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Abstract

BACKGROUND

3,6-dichlorobenzo[b]thiophene-2-carboxylic acid (BT2) is a benzothiophene
carboxylate derivative that can suppress the catabolism of branched-chain amino
acid (BCAA)-associated mammalian target of rapamycin complex 1 (mTORC1)
activation. Previous studies have demonstrated the therapeutic effects of BT2 on
arthritis, liver cancer, and kidney injury. However, the effects of BT2 on ulcerative
colitis (UC) are unknown.

AIM
To investigate the anti-UC effects of BI2 and the underlying mechanism.

METHODS

Mouse UC models were created through the administration of 3.5% dextran
sodium sulfate (DSS) for 7 d. The mice in the treated groups were administered
salazosulfapyridine (300 mg/kg) or BT2 (20 mg/kg) orally from day 1 to day 7. At
the end of the study, all of the mice were sacrificed, and colon tissues were
removed for hematoxylin and eosin staining, immunoblot analyses, and immuno-
histochemical assays. Cytokine levels were measured by flow cytometry. The
contents of BCAAs including valine, leucine, and isoleucine, in mouse serum were
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detected by liquid chromatography-tandem mass spectrometry, and the abundance of intestinal
flora was analyzed by 16S ribosomal DNA sequencing.

RESULTS

Our results revealed that BT2 significantly ameliorated the inflammatory symptoms and
pathological damage induced by DSS in mice. BT2 also reduced the production of the proinflam-
matory cytokines interleukin 6 (IL-6), IL-9, and IL-2 and increased the anti-inflammatory cytokine
IL-10 level. In addition, BT2 notably improved BCAA catabolism and suppressed mTORC1
activation and cyclooxygenase-2 expression in the colon tissues of UC mice. Furthermore, high-
throughput sequencing revealed that BT2 restored the gut microbial abundance and diversity in
mice with colitis. Compared with the DSS group, BT2 treatment increased the ratio of Firmicutes to
Bacteroidetes and decreased the abundance of Enterobacteriaceae and Escherichia-Shigella.

CONCLUSION

Our results indicated that BT2 significantly ameliorated DSS-induced UC and that the latent
mechanism involved the suppression of BCAA-associated mTORCI activation and modulation of
the intestinal flora.

Key Words: 3,6-dichlorobenzo[b]thiophene-2-carboxylic acid; Ulcerative colitis; Mechanistic target of
rapamycin complex 1; Intestinal flora; Dextran sodium sulfate; Cyclooxygenase-2

©The Author(s) 2022. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Gut microbiota dysbiosis and hyperactivated mammalian target of rapamycin complex 1
(mTORC1) make great contributions to the pathogenesis of ulcerative colitis (UC). In our study, 3,6-
dichlorobenzo[b]thiophene-2-carboxylic acid (BT2) exerted significant therapeutic effects on the
amelioration of dextran sodium sulfate-induced acute colitis. Our work reported that BT2 played an anti-
UC role through suppression of branched amino acid-associated mTORCI activation and modulation of
the intestinal flora. Overall, BT2 could represent a potential candidate drug in the design of treatment
strategies for UC.

Citation: He QZ, Wei P, Zhang JZ, Liu TT, Shi KQ, Liu HH, Zhang JW, Liu SJ. 3,6-dichlorobenzo[b]thiophene-2-
carboxylic acid alleviates ulcerative colitis by suppressing mammalian target of rapamycin complex 1 activation
and regulating intestinal microbiota. World J Gastroenterol 2022; 28(46): 6522-6536

URL: https://www.wjgnet.com/1007-9327/full/v28/i46/6522.htm

DOI: https://dx.doi.org/10.3748/wjg.v28.i146.6522

INTRODUCTION

Ulcerative colitis (UC) is a chronic idiopathic intestinal disease characterized by persistent mucosal
inflammation extending from the proximal rectum[1]. Due to colonic mucosal damage and intestinal
inflammation, UC patients generally experience abdominal pain, diarrhea, and bloody stools and are at
a high risk for colorectal cancer[2,3]. UC is traditionally regarded as a disease of Western nations, but
recent data have shown that the incidence of UC is increasing worldwide, including in Asia and the
Middle East, which indicates its emergence as a global public health challenge[4,5]. Although the
explicit etiology remains unclear, UC is primarily considered the result of gut microbiota dysbiosis,
dysregulated immune responses, and disrupted intestinal epithelial function. The intestinal flora is
involved in intestinal maturation, mucosal physiological functions, nutrient production, nutrient
metabolism, and other processes. Patients with UC exhibit clearly disordered intestinal flora compared
with healthy people[6-8], which reveals that gut flora imbalance plays an essential role in the
pathogenesis of UC.

