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Abstract—Auraptene (AUT) is widely known to possess both antioxidant and anti-
inflammatory properties. This study attempted to evaluate the protective effects of AUT
in dextran sodium sulfate (DSS)-induced colitis in mice and to determine the underlying
molecular mechanisms. Our results suggest that AUT substantially minimizes the severity
and worsening of DSS-induced colitis in mice, indicated by the lengthening of the colon,
lower disease activity index, reduced oxidation levels, and attenuated inflammatory factors.
Molecular studies revealed that AUT reduces the nuclear translocation of nuclear factor-kB
(NF-xB), thereby inhibiting the expression of inflammatory factors. Additionally, AUT
promotes the diversity of the intestinal flora in mice with colitis by increasing the number
of beneficial bacteria such as Lactobacillaceae and lowering the number of harmful bac-
teria. In conclusion, AUT mitigates DSS-induced colitis by maintaining the integrity of
the intestinal barrier and modulating the levels of the intestinal microbial species.
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INTRODUCTION

Inflammatory bowel disease (IBD), a recurrent
inflammatory disease that affects the bowels, has a high
incidence in developed countries and a rising occurrence
in developing countries [1]. Although the specific cause
of ulcerative colitis (UC) is unknown, various factors
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including genetic susceptibility, dysregulation of immune
responses, impaired intestinal barrier, and intestinal flora
imbalance have been found to contribute to the develop-
ment and progression of UC [2, 3]. Currently, the primary
treatment for UC involves glucocorticoid hormone admin-
istration, which has some major side effects such as edema,
glucose metabolism disorder, and electrolyte imbalance [4].

A functional intestinal epithelial barrier is essen-
tial for intestinal homeostasis as it resists intestinal
invasion by harmful substances and induces immune
responses to pathogens, thereby protecting the host
[5]. Studies have shown that UC disrupts the intestinal
barrier, enabling pathogens and antigens to cross the
barrier, leading to an exacerbation in the inflammatory
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responses and compromise on the barrier integrity [6].
Significant dysregulation of the tight junction proteins,
including the claudin family, zonula occludens-1 (ZO-
1), and occludin, has been observed in patients with
IBD. Therefore, the maintenance of the expression of
the tight junction proteins plays a central role in both
protecting the structural integrity of the intestinal barrier
and regulating its permeability and, thus, is an important
target for the therapeutic management of UC [7-9].

The gut is a complex anaerobic environment con-
sisting of a large number of microorganisms, which help
maintain the intestinal barrier function, regulate the
immune response, and prevent the proliferation of intes-
tinal pathogens [10]. A balanced gut microbiota estab-
lishes a beneficial symbiotic relationship with the host
[11]. Studies have shown that the disruption of the intes-
tinal barrier and abnormal immune responses in patients
with UC disrupt the host-microbe symbiosis, resulting
in a reduction in the number of beneficial bacteria and
an increase in the number of pathogenic bacteria in the
intestine [12]. Conversely, this imbalance in the intesti-
nal flora can also greatly increase the susceptibility to
UC [13]. Therefore, therapeutic strategies promoting the
maintenance of the gut microbial balance are a potential
treatment option for patients with UC.

Auraptene (AUT) is a natural compound widely
found in several citrus fruits such as oranges, lemons,
and grapefruits [14]. Previous studies have shown that
AUT is a potential drug for a variety of diseases owing to
its various biological properties, including anti-cancer,
anti-inflammatory, and immunomodulatory activities,
and its protective effect against diseases such as meta-
bolic disorders of the gastrointestinal organs [15]. How-
ever, the effect of AUT treatment in UC models has not
been reported previously. Therefore, this study utilized a
DSS-induced UC mouse model to investigate the impact
of AUT treatment on UC and to determine its underlying
mechanisms of action.

