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ABSTRACT: Ulcerative colitis (UC) is a multifactorial, chronic inflammatory bowel disease with complex
pathogenesis, posing significant challenges for therapeutic intervention. Barbaloin, a bioactive compound derived
primarily from Aloe vera, exhibits diverse pharmacological properties, including anti-inflammation, anticancer, and
organ-protective effects. This study comprehensively evaluated the anti-colitis function of barbaloin through in vivo
and in vitro models. In the DSS-induced mouse colitis model, the administration of barbaloin significantly ameliorated
disease severity, as confirmed by the reduced clinical and pathological damage. Notably, barbaloin restored gut
microbiota homeostasis and increased beneficial bacterial genera (Akkermansia, Bacteroides, and Parabacteroides),
while inhibiting the pathogenic Escherichia-Shigella. Serum metabolomics revealed changes in key metabolites such
as 9-hpode and PE-NMe2 (22:6/14:1), indicating their involvement in lipid metabolism. Network pharmacology
discovered that MAPK and NF-kB signaling pathways were potential targets for the action of barbaloin, and
molecular docking and dynamics simulation showed that they had stable binding interactions. /n vitro, barbaloin
suppressed LPS-induced inflammation in RAW264.7 macrophages by inhibiting MAPK/NF-kB activation.
Collectively, these findings elucidate a dual mechanism whereby barbaloin ameliorates colitis through
microbiota-metabolite reprogramming and suppression of pro-inflammatory signaling, which provides a foundation
for its development as a novel UC therapeutic agent.
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1. Introduction

Ulcerative colitis (UC) is a chronic inflammatory bowel disease (IBD) of unknown etiology,
characterized by continuous mucosal inflammation and ulceration in the colon!!l. The disease manifests

clinically with diarrhea, abdominal pain, and rectal bleeding, and in severe cases may progress to colorectal
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cancer'> 3. While the exact pathogenesis remains unclear, UC is considered to result from complex
interactions between genetic predisposition, environmental factors, and gut microbiota dysbiosis!*. Current
treatment strategies focus on pharmacological interventions, including anti-inflammatory drugs,

[5. 6] However, these therapies often have

immunosuppressants, and biologics, tailored to disease severity
significant side effects that impact patients' quality of lifel” 8. Emerging evidence suggests dietary
modification may play a protective role in UC management. Certain dietary components can modulate gut
microbiota composition and attenuate intestinal inflammation, potentially benefiting susceptible individuals®
10]

Aloe vera has been widely recognized as a valuable health food with a long history of use in traditional
Chinese medicine and dietary therapy!'!l. 4loe vera leaves contain a wealth of anthraquinones, particularly
barbaloin (BAR), which has shown significant pharmacological potential. Accumulating evidences indicate
that BAR may possess a variety of biological activities, including antitumor, antioxidant, and

anti-inflammatory effects!'?!

. Experimental studies have elucidated BAR's therapeutic mechanisms in
inflammatory conditions. In the LPS-induced acute lung injury model, BAR treatment exhibited
dose-dependent inhibition of myeloperoxidase (MPO) activity and suppressed phosphorylation of key
inflammatory mediators (IxBa and p65)!'3). Furthermore, BAR significantly attenuated the expressions of
pro-inflammatory cytokines, including TNF-a and IL-6, suggesting its potential as a protective agent against
inflammatory disorders!!¥l. These findings collectively indicate that BAR's anti-inflammatory effect stems
from its modulation of critical inflammatory signaling pathways!!*). In the LPS-induced Caco2 cells, BAR
treatment could inhibit LPS-caused the activation of phosphorylation AMPK!¢]. In UC animal models, the
efficacy of BAR is mainly manifested by repairing intestinal barrier damagel'® '7). While existing studies
support the therapeutic potential of BAR for UC, its precise molecular mechanisms remain to be fully
elucidated.

