mitigate
colon inflammation partially through AhR signaling.

4. Discussion

Metabolic reprogramming due to gut dysbiosis, especially loss of
microbial Trp metabolism, is a key contributor to intestinal barrier
disruption and the pathological progression of IBD'*. A better
understanding of the metabolic pathways implicated in the
development of IBD can help in the development of novel drugs'®.
TCM formulations offer numerous advantages, such as multiple
molecular/pathway targets, cost-effectiveness, and good safety
profile of the natural plant-based components in treating gastro-
intestinal tract diseases by regulating gut microbiota*'. Several
studies have indicated that WJW is an attractive candidate for the
management of IBD owing to its beneficial effects on intestinal
functions'”*. In this study, we provided novel evidence indi-
cating that WIW could alleviate the symptoms of DSS-induced
colitis and reduce colonic inflammation in a dose-dependent
manner through restoration the gut microbiota and enhancing
the abundance of the probiotic Lactobacillus. Moreover, the gut
microbial Trp metabolite IAA contributed to the therapeutic
effects of WJW by improving AhR-dependent intestinal barrier
functions. Taken together, our results suggested that targeting the
Lactobacillus—IAA—AhR axis shows great potential as a viable
approach for the prevention and treatment of IBD and other
intestinal inflammatory disorders.

The gut microbiome plays a critical role in maintenance of
intestinal homeostasis*’, and gut dysbiosis might be associated
with the pathogenesis of gastrointestinal disorders. IBD patients
show significant alterations in the gut microbiota compared to
healthy individuals, such as lower microbial diversity, decreased
F/B ratio, lower abundance of Lactobacillus, and a higher abun-
dance of Enterobacteriaceae, Proteus, and Actinomycetes™ . In
this study, we found that WJW treatment counteracted the gut
dysbiosis associated with DSS-induced colitis, resulting in an
increase in both the richness and diversity of gut microbiota.
Furthermore, depletion of the gut microbiota via antibiotic inter-
vention thoroughly blunted the therapeutic efficacy of WIJW,
thereby underscoring the critical role of the resident microbes in
mitigating intestinal inflammation. Bacteroidetes and Firmicutes
are the dominant phyla among gut bacteria, and IBD patients
exhibit a significantly lower F/B ratio compared to healthy con-

trols®"**®. WIW increased the F/B ratio in the colitis mice,

although the effect was not significant. In fact, some recent studies
have challenged the long-held assumption of phylum composition
being a potential cause of disease and identified either a lack of, or
even a positive association between phylum composition and
diseases in human subjects*’**. Surprisingly, 16S rRNA gene
sequencing revealed high LDA scores of Lactobacillus and L.
murinus in the WJW-treated group compared to the colitis group,
indicating that Lactobacillus could mediate the protective effects
of WIW against colitis. Although we did not explore the
ameliorative effects of Lactobacillus, previous studies have shown
that it can alleviate intestinal inflammation in DSS-induced colitis
models by improving the gut barrier function and microbial
composition*””’. The probiotic L. murinus, which was also
enriched following WJW treatment, has been reported to promote
the expansion of Tregs. Mice colonized with L. murinus exhibited
increased resistance to DSS-induced colitis”'~**. These findings
suggest that Lactobacillus, especially L. murinus, could be a
potential target for WIW in the amelioration of colitis.

IBD patients also exhibit distinct gut metabolite profiles
compared to healthy individuals. In particular, SCFAs, BAs and
Trp metabolites have been implicated in the development of IBD®.
Furthermore, the metabolic products secreted or regulated by the
gut microbiota have therapeutic potential for IBD'*'. In the
present study, WJW treatment restored the microbial catabolites in
the colitis model, and this effect was completely abolished
following depletion of the gut microbiota with ABX. The Trp
catabolites IAA and IA were identified as crucial signaling mol-
ecules involved in the therapeutic action of WJW. However, only
IAA levels in the serum and feces showed significant association
with the pathological features of colitis, including body weight
loss, DAI scores, and inflammatory cytokines. In addition, a
notable positive correlation was found between the IAA levels and
the abundance of the probiotic Lactobacillus. This was consistent
with a previous study showing that Lactobacillus could metabolize
Trp to IAA and other indole compounds™. The regulatory effects
of WIW on IAA and other Trp metabolites were abrogated after
ABX-mediated depletion of the gut microbiota, indicating that the
gut microbiota might be an indispensable factor for the metabolic
impact of WIW.

