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ARTICLE INFO ABSTRACT
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Ulcerative colitis (UC) is a chronic, non-specific inflammatory disease of the intestines with a significant increase
in global incidence in recent years. Oxidative stress and inflammation are two hallmarks of UC pathogenesis.
Anemoside B4 (AB4), a pentacyclic triterpenoid saponin, exhibits significant antioxidant and anti-inflammatory
properties and shows potential for preventing UC. Here, an animal model induced by dextran sodium sulfate
(DSS) was used to investigate the effect of AB4 on UC. The results demonstrated that AB4 significantly reduces
intestinal oxidative stress and inflammation in UC mice, while also protecting intestinal barrier function.
Furthermore, AB4 helps restore intestinal microbial balance primarily by modulating the abundance of Lacto-
bacillus, which enhances the metabolism of short-chain fatty acids and upregulates the production of butyric acid
(BA). Pseudogerm-free mice and fecal microbiota transplantation (FMT) demonstrated that AB4 significantly
mitigated UC in a gut microbe-dependent manner. Both AB4 and BA markedly activate the aromatic hydrocarbon
receptor (AhR). The intestinal organoid results suggest BA may activate the AhR to inhibit ROS production and
activation of NLRP3 inflammasome, thereby protecting intestinal integrity. Administration of AhR antagonists
abolished the protective effects, thus confirming the involvement of AhR in the underlying mechanism. Overall,
these results indicate that AB4 is an effective agent against UC mainly by activating the AhR through gut mi-
crobial short-chain fatty acid metabolites to inhibit intestinal oxidative stress and inflammation.
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1. Introduction patients’ quality of life and economic well-being [4-6]. UC has a pro-

longed course, is prone to recurrent episodes, and is challenging to treat,

Ulcerative colitis (UC) is a chronic, inflammatory disease that pri-
marily affects the submucosa of the colon and rectum. It is the most
common form of inflammatory bowel disease (IBD). The clinical
symptoms of UC include diarrhea, abdominal pain, blood in the stool,
and weight loss [1-3]. The main pathological changes in UC begin as a
retrograde process starting from the rectum and can involve the entire
colon. This process leads to edema, congestion, erosions, hemorrhages,
abscesses, and ulcers in the intestinal mucosa, significantly impacting

with its incidence rising worldwide in recent years. The development of
UC is closely associated with genetic, environmental, and immunolog-
ical factors, though its exact pathogenesis remains unclear [7-9]. Pres-
ently, drugs such as aminosalicylic acid and salazosulfapyridine are used
for the treatment of UC. However, these medications can lead to drug
tolerance and serious side effects [10-12]. Consequently, identifying
and developing new, effective therapies for UC is an urgent clinical
problem.
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Recent studies have indicated an imbalance in gut microbiota that is
closely associated with UC [13-15]. This imbalance may contribute to
disease pathology by altering the composition of gut bacteria, leading to
increased levels of pathogenic bacteria, as well as affecting the distri-
bution of metabolites derived from gut microbes [16-20]. Short-chain
fatty acids (SCFAs) are important microbial metabolites generated
from the bacterial fermentation of dietary fiber and primarily serve as an
energy source for colonic cells [21-23]. Current research suggests that
SCFAs are essential in the colon and are produced by gut microbes, with
their expression levels influencing the processes associated with UC.
Healthy gut microbes help regulate the expression of tight junction
proteins through SCFAs, thereby maintaining the integrity of the intes-
tinal barrier [24-27].

It is well known that reactive oxygen species (ROS) are primarily
produced in the colon, which contains food, microorganisms, and im-
mune cells—these being the main sources of ROS. At high concentra-
tions, ROS can negatively impact colon health, affect microbial
diversity, and contribute to disease progression in UC [28-31]. In
contrast, SCFAs produced by gut microbes play a protective role against
oxidative stress in the colon. They accomplish this by reducing ROS
production, decreasing myeloperoxidase (MPO) activity, and enhancing
superoxide dismutase (SOD) and catalase (CAT) activity in both the
serum and colon [32]. SCFAs also promote glucose uptake, increase fatty
acid oxidation, boost oxidative phosphorylation, and support mito-
chondrial biosynthesis. These actions help maintain the integrity of the
intestinal epithelial barrier, foster a tolerogenic intestinal mucosal im-
mune system, and activate the NLRP3 inflammasome, which produces
interleukin-1 beta (IL-1p) [33-35].

Additionally, SCFA metabolites have emerged as a promising strat-
egy for treating UC. These metabolites have diverse roles in regulating
both the adaptive and innate immune systems, as well as various
physiological processes that affect UC, acting as ligands for the aromatic
hydrocarbon receptor (AhR) [36,37]. SCFAs can affect immune cells by
activating the AhR [38]. This receptor plays a crucial role in T-cell dif-
ferentiation, antioxidant responses, and NLRP3 inflammasome activa-
tion [39-41].

Natural products are a fundamental source of chemical diversity and
play a crucial role in drug discovery, prompting us to explore valuable
active molecules targeting UC [42-45]. Anemoside B4 (AB4), a penta-
cyclic triterpenoid saponin, has demonstrated various pharmacological
effects, including anti-inflammatory, antioxidant, anti-tumor, antiviral,
and immunomodulatory properties [46-50]. Based on these effects, we
hypothesized that AB4 might have a therapeutic impact on UC. How-
ever, the detailed mechanisms and potential therapeutic targets of AB4
concerning UC remain unclear.

This study aims to evaluate the anti-UC activity about inhibits in-
testinal oxidative stress and inflammation of AB4 and to investigate its
effects on gut microbiota composition and metabolome through 16S
rRNA-based microbiota analysis and metabolomics. Fecal microbiota
transplantation (FMT) was utilized to confirm that the protective effects
of AB4 are modulated in a gut microbiome-dependent manner. Our
findings indicated that AB4 significantly enriched gut microbiota-
derived SCFA metabolites, which may alleviate UC by directly target-
ing the AhR. We identified butyric acid as a key mediator of the bene-
ficial effects of AB4 on UC. Additionally, intestinal organoid studies
demonstrated that butyric acid can be used to treat UC by activating the
AhR signaling pathway. Overall, this research highlights AB4 as a
promising drug to inhibit intestinal oxidative stress and inflammation
for treating UC and clarifies its mechanism of action.

2. Materials and methods
2.1. Materials

Dextran sulfate sodium (DSS, MW 36-50 kDa) was purchased from
MP Biomedicals (Irvine, CA, USA). Anemoside B4 (purity >99 %) was
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purchased from Macklin Biochemical Co., Ltd. (Shanghai, China). An-
tibodies to NLRP3 (27458-1-AP) and f-Actin were purchased from
Proteintech (Rosemont, IL, USA). The reagents for the detection of MPO,
MDA, GSH, SOD, and DCHF-DA were purchased from Solarbio (Beijing,
China). Reagent test kits of TNF-a, IL-6, IL-17, IL-1B, ASC, and Caspase-1
were purchased from Jianglai (Shanghai, China). The reagents for the
detection of serum creatinine (Cre), serum urea nitrogen (BUN), propi-
onic acid, and butyric acid test kits were purchased from Jiancheng
Biological Technology, Co., Ltd (Nanjing, China). The primary antibody
against muc-2 was obtained from Abcam (Cambridge, MA, USA). Anti-
Z0O-1 and anti-Occludin were purchased from Cell Signaling Technol-
ogy (Danvers, MA, USA). Mouse Intestine Organoid Kits were purchased
from Mogengel Biological Technology, Co., Ltd (Xiamen, China). CCK-8
kit (C0041) and DCFH-DA staining solution (S0033S) were purchased
from Beyotime Biotechnology (Shanghai, China). AhR test kit was pur-
chased from Renjie Biological Technology, Co., Ltd (RJ17093)
(Shanghai, China).