Mammalian target of rapamycin (mTOR), a crucial regulatory center of cell proliferation and growth,
functions via two complexes called mTOR complex 1 (mTORC1) and mTOR complex 2. Previous studies
have shown that mTORC1 makes a great contribution to the pathogenesis of UC and promotes the
cyclooxygenase-2 (COX-2)-mediated inflammatory infiltration of T helper 17 cells to aggravate colitis[9-
12]. A wide range of intracellular signals such as amino acids, growth factors, energy, and hypoxia
activate the mTORC1 pathway. Notably, high levels of branched-chain amino acids (BCAAs) including
valine, leucine and isoleucine can maintain the persistent activation of mTORCI, leading to a series of
diseases such as liver cancer[13-15]. In general, the first step in BCAA catabolism is the branched-chain
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aminotransferase (BCAT)-mediated transamination reaction, which generates branched-chain a-keto
acids (BCKAs). The BCKAs are then oxidatively decarboxylated by the branched-chain a-keto acid
dehydrogenase complex (BCKDC) to produce substrates for the tricarboxylic acid cycle[16]. 3,6-
dichlorobenzo[b]thiophene-2-carboxylic acid (BT2) is a potent inhibitor of branched-chain a-keto acid
dehydrogenase kinase (BCKDK), which can specifically phosphorylate and inactivate BCKDC. BCKDC
is highly dephosphorylated and activated in the heart, muscle, kidney, and liver of mice treated with
BT2, which results in reductions in plasma BCAA levels[17]. Additionally, a previous study revealed
that BT2 suppressed mTORCT1 activation both in vitro and in vivo and caused no toxicity damage to mice
following gavage administration[18,19]. However, the effects of BT2 on UC and its potential mechanism
remain unknown.

In our study, we not only evaluated the anti-UC effect of BT2 but also emphasized its impact on the
gut microbiota and the inhibition of BCAA-related mTORC1 activation in UC mice.

MATERIALS AND METHODS

Chemicals and reagents

Dextran sodium sulfate (DSS) was purchased from MP Biomedicals (Irvine, CA, United States), and
salazosulfapyridine (SASP) was purchased from Xinyi Pharmaceutical Group (Shanghai, China). BT2
was obtained from Yuanye Biotechnology Co., Ltd. (Shanghai, China). The LEGENDplex™ Multi-
Analyte Flow Assay Kit was supplied by BioLegend (San Diego, CA, United States). The BCA Protein
Quantification Kit and Supper ECL Detection Reagent were purchased from Yeasen Biotechnology Co.,
Ltd. (Shanghai, China). The antibodies used for these experiments were as follows: Ribosomal protein
S6 (S6) [1:1000, #2317; Cell Signaling Technology (CST), Danvers, MA, United States], phosphorylated
S652%/2¢ (p-S6, 1:1000, 4858; CST), eukaryotic translation initiation factor 4E binding protein 1 (4EBP1)
(9644, 1:1000; CST), p-4EBP1™7/46(1:1000, 2855; CST), COX-2 (1:1000, 12282; CST), mTOR (1:1000, 66878-
1-Ig; Proteintech, Rosemont, IL, United States), p-mTORS*¢(1:1000, 67778-1-1g; Proteintech), branched-
chain amino transferase 2 (BCAT2) (1:1000, 16417-1-AP; Proteintech), rabbit antibody (1:10000, SA00001-
2; Proteintech), mouse antibody (1:10000, SA00001-1; Proteintech), BCKDK (1:500, 374424; Santa Cruz,
Dallas, TX, United States), and branched-chain a-keto acid dehydrogenase (BCKDHA) (1:500, 271538;
Santa Cruz).

Animals and ethics statement

Forty female C57BL/6 ] mice (aged 7-8 wk; 18-20 g) were purchased from the Model Animal Research
Center of Nanjing University, Nanjing, China (License No: 202124233). All experiments were performed
in accordance with the regulations of the pharmacology laboratory and Animal Ethics Committee of the
Affiliated Hospital of Nanjing University of Chinese Medicine (2022DW-16-02).

Induction of UC and experimental design

The animals were maintained five per cage and housed in a specific sterile environment with a
temperature of 23 °C * 2 °C, relative humidity of 50%, and 12-h light/dark cycle. After 2 wk of acclimat-
ization, the mice were randomly divided into four groups: Control group, model group, SASP group,
and BT2 group. A total of 10 mice were included in each group. The mice in the control group were
given normal drinking water, and the mice in the other groups were given 3.5% DSS in drinking water
to induce colitis. The mice in the BT2 group and SASP group were treated with 20 mg/kg BT2 and 300
mg/kg SASP, respectively, by oral gavage in a volume of 0.2 mL. The mice in the control group and DSS
group were given 0.5% carboxymethylcellulose sodium. The daily body weight loss and stool character-
istics were recorded, and the mice were sacrificed 7 d later. On the 8™ day, fecal samples and orbital
blood samples were collected. The blood samples were clotted for at least 30 min and centrifuged for 20
min at 4 °C and 3000 r/min. Colon segments were extracted, and the lengths from the middle cecum to
the end of the colon were measured. All abovementioned samples were stored at -80 °C until required
for further investigation.