The recent studies showed that gut microbiota and their metabolites might play an important role in
nutrient absorption and immune modulation'® ', Adding natural active components to the daily diet is an
important way for the regulation of gut microbiota. Meanwhile, the development of IBD was often
accompanied by the changes in the microbial composition of the gut, which trigger metabolite changes
dominated by bile acid derivatives, short-chain fatty acids and tryptophan metabolites!?’!. Such changes in
metabolite levels were not only found in intestinal contents but also in the blood and urine. Among these
changes, the increase in harmful metabolites and the decrease in beneficial metabolites can directly promote
the development of IBD and systemic inflammation. Currently, some food sources have been found to
effectively improve the gut microbiota and its metabolites, thereby alleviating UC*!, BAR, as a dietary active
component, has been found to modulate gut microbial composition in a variety of animal models. After 13
weeks of BAR gavaging to rats, the ratio of Firmicutes/Bacteroidetes in the rat gut was decreased in a

concentration-dependent manner'??!, In sepsis mouse model, BAR treatment also promoted the proliferation of
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beneficial bacteria (Lactobacillus and Mucispirillum)®}). However, the effect of BAR on gut microbiota in UC
model is unknown.

In this study, we aimed to evaluate the therapeutic efficacy of BAR on DSS-induced UC, focusing
particularly on its ability to alleviate by regulating the gut microbiota and metabolites. Additionally, we sought
to explore the impact of BAR treatment on key signaling pathways and target genes in the intestinal tissues of

UC mice. This research may provide new insights into the development of alternative strategies for UC.

2. Materials and methods
2.1 Experimental reagent

BAR (CAS: 1415-73-2; 95% purity), purchased from Shanghai Yuanzhong Biotechnology Center. DSS
(purity>98%) and LPS were purchased from Sigma-Aldrich (St. Louis, MO, USA). MTS assay purchased
from Promega Corporation (Madison, WI, USA). Polyclonal antibody TNF-a (11948), IL-1B (12507), iNOS
(13120), IL-6 (12912), B-Actin (12620) and the primary antibodies of ZO-1 (21773-1-AP), Claudin-1
(13050-1-AP) were purchased from Cell Signaling Technology Company (Beverly, MA, USA). Anti-mouse
IgG HRP conjugate (W4021) and anti-rabbit I[gG HRP conjugate (V7951) were purchased from Promega
Corporation (Madison, WL, USA). Fetal bovine serum was bought from Inner Mongolia Opcel
Biotechnology Co., Ltd. and Dulbecco’s modified essential medium were provided by Gibco-BRL (Carlsbad,
CA). All other reagents of this study were the analytical grade.

2.2 Animal experiment

Thirty C57BL/6 male mice (weighing 21-23g, 8 weeks old) were purchased from Hunan Slaike Jingda
Laboratory Animal Company (license number: SCXK (Xiang) 2019-0004). Ethics Committee approval
number: JACUC-2021(3)068. The mice were acclimated to appropriate temperature and humidity conditions
(22-25 °C, 55-77% humidity) for 6 days before the formal start of the experiment. All mice were fed a standard
diet and purified water, and followed a 12-hour light/night cycle. After the adaptation period, the experimental
mice were divided into three groups, 10 mice in each group: blank control group (CON); Model group (DSS);
BAR protection group (DSS+BAR). The mice were free to drink and eat during the experiment. The mice in
the CON group were treated with quoted purified water during the experiment. Based on our preliminary
experimental results, we selected 200 mg/kg BAR dose (gavage) evaluating its efficacy against UC
(Supplementary Figure 1). The mice in DSS group and DSS+BAR group drank pure water on the first and
second days of the experiment, and the normal drinking water of the mice was replaced by 3% (W/V) DSS on
the 3th to 14th days of the experiment. In addition, DSS+BAR group mice were treated with 200 mg/kg BAR
daily by gavage from day 1 to the end of the experiment. At the same time, the CON and DSS groups were
given the same volume of normal saline by gavage to ensure the scientific nature of the experiment.

The mental state and vitality of the mice were monitored throughout the experiment. The disease activity
index (DALI) scores of mice in all groups were also evaluated. For details, refer to previous studies®*!. All mice

were fasted the day before the end of the experiment. All mice were sacrificed using deep anesthesia with
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isoflurane. Mice were dissected as described previously, and organs, blood and intestinal contents were

removed and recorded for the experiments.
2.3 Histopathology analysis

An appropriate length of distal colon tissue was taken, gently rinsed with pre-cooled phosphate buffered
saline (PBS) solution, removed non-tissue material, and completely immersed in tissue fixative solution for
more than 24 h. After fixation, paraffin embedding, sectioning, section deparaffinization, and hematoxylin
and eosin (H&E) staining were performed. Colonic epithelial cells and tissues were visualized using an
Olympus microscope (Olympus Inc., Tokyo, Japan).