2.2. Animals

Male C57BL/6 mice (6-8 weeks of age, 22 + 2 g) were purchased
from the SPF (Beijing) Biotechnology Co. Ltd (SCXK 2019-0010). All
mice were housed in a specific pathogen-free (SPF) environment with a
12 h light/dark cycle, temperature control (22-24 °C), humidity control
(50-60 %), and free access to water and food. All animal experiments
were conducted by the Guidelines for the Humane Use of Animals
published by the National Institutes of Health and approved by the
Welfare and Ethics Committee of the Zhengzhou University Laboratory
Animal Centre (Approval number: NO. 202206290101).

2.2.1. UC model establishment and treatment

Mice were acclimatized in SPF environment for 7 days, then all mice
were randomly divided into 5 groups (12 mice in each group): control
group (Con), DSS group (Mod), DSS+5-aminosalicylic acid, as a positive
control for alleviating the DSS-induced UC model (5-ASA, 100 mg kg-1),
DSS + AB4 low dose group (AB4-L, 50 mg kg-1), DSS + AB4 high dose
group (AB4-H, 100 mg kg-1). The mice were fed ad libitum with 3 % DSS
(W/V) for 7 days to establish the UC model. Mice in the Con group were
fed ad libitum with distilled water. Mice in the Con and Mod groups
were fed with sterile water (10 mL kg-1), and the mice in the 5-ASA
group were fed with the corresponding drug concentration once a day.
The mice in the AB4 group (the optimal dosage range of AB4 was
selected based on the results of the preliminary experiments) were given
the corresponding drug concentration by rectal administration once a
day.

2.2.2. Fecal microbiota transplantation treatment

After a 1-week adaptive feeding period, all mice received antibiotics
(Abs: containing 1 g/L neomycin sulfate, 0.5 g/L vancomycin, 1 g/L
ampicillin, and 1 g/L metronidazole) in their drinking water for 7 days
to generate pseudogerm-free conditions. The donor mice were randomly
divided into Con, Mod, and AB4 groups (12 mice in each group). The
Con group was fed typically, the Mod and AB4 groups had UC induced
by adding 3 % DSS to the drinking water. The Con group mice were
dosed with sterile water (10 mL kg-1). The AB4 group was treated with
AB4 (100 mg kg-1) by rectal administration once daily. The feces of
donor mice were collected daily for 7 days in a laminar flow fume hood
under aseptic conditions. Donor mouse feces were collected from each
group, and 100 mg of feces was resuspended in 1 ml of sterile saline. The
supernatant was collected and used as transplantation material. Fresh
graft material was prepared within 10 min before tube feeding on the
day of transplantation to prevent changes in bacterial composition. The
recipient mice were randomly divided into three groups of fecal trans-
plantation: FT-Con, FT-Mod, and FT-AB4. Recipient mice in FT-Mod and
FT-AB4 groups were induced with 3 % DSS in drinking water to induce
UG, and recipient mice in FT-Con group were dosed with sterile water.
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Fresh fecal graft material from the donor group was administered orally
every day for 7 consecutive days.

2.2.3. Short-chain fatty acid metabolites treatment

To verify the role of SCFA metabolites in improving UC damage, the
mice were randomly divided into 5 groups (n = 8): control group (Con),
DSS group (Mod), DSS+5-aminosalicylic acid positive group (5-ASA,
100 mg kg-1), DSS + sodium propionate group (PA, 150 mM), DSS +
sodium butyrate group (BA, 150 mM). After that, mice were fed ad
libitum with 3 % DSS (W/V) for 7 d to establish the UC model. Mice in
the Con group were fed ad libitum with distilled water. Mice in the Con
and Mod groups were dosed with sterile water (10 mL kg-1, ig), and mice
in the 5-ASA, PA, and BA groups were dosed with the corresponding
drug concentration once a day.

2.2.4. AHR inhibitor treatment

To investigate the pivotal role of AhR in the amelioration of UC by
AB4, mice were administered an AhR inhibitor (AHRi), Stemregenin 1.
Mice were randomly divided into five groups (8 mice per group) in an
SPF environment: control group (Con), DSS group (DSS), DSS +
AB4+AHRi (AB4, 100 mg kg-1, Stemregenin 1, 50 mg kg-1), DSS + BA
+ AHRI (BA, 150 mM, Stemregenin 1, 50 mg kg-1), DSS + AB4 (AB4,
100 mg kg-1, rectal administration). The mice were fed ad libitum with
3 % DSS (W/V) for 7 d to establish the UC model. Mice in the Con group
were fed ad libitum with distilled water. Mice in the Con and Mod
groups were dosed with sterile water (10 mL kg-1), and mice in the
AB4+AHRi, BA + AHRI, and AB4 groups were dosed with the corre-
sponding drug concentration once a day.

At the end of the experiment, all mice were executed by inhalation of
isoflurane after the experiment, and a rapid collection of blood samples
and colon tissues was performed for subsequent analyses.

2.3. DAI score

DAI was measured according to weight loss, diarrhea, and stool
blood. The evaluation criteria of weight loss, diarrhea, and hema-
tochezia were referred to the previously reported [51]. Weight loss (O,
none, 1, 1-5 %, 2, 6-10 %, 3, 11-20 %, 4, >20 %), diarrhea (0, normal
stools, 1, loose but formed, 2, loose unformed, 3, very loose, 4, severe
diarrhea), bleeding in stools (0, negative, 1, weakly positive, 2, positive,
3, markedly positive, 4, rectal bleeding).

2.4. General morphological score

Visual inspection of the colonic mucosa for inflammation and ul-
ceration. The scoring criteria were: no damage to the mucosa (0 points),
congestion of the mucosa (1 point), ulceration in less than 25 % of the
damaged area (2 points), ulceration in 25 %-50 % of the damaged area
(3 points), ulceration in more than 50 % of the damaged area (4 points)
[52].

2.5. Histopathological score

The histopathological score was used as the primary criterion for
evaluating the degree of inflammation, and the score was as follows
0 points, normal, no inflammatory cell infiltration; 1 point, mild in-
flammatory cell infiltration without submucosal tissue damage; 2 points,
moderate inflammatory cell infiltration and submucosal tissue damage
(10-25 % of the extent of the damage); 3 points, marked inflammatory
cell infiltration, submucosal tissue damage, and thickening of the
colonic wall (25-50 %); 4 points, severe inflammatory cell infiltration,
severe colonic tissue damage, and thickening of the colonic wall (>50 %
lesion extent) [53].
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2.6. Measurement of biochemical indicators in UC mice

Blood samples were centrifuged at 3500 rpm (4 °C) for 15min. Serum
was collected, and the TNF-a, IL-1p, IL-6, and IL-17 expression levels
were detected according to the kit instructions. The colon tissue was
collected, and homogenized AHR, MPO, SOD, MDA, and GSH expression
levels were detected according to the kit instructions.

2.7. Immunofluorescence staining

For immunofluorescence analysis of colon tissue, sections were fixed
in pre-cooled acetone (15 min) and permeabilized with 3 % Triton X-
100. Sections were blocked with 1 % BSA at room temperature (30 min).
Sections were washed repeatedly with PBS and incubated overnight at
4 °C with primary antibodies, including ZO-1 (1:250), Occludin (1:250),
and muc-2 (1:250). The next day, secondary antibodies were added and
incubated for 2 h at room temperature, and the nuclei were stained with
4',6-diamidino-2-phenylindole (DAPI) reagent. Fluorescence micro-
scopy was used for photographic imaging.

2.8. Reactive oxygen species (ROS) detection

Total ROS was detected by DCFH-DA staining. Single-cell suspen-
sions were prepared from fresh colon tissue samples by enzymatic
digestion (collagenase I). The cells were incubated with DCFH-DA
staining solution (10 mol/L) at 37 °C for 20 min, centrifuged for 10
min (1000 g). Subsequently, the cells were washed with PBS three times
and centrifuged. Finally, the difference of average fluorescence intensity
was compared by flow cytometry.