MATERIALS AND METHODS

Material

Aurapten and DSS were supplied by Shanghai
YuanYe Biotechnology Co., Ltd. (Shanghai, China) and
MP Biomedicals (Santa Ana, CA), respectively.
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Animal Experiments

Thirty-six male C57BL/6 J mice aged 6—8 weeks
(SPF grade) weighing 20+ 2 g were purchased from
Liaoning Changsheng Technology (Liaoning, China).
The mice were housed in a certified standard labora-
tory cage at a temperature of 23-26 “C. All the mice
were provided food and water with no restrictions.
After the mice were well adapted to the environment
(about a week), they were randomly divided into 6
groups, namely control (no treatment), DSS (2.5%),
AUT (80 mg/kg), and DSS+AUT (20, 40, and 80 mg/
kg) groups, with n =6 mice in every group. The mice in
the AUT and DSS+AUT groups (20, 40, and 80 mg/kg)
were administered AUT for 14 days during the course
of the experiment. On days 18-25, DSS (2% w/v) was
added to the drinking water supplied to all the groups
except the control and AUT groups to construct a coli-
tis mouse model (Fig. 1a). The weight, diet, and stool
status of the mice were recorded daily. The mice were
anesthetized and euthanized on day 25. Subsequently,
the colon tissues were collected, and some of the colon
tissue was stored in 4% formaldehyde, and the remain-
ing tissue was stored at — 80 “C. Fecal samples were also
collected from the mice and stored at — 80 C.

Cell Culture and Treatment

Human epithelial cell line Caco-2 was obtained from
the Chinese Academy of Sciences (Shanghai, China) Cell
Bank. Caco-2 cells were cultured in high-glucose DMEM
supplemented with 10% fetal bovine serum, 100 U/mL
penicillin, and 100 U/mL streptomycin. The cells were
cultured in 5% CO, in an incubator at 37 °C. The cells
were then treated with AUT (20 pM, 50 pM, and 100 pM)
for 24 h and incubated with LPS (1 pg/mL) for 2 h. Sub-
sequently, the expression of the intestinal barrier proteins
was detected by Western blot analysis.

CCK-8 Assay

Caco2 was inoculated into 96-well plates, treated
with AUT at concentrations of 0 uM, 5 pM, 10 uM,
20 pM, 50 pM, 100 pM, and 200 pM for 24 h, then added
with 10 pL CCK-8 solution for 2 h, and absorbance was
determined at 450 nm.
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Fig. 1 Auraptene (AUT) alleviates colitis symptoms and colon damage caused by DSS in mice. a Schematic diagram of the experimental design.
b Weight change in mice in every group. ¢ Disease activity index (DAI) changes in every group. d H&E staining of the colon tissue samples from
mice in every group. The magnification is 100x. e Colonic histopathological score. All data are represented as mean+SEM (n=6). #p <0.05 and
##p <0.01 vs. control group; *p <0.05 and **p <0.01 vs. DSS group.

Disease Activity Index (DAI)

The weight changes, rectal bleeding (hematoche-
zia), and fecal status were recorded daily during DSS
treatment. The specific scoring rules followed are listed

below: weight (0 point, 0%; 1 point, 1-5%; 2 points,
5-10%; 3 points, 10-15%; and 4 points, 15%); consist-

ency of the stool (0 point: normal; 1-3 points: loose; 4
points: diarrhea); and rectal bleeding (0 point: negative;
1-3 points: positive; and 4 points: gross bleeding).
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Hematoxylin and Eosin (H&E) Staining

After collecting the colon, the distal colon tissue was
fixed in 4% formaldehyde for 24 h, transferred to alcohol
for dehydration, and subjected to paraffin embedding. The
colon tissue samples were then cut into 3—5-pm sections
using a microtome and subjected to H&E staining to iden-
tify any histopathological alterations, which were detected
by observation under an optical microscope.

Colon Histological Score

Three H&E-stained sections of the colon were ran-
domly selected and scored by three pathology experts.
The scoring criteria mainly refer to previous descriptions
[16], as shown in Table 1.