2.4 MPO activity and malondialdehyde (MDA) content measurement

The appropriate length of the middle segment of colon tissue was accurately weighed and added to 0.9%
normal saline at a ratio of 1:9 to prepare 10% homogenate. After centrifugation, the supernatant was removed,
and then strictly according to the instructions of the corresponding kit (NanJing JianCheng Bioengineering
Com. Nanjing, Jiangsu, China).

2.5 Western Blot

The protein of colon tissues or cell samples was extracted with RIPA buffer (containing 1% protease
inhibitor, 1% phosphatase inhibitor and 1.0 mmol/L PMSF). This mixed system was incubated on ice for 1 h.
The protein concentration was determined by Nanodrop 2000. Subsequently, the resulting protein solution
was added to 5 x SDS loading buffer. SDS-PAGE gels (8%-12%) were prepared according to the molecular
weight of the proteins. Electrophoresis was stopped after loading until the bands were completely separated.
After electrophoresis, the proteins in the gel were transferred to the polyvinylidene fluoride (PVDF)
membrane by wet rotation and constant pressure at 60V. After the membrane transfer, the PVDF membrane
was put into the blocking solution containing 5% bovine serum albumin. After incubation at room temperature
for 2-3h, the PVDF membrane was transferred to the primary antibody corresponding to the target protein, and
incubated at 4°C overnight. The next day, the membranes were washed three times with 1 x Tris Buffered
Saline with Tween® 20 (TBST) solution for 5-10 min each time, and then the membranes were put into the
corresponding secondary antibody and incubated at room temperature for about 1 h. After that, the membranes
were washed three times with 1 x TBST solution for 5-10 min each time. Finally, the bands were obtained in a
gel imaging system (ChemiDoc XRS+, BIO-RAD) by dropping the developer onto the PVDF membrane and
exposing it.

2.6 RT-qPCR
Total RNA was extracted by adding TransZol-Up (TransGen Biotech Co., Ltd, Beijing, China). RNA

quality and concentration were analyzed, and RNA integrity was checked. Single-stranded cDNA was
synthesized using 1.2 pg of total RNA and HiScript [V RT SuperMix for gPCR (Vazyme Biotech Co., Ltd,
Nanjing, Jiangsu, China). RT-qPCR was performed using a real-time quantitative PCR system (CFX96,
Applied Biosystems Co., Ltd, Waltham, MA, USA). The reaction program was set as follows: prechange to
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94°C for 3 min; Denaturation was performed at 94°C for 30 s. Annealing at 60 °C for 40 s; The extension was
carried out at 72 °C for 1 min with a cycle number of 40. The 2—AACt (RQ) method was used to calculate the

relative expression of target genes. The primer sequences were shown in Table 1.

Table 1 Primers for PCR assay list

Gene Forward primer Reverse primer
B-actin 5'-CCA TAA ACG ATG CCG GA-3' 5'-CAC CAC CCA TAG AAT CAA GA-3'
11-6 5'-ATG GAT GCT ACC AAA CTG GAT-3' 5'-TGA AGG ACT CTG GCT TTG
TCT-3'
1-1B 5-GAG CACCTT CTT TTC CTT CAT CTT-3' 5'-TCA CAC ACC AGC AGG TTA TCA TC-3'
Tnf-a 5'-CAA AAT TCG AGT GAC AAG CCT G-3' 5'-GAG ATC CAT GCC GTT GGC-3'
inos 5'-CAG CTG GGC TGT ACA AAC CTT-3' 5'-CAT TGG AAG TGA AGC GTT TCG-3'
Cox-2 5'-ATG CTC CTG CTT GAG TAT GT-3' 5'-CAC TAC ATC CTG ACC CAC TT-3'

2.7 DNA sequencing and gut microbiota analysis

Genomic DNA was extracted from cecal contents using a rapid DNA spin extraction kit according to the
manufacturer's instructions. DNA purity and quality were detected and analyzed. Primers 338F
(5'-ACTCCTACGGGAGGCAGCA-3") and 806R (5'-GGACTACHVGGGTWTCTAAT-3') were used to
amplify the V3-V4 region of the 16S rRNA gene. The amplified products were identified, extracted and
further purified. Purified amplicons were quantitatively sequenced on an Illumina MiSeq platform using
QuantiFluor™-ST (Promega, USA) according to standard protocols (Majorbio Corporation, Shanghai,