2.9. Immunohistochemistry

The sections were dewaxed in xylene and graded alcohol, then
washed in cold PBS. All subsequent steps were performed under hu-
midified conditions. Enzymatic antigen repair was conducted at 37 °C
for 30 min to restore the antigen. The slices were washed three times
with PBS, with each wash lasting 3 min. Non-specific antigens were
blocked using goat serum at 25 °C for 30 min. Next, the slices were
incubated overnight at 4 °C with anti-caspase-1 antibodies (1:100,
22915-1-AP; Proteintech Group) and anti-GSDMD antibodies (1:100;
ab239377, Abcam). After that, they were treated with biotin-labeled
goat anti-mouse/rabbit IgG polymer for 30 min. Streptavidin/horse-
radish peroxidase was then incubated at 25 °C for 30 min, followed by
washing with PBS. The sections were stained with diaminobenzidine
and subsequently re-stained with hematoxylin for 5 min. After dehy-
dration, the sections were sealed. Images of the sections were captured
using an optical microscope. Positive staining was indicated by brown
color, and Image J software was used to analyze the optical density value
of the positively stained area, which represented the expression levels of
Caspase-1 and GSDMD.

2.10. Western blot

Remove colon tissue samples for tissue homogenization and cell
lysis. The samples were rinsed three times with PBS, and protein samples
were separated by cell lysis. Protein concentration was detected using
the BCA Protein Assay Kit (Beyotime Biotech Inc, China). Protein sam-
ples were separated and electrophoresed on sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) gels (70 V, 120 min).
Protein bands were transferred onto polyvinylidene difluoride (PVDF)
membranes (Bio-Rad, Hercules, CA, USA). The PVDF membranes were
incubated overnight at 4 °C with diluted primary antibody. Then, the
protein signals were measured with an enhanced chemiluminescence
visualization (ECL) system (Pierce Biotechnology) after 2 h of incuba-
tion with horseradish peroxidase (HRP)-labeled secondary antibody.
The intensity of the protein bands was analyzed using Image Lab
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analysis software (Bio-Rad).
2.11. 16S rRNA sequencing

The total genomic DNA of the microbial community was extracted
from each group of mouse fecal samples according to the instructions of
the PF Mag-Bind Stool DNA Kit (Omega Bio-tek, Georgia, U.S.). The
integrity of the extracted genomic DNA was tested by agarose gel elec-
trophoresis at 1 %, and the concentration and purity of DNA were
determined by NanoDrop2000 (Thermo Scientific, U.S.). The upstream
primer 338F (5-ACTCCTACGGGGAGGCAGCAG-3’) and the down-
stream primer 806R (5-GGACTACHVGGGGTWTCTAAT-3’), which
carry Barcode sequences, were used to analyze the 16S rRNA. *) for PCR
amplification of the V3-V4 variable region of the 16S rRNA gene. The
purified PCR products were library-constructed using the NEXTFLEX
Rapid DNA-Seq Kit (Bioo Scientific, Austin, Texas, USA) and sequenced
using Illumina’s PE300/PE250 platforms (Shanghai Meiji Bio-medical
Technology Co., Ltd.).

2.12. Untargeted metabolomics

Metabolite extraction was performed by taking 50 mg of fecal sample
in a 2 mL centrifuge tube and adding a 6 mm diameter grinding bead.
400 pL of extraction solution (methanol: water = 4:1 (v:v)) containing
0.02 mg/mL of internal standard (L-2-chlorophenylalanine) was used
for the extraction of metabolites. The sample solution was ground in a
frozen tissue grinder for 6 min (—10 °C, 50 Hz), followed by cryogenic
extraction for 30 min (5 °C, 40 kHz). The samples were allowed to stand
at —20 °C for 30 min, centrifuged for 15 min (4 °C, 13000 g), and the
supernatant was pipetted into an injection vial with an internal cannula
for analysis. The sample was separated on a HSS T3 column (100 mm x
2.1 mmi.d., 1.8 pm) and detected by mass spectrometry. Mobile phase A
was 95 % water +5 % acetonitrile (containing 0.1 % formic acid), and
mobile phase B was 47.5 % acetonitrile + 47.5 % isopropanol + 5 %
water (containing 0.1 % formic acid). Mass spectrometry conditions:
The sample mass spectrometry signal acquisition was performed in
positive and negative ion scanning modes, with a mass scanning range
m/z of 70-1050. ion spray voltage, positive ion voltage 3500 V, negative
ion voltage 2800 V, sheath gas 40 psi, auxiliary heated gas 10 psi, ion
source heating temperature 400 °C, 20-40-60 V cyclic collision energy,
MS1 resolution: 70,000 and MS2 resolution: 17500.

2.13. Crypt isolation and intestinal organoid culture

After the euthanasia of mice, colonic tissues were removed under
aseptic conditions and washed in pre-cooled DPBS to remove the outer
layer of the intestinal membrane and surrounding fatty tissue. The in-
testine was opened longitudinally and rinsed with pre-cooled DPBS. The
contents of the intestinal lumen and villous structures were scraped off
with a slide. Cut the cleaned bowel into 3 mm pieces of tissue and
incubate in EDTA (5 mmol/L) at 4 °C for 30 min. DPBS was added and
shaken appropriately to separate the crypts from the basal layer, and the
suspension was filtered through a 70 pm cell filter, repeating this cycle
three times. The supernatant was centrifuged (300 g, 4 °C, 5 min) to
obtain crypts, and an appropriate amount of crypt suspension was
aspirated to visualize the crypt morphology through a microscope and
counted. The crypts were suspended in pre-cooled DPBS and centrifuged
(300 g, 4 °C, 5 min). The crypt spheres were resuspended in cold
organoid medium and matrix gel (ratio = 1:1), and the intestinal orga-
noids were further induced on 24-well plates [54].

2.14. Statistical analysis
Statistical analyses were performed using SPSS version 18.0 (Chi-

cago, IL, USA) and plotted using GraphPad Prism software (version
8.0.0, San Diego, CA, USA). All data are expressed as mean + standard
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error of the mean (S.E.M). Comparisons between groups were made
using one-way analysis of variance (ANOVA) with post-hoc Tukey’s test
or Student t-test where appropriate.

3. Results
3.1. AB4 attenuates DSS-induced UC in mice

To investigate the therapeutic effect of AB4 on UC, C57BL/6 mice
were induced an acute UC mode with 3 % DSS for seven days, which had
clinical signs similar to those of UC patients, including weight loss,
diarrhea, and bloody stools (Fig. 1A). Mice in the Mod group showed
significant weight loss, reduced food and water intake on day 3, severe
diarrhea and blood in the stools from day 4 onwards, and reduced DAI
scores until the end of the experiment. Colitis mice given AB4 signifi-
cantly inhibited weight loss, restored food and water intake, and
reduced diarrhea, bloody stools, and DAI scores in a dose-dependent
manner compared to mice in the Mod group (Fig. 1B-E).

A shorter colon length is an essential visual observation that reflects
intestinal damage. After examining the colons of each group of mice, it
was found that mice exposed to DSS could significantly shorten the
length of the colon. In contrast, colitis mice treated with AB4 signifi-
cantly prevented DSS-induced colon shortening (Fig. 1 FG). The thick-
ness and general morphology of the colon were further scored. The
results showed AB4 treatment significantly attenuated DSS-induced
colonic injury in mice and reduced general morphological score
(Fig. 1 HI).

H&E staining and analysis of the pathology of the colonic tissues
showed that the colonic tissues of mice in the Mod group exhibited
pathological damage, including significant loss of cupped cells and
epithelial cells, massive inflammatory cell infiltration, and extensively
damaged crypt structures. In contrast, treatment with AB4 significantly
attenuated the pathological damage of the colonic tissues, reduced in-
flammatory cell infiltration, restored the crypt structures, and reduced
the histopathological scores in a dose-dependent manner (Fig. 1 JK).
These results suggest that AB4 attenuated DSS-induced colitis in mice
and is a promising agent for treating UC.