Multiple bead-based assay

The assay preparations were carried out according to the LEGENDplex™ Multi-Analyte Flow Assay
Kit, and a flow cytometer (Beckman Coulter, Brea, CA, United States) was used for the detection of
cytokine levels.

Assessment of the disease activity index score

The disease activity index (DAI) score comprehensively evaluates the severity of colonic inflammation
from three aspects[20]: (1) Body weight loss, 1 point for every 5% decrease in the mouse body weight up
to 4 points; (2) Stool consistency, the stool form was scored from 0 (normal) to 4 points (watery
diarrhea); and (3) Hematochezia, scores of 0-4 points were given for negative hemoccult to gross
bleeding.
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Western blotting

Colon tissue samples were lysed with RIPA buffer (Solarbio, Beijing, China), protease inhibitor
(Biosharp, Beijing, China), and phosphatase inhibitors (Biosharp). The protein concentration was
detected using the BCA protein assay reagent, and 10% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis was performed using 30 pg total protein samples at a constant voltage of 100 V.
Separated proteins were blotted onto nitrocellulose membranes and then blocked in 5% skim milk for 1
h. The membranes were incubated overnight at 4 °C with primary antibodies diluted to appropriate
concentrations and then incubated with secondary antibodies for 1 h at room temperature. The protein
bands were visualized with enhanced chemiluminescence detection reagent and quantified using
Image]J software.

RNA extraction and quantitative polymerase chain reaction

Total RNA was extracted from colon tissues using the Total RNA Extraction Kit (Yeasen, Shanghai,
China). The concentration and purity of the RNA samples were detected with an ultra-micro
fluorescence UV spectrophotometer (DeNovix Inc., Wilmington, DE, United States). A kit (Yeasen) was
used for the reverse transcription of total RNA into cDNA, and polymerase chain reaction (QPCR) was
performed with a real-time fluorescence quantitative PCR detection system (Thermo Fisher Scientific,
Waltham, MA, United States). The primers were as follows: B-actin forward, CTGTGCCCATCTAC-
GAGGGCTAT and reverse, TTTGATGTCACGCACGATTTCC; COX-2 forward, GCGACATACT-
CAAGCAGGAGCA and reverse, AGTGGTAACCGCTCAGGTGTTG. All primers were provided by
Tsingke Biotechnology Co., Ltd. (Beijing, China).

Immunohistochemical analysis

Colon tissue sections were dewaxed and dehydrated with different grades of alcohol and xylene. The
tissue sections were placed in a repair box filled with citric acid (pH 6.0) antigen retrieval buffer for
antigen retrieval in a microwave oven and then washed three times with phosphate-buffered saline
(PBS). The sections were placed in 3% hydrogen peroxide to block endogenous peroxidase activity and
then sealed with 3% bovine serum albumin for 30 min at room temperature. The sections were
incubated with primary antibody overnight at 4 °C. The slices were washed three times with PBS,
incubated with secondary antibody for 50 min, washed three times with PBS, and subjected to a
diaminobenzidine color developing solution. The nuclei were counterstained with hematoxylin for 3-4
min. Images were collected by light microscopy and analyzed by expert pathologists. The immunohisto-
chemistry score was calculated based on the proportion of cells with an unequivocal positive reaction (0:
<5%;1:5%-20%; 2: 21%-40%; 3: 41%-60%; 4: 61%-80%; and 5: > 80%).

Histopathological evaluation

Fresh colon tissues were fixed in fixing solution for more than 24 h and then embedded in paraffin
blocks. Then the wax blocks were trimmed, cut into 4-pm-thick sections, and subjected to hematoxylin
and eosin (H&E) staining. Histopathological changes were observed by a light microscope (Nikon,
Tokyo, Japan). The histopathological score was divided into epithelial injury and inflammatory cell
infiltration according to specific evaluation criteria described elsewhere[21].