China). The results were analyzed.
2.8 Determination of serum metabolites by using untargeted metabolomics

According to the requirements for sample preparation, 100 pL serum samples (n = 6 per group) were
collected for serum metabolomics analysis. The metabolome profile was measured using a
UHPLC-QTOF-MS system (AB Sciex Pte. Ltd, Milford, MA, USA). Raw data were analyzed using Progensis
QI software (Waters Co., Milford, MA, USA). Progensis QI was used to identify metabolites. The structure of
metabolites was analyzed using human metabolome database (HMDB) and metlin. The MajorBio Cloud
Platform was then used to analyze and process the data. In addition, Spearman correlation analysis was used to
evaluate the correlation between the differences in gut bacteria in each group and the composition of variable

metabolites.
2.9 Network pharmacological prediction

Through swisstargetprediction (http://www.swisstargetprediction.ch/) collection of BAR target protein.
In disgent database (https://www.disgenet.org/) input "Inflammation", search, target proteins related diseases.
Using Venny2.1 (https://bioinfogp.cnb.csic.es/) map interactions both targets, according to the results of
overlap target genes is the BAR potential targets for the treatment of inflammation. The potential targets were
imported into the STRING database (https://cn.string-db.org/) and processed to export the core target
interaction map in the form of TSV. The specific processing method was referred to the previous article.
Cytoscape 3.9.1 software was used to process and analyze the interaction maps. The DAVID database was

imported into the potential core targets of BAR in the treatment of inflammation, and after setting up
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appropriate processing and analysis conditions, GO BP, GO CC, GO MF, and KEGG enrichment analysis

were performed. The final result of using microscopic letter (http://www.bioinformatics.com.cn/) output.
2.10 Molecular docking and molecular dynamics simulations

A semi-flexible docking method was used to study the interaction between complex receptors and
ligands. The receptor protein was processed using Schrodinger software, excess water molecules were
removed and polar hydrogen atoms were added, and the protein receptor point charge was calculated. The
structure of the ligand small molecule was drawn using 2D Sketcher and processed to meet the docking
requirements. The docking procedure was performed using SP docking. The specific procedures and
parameters were referred to previous study!?> 2],

To further investigate the complex interaction between the receptor and ligand and its stability,
molecular dynamics (MD) simulation was performed. The protein-ligand complex was simulated for 100ns
using GROMACS2020.6. The AMBER99SB-ILDN force field was selected to construct the protein topology
file, and the Amber 20.0 and GAFF force fields were used to generate the small molecule ligand topology file.
After balancing the system charges, different methods were used to reduce the energy of the complex. At
suitable temperatures, the complexes were subjected to NVT integration simulations and NPT equilibrium

simulations. Specific procedures and parameters were referred to previous studies®> 261,

2.11 Cell culture

Murine mononuclear-macrophage leukemia cells RAW264.7 were obtained from Xiangya Medical
College. BAR was dissolved in dimethylsulfoxide (DMSO). Cells in the logarithmic growth phase were
selected, the cell concentration was adjusted to 5 x 10%, and the cells were seeded in 96-well plates. When cells
were cultured until adherent, different concentrations BAR were added into the plates for 24 h. Micrographs of
each well were taken using an inverted microscope (DMI3000B, Lecia Microsystems CMS GmbH,
Germany). MTS were added to plates after images were obtained and this incubated at 37°C for 30 min. Using
microplate reader (Thermo Multiskan SPECTRUM Thermo Fisher Scientific, Waltham, MA, USA) to

measure the absorbance at 490 nm.
2.12 Luciferase reporter activity

The luciferase reporter gene vector containing the NF-xB binding sequence was transfected into the cells,
and the cells were lysed after a certain time after cell treatment and the luciferase was extracted. Finally, the

fluorescence intensity was measured using a luciferase assay system to reflect the activity of NF-«B.
2.13 Statistical analysis

All experiments were performed at least three parallel experiments, and the data were normalized to the
control level by the control group. All data were analyzed with the use of SPSS 13.0 software (SPSS, Chicago,
[llinois). All experimental data were expressed as mean + standard deviation. Data that conformed to a normal
distribution were performed one-way analysis of variance (ANOVA) test analysis. If the distribution of data

did not conform to normality, the nonparametric Kruskal-Wallis test was used to analyze the differences
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among groups with a two-tailed test. P < 0.05 was considered statistically significant, P < 0.01 was

considered extremely significant, P < 0.001 was considered abnormally significant.