Immunofluorescence Staining

The colon tissue sections were dewaxed using
xylene and dehydrated by exposure to an ethanol gra-
dient. Thereafter, they were sealed by placing them in
0.1% Triton X-100 solution diluted with PBS. They
were then placed in 95% citrate buffer for antigen
repair, washed thrice with PBS with each wash last-
ing five minutes, and sealed with 5% donkey serum
for one hour. A 5% donkey serum (1:200) was also
used to dilute the primary antibody. The colon tissues
were incubated with the primary antibody overnight
at 4 °C. After washing thrice with PBS with each
wash lasting 5 min, the tissues were incubated with a
secondary antibody diluted with a 5% donkey serum
(1:1000) for 1 h, washed thrice with PBS for 5 min
each time, dyed with DAPI, and observed under an
optical microscope.
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Permeability of the Intestinal

The fluorescein isothiocyanate (FITC)-Dextran
4000 (4 kDa, Cat# FD4, Sigma, MO, USA) test was used
to measure intestinal permeability. Mice were given
FITC-dextran 4000 (600 mg/kg) by gavage after they
had been fasted for 4 h. Whole blood was collected, and
serum was separated 4 h after gavage. Using a multi-
mode plate reader (PerkinElmer EnSpire Plate Reader,
Waltham, USA) (excitation, 490 nm; emission, 520 nm),
the fluorescence intensity of FITC-dextran 4000 in plasm
was analyzed. By dilution in PBS, standard curves for
FITC-dextran concentration calculations were generated.

Detection of Myeloperoxidase (MPO) Activity

One part of the colon tissue obtained was com-
pletely ground with N-2-hydroxyethyl piperazine-N-
ethane-sulfonic acid (HEPES) and centrifuged at 4 C at
12000 rpm for 10 min. The supernatant was collected
and subjected to enzyme-linked immunosorbent assay
(ELISA). The precipitate was further ground with 0.5%
cetyltrimethylammonium chloride (CTAC) and centri-
fuged at 12,000 rpm at 4 °C for 10 min. Subsequently, the
supernatant was collected and added to a 96-well plate
along with the substrate resulting in a reaction. After
3 min, sulfuric acid was added to the plate to stop the
reaction. The absorbance was measured at 450 nm.

ELISA and Oxidative Stress Markers Analysis

The colon tissue was ground with HEPES, and
the supernatant was collected. The expression levels
of IL-1p, TNF-a, and IL-6 in the colon tissues of mice
were measured using an ELISA kit (Beijing Solarbio
Science & Technology Co., Ltd.). All ELISA kits were

Table 1 The standard scoring system of disease activity index (DAI)

Score Body weight loss Feces status Bloody stools

0 No loss Normal No blood (no color within 2 min)

1 1~5% Loose stool (not attached to the anus) Presence (within 1-2 min, fuchsia)
2 5% ~10% Loose stool (attach to the anus) Presence (within 1 min, fuchsia)

3 10% ~15% Diarrhea (liquid) Presence (within 10 s, purplish blue)
4 >15% Severe diarrhea Gross blood (instantly purplish blue)
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purchased from Wuhan Servicebio Biological Engi-
neering Co. Ltd. (Wuhan, China). The levels of cer-
tain oxidative stress markers (superoxidase dismutase
(SOD), catalase (CAT), reduced glutathione (GSH), and
malondialdehyde (MDA)) were measured according to
the manufacturer’s instructions.