16S ribosomal RNA sequencing of the gut microbiota

Total genomic DNA from fecal samples was extracted using the PowerSoil DNA Isolation Kit (MoBio
Laboratories, Carlsbad, CA, United States) following the manufacturer’s protocol. The DNA quality and
concentration were detected using a Nanodrop spectrophotometer (Thermo Fisher Scientific). The V3-
V4 regions of bacterial 165 ribosomal DNA (rDNA) were amplified by PCR using the primers 338F (5'-
ACTCCTACGGGAGGCAGCAG-3') and 806R (5-GGACTACNNGGGTATCTAAT-3'). The target bands
were detected by 1% agarose gel electrophoresis, and the PCR products were purified by the magnetic
bead method. Then microbial diversity sequencing library was established, and deep sequencing was
performed with the Illumina MiSeq PE300 high-throughput sequencing platform at the Allwegene
Company (Beijing, China). Pear (v0.9.6) software was used to filter and splice the data for the optimized
sequence. Qualified reads were clustered into operational taxonomic units (OTUs) at a similarity level of
97% using the Uparse algorithm of Vsearch (v2.7.1) software. Taxonomic analysis at different levels
(kingdom, phylum, class, order, family, genus, and species) was obtained using the Ribosomal Database
Project classifier algorithm. QIIME1 (v1.8.0) software was used for o diversity index analysis (including
the Shannon and Chaol indexes), and nonmetric multidimensional scaling analysis (NMDS) was
performed using the R package (v3.6.0).

Determination of BCAA concentrations

Serum amino acid concentrations were determined by liquid chromatography-tandem mass
spectrometry with the Q-life Lab 9000 mass spectrometer at Shenzhen Institute of Life and Health
Medicine Co., Ltd. (Jiangsu, China). Serum samples were loaded and separated online using the
InfinityLab Poroshell 120 EC-C18 column (2.1 mm x 100 mm, 2.7 pm; Agilent, Santa Clara, CA, United
States). The column temperature was set to 45 °C. The mobile phase consisted of 0.01% formic acid in
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water (solvent A) and acetonitrile (solvent B). The flow rate was 0.3 mL/min, and the injection volume
was 2 pL. Gradient elution was used as follows: 0-1.5 min, 8% B; 3.5 min, 16% B; 6.5 min, 20% B; 8.0 min,
95% B; and 8.01-11.0 min, 8% B. The electrospray ionization settings were as follows: Capillary voltage,
3.5 kV; spray voltage, 300 V; drying gas temperature, 250 °C; drying gas flow rate, 7 L/ min; sheath gas
flow rate, 11 L/min; and sheath gas temperature, 250 °C.

Statistical analyses

The experimental data are expressed as the mean + SD, and one-way analysis of variance was used to
evaluate the significance among multiple groups. P < 0.05 was considered statistically significant. Data
analysis and picture drawing were performed using GraphPad Prism 7.0 software (GraphPad, San
Diego, CA, United States).

RESULTS

BT2 ameliorated DSS-stimulated colitis

The effects of BT2 on DSS-induced UC mice were assessed based on the DAI score, body weight loss,
and colon length. Oral 3.5% DSS treatment led to a significant reduction in body weight (Figure 1A), but
the weight loss was reversed by BT2 and SASP treatment. The DAI score including weight loss rate,
stool consistency and hematochezia was markedly increased in colitis mice, whereas the BT2- and SASP-
treated groups showed improvements in this metric (Figure 1B). Then we examined the changes in the
colon length. DSS treatment evidently shortened the colon length compared with that of the control
group, whereas 7 d of BT2 and SASP administration extended the length (Figure 1C and D). These data
showed that BT2 could improve the clinical symptoms of UC mice.

BT2 suppressed inflammation in UC mice

Representative H&E staining images and the pathological scores of colon tissues from each group are
shown in Figure 1E and F. The mucosal epithelium of the mice in the control group was intact, and the
morphology of the cells was normal and showed no inflammatory infiltration. The tissues of the mice in
the DSS-treated group displayed evident epithelial damage and inflammatory infiltration. However, the
histological injury score revealed that BT2 and SASP treatment reduced the severity of UC. Furth-
ermore, the contents of the predominant proinflammatory cytokines including interleukin (IL-6), IL-2,
and IL-9 were increased in the DSS group. By contrast, the level of an anti-inflammatory cytokine (IL-10)
was decreased in the DSS group. By contrast, BT2 and SASP treatment clearly inhibited the increase in
these proinflammatory cytokines and decreased the level of IL-10 (Figure 2). Together, these data
revealed that BT2 could improve histopathological damage and reduce proinflammatory cytokine
production in UC mice.

BT2 improved BCAA catabolism in UC mice

To verify the effects of BT2 on BCAA catabolism in DSS-induced UC mice, the expression levels of the
catabolic enzymes BCKDHA, BCAT2, and BCKDK in colon tissues were detected by immunoblotting
(Figure 3). The DSS group showed increased BCKDK expression and decreased expression of BCKDHA
and BCAT?2, but these changes were notably reversed by BT2 administration (Figure 3B-E). Consistently,
immunohistochemistry analysis showed that BCKDK expression was increased in colon tissues with
severe inflammation but reduced in BT2-treated mice (Figure 3A). Moreover, higher concentrations of
leucine, isoleucine, and valine were observed in the serum of DSS-treated mice, whereas BT2 treatment
resulted in downregulation of these amino acids (Figure 3F). In summary, BCAA catabolism was
impaired in UC mice but rescued by BT2 treatment.