3. Results
3.1 The effect of BAR on the phenotype of UC mice

The time schedule for the experimental period is shown in Figure 1A. The results showed that the mice in
the DSS group had obvious hematochezia and diarrhea (Figure 1B). BAR treatment alleviated DSS-induced
hematochezia and diarrhea. Weight loss is one of the important indicators to measure the success of
DSS-induced UC model in mice. The body weight of the mice in the CON group increased by 11.35%
compared with the initial body weight. The growth rate of mice in the DSS group showed a downward trend
from the seventh day, and the body weight of mice in the DSS group was significantly different from that in
the CON group from the 11th day (P < 0.01). Mice in the DSS group showed significant weight loss at the
later stage, indicating that the DSS-induced UC model was successfully established. BAR treatment slowed
down DSS-induced weight loss and had highly significant differences (Figure 1C). DAI score is used to assess
the degree of UC in mice. The feces of the mice in the DSS group were thinner after the mice drank DSS water
freely. In the later stage of the experiment, the DSS-induced mice appeared diarrhea, hematochezia, and
reduced activity. These symptoms were alleviated with BAR treatment (Figure 1D). Spleen is an important
lymphoid immune organ in the body. Its size and shape reflect the immune level of the body. The spleen size
of the mice was significantly different among the three groups (Figure 1E). Compared with the CON group,
the spleen index of the DSS group increased by 1.75 times (P < 0.01). Compared with the DSS group, the
spleen of the DSS+BAR group was significantly smaller and the spleen index was decreased by 8.93% (P <
0.05). These results indicated that the BAR treatment could improve the symptoms of DSS-induced UC in

mice.
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Fig.1. The effect of BAR on phenotype of UC mice. (A) Animal treatments schedule; (B) Rectal bleeding in mice; (C)
Changes in body weight of mice; (D) Changes in DAI scores; (E) Changes of spleen and its index in mice. CON: Control
group; DSS: DSS group; DSS+BAR: DSS+200 mg/kg BAR group. DAI: Disease activity index. Data are presented as means
+ SEM, n = 10. #: P < 0.05; ##: P < 0.01 vs CON group; *: P < 0.05; **: P < 0.01 vs DSS group.

3.2 The effect of BAR on the UC mice colon

After the mice were sacrificed, the colon of mice was observed and measured (Figure 2A). The results
showed significant differences in the changes of colon length among the three groups. The length of colon in
DSS group was shortened to 0.80 times of that in CON group (P < 0.01). This change in colon length might be
caused by edema. the colorectal length in the DSS+BAR group was increased by 9.57% compared with the
DSS group (P < 0.05). The extent of colonic injury in the mice was analyzed with H&E staining (Figure 2C).
Compared with the CON group, the crypt structure of colon glands in the DSS group was destroyed. Goblet
cells were also significantly reduced, and a large number of inflammatory cells infiltrated. The structure of
mucosa and crypt in the DSS+BAR group was relatively intact. There was no obvious inflammatory cell

infiltration, indicating that BAR might protect the colonic mucosal barrier and reduce inflammatory injury.
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Fig.2. The effect of BAR on colonic phenotype of UC mice. (A) Changes in colon length in mice; (B) MPO changes in colon
tissue of mice; (C) Pathological section of mouse colon. Black arrows indicated representative goblet cells and red arrows
indicated representative inflammatory infiltration; (D) Changes of MDA in colon tissue of mice; (E) Changes of colon tissue
barrier protein expression in mice. (F) The effect of BAR on the protein expression of inflammatory factors. CON: Control
group; DSS: DSS group; DSS+BAR: DSS+200 mg/kg BAR group. MPO: Myeloperoxidase; MDA: Malondialdehyde. Data
are presented as means = SEM, n=10. #: P < 0.05; ##: P < 0.01 vs CON group; *: P < 0.05; **: P < 0.01 vs DSS group.