Western Blotting

A suitable amount of NP40 lysate (Biyuntian,
Wuhan, China) was added to the colon tissue. The tissue
was completely ground and centrifuged at 12,000 rpm
for 10 min, and the supernatant was collected. The
BCA protein assay kit (Thermo Scientific, China) was
employed, and the protein concentration was deter-
mined. The samples were divided into the same concen-
tration and separated on a 12% gel using sodium dodecyl
sulfate—polyacrylamide gel electrophoresis (SDS-
PAGE). The isolated protein was transferred to a polyvi-
nylidene difluoride (PVDF) membrane. Next, they were
closed at room temperature (RT) for 3 h, and the film
was incubated at 4 “C overnight with the primary anti-
body. The membrane was washed with TBS-T four times
(15 min each time) and incubated with the enzyme-
labeled secondary antibody at RT for 1 h. The membrane
was again washed with TBS-T 4 times (15 min each
time). After the development of the protein bands, the
bands were observed using a chemiluminescent reagent
(Beyotime, Shanghai, China). ImageJ as well as Graph-
Pad Prism software was used to analyze the protein
expression levels. The antibodies used in this study are
listed below: anti-iNOS (ProteinTech, Wuhan, China),
anti-COX-2 (ProteinTech, Wuhan, China), anti-Claudin3
(Abcam, Shanghai, China), anti-INOS (Proteintech,
Wuhan, China), anti-COX-2 (Proteintech, Wuhan,
China), anti-ZO-1 (ProteinTech, Wuhan, China), anti-
TLR4 (Cell Signaling Technology, Danvers, MA), anti-
p-NF-xB P65 (Cell Signaling Technology, Danvers,
MA), anti-NF-kB P65 (Cell Signaling Technology,
Danvers, MA), anti-p-IkB (Cell Signaling Technology,
Danvers, MA), anti-p-IkB (Cell Signaling Technology,
Danvers, MA), anti-p-actin (Santa, Shanghai, China),
goat anti-mouse IgG (BOSTER, Wuhan, China), and
goat anti-rabbit IgG (BOSTER, Wuhan, China).

16SrRNA and Short-Chain Fatty Acid Sequencing

The feces of mice were collected on the day before
dissection, and the fecal DNA was extracted using the
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DNA rapid extraction kit according to the manufactur-
er’s instructions. Fecal DNA samples were shipped to
Shanghai Pacenol Technology Co., Ltd., and PCR was
performed on the V3-V4 hypervariable region of 16S
rRNA. After Qubit quantification of DNA concentration
and qualified library detection, the constructed library
was sequenced on an Illumina IonS5TM XL platform.

A total of 100 mg of fresh cecal contents were accu-
rately weighed into a 2 mL grinding tube, and grinding
beads and 1 mL of water containing 0.5% phosphoric
acid and 50 pg/mL internal standard 2-ethylbutyric acid
were added to the tube. The cecal contents were ground
twice at 50 HZ for 3 min in a frozen grinding machine,
placed in an ice water bath, and subjected to ultrasound
treatment for 30 min. Subsequently, the contents were
allowed to stand at 4 °C for 30 min and centrifuged at 4 °C
at 13,000 g for 15 min. The supernatant was collected in a
new 1.5 mL centrifuge tube, and 500 pL of ethyl acetate
was added to the supernatant for extraction. The solution
was mixed by vortexing, placed in an ice water bath for
10 min, and centrifuged at 4 “C at 13,000 g for 10 min.
Subsequently, the supernatant solution was taken on the
machine for analysis.

Statistical Analysis

Each experiment was repeated independently at
least thrice. Graphs were drawn using GraphPad Prism
9.0. The differences between relevant groups of data were
analyzed using SPSS 21.0. One-way ANOVA was used
to analyze the differences between three or more sets of
data. P<0.05 and P <0.01 were used to indicate a statisti-
cally significant difference.