BT2 suppressed the mTORC1 signaling pathway in UC mice

Based on the beneficial effect of BT2 on BCAA metabolism, we hypothesized that BT2 could suppress
BCAA-related mTORC1 activation in UC mice. In accordance with this assumption, the
phosphorylation of mTOR and its characterized downstream substrates 4-EBP1 and S6 were explored
by Western blot analysis. As shown in Figure 4A-D, the expression levels of these phosphorylated
proteins were markedly elevated in the colon tissues from the DSS group but decreased in the colon
tissues from the BT2 group. Additionally, immunohistochemical staining showed that BT2 treatment
significantly reversed the upregulation of phosphorylated 4-EBP1 and p-S6 expression in colon tissues
induced by DSS (Figure 4E). Collectively, these results suggested that BT2 could inhibit BCA A-related
mTORC1 activation in the colon tissues of UC mice.

BT2 inhibited the expression of COX-2 in UC mice

The overexpression of COX-2 in experimental colitis has been widely reported; therefore, we invest-
igated the effect of BT2 on COX-2 expression in colon tissues of UC mice. As shown in Figure 5A and B,
COX-2 expression was markedly induced by DSS but reduced in the BT2 group. As depicted in
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Figure 1 3,6-dichlorobenzo[b]thiophene-2-carboxylic acid improved colon inflammation in dextran sodium sulfate-treated mice. A:
Changes in the body weight of mice; B: Disease activity index of each group of mice on day 8 (n = 5); C: The colon length of each group of mice was measured; D:
Macroscopic observation of colons; E: Representative hematoxylin and eosin staining images of colon sections (200 x magnification); F: Injury scores. ®P < 0.01 and
P < 0.001 vs the dextran sodium sulfate group; °P < 0.001 vs the control group. The data are shown as the mean + SD (n = 5-8). DSS: Dextran sodium sulfate;
SASP: Salazosulfapyridine; BT2: 3,6-dichlorobenzob]thiophene-2-carboxylic acid.
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Figure 5C, mice in the DSS group showed higher mRNA levels of COX-2 but BT2 treatment reversed
this effect.

BT2 restructured gut microbiota homeostasis in UC mice

The gut microbiota is involved in various physiological functions of the intestinal mucosa and is a new
target for the prevention, diagnosis, and treatment of colonic inflammation. Therefore, 165 rDNA
sequencing was performed to investigate whether BT2 regulates the composition of intestinal microflora
in colitis mice (Figure 6). The rarefaction curve, which was used to estimate the sample size and the
species richness, showed that the sequencing amount was reasonable (Figure 6D). NMDS analysis based
on P diversity revealed that the flora structure was evidently different between the DSS group and the
control group but that BT2 treatment improved this dissimilarity (Figure 6E). The Venn diagram was
created to illustrate the number of common and unique OTUs among multiple samples. The
overlapping part indicates the common OTUs, and the nonoverlapping areas represent the unique
OTUs in each group. As shown in Figure 6A, 1443 OTUs were present in all groups, whereas 806, 319,
and 363 OTUs were uniquely present in the control group, DSS group, and BT2 group, respectively. The
a diversity index, including the Chaol and Shannon indexes, showed that the gut microbiota diversity
and richness were lower in colitis mice than in the control group. However, these alterations were
normalized by BT2 treatment (Figure 6B and C).
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Figure 2 3,6-dichlorobenzo[b]thiophene-2-carboxylic acid reduced the inflammatory cytokine levels in serum. The contents of interleukin (IL)-6,
IL-9, IL-2 and IL-10 in serum were detected by flow cytometry. A: IL-6; B: IL-9; C: IL-2; D: IL-10. %P < 0.05, ®P < 0.01, and 'P < 0.001 vs the dextran sodium sulfate
group; °P < 0.01 and °P < 0.001 vs the control group. The data are shown as the mean + SD (n = 4). DSS: Dextran sodium sulfate; SASP: Salazosulfapyridine; BT2:
3,6-dichlorobenzo[b]thiophene-2-carboxylic acid.
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BT2 altered the gut microbiota composition and functionality in UC mice