MPO activity is often used as one of the indicators to evaluate the severity of UC. Compared with the
CON group, MPO activity in the colon tissue of the DSS group was increased by 2.50 times (P < 0.01). After
BAR treatment, MPO activity was significantly decreased, which decreased by 5.40% compared with DSS
group (P < 0.05) (Figure 2B). MDA content is also often used as an indicator to evaluate the severity of UC.
Compared with the CON group, MDA content in the colon tissue of the DSS-treated group increased by 2.60
times (P < 0.01). After BAR treatment, MDA content was significantly decreased by 32.86% compared with
the DSS group (P < 0.05) (Figure 2D). These results suggest that BAR can alleviate colonic tissue injury by
reducing the activation and infiltration of granulocytes and oxidative stress.

The intestinal barrier is the main defense line of the body against intestinal bacteria and antigens, and
DSS stimulation can damage the intestinal barrier. We explored the effect of BAR on the intestinal barrier of
UC mice at the protein level (Figure 2E). Compared with the CON group, the relative protein expression
values of ZO-1 and Claudin-1 in the DSS group decreased to 0.48 and 0.43 times, respectively. Compared
with the DSS group, the DSS+BAR group increased by 83.33% and 118.60%, respectively. It suggests that
BAR is beneficial to alleviate the damage of intestinal barrier induced by DSS stimulation.

IL-1B, IL-6 and TNF-a are widely studied cytokines with pro-inflammatory effects, and their abnormal
expression is closely related to the severity of inflammation. Compared with the CON group, the relative
protein expression levels of IL-1B, IL-6 and TNF-a in the colon tissue of the DSS group were increased by
1.79 times (P < 0.01), 3.31 times (P < 0.05) and 5.92 times (P < 0.01), respectively. Compared with the DSS
group, the expression of three inflammatory factors in the BAR protection group decreased by 13.4%, 68.58%
and 41.72%, respectively (Figure 2F). These results indicate that BAR treatment can effectively reduce the

high expression of inflammatory factors induced by DSS in colon tissue, thereby preventing UC.
3.3 BAR alleviated the dysbiosis of gut microbiota in UC mice

The dilution curve of the sobs diversity index indicated that the sequencing volume was sufficient and
that this test met the requirements (Figure 3A). The rank-abundance curve showed that there were species
differences between the CON group, DSS group and DSS+BAR group (Figure 3B). By evaluating the Chao
index and Shannon index, we found that the DSS treatment significantly reduced the abundance of gut

microbiota. BAR treatment appeared to reduce the disruption of gut microbiota abundance by DSS, but this
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improvement was not significantly different (Figure 3C/D). Principal coordinate analysis (PCoA) showed that
there were significant differences among the three groups of samples in OTU levels (p = 0.001) (Figure 3E).
The CON group was furthest away from the DSS group, while the DSS+BAR group was closer to the CON

group. This suggests that the gut microbiota of BAR-treated UC mice is recovering to normal levels.
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At phylum level, the results showed that DSS stimulation significantly reduced the relative abundance of
Firmicutes, Verrucomicrobiota and Deferribacterota compared with the CON group (Figure 4A). And the
multiples were 0.47 times (P < 0.01), 0.50 times (P > 0.05) and 0.34 times (P < 0.05) of CON group,
respectively. The relative abundance of Firmicutes, Verrucomicrobiota and Deferribacterota increased by
53.90% (P < 0.01), 221.49% (P < 0.01) and 77.89% (P < 0.01) in DSS+BAR group compared with DSS
group. Compared with the CON group, DSS stimulation significantly increased the relative abundance of
Bacteroidetes and Proteobacteria by 12.79 times (P < 0.01) and 80.00 times (P < 0.01), respectively.
Compared with DSS group, the relative abundance of Bacteroidetes and Proteobacteria in BAR treatment
group decreased by 77.89% (P < 0.01) and 83.00% (P < 0.01), respectively (Figure 4B-E). The ratio of
Firmicutes to Bacteroidetes in the CON, DSS, and DSS+BAR groups was 26.24 + 6.76, 0.95 + 0.24, and 6.58
+ 1.78, respectively (Figure 4G). BAR treatment significantly restored DSS-induced changes in the ratio of
Firmicutes to Bacteroidetes. At the genus level, Akkermansia, Lactobacillus, Faecalibaculum, Allobaculum,