RESULTS

AUT Alleviates DSS-Induced Colitis Symptoms
and Colon Damage in Mice

This mouse model was used to evaluate whether
AUT alleviates the severity of colitis (Fig. 1a). Dur-
ing the modeling period, weight measurement and DAI
scoring were performed daily. The results showed that
contrary to the control group, DSS treatment led to a sig-
nificant decrease in the body weight and an increase in
the DAI score, while the administration of AUT allevi-
ated the loss in body weight and restored the DAI score
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Fig. 2 Alleviation of DSS-induced colon inflammation by AUT in mice. a MPO activity of colon tissue from mice in each group. b-d Levels of
IL-1pB, TNF-a, and IL-6 proteins in the colon tissue of mice as detected by ELISA. e—g Protein levels of COX-2 and iNOS in the colon tissue of
mice as detected by Western blotting. f-Actin is the internal control. All data are shown as mean+SEM (n=06). #p <0.05 and ##p <0.01 vs. control

group; *p<0.05 and **p <0.01 vs. DSS group.

in a dose-dependent manner (Fig. 1b, ¢). To evaluate the
colonic injury, we studied the histopathological changes
in the colon using H&E staining. The findings affirmed
that DSS treatment caused colonic crypt destruction, sub-
mucosal edema, and accumulation of inflammatory cells
in mice. Additionally, the histopathological score was
also significantly higher than that in the Control group.
Conversely, AUT mitigated these pathological lesions in
a dose-dependent manner (Fig. 1d, e). Collectively, these
data suggest that the administration of AUT before DSS
treatment alleviates DSS-induced colitis symptoms and
colon damage in mice.

AUT Alleviates DSS Induced Colon
Inflammation in Mice

To further explore the impact of AUT on DSS-
induced colitis in mice, we evaluated the anti-inflammatory
impacts of AUT. First, MPO activity was detected to
determine the degree of moistening of the neutrophils
in the colon tissue. The findings revealed that the MPO
activity of mice in the DSS group was significantly higher
than that in the control group. However, AUT administra-
tion led to an improvement in the MPO activity (Fig. 2a).
Subsequently, the levels of certain pro-inflammatory
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cytokines (IL-1p, IL-6, and TNF-a) and pro-inflammatory
enzymes (cyclooxygenase-2 (COX-2), inducible nitric
oxide synthase (iNOS)) were determined. The findings
affirmed that DSS treatment caused a significant eleva-
tion in the levels of pro-inflammatory factors while AUT
attenuated the expression of IL-1p, TNF-a, and IL-6 in
a dose-dependent manner (Fig. 2b—d). Western blot
analysis revealed that AUT reduced the elevation in the
protein levels of COX-2 (Fig. 2e, f) and iNOS (Fig. 2e,
g), which were induced by DSS. Conclusively, these data
show that AUT relieves DSS-induced colon inflammation
in mice.

AUT Improves Intestinal Barrier Integrity
in Mice with DSS-Induced Colitis

Disruption of intestinal barrier integrity is a major
pathological feature of UC. Thus, we studied the impact
of AUT on intestinal TJ protein expression. Immunoflu-
orescence staining results revealed that the expression
of claudin3 (Fig. 3a) and ZO-1 (Fig. 3a) proteins was
significantly lower in the DSS group compared to the
control group and that the distribution of these proteins
in the colon tissue was uneven in the DSS group. How-
ever, treatment with AUT mitigated the decrease in the
expression of these TJ proteins in a dose-dependent man-
ner (Fig. 3a). Western blot analysis showed that AUT
improved the decline in the expression levels of clau-
din-3, ZO-1, and occludin (Fig. 3b—e). FITC results also
showed that intestinal barrier damage was severe in the
DSS group, while the barrier was restored after AUT pre-
treatment (Fig. 3f). In addition, I also obtained the same
results in the cell experiment (Fig. S1). These results
demonstrate that AUT reduces the DSS-induced intesti-
nal barrier damage in mice by increasing the expression
levels of the TJ proteins.

AUT Inhibits TLR4/NF-kB Activation in Mice
with DSS-Induced Colitis

To investigate the protective mechanism of AUT in
mice with DSS-induced colitis, we examined the expres-
sion levels of several key proteins in the TLR4/NF-kB
inflammation-related signaling pathway. Western blot
analysis revealed that DSS significantly increased the
expression level of TLR4 by activating the TLR4/NF-xB
pathway, while AUT reduced the protein expression of
TLR4 in a dose-dependent manner (Fig. 4a, b). Moreo-
ver, the phosphorylation levels of NF-kB p65 and IxBa
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proteins in the NF-kB signaling pathway revealed that
AUT significantly lowered the levels of key proteins in
the NF-xB pathway (Fig. 4a, c, d). These data suggest
that the protective effect of AUT on DSS-induced colon
inflammation in mice is closely linked to the inhibition
of the activation of the TLR4/NF-xB signaling pathway.