As shown in Figure 7A, the intestinal flora mainly consisted of Firmicutes, Bacteroidetes, and Proteo-
bacteria at the phylum level. The relative abundance levels of Bacteroidetes and Proteobacteria were
increased in the DSS group, whereas the abundance of Firmicutes was reduced. However, BT2
intervention significantly restored the abundance of the three phyla. Moreover, the ratio of Firmicutes to
Bacteroidetes (F/B) was decreased in the fecal samples from the DSS group relative to the control group,
but this decrease was markedly reversed by BT2 (Figure 7B). At the family level, UC mice displayed
evidently higher populations of Clostridiaceae and Prevotellaceae, which are related to the synthesis of
BCAAs compared with normal mice. As expected, BT2 treatment notably increased the abundance of
Clostridiaceae and Prevotellaceae (Figure 7C-E). Furthermore, the administration of BT2 prevented the
increases in Enterobacteriaceae and Escherichia-Shigella caused by DSS and slightly restored the downreg-
ulation of Oscillospiraceae (Figure 7F-H).

DISCUSSION

UC has emerged as one of the most common chronic recurrent intestinal diseases in recent years and is
treated with 5-aminosalicylic acid preparations, glucocorticoids, anti-tumor necrosis factor agents and
thiopurines. These drugs can relieve colonic inflammation to a certain extent but are usually
accompanied by adverse reactions, intolerance, and treatment limitations[22,23]. Therefore, research on
new drug targets and therapeutics for UC has received increasing attention. A large number of studies
have shown that disorder of the intestinal microbiota is crucial to the initiation and progression of UC.
The metabolites produced by intestinal flora, such as BCAAs and short-chain fatty acids, can be
absorbed by the host intestinal tract to affect its physiological and pathological functions, whereas an
imbalance in the intestinal flora affects these functional metabolites[15]. Bosch et al[24] reported that the
levels of leucine, isoleucine, and valine were significantly elevated in the feces of inflammatory bowel
disease (IBD) patients. BT2 is a specific inhibitor of BCKDK that can improve BCAA catabolism and
limit the tumor burden by inhibiting mTORCI in mouse hepatocellular carcinoma models[18], but the
impact of BT2 on UC has not been explored to date.

This study showed that BT2 exerted obvious therapeutic effects on DSS-induced UC. BT2 intervention
led to a reduction in body weight loss; improved the pathological injury of colon tissues; decreased the
content of proinflammatory cytokines including IL-6, IL-9 and IL-2; and decreased the level of IL-10
compared with the results obtained with DSS treatment. In particular, we found that BT2 could
ameliorate the gut microbiota disruption caused by DSS. The diversity and richness of the fecal
microbiota in the DSS group were decreased, but this downregulation was reversed in the BT2 group.
At the phylum level, the fecal flora of mice was mainly composed of Firmicutes, Bacteroidetes, and Proteo-
bacteria. In addition, upregulation of the phylum Proteobacteria and downregulation of the F/B value in
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Figure 3 3,6-dichlorobenzo[b]thiophene-2-carboxylic acid improved branched-chain amino acid catabolism in dextran sodium sulfate-
induced colitis mice. A: The expression of branched-chain a-keto acid dehydrogenase kinase in colon sections was detected by immunohistochemical assays (n
=4, 200 x magnification); B-E: Western blot images and quantitative data of branched-chain amino acid (BCAA) catabolic enzymes in colon tissues (n = 3-4); F: The
contents of BCAAS, including valine, leucine and isoleucine, in mouse serum were determined by liquid chromatography-tandem mass spectrometry (n = 10). 9P <
0.05, ®P < 0.01, and P < 0.001 vs the dextran sodium sulfate group; °P < 0.001 vs the control group. The data are shown as the mean + SD. BCKDK: Branched-chain
a-keto acid dehydrogenase kinase; DSS: Dextran sodium sulfate; SASP: Salazosulfapyridine; BT2: 3,6-dichlorobenzo[b]thiophene-2-carboxylic acid.
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the DSS group were normalized by BT2 treatment. In accordance with previous reports, Proteobacteria
represent the largest phylum in the bacterial domain and play a key role in driving proinflammatory
changes and inducing IBD development due to their adhesiveness and invasiveness[25]. The F/B value
has been used as an index for evaluating the disordered intestinal microbiome in UC and was
significantly reduced in the fecal microbiota of IBD patients compared with controls[26,27]. At the
family level, it is worth noting that two BCAA-producing bacteria, Clostridiaceae and Prevotellaceae, were
increased in the DSS group but were downregulated in the BT2 group. Notably, Prevotella copri is a
representative species that drives the synthesis of BCAAs, which are capable of inducing insulin
resistance, aggravating glucose intolerance, and increasing the circulating level of BCAAs[28]. Intestinal
microorganisms have great BCAA biosynthetic potential, and the increase in BCAA levels is related to
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Figure 4 3,6-dichlorobenzo[b]thiophene-2-carboxylic acid suppressed the activity of the mammalian target of rapamycin complex 1
activation. A-D: The total and phosphorylated proteins of S6, eukaryotic translation initiation factor 4E binding protein 1 (4EBP1) and mammalian target of
rapamycin were measured by Western blot analysis; E: Immunohistochemical analysis of the expression of phosphorylated S6 and phosphorylated 4EBP1 in colon
tissues (200 x magnification). 4P < 0.05, P < 0.01, and ‘P < 0.001 vs the dextran sodium sulfate group; °P < 0.01 and °P < 0.001 vs the control group. The data are
shown as the mean + SD (n = 3-5). mTOR: Mammalian target of rapamycin; S6: Ribosomal protein S6; 4EBP1: Eukaryotic translation initiation factor 4E binding
protein 1; DSS: Dextran sodium sulfate; SASP: Salazosulfapyridine; BT2: 3,6-dichlorobenzo[b]thiophene-2-carboxylic acid.