Bacteroides, Parabacteroides, Erysipelatoclostridium, Escheria-Shigella, norank f Muribaculaceae and
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Enterococcus were the dominant species in 3 groups (Figure 5A). To study the differences bacteria, the
Kruskal-Wallis H test was used to analyze the top 15 bacteria of genus-level abundance (Supplementary
Figure 2A). The results showed that Akkermansia, Bacteroides, Escheria-Shigella, Parabacteroides,
Parasutterella, Colidextribacter and norank f Lachnospiraceae might be bacteria that undergo significant
changes after BAR treatment. Among them, the abundance of Akkermansia, Bacteroides, Escheria-Shigella
and Parabacteroides had significant changes. Compared to DSS group, Akkermansia, Bacteroides,
Escheria-Shigella and Parabacteroides were extremely significantly (P < 0.01) affected by BAR treatment
(Figure 5B-E). The abundance of Bacteroides, Escheria-Shigella and Parabacteroides in DSS group was
significantly higher than that in CON group by 58.48, 1983.75 and 293.4 times, respectively (P < 0.01). In
DSS+BAR group, the abundance of Bacteroides, Escheria-Shigella and Parabacteroides were significantly
lower than those in DSS group by 72.09%, 81.79% and 95.30%, respectively (P < 0.01). Akkermansia was
significantly decreased after DSS treatment. BAR treatment could significantly increase its abundance, which
was 221.49% higher than DSS group (P < 0.01). The abundance of Parasutterella, Colidextribacter and
norank _f Lachnospiraceae was shown in Supplementary Figure 2B-D. These results suggest that BAR may

play an important role in regulating the composition of the gut microbiota.

T T T
CON DSS DSS+BAR

A
CON I | ‘ W Firmicutes
W Vcrrucomicrobiola
M Bacteroidota
Proteobacteria
DSS I | B Desulfobacterota
Actinobacteriota
M Campilobacterota
Patescibacteria
DSS+BAR
[l Dclerribacterota
I T T T T 1
° $ N & $ &
Relative abundance at the phylum level
B 6, D
= S g 80
£ 100+ T 60— o0
£ b &
i Aok ns **k g ## -
3 80+ : -— % 60—
T o
& | 40 ey 8
60+ ma— “
i : i g 40
b L =
s 404 L1 - g
; k 2 204
204 C
: k S - —
K @ o 0 =
0 0 T T T 2 0 3 1 T T
CON DSS DSS+BAR = CON DSS DSS+BAR
o

-r|
®

## *

40—
20 [

IS
T

154 30+

20

[
o
1

10

=k

T T T
CON DSS DSS+BAR CON DSS DSS+BAR

=y
(=]
1

10

Ratio of Firmicutes to Bacteroidota

T =T
CON DSS DSS+BAR

°
|

Relative abundance of Proteobacteria (%) m
©
?

Relative abundance of Desulfobacterota (%)

Fig.4. Analysis of community composition at the phylum level. (A) The percentage of community abundance at phylum level;

(B-F) Richness changes of the flora at the phylum level; (G) Ratio of Firmicutes to Bacteroidetes. CON: Control group; DSS:

DSS group; DSS+BAR: DSS+200 mg/kg BAR group. Data are presented as means £ SEM, n= 6. #: P < 0.05; ##: P < 0.01 vs
CON group; *: P < 0.05; **: P < 0.01 vs DSS group.



Z.M. Hu et al. / Food Science and Human Wellness 16 (2027)

B Akkermansia
con A -
M Faccalibaculum
Allobaculum
Escherichia-Shigella
B Parabacteroides
Enterococcus
M norank_f__Muribaculaceae
N o ® & & \@ M others
Relative abundance at the genus level
£ 60— i i #H ok g ## *k g
< & 25+ - g 25—
i 8 1 8% 1 b #H * %
8 k] [ —|
§ E 20 T 2 20 —|_ § 20 s
34 3 : 8
5 s 154 154 g 154
o 8 s
g 5 10+ o 5 10 g 10+
B 204 'g 5 =
3
3 — 2 5 ; 5- 5 5
2 b :
] ] —_ - I 2 -
3 0 T T T e 0 T T T 2o T T T g0 T T
= CON DSS DSS+BAR CON DSS DSS+BAR 3 CON DSS DSS+BAR & CON DSS DSS+BAR
©

Fig.5. Analysis of community composition at the genus level. (A) The percentage of community abundance at genus level;
(B-E) Richness changes of the flora at the genus level. Data are presented as means = SEM, n= 6. #: P < 0.05; ##: P < 0.01 vs
CON group; *: P < 0.05; **: P < 0.01 vs DSS group.