3.2. AB4 inhibits inflammation and prevents intestinal barrier
dysfunction in UC mice

Mucosal inflammatory infiltration and barrier disruption are major
pathologic features of UC, both in DSS-induced animal models and in UC
patients. We investigated whether AB4 could attenuate DSS-induced
intestinal mucosal inflammation and remodel the intestinal barrier in
UC mice. We examined the critical pro-inflammatory factors TNF-a, IL-
6, IL-17, and IL-1f in the serum and colon tissues of mice in each group
(Fig. 2A-D). The results showed that the pro-inflammatory factors in
serum and colonic tissues of mice in the Mod group appeared signifi-
cantly elevated compared with those in the Con group (P < 0.001),
suggesting that inflammatory responses were observed in DSS-induced
UC mice in vivo. After AB4 treatment, the pro-inflammatory factors in
both serum and colonic tissues of mice within the AB4 L and AB4 H
groups showed a significant decrease (P < 0.01 or P < 0.001), suggesting
that AB4 has an inhibitory effect on the inflammation induced by DSS in
UC mice. In addition, the AB4 H group exhibited superior anti-
inflammatory activity than 5-ASA (TNF-q, IL-6 and IL-17), and there
was a significant difference statistically (P < 0.05 or P < 0.01).

Immunofluorescence analysis showed that mice exposed to DSS
significantly reduced the expression of ZO-1 and Occludin proteins.
Notably, AB4 treatment of UC mice significantly increased the expres-
sion of ZO-1 and Occludin proteins in the inner layer of the columnar
epithelium of colonic tissue. In addition, a significant increase in mucin-
2 (Muc-2) expression was observed in UC mice treated with AB4. These
results suggest that AB4 inhibits DSS-induced intestinal mucosal
inflammation and protects intestinal barrier function in UC mice (Fig. 2
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Fig. 1. AB4 alleviates DSS-induced mice colitis. (A) The flowchart of the part in vivo experiments. (B) The body weight of mice in each group. (C) The food intake.
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EF).

3.3. Effects of AB4 on gut microbial diversity in UC mice

Gut microbial diversity was determined to study the changes in gut
microbes after AB4 (AB4 H, 100 mg kg-1) treatment. Species profiles of
OTU (Operational Taxonomic Unit) number sorting rank, Pan, and Core
were first analyzed for each group of samples, which indicated that the
number of gut microbial species and sequencing sample size of each
group was sufficient to support further analysis (Fig. 3A-C). The samples
were further analyzed for alpha diversity, including the Sobs index,
Shannon index, Chao index, and Ace index, representing the number of

samples, sample diversity, sample homogeneity, and sample richness.
The results showed that the alpha diversity of gut microorganisms could
be significantly increased after AB4 treatment (Fig. 3D-G). The p-di-
versity was further analyzed by PCA, PcoA, NMDS, and NCM, which
indicated that the gut microbial composition of mice in the Con and AB4
groups was significantly different from that of the Mod group. The
sample points were closer to each other in the Con and AB4 groups than
in the Mod group, indicating that the species composition of the samples
in the two groups was more similar. The Neutral Community Model
(NCM) was used for the analysis. The results suggested that microbial
community construction in each group in this study was more suscep-
tible to deterministic processes and less to stochastic processes
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(Fig. 3H-K).

Partial Least Squares Discriminant Analysis (PLS-DA) could separate
the Con and Mod groups. Despite differences in the composition of the
gut microbiota between the Con and AB4 groups, gut microbiota in the
AB4 group was more similar to the gut microbiota in the Con group
compared to baseline samples in the Mod group (Fig. 3 L). The gut mi-
crobial dysbiosis index (MDI) is an index that determines the degree of
microbial ecological dysbiosis, and a more significant value indicates a
greater degree of dysbiosis. The results suggested that AB4 treatment
significantly adjusted the DSS-induced gut dysbiosis (Fig. 3 M). Finally,
the clustering of the samples in each group was shown by sample hier-
archical clustering, and the OTU-based sample hierarchical clustering
tree showed significant differences among the three groups, with the
AB4-treated samples clustering separately from the DSS group and
closer to the Con group (Fig. 3 N). In conclusion, this part of the results
suggests that AB4 treatment significantly restored the gut microbial
disruption caused by exposure to DSS in mice, and it may achieve

therapeutic effects in UC mice by restoring the diversity of gut microbes.

3.4. Effect of AB4 on the gut microbial composition in DSS-induced UC
mice

Further in-depth analysis of the alterations in the gut microbiology of
mice was performed. First, the number of shared and unique species in
multiple groups of samples was counted, which can be used to identify
unique species in disease groups and help find biomarkers. After
analyzing the samples through Venn diagrams, it was found that there
were unique or shared gut microorganisms among the groups of samples
(Fig. 4 A). At the phylum level, community abundance analysis showed
the Mod group increased the abundance of Bacteroidota and Verruco-
microbiota and decreased the abundance of Firmicutes, Patescibacteria,
and Actinobacteriota and that AB4 treatment reversed the effect of
exposure to DSS on these species (Fig. 4 B). We also examined the
abundance of gut microbes at the genus level, from which we could
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observe differences in dominant species between the three groups, with
Muribaculaceae dominating in the Mod group and Lactobacillus domi-
nating in the Con and AB4 group (Fig. 4C).

The circle plot visualizes the correspondence between species and
samples, which helps to understand the proportion of species distribu-
tion in each group of samples. It also shows the microorganisms and
their relative abundance in each group of samples, with relative abun-
dance <0.01 uniformly categorized as others. The results suggest that at
the phylum level, there was a higher abundance of Firmicutes, Bacter-
oidota, and Patescibacteria, while a higher abundance at the genus level
was Muribaculaceae and Lactobacillus (Fig. 4 DE). The Lefse multilevel
species difference discriminant analysis tested the difference of differ-
entiated species at multiple levels. It measured the size of the effect of
species on the impact of the difference using the LDA value. Only the
LDA value of >3.5 is shown. Different colored nodes indicate microbial
taxa that are significantly enriched in the corresponding group and
significantly affect intergroup differences, identifying characteristic taxa
with significant differences in abundance (Fig. 4F-H). The heat map
clearly shows the relative abundance of different microorganisms in
each group of mice (Fig. 4 G).

Finally, PICRUSt2 functional prediction was used to predict the
functional information of microbial communities in each group of

samples. The metabolic pathways in the disease process were further
predicted by functional composition and abundance (KEGG), which
showed that the relevant pathways were focused on Response to oxidative
stress, Oxidation-reduction process, Oxidative phosphorylation, Oxidore-
ductase activity, etc., suggesting that the alteration of flora is closely
related to redox-related pathways (Fig. 4 I). Thus, the above results
suggest that AB4 improved the gut microbial composition in DSS mice,
which may contribute to the alleviation of intestinal inflammation and
protection of the intestinal barrier.

3.5. Effect of AB4 on gut microbial metabolites in DSS-induced UC mice

It is known that the bioavailability of saponins is low, and most di-
etary saponins exert their function through microbial metabolites fer-
mented by gut microorganisms.

Therefore, liquid chromatography-mass spectrometry (MS) analysis
was used to observe the changes in microbial metabolites in the feces
after AB4 treatment. PCA analysis can provide a preliminary under-
standing of the overall metabolic differences between the samples in
each group and the magnitude of variability between samples within
groups. The results showed that the QC samples were well grouped,
indicating good bioanalysis and data quality. This suggests that the
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separation between the groups was due to the different variables rather
than differences in the analytical process. In contrast, all three groups of
samples could be separated by PCA analysis under positive and negative
ions (Fig. 5 AB). Partial least squares discriminant analysis showed that
the gut metabolic profiles of mice treated with AB4 significantly differed
from those of the Mod group under positive and negative ion analysis
(Fig. 5C-H).

Volcano plots showing changes in the number of metabolites showed
that 153 were up-regulated and 497 were down-regulated when the Con
group was compared with the Mod group. 96 metabolites were up-
regulated, and 443 metabolites were down-regulated when the Mod
group was compared with the AB4 group, 56 metabolites were up-
regulated, and 139 metabolites were down-regulated when the Con
group was compared with the AB4 group (Fig. 5I-K). These results
indicate that mice treated with AB4 significantly altered the composi-
tion of metabolites in the feces of DSS mice.