AUT Inhibits Oxidative Stress in Mice
with DSS-Induced Colitis

As seen in Fig. 5, DSS significantly decreased the
activities of SOD, GSH, and CAT, while significantly
increasing the activity of MDA. Conversely, AUT treat-
ment reversed this effect and led to a significant increase
in the activities of SOD (Fig. 5a), GSH (Fig. 5b), and
CAT (Fig. 5¢), while significantly decreasing the activity
of MDA (Fig. 5d). These results demonstrate that AUT
intervention alleviates oxidative stress in colon tissue.

AUT Enhances the Levels of Short-Chain Fatty
Acids in Mice with DSS-Induced Colitis

As seen in Fig. 6, DSS treatment led to a signifi-
cant reduction in the levels of acetic acid, propionic acid,
butyric acid, and valerate, while AUT prophylaxis led to
a significant increase in the levels of acetic acid (Fig. 6a),
propionic acid (Fig. 6b), butyric acid (Fig. 6¢), and
valerate (Fig. 6d). These results prove that AUT inter-
vention improves the levels of short-chain fatty acids
(SCFAs) in the intestine, thus playing a role in protect-
ing the intestine.

AUT Regulates the Diversity and Abundance
of the Gut Microbiota in Mice
with DSS-Induced Colitis

First, to ascertain whether AUT could alter the gut
microbiota, we performed 16S rRNA sequencing. Venn
diagram of the sequencing data showed that the con-
trol, DSS, and AUT-DSS groups had 4474, 1060, and
2245 distinct OTUs (Fig. 7a). PCoA analysis showed
a difference in the gut microbiota between the DSS and
control groups. AUT pre-conditioning improved the
changes in the gut microbiota of the mice in the DSS
group (Fig. 7b). The a-diversity results revealed that the
Chaol (Fig. 7c) and Shannon (Fig. 7d) indices were sig-
nificantly reduced in the DSS group compared to that in
the control group, indicating a reduction in flora richness.
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«Fig. 3 AUT improves the integrity of the intestinal barrier for DSS-
induced colitis in mice. a Representative immunofluorescence images
of claudin3 and ZO-1 in colon tissue. The scale is 50 pm. b—e Protein
levels of occludin, claudin3, and ZO-1 as detected by Western blot-
ting of the colon tissue. f-Actin is the internal control. f Intestinal
permeability analysis was performed by FITC Dextran 4000. All data
are shown as mean+SEM (n=6). p <0.05 and #p <0.01 vs. control
group; p<0.05 and “p <0.01 vs. DSS group.

However, the bacterial richness index increased signifi-
cantly in mice pre-treated with AUT.

Figure 8a, b shows the relative abundance of the
intestinal flora in mice in the different treatment groups
at the phylum and genus levels, respectively. In compari-
son to the control group, the abundance of Firmicutes was
significantly reduced (Fig. 8c) while the abundance of

a

1135

Bacteroidetes was significantly increased in the DSS group
(Fig. 8d). Additionally, compared to the control group, the
abundance of Lactobacillaceae (Fig. 8f), Allobaculum
(Fig. 6g), and Oscillospira (Fig. 8h) was also significantly
reduced in the DSS group. However, pre-treatment with
AUT led to the recovery of the bacterial abundance.