the change in bacteria involved in BCAA biosynthesis[28]. A previous study showed that the relative
abundance of microbes associated with BCAA synthesis was increased in mice fed a high-fat diet
including the order Clostridiales, family Clostridiaceae, and Prevotellaceae[29]. The abundance of
Clostridiaceae is positively correlated with the concentration of serum BCAAs in mice[30]. We also found
that the level of Oscillospiraceae was slightly increased in the BT2 group. Oscillospiraceae is widely present
in the intestinal microorganisms of humans and animals and is associated with inflammatory diseases.
A previous meta-analysis showed that Oscillospiraceae was significantly reduced in the intestines of
patients with Crohn’s disease but increased in those with gallstones[31]. Moreover, downregulation of
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Figure 5 3,6-dichlorobenzo[b]thiophene-2-carboxylic acid reduced cyclooxygenase-2 expression. A and B: The level of cyclooxygenase-2 (COX-
2) in colon tissues was detected by Western blotting; C: The mRNA level of COX-2 in colon tissues was detected by real-time polymerase chain reaction. P < 0.001
vs the dextran sodium sulfate group; °P < 0.001 vs the control group. The data are shown as the mean + SD (n = 4). COX-2: Cyclooxygenase-2; DSS: Dextran
sodium sulfate; SASP: Salazosulfapyridine; BT2: 3,6-dichlorobenzo[b]thiophene-2-carboxylic acid.
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Figure 6 Effects of 3,6-dichlorobenzo[b]thiophene-2-carboxylic acid treatment on the overall structure of gut microbiota. A: The Venn
diagram depicts the overlap of operational taxonomic units in each group; B: Chao1 index from fecal samples; C: Shannon index from fecal samples; D: The dilution
curve indicates the rationality of the amount of sequencing data; E: Nonmetric multidimensional scaling analysis plot of fecal microbiota of each group. ¢P < 0.01 and
P <0.001 vs the dextran sodium sulfate group; ®P < 0.01 and °P < 0.001 vs the control group. The data are shown as the mean % SD (n = 8). DSS: Dextran sodium
sulfate; OUT: Operational taxonomic units; BT2: 3,6-dichlorobenzo[b]thiophene-2-carboxylic acid.

Enterobacteriaceae and Escherichia-Shigella was also observed in the BT2 group. A recent report showed
that host-induced inflammation disrupts gut microbes, leading to overgrowth of some aerobic bacteria,
particularly Enterobacteriaceae, which is elevated in the intestinal tract of IBD patients and acts as an
initiation inducer for inflammation[32]. Shigella is a gram-negative short bacillus that is highly
contagious and regarded as a pathogen of IBD[33].

mTORC1 is a complex of mTOR that jointly promotes protein synthesis, cell growth, and proliferation
by phosphorylating its direct downstream substrates S6 kinase 1 and 4E-BP1[34,35]. A growing number
of findings have revealed the involvement of the mTORC1 pathway in the pathogenesis of UC.
mTORC1 is hyperactivated in the colon tissues of UC patients and mice, and the overexpression of
mTORC1 in colonic epithelial cells aggravates the inflammatory symptoms of UC mice[12]. Supple-
mentation with mTORC1 inhibitors such as rapamycin, AZD8055, and everolimus markedly improves
experimental UC by reducing leukocyte extravasation in the mucosa, suppressing T-cell proliferation
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Figure 7 Effects of 3,6-dichlorobenzo[b]thiophene-2-carboxylic acid treatment on the species composition. A: Taxonomic analysis at the
phylum level; B: BT2 treatment alters the Firmicutes/Bacteroidetes value in each group; C: Taxonomic analysis at the family level; D: Abundance of Prevotellaceae;
E: Abundance of Clostridiaceae; F: Abundance of Oscillospiraceae; G: Abundance of Enterobacteriaceae; H: Abundance of Escherichia-Shigella. °P < 0.05, ¢P <
0.01, and P < 0.001 vs the DSS group; 2P < 0.05, °P < 0.01, and °P < 0.001 vs the control group. The data are shown as the mean + SD (n = 8). DSS: Dextran
sodium sulfate; BT2: 3,6-dichlorobenzo[b]thiophene-2-carboxylic acid.