Further specific analyses of fecal metabolite composition in each
group of mice were performed. Firstly, the differential metabolites that
were common or specific to the two groups were analyzed for compar-
ison, and the Venn diagrams showed that a total of 73 identical me-
tabolites were altered after AB4 treatment (Fig. 6A). The expression
pattern of metabolites in each differential group and the P value of
metabolites in VIP and unidimensional statistics of multivariate statis-
tical analysis was demonstrated by VIP bar charts to visualize the

importance of differential metabolites and the trend change of expres-
sion. The results suggested that short-chain fatty acids (SCFAs) occupied
an essential position in analyzing differential metabolites, of which
propionic acid and butyric acid had significantly lower expression in the
Mod group, and the expression after AB4 treatment was elevated
considerably (Fig. 6 BC).

The differentially expressed metabolites were clustered and analyzed
to observe the trends of differential metabolite changes in different
groups, the results of which similarly suggested that butyric acid was the
critical differential metabolite in the intestines of AB4-treated DSS-
induced UC mice (Fig. 6 D). The identified metabolites were then
analyzed by KEGG pathway classification for enrichment analysis and
functional analysis. Scfas were found to be the pathway with the highest
enrichment rate and also occupied a crucial position in metabolite
functional analysis, suggesting that the short-chain fatty acid pathway
may be a critical metabolic pathway in AB4-treated UC mice
(Fig. 6E-H).

3.6. AB4 inhibits intestinal oxidative stress and NLRP3 inflammasome
activation in UC mice

The results of gut microbial metabolites suggest that SCFAs play a
crucial role in the AB4 treatment of UC mice. Therefore, we first clarified
the expression level of SCFAs in the colon tissues of the groups, and the
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results showed that the expression of propionic acid and butyric acid
was significantly reduced in the Mod group. In contrast, AB4 treatment
significantly increased the expression level of SCFAs in the intestine
(Fig. 7 AB). SCFAs contribute to maintaining colonic homeostasis, and
their elevated expression effectively reduces ROS production and in-
hibits the activation of NLRP3 inflammasome to produce IL-1p, thereby
ameliorating colonic inflammation in UC mice.

In this study, the production of ROS and the expression levels of
oxidative stress-related indexes in the colonic tissue samples were
further examined. The results showed that the production of ROS in the
colonic tissues of the mice in the Mod group were significantly higher
compared with those of the Con group (P < 0.001), suggesting that
oxidative stress occurred in the mice in the Mod group, which facilitated
the generation of ROS. After AB4 treatment, the ROS expression level in

the colonic tissues of mice in the AB4 group was significantly lower than
that in the Mod group (P < 0.05), suggesting that AB4 could inhibit DSS-
induced ROS generation in colonic tissues of mice (Fig. 7 CD). The
contents of MPO, SOD, MDA, and GSH in the colonic tissues of mice were
detected. Compared with the Con group, MPO and MDA expression
levels in the Mod group were significantly higher (P < 0.001). The
contents of SOD and GSH were significantly lower (P < 0.001).
Compared with the Mod group, the contents of MPO and MDA in the
colonic tissues of the AB4 group were significantly lower (P < 0.05 or P
< 0.01 or P < 0.001). The contents of SOD and GSH were significantly
higher (P < 0.01 or P < 0.001) (Fig. 7E-H). This part of the results
suggested that AB4 could effectively inhibit the DSS-induced triggered
colonic oxidative stress.

Secondly, The expression levels of NLRP3, ASC, Caspase-1, and IL-1§



H. Wu et al.

A

Mod vs AB4

Con vs Mod

Heatmap Tree

Redox Biology 85 (2025) 103746

—
—
—
—N
—
—
—
—
—
-
—
-
—
—
-
—
-

I
I
I
. > G2 1)
[ DT>
I

| —
| '
|
1

|
I (<A
1
 —

| —
1

| E—

|

|
| -
—

KEGG Enrichment Analysis(Mod vs AB4)

Biosynthesisofplant

Pvalue

. e
. P
. o
( ] . o
L L4
[ ®
Proin igsion snd ssorption| @ °
Choline metabolism in cancer | ° ( ]
B o ¢ 002 oo+ 006 ods 001 002 0 o0m  o0m 006 008 00l
i P value
k-
Con vs Mod Mod vs AB4
G Signalog molocals anditrscton H Sigaling molcues and ieracton
Monbrane anspot Menbrane rasport
ERv— Signal ranstuction
Cancer: verview ] Tsntaion .
enobiotes biodegadationand metabolism Canoer verview .
Cubohydte msaboiam Nuckotde mesblin-
Nuetid motabolsm Energy metbolsm
Metabolsm o trpencidsand plykcids Metsbolismoftepencids nd polyketdes
H Metabolis of ot amino scids £ ‘Metsboism of the amino scids-
 JE——— R —
: Lipid metsbotsm § oot sl
| S F———— H Lk metbolion
Metablim ofcofsctors andvitamins
Aninosid meabolism
[re—
Excrtory ysem Amino acid mtabolim
[E— Excony sy N
Sensory sysem Endocrios sysem I
‘Endocrine sysiem- ‘Nervous system | [N
Digestivesystem Digestivesysn-
S 7 v ¢ % § 3 ¥ & F 5 4 ¥ % ° s K EEC ] $ ©
Nunberofcompounds Numbe of compovnds

M Environmental Information Processing I Human Discases MMetabolism I Organismal Systems

Information Processing I Human Diseases MMetabolism [ Organismal Systems

Fig. 6. Effect of AB4 on gut microbial metabolites in DSS-induced UC mice. (A) Venn diagram. (B-C) VIP bar charts. (D) Differential metabolite cluster analysis.

(E-F) KEGG enrichment analysis. (G-H)KEGG functional analysis.

were detected in the colonic tissues of mice in each group to clarify the
effect of AB4 on NLRP3 inflammasome in UC mice. The results revealed
that the expression levels of NLRP3 in the colonic tissues of mice in the
Mod group were significantly higher than those in the Con group (P <
0.001). In contrast, the expression levels of NLRP3 in mice in the AB4
group were substantially lower than those in the Mod group after
treatment (P < 0.01 or P < 0.001) (Fig. 7 1J). Moreover, the expression
levels of ASC, Caspase-1, and IL-1§ in the colonic tissues of mice in the
Mod group were significantly higher than those in the Con group (P <
0.001). The expression levels of ASC, Caspase-1, and IL-1f in the colonic
tissues of both the AB4 H and AB4 L groups were all significantly lower
compared with those in the Mod group (P < 0.05 or P < 0.01 or P <
0.001) (Fig. 7K-M). This suggests that NLRP3 inflammasomes are acti-
vated during the development of UC, which further promotes the in-
flammatory response in vivo. In contrast, AB4 treatment can effectively
inhibit NLRP3 inflammasomes in UC mice, exerting an anti-
inflammatory effect in treating UC.

3.7. AB4 attenuates UC in a gut microbiota short-chain fatty acid
metabolites-dependent manner and activating AHR

To verify whether gut microbial mediated the protective effect of
AB4 on UC mice, we constructed a germfree colitis mouse model by
administering antibiotics to mice prior to DSS treatment. And we
transplanted the gut microbiota of AB4-treated DSS mice into recipient

10

Mod mice by daily gavage (Fig. 8 A). Compared to the FT-Mod group,
mice in the FT-AB4 group exhibited significantly reduced UC-related
symptoms, including recovery of body weight, increased food intake
and water intake, and reduced DAI score (Fig. 8B-E). After analyzing the
colons of mice in each group 7 days after the experiment, it was found
that mice in the FT-Mod group could significantly shorten the length of
their colons. In contrast, mice receiving AB4 cecal transplants signifi-
cantly prevented DSS-induced shortening of their colons (Fig. 8 F). The
thickness and general morphology of the colon were further scored. The
results showed that the thickness and morphological scores of the colon
of mice in the FT-Mod group were significantly higher than those of the
FT-Con group (P < 0.001) and that mice receiving AB4 fecal transplants
significantly attenuated DSS-induced colonic injury (Fig. 8G-I). The
cytokines TNF-a, IL-1p, IL-6, and IL-17 were examined in serum and
colonic tissues of mice in each group, and the results showed after
receiving AB4 fecal transplantation, the pro-inflammatory factors in
serum and colonic tissues of mice in the FT-AB4 group appeared to be
significantly reduced, suggesting that the anti-inflammatory effect
exerted by AB4 on UC mice may be mediated by gut microbiota me-
tabolites (Fig. 8J-M).