Spearman analysis demonstrated that Bacteroidetes
showed a significant negative correlation with both colon
length and the intestinal barrier protein and a significant posi-
tive correlation with inflammatory factors and DAI (Fig. 9a).
Conversely, Lactobacillaceae, Allobaculum, and Oscillospira
correlated positively with colon length and intestinal barrier
and negatively with inflammatory factors and DAI (Fig. 9a).
Therefore, the protective effect of AUT on DSS-induced coli-
tis may be linked to its regulation of intestinal flora.
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Fig. 4 AUT inhibits TLR4/NF-kB activation in mice with DSS-induced colitis. a—d Western blot analysis of TLR4 protein expression, protein
phosphorylation, NF-kB p65, and IxB in the colon tissue of mice in each group. B-Actin is the internal control. All data are shown as mean+SEM
(n=6). #p <0.05 and ##p <0.01 vs. control group; *p <0.05 and **p <0.01 vs. DSS group.



1136
a
60=
=)
40
& %
= *
a
20+
2 # *
0 L] T L] 1
Control DSS  AUT 20 40 80
KPN DSS(mgikg)
C
60—
—
= 407 *
@]
b= %k
=
= 20 %
- 7 k3
7 i
)
0 T T T T
Control DSS  AUT 20 40 80

AUT+DSS(mgkg)

Chen, Jin, Zhang, Li, Wang and Fang

oy

80~ #

2]
o
1

MDA (nmol/mg)
S 8
1 1
%

1 ] 1 L]
Control DSS  AUT 20 40 80
AUT-DSS(mg/kg)

o

100

[+2] [~
o o
1 1

I
=)
1

*

#

CAT (U/mg)
*

N
o
L

T T T T
Control DSS  AUT 20 40 80
AUT+DSS(mgky)

Fig. 5 AUT inhibits oxidative stress in mice with DSS-induced colitis. (A) Activity of SOD (a), MDA (b), GSH (c), and CAT (d) in the colon tis-
sue of mice as detected by kit method. All data are shown as mean+ SEM (n=06). #p <0.05 vs. control group; *p <0.05 vs. DSS group.

DISCUSSION

AUT, an umbelliferone coumarin, is widely dis-
tributed in certain edible fruits and vegetables, such as
oranges, lemons, and grapefruits [17]. A previous study
has reported that AUT has anti-diabetic, anti-inflamma-
tory, anti-cancer, and antibacterial pharmacological activi-
ties [18]. However, its protective effect against UC and the
underlying mechanisms of action are unclear. Thus, we
ascertained the regulatory effect of AUT on a DSS-induced
colitis mouse model. We found that AUT reduced body
weight loss and colon tissue injury, lowered the expres-
sion levels of the pro-inflammatory mediators, reversed
the reduced expression of the TJ proteins, and protected
intestinal barrier integrity during UC. A previous study has
shown that AUT can ameliorate intestinal flora imbalance
and inhibit the activation of the TLR4/NF-kB signaling
pathway. These studies demonstrate that AUT improves
DSS-induced colitis in mice by inhibiting inflammatory

responses, modulating intestinal flora, and maintaining
intestinal barrier integrity.

Weight loss, DAI, and colon tissue scores are often
used as primary parameters to determine the severity of
UC. The clinical features of DSS-induced colitis in mice
are similar to those in patients with UC [19, 20]. In our
study, the administration of AUT significantly improved
weight loss, reversed the elevation in DAI that led to
the destruction of crypts in colon tissue, and purged the
inflammatory cells.

During UC, the colon tissues contain a large num-
ber of neutrophils, and MPO, a heme-containing per-
oxidase, is highly expressed in the inflammatory cells,
which in this case are predominantly neutrophils [21].
Moreover, during UC, the neutrophils and macrophages
secrete pro-inflammatory mediators like TNF-a, IL-1,
iNOS, COX-2, and IL-6 in large quantities, which are the
most important factors responsible for intestinal mucosal
inflammation [22]. In this study, we found that DSS
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treatment significantly increased the MPO activity in the
colon tissue of mice and aggravated colon tissue injury.
Interestingly, AUT not only reduced MPO activity, but
also inhibited the excessive secretion of pro-inflammatory
mediators and alleviated DSS-induced colon inflamma-
tion in mice.