Gut barrier dysfunction is characterized by the loss of TJ
proteins and increased intestinal permeability and is a common
pathological feature of IBD'®>*. WIW significantly increased the
expression levels of intestinal barrier-related proteins, including
Z0O-1, Occludin, and Mucin-2, which improved the intestinal
permeability in the DSS-treated mice. Furthermore, WJW also
upregulated AhR and its downstream target gene 1L-22, which is
known to increase intestinal epithelial regeneration”. Therefore,
WIW improved the intestinal barrier function partly by restoring
the gut microbiota, which in turn promoted Trp metabolism and
activated AhR signaling in the colon. These regulatory effects of
WIW were abolished following antibiotic-mediated depletion of
the intestinal microbiota. AhR plays a vital role in the mainte-
nance of the intestinal barrier in both patients with IBD and ani-
mal models®. The activation of AhR in the intestinal tract is
contingent upon the levels of Trp and its metabolites™®. In fact,

different mouse groups (n = 3). (E) Representative immunoblots and the relative expression levels of ZO-1, Occludin and Mucin-2 proteins
(n = 3). (F) Representative immunofluorescence images showing in situ expression of ZO-1 and Occludin proteins (n = 3). Data are presented as
the mean + SEM. Statistical significance was determined using one-way or two-way ANOVA with Dunnett’s ¢ test for multiple-group com-
parisons. *P < 0.05, **P < 0.01 and ***P < 0.001 vs. Ctrl group, *P < 0.05, #P < 0.01 and *P < 0.001 vs. colitis group.



220 Wanghui Jing et al.
== Ctrl mm LPS 1AA
A m= CH-223191 IAA+CH-223191
125- 8
H
= 1004 — - T - =
23 U - T 2% o | |
=8 D =
5 € 754 > 5 L) ¥
.E o = 0 44 I
— Y% 50 3% T
@ ° X s :‘-F H* U T
o ° i
=~ 25- = S 27 T -
0 T T T T T T T 0- T T T
0 31.25 625 125 250 500 1000 TNE IL1B IL6
IAA (umoliL)
Cc
== Ctrl == LPS IAA
Z0-1 1 CH-223191 1AA+CH-223191
2.7
Occludin H ]I
=) |
- °®
Claudin-2 "é' = 1.8 I
o g 3 T
by F*
AhR g e * ' ¥ #*
52 0.94‘* ; ol
CYP1A1 s 2 . I 8 [T
X o [ |
GAPDH l l l I
0.0 T T T T T
- + + + + .
LPS 19.\ o&o 6\(\3« V.S\Q- \vt\
IAA - - + - + & & L
o & o
CH-223191 - - - + +
D
o
<
I
v
o
N
o
<
Q
=
°
=
[z}
x}
(e}
o
<
o
4
=
<
50 ym
Figure 8 IAA protected against epithelium barrier impairment through the AhR signaling pathway in vitro. Caco-2 cells were stimulated with 1 pg/mL
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most Trp metabolites serve as ligands for AhR, binding to the
receptor and improving gut barrier function’’. Additionally,
heighted expression and activation of MLCK have been identified
in both human subjects with IBD and animal models of colitis**°.
Since AhR activation protects the intestinal epithelium from the
damaging effects of TNF-a through suppression of the
MLCK—pMLC signaling pathway’’, we hypothesized that WIW
also targets MLCK—pMLC activation®’. As expected, DSS
intervention activated the MLCK—pMLC pathway, while admin-
istration of WJW reversed the upregulation of MLCK and MLC
phosphorylation in the colon. Moreover, depletion of the intestinal
microbiota abolished the suppressive effects of WJW on the
MLCK—pMLC signaling pathway. Consistent with this, while
WIW decreased IL1B levels in the LPS-stimulated Caco-2 cells in
a concentration-dependent manner, it did not restore intestinal
barrier proteins and AhR activation in the in vitro model of colitis.
Furthermore, AhR blockade in the colitis mice with CH-223191
neutralized the effects of WJW on the pathological and molecu-
lar indices of colitis. Taken together, our data suggest that WIW
might ameliorate DSS-induced colitis by improving the gut barrier
by activating AhR and partially suppressing the MLCK—pMLC
pathway in a gut microbiota-dependent manner.