Further intestinal HE and immunofluorescence staining were per-
formed on each group of mice to observe pathological changes and ef-
fects on the intestinal barrier. The results showed that AB4 fecal
transplantation could attenuate the effects of inflammatory infiltration
in colonic tissues and restore villi and crypt structures, reduce tissue
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edema, protect the morphology of intestinal mucosa, and decrease the
histopathological score (Fig. 9 A). Meanwhile, AB4 obacterium fecal
transplantation significantly increased the expression of ZO-1, Occludin,
and Muc-2 proteins. This suggests that AB4 acts through the metabolites
of the gut microbiota to alleviate intestinal inflammation and protect the
intestinal barrier (Fig. 9 B). The expression of short-chain fatty acid
metabolites was detected. It was found that the expression levels of in-
testinal propionic acid and butyric acid in mice in the FT-AB4 group
were significantly higher than those in the FT-Mod group after cecal
transplantation, suggesting that colony transplantation after AB4 treat-
ment can up-regulate the expression levels of short-chain fatty acid
metabolites in UC mice, which is closely related to the role of the FT-AB4
group as a treatment for UC (Fig. 9 CD).

To clarify the effect of redox reactions in treating UC with AB4 after
fecal microbiota transplantation, the expression levels of redox-related
indicators in the colonic tissues of mice in each group were examined.
The results showed that the production of ROS in the colonic tissues of
the FT-Mod group was significantly higher compared with that of the FT-
Con group (P < 0.001). In contrast, the mice that received fecal trans-
plantation of AB4 significantly suppressed the production of ROS (P <
0.01), suggesting that AB4 can inhibit ROS production through the gut
microbiota short-chain fatty acids (Fig. 9 EF). The contents of MPO,

SOD, MDA, and GSH were detected. The results in this part suggest that
AB4 can inhibit DSS-induced intestinal oxidative stress by regulating gut
microbiota short-chain fatty acid metabolites (Fig. 9G-J).

Moreover, we found that AHR is activated after FMT, which may be
closely related to the antioxidant and anti-inflammatory effects of AB4
through intestinal microbial metabolites (Fig. 9 K). The expression levels
of NLRP3, ASC, Caspase-1, and IL-1f were detected in the colonic tissues
of mice in each group. It was found that the expression levels of NLRP3
in mice in the FT-AB4 group were substantially lower than those in the
FT-Mod group (P < 0.001). And the mice that received fecal microbiota
transplantation of AB4 significantly inhibited the expression levels of
ASC, Caspase-1, and IL-1p (P < 0.001 or P < 0.01) (Fig. 9L-P). This
suggests that fecal microbiota transplantation of AB4 treatment can
effectively inhibit the activation of NLRP3 inflammasome and exert anti-
inflammatory effects by regulating gut microbiota short-chain fatty acid
metabolites.

3.8. The gut microbiota SCFAs metabolites of AB4 improved UC mice by
activating AHR

To verify whether AB4 reduces intestinal oxidative stress and
inflammation via microbial metabolites, propionic acid and butyric acid

11
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Fig. 8. Effect of AB4 on DSS-induced UC mice after fecal microbiota transplantation. (A) The flowchart of the part in vivo experiments. (B) The body weight of mice
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0.01 and *##P < 0.001 versus Mod group.

(sodium propionate 150 mM, sodium butyrate 150 mM, administered
daily via oral gavage) were used to validate the effects of two metabo-
lites on DSS-induced UC (Fig. 10 A).

The results showed that the administration of sodium propionate and
sodium butyrate, had a significant effect on dss induced UC mice,
respectively. Specifically, propionate and butyrate treatment signifi-
cantly increased body weight, decreased DAI scores, restored colon
morphology and scores, and reduced colonic pathological damage in UC
mice (Fig. 10B-G).

The contents of MPO, SOD, MDA, and GSH in the intestinal tissues of
mice in each group were detected, and compared with the Con group,
the contents of MPO and MDA in the Mod group were significantly
higher (P < 0.001), and the contents of SOD and GSH were significantly
lower (P < 0.001). Compared with the Mod group, the expression levels
of MPO and MDA in the intestinal tissues of the PA and BA groups were
significantly lower (P < 0.05 or P < 0.01 or P < 0.001), and the contents
of SOD and GSH were significantly higher (P < 0.05 or P < 0.01 or P <
0.001). This part of the results suggested that propionic acid and butyric
acid could effectively inhibit DSS-induced triggered intestinal oxidative
stress (Fig. 10I-L).
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Further intestinal H&E staining was performed on each group of
mice, and relevant intestinal barrier indexes were observed by immu-
nofluorescence. The results showed that propionic acid and butyric acid
can reduce the infiltration of inflammation into colonic tissue, alleviate
edema and mucosal epithelial damage, restore crypt structure, and have
a protective effect on pathological intestinal injury. Meanwhile, it has
decreased general morphological scores and histopathological scores.
(Fig. 10H). Meanwhile, the protein expression of ZO-1, Occludin, and
Muc-2 was analyzed by immunofluorescence, and it was found that
propionic acid and butyric acid significantly increased the protein
expression of ZO-1, Occludin, and Muc-2, and protected the intestinal
barrier integrity. Thus, propionic acid and butyric acid replicated the
ameliorative effects of AB4 on DSS-induced oxidative stress and
inflammation in the intestinal tract of UC mice and exerted intestinal
protection (Fig. 10 M).

The related cytokines in the colonic tissues of mice in each group
were examined, and the results showed that propionic acid and butyric
acid significantly inhibited the expression levels of TNF-a, IL-6, IL-17,
and IL-1p after treatment (Fig. 10N-Q). Importantly, AhR levels, which
were significantly reduced in the DSS group compared to the Con group,
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versus Mod group.
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*#%P < 0.001 versus Con group, *#P < 0.01 and **#P < 0.001
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were notably restored following PA and BA treatment (Fig. 10 R).

3.9. Butyric acid protects intestinal organoids damaged by DSS on
activating AHR

A DSS-induced intestinal organoids damage model was used to
confirm further the effect of BA in inhibiting oxidative stress and alle-
viating intestinal inflammation. We observed a dose-dependent increase
in intestinal organoid viability after 10 h of co-incubation with 2-8 pM
BA. However, when the concentration of BA was more significant than 8
pM, BA significantly inhibited the viability of intestinal organoids
compared. After that, the intestinal organoids were incubated with DSS
(0.1 %) and BA (1-32 pM) for 10 h. We found that BA dose-dependently
inhibited DSS-induced damage to intestinal organoids in the dose range
of 2-8 pM (Fig. S1). Therefore, we chose BA concentrations of 2, 4, and
8 pm as the experimental doses to explore the effects of BA on the
regulation of oxidative stress and inflammation in the DSS-induced in-
testinal organoid model.

Exposure of organoids to DSS resulted in 3D culture organoid
disintegration and enterocyte apoptosis. Importantly, BA significantly
inhibited organoid disintegration and reduced apoptosis, suggesting
that BA prevents DSS-induced organoid damage (Fig. 11 A). Similar
results for the anti-inflammatory effects of BA were observed in the DSS-
induced organoid model, where DSS intervention in organoids signifi-
cantly increased the secretion of IL-6, IL-1p, IL-17, and TNF-a cytokines,
which were dose-dependently inhibited by treatment with BA
(Fig. 11B-E).

At the same time, we found that DSS inhibited the expression of AHR
in intestinal organoids, and BA protected the intestine by activating AHR
(Fig. 11 F). The high-dose group of BA was further selected for ROS
production detection, and the ROS production in each group’s super-
natant was detected by flow cytometry 24 h after the intervention. The
results suggested that DSS stimulation of the intestinal organoid model
could significantly increase ROS production. At the same time, BA
treatment could effectively inhibit ROS production (Fig. 11 GH). The
expressions of NLRP3, ASC, Caspase-1, and IL-1p were detected in the
lysates of organoid in each group. The results showed that treatment
with BA significantly inhibited the activation of NLRP3 inflammasome
in intestinal organoid lysates exposed to DSS, suggesting a better anti-
inflammatory effect for treating UC (Fig. 111-M).