and blocking the release of interferon from lymphocytes[36-38]. In our study, the activity of mTORC1
was enhanced in DSS-stimulated colitis mice, and BT2 significantly decreased mTORCT1 activity. COX-2
is one of the isoforms of COX and is strongly associated with the development of IBD. COX-2 is highly
expressed in the colon tissues of UC patients and animals and induces UC by producing prostaglandins
(PGs), which promote inflammation and pain. The COX-2 inhibitor rofecoxib is potentially effective in
improving experimental colitis by reducing PGE2 production, proinflammatory cytokines, and
neutrophil infiltration[39,40]. In clinical UC samples, a positive correlation has been detected between
COX-2 expression and mTORCI activity[12]. Consistently, our study demonstrated that COX-2
expression was enhanced in UC mice but inhibited by BT2 intervention.
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Amino acids, particularly BCAAs, serve as essential signaling factors for mTORCI activation. The
reduction of BCAA production by blocking BCAT1, a cytosolic aminotransferase for BCAAs, can
significantly inhibit mTORC1 activation in chronic myeloid leukemia cells[41]. Rag guanine
triphosphate (Rag GTPase) has been identified as a critical activator of mTORCI in response to amino
acid signals[42]. GATOR1, GATOR?2, and Sestrin2 are three proteins involved in the regulation of
recombination-activating genes. Sestrin2 is reportedly a leucine receptor for the mTORCI signaling
pathway[43]. Previous studies have shown that BCAA-induced mTORCI1 activation is associated with
the development of hepatocellular carcinoma, liver cancer, and prostate cancer[18,44,45]. Recently,
Huanggin decoction relieves experimental colitis by regulating the metabolism of amino acids such as
leucine and the mTOR pathway[46]. These results revealed that BCAA-mediated mTORCI activation is
a key research topic in the field of UC. Our data established an unreported link between BCAA-related
mTORC1 activation and UC and thus elucidate a novel mechanism of BT2 against UC. Further investig-
ations need to combine gene knockout mouse models and fecal microbiota transplantation to validate
the specific mechanism of BT2-regulated BCAA metabolism in the anti-UC effect.

CONCLUSION

In summary, our data showed that the intestinal microbiota was disordered and BCAA catabolism was
impaired in DSS-induced colitis mice, resulting in activation of the mTORC1 signaling pathway and
overexpression of COX-2. Importantly, BT2 substantially reversed these phenomena and thus
demonstrates potential value in the treatment of UC.

ARTICLE HIGHLIGHTS

Research background

Ulcerative colitis (UC) is a chronic inflammatory disorder caused by multiple factors. As a novel
inhibitor, 3,6-dichlorobenzo[b]thiophene-2-carboxylic acid (BT2) was recently shown to play an
important role in improving amino acid metabolism and anti-inflammation. However, no relevant
studies have reported the protective effect of BT2 on UC.

Research motivation
To investigate the therapeutic effect of BT2 on UC and the potential pharmacological mechanism.

Research objectives
To clarify the role of BT2 in UC treatment and its underlying mechanism.

Research methods

The acute colitis model was induced by 3.5% dextran sodium sulfate (DSS). The protective effect of BT2
was evaluated via clinical manifestations and colonic pathological changes. Flow cytometry was used to
detect the contents of cytokines. Western blot analysis, immunohistochemical assays and liquid chroma-
tography-tandem mass spectrometry were employed to estimate the mechanistic target of rapamycin
complex 1 (mTORC1) activity and branched-chain amino acid (BCAA) catabolism. Moreover, the
abundance of intestinal microbiota in feces was measured by 16S ribosomal DNA sequencing.

Research results

BT2 markedly alleviated colonic damage and reduced the release of proinflammatory cytokines in the
DSS colitis model. BT2 also obviously improved BCAA catabolism in UC mice, as evidenced by the
detection of related kinases in colon tissues and the targeted quantification of amino acids in serum.
mTORCI activity was enhanced in UC mice but inhibited by BT2 treatment. Moreover, 165 rRNA
sequencing revealed that BT2 could prevent the decrease in the Firmicutes/Bacteroidetes ratio and the
increase in harmful bacteria induced by DSS.

Research conclusions
BT2 relieved colitis by inhibiting BCAA-related mTORC1 activation and restoring gut microbiota
metabolism homeostasis.

Research perspectives
BT2 showed significant efficacy on colitis and could serve as a promising therapeutic agent for UC
treatment.
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