Indole derivatives produced by the microbial catabolism of Trp
protect the intestinal epithelial barrier by upregulating specific
genes®”®!. For instance, AhR activation by TAA and other Trp
metabolites induces colonic expression of IL-22, which promotes
intestinal regeneration and barrier repair®. Intact gut barrier
prevents the passage of pathogenic bacteria and toxins through the
intestinal mucosa into other tissues and organs, resulting in lower
immune stress and inflammation®’. However, the physiological
functions of IAA and IA in colitis and intestinal barrier function
are not completely understood yet. We found that both metabolites
demonstrated the same therapeutic effects as 5-ASA on the colitis
symptoms and inflammation. However, IAA was more effective
compared to IA in restoring the gut barrier function, indicating
that IAA might be the dominant Trp catabolite mediating the
protective effects of WIW. Indeed, IAA was the sole metabolite
(in both serum and feces) that was significantly associated with all
colitis-related characteristics in the WJW-treated group. Consis-
tent with the in vivo findings, IAA also exhibited anti-
inflammatory and intestinal barrier protective effects on the
LPS-induced Caco-2 cell monolayer model via AhR activation.
Taken together, these results suggest that IAA produced during
microbial fermentation in the gut could stimulate AhR, which
played a vital role in improving the intestinal barrier function in
WIW-treated mice.

Our previous studies and other groups have demonstrated that
the major components of WJW, including berberine, paeoniflorin
and evodiamine, could improve the gut barrier function during the
development of DSS-induced colitis in murine models'*%*%,
These studies indicated that the gut microbiota, along with
microbial metabolites, plays a crucial role in WIW components-
dependent alleviation of gut barrier function. Additionally,
Lactobacillus genus was found to be the predominant distinct gut
microbiota responsible for distinguishing between colitis and
treatment groups, aligning with the findings of our current study
on WJW. However, the metabolomics analysis of WIW compo-
nents in relation to colitis has been contentious. Some studies
showed that berberine alleviated DSS-induced colitis by
improving bile acid metabolic pathway in liver and gut or inhib-
iting the arachidonic acid metabolic pathway and its multiple
markers in serum®*®°, While our prior investigation suggested that

the therapeutic role of berberine in colitis was mostly attributed to
the activation AhR by gut-microbiota-associated Trp metabo-
lites'*. Although this mechanism for berberine appears to be
parallel that observed in the current study on WJW, we are unable
to definitively ascertain that the efficacy of WJW solely derives
from berberine, as TCM is based on ‘Jun-Chen-Zuo-Shi’ (also
known as ‘sovereign-minister-assistant-courier’) rule and featured
as ‘multiple ingredients and multiple targets’. Paeoniflorin,
another major component from WJW, was reported to induce
significant shifts in metabolic pathways associated with Trp, with
the inhibition of indole-3-lactate being a primary target of paeo-
niflorin for colitis'*. Yet, our previous research indicated that
paconiflorin administration significantly improved BAs dysme-
tabolism in colitis mice model, leading to increased levels of
deoxycholic acid and lithocholic acid, both of which are known to
promote intestinal homeostasis®®. Evodiamine was found to
significantly enhance the abundance of L. acidophilus and in-
crease the production of SCFAs in colitis rat, especially acetate,
which have the potential to improve the barrier function of the
host’s intestinal epithelium, thereby protecting the host from lethal
infection”'. Generally, these major components in WJW exhibited
similar improvement effects on the DSS-induced intestinal bac-
teria imbalance, yet with multifarious regulation effects on
microbial metabolic pathways as well as mechanisms during their
therapeutic effects. Give the still incomplete knowledge on the
details of microbial metabolism, we are unable to conclude that
the anti-colitis effects of WJW come mostly from these three
components. Further research on the compatibility of components
in WIW is needed to explore the active constituents and their
interactions with intestinal microbes and microbial metabolites.

To summarize, WJW reinstated the intestinal microbiota in the
colitis model, increased the abundance of Lactobacillus, and
restored microbial Trp metabolism. The subsequent elevation of
IAA levels stimulated AhR signaling, leading to a substantial
improvement in gut-barrier integrity and suppression of colonic
inflammation.

5. Conclusions

WIW alleviated colonic inflammation and gut barrier dysfunction
in the DSS-induced colitis model by restoring the gut microbiota.
The therapeutic efficacy of WIJW was primarily attributed to
the activation of AhR by Trp metabolites, and the
Lactobacillus—TAA—AhR pathway could be the major target of
WIW. Our study provides novel insights into underlying mecha-
nisms of IBD and highlights the therapeutic potential of WJW in
individuals with intestinal dysfunction.
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