3.10. AhR is a key target that mediates the Anti-UC effect of AB4

Previous studies have shown that SCFAs and its derivatives, which
are produced through microbial regulation of SCFAs metabolism, can
prevent colitis by binding to and activating AhR as ligands, suggesting
that AB4 may alleviate colitis by enriching the gut microbiota, thereby
triggering AhR activation from the metabolite BA. To confirm this hy-
pothesis, we exposed DSS treated mice to AhR inhibitors to verify the
contribution of AhR to the anti-UC efficacy of AB4. Specifically, AB4
treatment increased body weight considerably, decreased DAI scores,
restored colon morphology and decreased general morphological scores
and histopathological scores, and reduced colonic pathological damage
in UC mice. Still, the expression had no therapeutic effect on UC mice
after combined AhR antagonist (Fig. 12A-G). AhR antagonist
completely abolished the ameliorating effects of AB4 and BA on colitis,
including MPO, SOD, MDA, GSH, TNF-a, IL-1p, IL-6, and IL-17
(Fig. 12H-P). Interestingly, we found that the protective effect of AB4
on the intestinal barrier disappeared after the addition of AHR inhibitors
(Fig. 12 Q). It is suggested that the role of AB4 in protecting the intes-
tinal barrier function is mainly mediated by activating AHR.

4. Discussion

Ulcerative colitis (UC) is a non-specific inflammatory disease of un-
certain etiology with a prolonged and recurrent course. The incidence of
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UC is rising with increasing social and economic development [3,4,6].
Since oxidative stress and inflammation are significant factors in UC, the
potential of natural products in IBD therapy is gaining attention [42].
AB4 significantly reduced symptoms in UC mouse models, as demon-
strated by inhibiting intestinal oxidative stress and inflammation and
improving intestinal barrier integrity. Besides, We found that the
high-dose AB4 group (AB4 H) exhibited better anti-inflammatory ac-
tivity than 5-ASA (TNF-a, IL-6 and IL-17), it might suggest that AB4 has a
superior anti-inflammatory effect. In addition, AB4 modified the gut
microbiota in UC mice (increasing Lactobacillus), thereby promoting the
production of the short-chain fatty acid metabolite BA. Subsequent ex-
periments showed that BA effectively restored tight junction protein
levels in UC mice and reduced intestinal oxidative stress and inflam-
mation. Tight junction proteins are composed of multi-protein com-
plexes, including cytoplasmic proteins, ZO-1 and occludin. ZO proteins
and occludin play an important role in the permeability and adhesion of
epithelial cells and signal transduction. The down-regulation of its
expression or the decrease of its activity will affect the formation of tight
junctions [55,56]. In this study, it was found through immunofluores-
cence that both AB4 and BA could restore the decreased expression of
Z0-1 and occludin after DSS induction, and the protein expression levels
could still be further verified by Western blot.

This anti-inflammatory effect is mediated by the activation of the
AHR pathway by AB4 and BA. AB4 regulates the gut microbiome to
enhance BA production, thereby activating AHR, inhibiting oxidative
stress and inflammation, improving gut barrier integrity, and ultimately
reducing UC symptoms. At the same time, liver and kidney function
indices were also tested on the 14th day after rectal administration, and
histopathological changes in the liver and kidney were observed. The
results showed that AB4 had no significant effect on liver and kidney
functions compared to the control group. Histopathological results
showed that after rectal administration of 100 mg/kg AB4, the liver and
kidney tissues of mice were structurally normal, the epithelial cells were
neatly arranged, and no inflammatory infiltration or pathological
changes were observed (Fig. S2).

In recent years, the close relationship between gut microbial dys-
biosis and the pathogenesis of UC has become one of the hotspots of
medical research [13,15]. An imbalance in the composition of gut mi-
croorganisms can either directly cause UC or modulate the pathogenesis
of UC through the metabolites of gut microbes [16,18]. In this study,
from the results of 16S rRNA sequencing, we found that AB4 effectively
improved the a and f diversity of the gut microbial in UC mice. The
species composition was more similar to that of normal mice after AB4
treatment. The MDI index also showed that AB4 treatment significantly
adjusted the gut microbial disorder caused by DSS. At the phylum level,
AB4 improved the abundance of Bacteroidota and Firmicutes, the key
dominant species of the gut microbial. Further examination of the
relative abundance of microorganisms at the genus level revealed that
AB4 significantly increased the abundance of Lactobacillus and
decreased the abundance of Muribaculaceae. As a probiotic, Lactobacillus
can alleviate many diseases, reduce intestinal inflammation, and
maintain a healthy intestinal barrier. Finally, after AB4 treatment, the
Lefse multilevel species difference discriminant analysis and PICRUSt2
functional prediction analyzed microbial taxa and functional informa-
tion, suggesting that the flora alterations are closely related to
redox-related pathways. This part of the results indicates that gut mi-
crobes may be essential in inhibiting UC inflammation by AB4.

In this study, we analyzed the gut metabolites of AB4-treated UC by
non-target metabolomics, and the results showed that the primary
metabolic pathway involved was short-chain fatty acid metabolism. The
gut microbial is the largest intestinal micro-ecosystem in the human
body. SCFAs are metabolites produced by the gut microbial involved in
the fermentation of proteins and carbohydrates in the intestinal tract,
inhibiting intestinal inflammatory responses. Whereas SCFAs have
become a promising strategy for treating UC, it has been shown that
propionate inhibited the down-regulation of tight junction proteins and



H. Wu et al Redox Biology 85 (2025) 103746

DSS+BA (uM)

= 600 =
] ### £ 400
£ 400+ = #iH# 2
\? (=9
- T 200
= 200- =
0_
Con DSS 2 Con DSS 2 4 8 Con DSS 2 4 8 Con DSS 2 4 8
DSS+BA (pM) DSS+BA (M) DSS+BA (uM) DSS+BA (uM)
F G . H
- &
07 AHR = F 50004 kRE
[ ] 8 8 )
—_ o S 200 E 4000
J 100 —
T 407 # ) T e £ 3000
i * * * v mn‘m " N FTCA 3
= a Con DSS £ 2000
g i
Z 204 . i . : #y
- - , = 1000
| g
0 T T T . “\ § 0-
Con DSS DSS+BA (8uM) “\‘ Con DSS DSS+BA (8uM)

Frca i

DSS+BA (8uM) Merge
I Con DSS DSS+BA (8uM) J
/ 0.010- Fkk
110KDa -— NLRP3
=]
‘ Z < 0.006]
5 HitH
2% 0.0041
| | g2 .
. 2 < 0.002{ 4
42KDa - B-Actin
0.000 .

Con DSS  DSS+BA (8uM)
| QT Lisoq  pn I\
= [ ~ -
E . —
El 80 " 4 gm 60 = 400
z 60 e it £ 3004 HitH
E A & 40 A = N
7 : = -
7] . -
% 204 g = 100+
<«
0- 0- 0
Con DSS DSS+BA (8uM) Con DSS DSS+BA (8pM) Con DSS DSS+BA (8uM)

Fig. 11. Butyric acid protects intestinal organoids damaged by DSS on activating AHR. (A) The morphological change of intestinal organoids in DSS stimulation.
(B-E) The levels of pro-inflammatory cytokines (IL-1/, IL-6, IL-17, and TNF-q) in the supernatant. (F) The expression of AHR. (G) Detection of ROS expression levels
by flow cytometry. (H) The mean fluorescence intensity in each group. (I) Western blot analysis for NLRP3 proteins in intestinal organoids. (J) Box plot showing the
densitometry analysis of NLRP3 normalized by p-Actin. (K-M) The expression level of ASC, Caspase-1 and IL-1§ in intestinal organoids. ***P < 0.001 versus Con
group, **P < 0.01 and *##P < 0.001 versus Mod group.