The beneficial role of SCFAs in UC has been
widely reported. SCFAs maintain the intestinal mucosal
chemical barrier by activating GPCRs, which upregulate
the expression of mucosal proteins and antimicrobial
peptides [23]. In addition, SCFAs can act on a variety
of immune cells. They alter gene expression, affect the
proliferation and apoptosis of immune cells, and regulate
intestinal inflammation [24]. In this study, we found that
AUT prophylaxis significantly increased the reduction

in the levels of exercise-induced fatty acids in mice with
DSS-mediated colitis.

The intestinal epithelial mucosa is vital in maintain-
ing intestinal permeability by serving as a barrier between
the internal and external environments [25]. This barrier
functions through a structure called the “tight junction,”
which is composed of many complete membrane proteins
and related cytoplasmic proteins, the most prominent of
which are transmembrane barrier proteins (occludin and
claudin) and cytoplasmic scaffold proteins (ZO family).
Examples of tight junction proteins include occludin,
claudin-3, and ZO-1 [26]. Previous studies have shown
that patients with UC often exhibit a downregulation in
the expression of the TJ proteins, leading to increased
intestinal permeability and decreased ability to inhibit
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pathogen invasion, which in turn exacerbates the inflam-
matory response [27]. In this study, we found that DSS
treatment led to the destruction of the intestinal bar-
rier while AUT alleviated this damage to the barrier
by enhancing the expression of the TJ proteins. Similar
results were achieved in vitro as well.

Toll-like receptors (TLR) play a crucial role in
innate immunity. Activated TLRs are important for effec-
tive defense against invading pathogens [28, 29]. Multiple
signaling pathways are implicated in the inflammatory
response triggered by TLR4. TLR4 activation can trigger
the NF-kB signaling pathway downstream, which regu-
lates the expression of certain pro-inflammatory factors
such as IL-6, IL-1p, and TNF-« [30], which in turn can
enhance the activation of NF-kB [31]. Prior studies have
shown that NF-xB is linked to the progression of colitis
and is a key target for UC therapy. This study revealed
that AUT treatment inhibits the activation of the TLR4/

NF-«B signaling pathway, thereby modulating the DSS-
induced inflammatory response in the colon. Extensive
literature bears evidence of the anti-inflammatory effects
of AUT on LPS-stimulated RAW 264.7 cells. Therefore,
we speculate that AUT can also play an anti-inflammatory
role in vitro.

Previous clinical trials have reported a reduction in
the Firmicutes-to-Bacteroidetes ratio in the gastrointes-
tinal tract microbiota of mice models with colitis [32]. A
similar result was also observed in this study. However,
the Firmicutes-to-Bacteroidetes ratio was effectively
restored by AUT treatment. At the genus level, Lacto-
bacillaceae are well-known probiotic bacteria that help
reduce the risk of intestinal inflammation [33]. In this
study, the results showed a significant increase in the
number of Lactobacillaceae in the AUT treatment group
compared to the DSS group. Further, we found a nega-
tive and positive correlation between Lactobacillaceae
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and DAI, inflammatory factors, and colon length, respec-
tively. Furthermore, a previous study has shown that
Allobaculum has a protective effect on body metabolism
and inflammation [34]. In this study, the results showed
that AUT treatment increased the DSS-induced decrease
in Allobaculum abundance and that Allobaculum was
inversely associated with DAI and inflammatory factors.
Previous studies have shown that Oscillospira produces
SCFAs, which alleviate inflammatory diseases. In this

study, we found that AUT can significantly increase the
number of Oscillospira species and that the Oscillospira
population is proportional to the intestinal barrier.

In conclusion, early intervention with AUT can
significantly alleviate UC by regulating the intestinal
ecological imbalance, thereby indicating that AUT can
serve as a food additive in the future for alleviating the
symptoms of UC.
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