16



Redox Biology 85 (2025) 103746

H. Wu et al.
Con
A e Co o
——DSS +4| ——DSS
’ ——AB4+ARR & 3 —— AB4+AHRi
ST | AB4+ANRE ——BA+AHRI 3 % ——BA+AHRi
8
& L
" A mdel“(l];ﬂs ke
O —— 9
o P 1 2 3 4 5 6 7 8 1 2 3 4 5 6 71 8
Days
Dy Es- . F 5
- ° Fkk °
E 3 # 5 a4 o 24
= ek @ g .
5 6 2 3 s g 23
g £ il ]
= = 24 A g =)
g 4 = =} =
i 5 © =
&) 2 s 14 e » Z1
0= T T T
s & & & x 5 & & 4
S & g I S g & J
= §$ #g? A © 9 gv y v
¥ ¥
H §F 3 1 § 3 J
_ 15 250
=) o
E 200 Sl ## =
=X =l * =
Z 10 g s = 100
= S ° g
E 2 Th% g
g 100 oy
2 05 2 I =
£ 50 5| |4 =
=

=
>

AB4+AHRi BA+AHRi

o 250

=2
g
~

TNF-o (pg/ml)
o ~ w
= =3 =3
=] = =)
b
£
%
% >
IL-1p (pg/mL)
[ -
=3 =3
=) =l
|
:tt
% iﬂ:
FH*
1L-6 (pg/ml)
— — [
(=3 123 =3
= =] = =

200
L

a

T ##

—
=3
=3

Hith

IL-17 (pg/ml)

7]
=

50

L T T T I
g &F &I § & & & § & § &3
§EF? FEFSS §&FEs
g g &

b4 -4

AB4+AHRI BA+AHRIi

Group Con DSS AB4+AHRi BA+AHRi AB4
Z0-1(%) 100.32+1.35  22.62=1.71""  25.12%2.39 28.52=2.77 57.88+£2.91%
Occludin(%)  99.76=1.27  23.58=1.46""  27.19%2.68 32.63=2.17  68.72£2.53%
Muc-2(%) 100.47+1.62 26.72+2.09"  28.31x2.17 34.28=2.5

%3'
<

Occludin

Muc-2

w
[*))
o
)
t
o]
]
N
i
it
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ameliorated DSS-induced intestinal barrier dysfunction. And propionate
inhibited the oxidative stress in the colon by decreasing the activity of
MPO and augmenting the activity of SOD and CAT in the serum and
colon [57]. In clinical studies, UC patients have been found to have a
reduced abundance of beneficial bacteria in the gut microbial, mainly
Faecalibacterium and genera associated with butyrate acid production
[58]. Whereas SCFA metabolism was the most enriched pathway in this
study, we focused on SCFA metabolites to investigate the possible
mechanisms further.

As an essential metabolite that can reflect the microbiological
function of gut microbes, SCFA can provide energy for intestinal
epithelial cells and play a crucial role in maintaining the normal
morphology and structure of intestinal epithelial cells and regulating the
homeostasis of the intestinal microenvironment [24-26]. Our metab-
olomics analysis confirmed a significant increase in BA levels after AB4
treatment. SCFAs, including BA, are considered ligands of AHR, key
regulators of intestinal immunity, and key players in initiating down-
stream signaling pathways [28-30]. In addition, our study showed that
after significant activation of AHR, ROS production could be effectively
regulated, and the expression levels of MPO, SOD, MDA and GSH could
be affected, thus inhibiting oxidative stress. At the same time, AHR
activation effectively reduced the activation of the NLRP3 inflamma-
some in the intestinal tissue of UC mice, inhibited the related inflam-
matory response, and protected the intestinal barrier. Meanwhile,We
used immunohistochemistry to assess the positive expression of
Caspase-1 and GSDMD in colon tissue from UC mice after AB4 treat-
ment. The results showed that Caspase-1 and GSDMD expressions were
significantly upregulated in the colon tissue of UC group mice (P <
0.05), while AB4 significantly inhibited Caspase-1 and GSDMD expres-
sions (P < 0.05), suggesting that AB4 may exert its therapeutic effect by
inhibiting activated Caspase-1, thereby regulating GSDMD and inflam-
matory factor expression levels, and suppressing intestinal epithelial cell
pyroptosis to improve intestinal inflammation (Fig. S3).

In this study, it was found that the gut microbiota and its metabolites
BA are central to the anti-UC effects of AB4. BAs can influence intestinal
barrier function by regulating immune responses, which may indirectly
modify the composition of the intestinal bacterial community. Research
has shown that supplementing with BAs can significantly upregulate the
expression of tight junction proteins in the gut, enhance the barrier
function of the intestinal mucosa, and help maintain its integrity. This
supplementation might also influence the gut microbiota [59,60]. On
one hand, the structure of the gut microbiota determines BA production.
The concentrations of BAs in the gut are affected by the composition and
proportions of gut commensal bacteria. Dysbiosis can lead to changes in
butyrate levels [61]. On the other hand, the concentration of butyrate
can inversely regulate the structure of the microbiota. Oral adminis-
tration of BAs has been shown to reduce the abundance of
butyrate-producing bacteria such as Lachnospiraceae blautia, Lachno-
spiraceae marvinbryantia, and Faecalibacterium prausnitzii [62]. Mean-
while, BA treatment increases the abundance of certain microorganisms,
including Acinetobacter, Facklamia, Kocuria, and Rothia [63]. This sug-
gests that BA supplementation may regulate the composition and ac-
tivity of gut microbiota through feedback mechanisms or by modulating
the gene expression of microorganisms involved in BA production.

Furthermore, FMT confirmed that AB4’s protective effect on UC mice
is mediated by SCFAs derived from intestinal microbiota, which activate
the AHR. When the intestinal flora from DSS-treated mice that had been
given AB4 was transplanted into recipient Mod mice, there was a sig-
nificant increase in BA levels, and AHR was activated. This activation
effectively alleviated UC-related symptoms, reduced the pathological
damage caused by DSS to the colon of the mice, and protected the in-
testinal barrier function. These findings suggest that AB4’s activation of
AHR not only inhibits intestinal inflammation but also influences in-
testinal homeostasis and the composition of the intestinal bacterial
community. By regulating the intestinal microbiota and its metabolic
products, AB4-mediated AHR activation further enhances AHR
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expression and maintains the integrity of the intestinal barrier. Addi-
tionally, the introduction of an AHR inhibitor weakened the therapeutic
effect of AB4 on UC, which may be closely related to changes in the
composition of the microbiota.

Both AB4 and BA treatments significantly increased the expression
levels of AHR in the colon, inhibited pro-inflammatory cytokines, and
repaired intestinal barrier function. Activation of AHR by AB4 was
found to suppress intestinal inflammation and promote intestinal ho-
meostasis, as well as remodeling of the intestinal bacterial community.
Notably, the use of AHR antagonists eliminated the beneficial effects of
BA on colitis and also diminished the effects of AB4. Given this
discrepancy, we hypothesize that AB4’s ability to alleviate colitis may
stem from multiple mechanisms. For instance, our metabolomics find-
ings suggest that AB4 also modulates arginine signaling, which may play
a role in its anti-inflammatory effects in ulcerative colitis. While BA is
one of the key metabolites produced by AB4, and its efficacy has been
demonstrated in the treatment of UC, the functions of other metabolites
regulated by AB4 remain unclear. Although our study showed that AB4
modulates the microbiota, further research is necessary to identify
additional bacterial species capable of producing short-chain fatty acids,
such as BA. This understanding is crucial for comprehensively delin-
eating the anti-UC mechanisms of AB4 and advancing its development as
a therapeutic agent.

In conclusion, our findings indicate that AB4 regulates the gut
microbiome to increase BA production, which in turn activates the AHR.
This process helps to reduce intestinal oxidative stress and inflamma-
tion, enhance gut barrier integrity, and ultimately alleviate symptoms of
UC. Our study presents a novel mechanism by which AB4 offers pro-
tective effects against UC. The data we have collected may contribute to
the development of promising treatments for UC by targeting specific
metabolites or bacteria to improve the condition.
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