3.4 BAR improved the serum metabolism in UC mice

Serum metabolites were examined and these were categorized into 18 groups according to Human
Metabolome Database (HMDB). Among them, lipids and lipid molecules (36.98%), organic acids and their
derivatives (18.46%) and organic heterocyclic compounds (14.70%) were main substances (Figure 6A).
Partial least squares-discriminant analysis (PLS-DA) was performed for the different treatment groups. The
different treatment groups demonstrated a good degree of separation in positive and negative ion mode (Figure
6B/C). We defined metabolites with variable importance in projection (VIP) value > 1 and p value < 0.05 as
differential metabolites. Compared with the CON group, 151 metabolites were significantly decreased and
430 metabolites were significantly increased in the DSS group (Figure 6D). Compared with the DSS group, 97
metabolites were down-regulated and 75 metabolites were up-regulated in the DSS+BAR group (Figure 6E).
Metabolic analysis revealed that the metabolites regulated by BAR included 109 kinds, of which 48
metabolites belonged to lipids and lipid molecules; 33 metabolites belonged to organic acids and their
derivatives; 28 metabolites belonged to heterocyclic organic compounds (Supplementary Figure 3A). KEGG
enrichment analysis of these differential metabolites show that BAR treatment affect mainly the metabolism
of linoleic acid, glycerophospholipid metabolism, and the biosynthesis of phenylalanine, alanine and
tryptophan (Supplementary Figure 3B). These results suggest that BAR treatment primarily affects lipid

metabolism in the blood.
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Fig.6. Analysis of serum metabolic samples. (A) Classification of metabolites in HMDB; (B-C) PLS-DA score plot of mouse
serum samples in positive and negative ion mode; (D-E) Volcano plot of differential metabolites. CON: Control group; DSS:
DSS group; DSS+BAR: DSS+200 mg/kg BAR group; HMDB: Human Metabolome Database; PLS-DA: Partial least
squares-discriminant analysis; VIP: Variable importance in projection.

Venn diagram showed that BAR treatment restored the down-regulation of 20 metabolites in the CON
group due to DSS stimulation; BAR treatment restored the up-regulation of 18 metabolites in the CON group
due to DSS stimulation (Figure 7A). The cluster heat map was used to show the relative abundance of 38
differential metabolites in different treatment groups (Figure 7B). KEGG pathway enrichment analysis was
performed with the differential metabolites (Figure 7C). This result showed that BAR might regulate linoleic
acid metabolism, glycerophospholipid metabolism and arachidonic acid metabolism to alleviate the

symptoms of UC in mice.
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Fig.7. Analysis of differential metabolites in serum. (A) Venn diagram of significantly different metabolites; (B) heat map of
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and differential serum metabolite. CON: Control group; DSS: DSS group; DSS+BAR: DSS+200 mg/kg BAR group. KEGG:
Kyoto encyclopedia of genes and genomes. *: P < 0.05, **: P < 0.01, ***: P < (.001.

3.5 Relationship between gut microbiota and serum metabolites in UC mice

We used Spearman's correlation analysis to explore potential relationships between gut microbiota
(genus level) and serum metabolites (Figure 7D). The result showed that Parabacteroides, Parasutterella,
Bacteroides, Escherichia-Shigella and Colidextribacter were significantly associated with serum metabolite
changes. Akkermanisa and norank f Lachnospiraceae were significantly associated with pregnenolone
sulfate. Parabacteroides, Parasutterella, Bacteroides, Escherichia-Shigella were positively correlated with
pregnenolone  sulfate, 7, 8-dihydropteroic  acid, = 9-hpode, = N-acetyl-L-glutamic  acid,
PE-NMe2(22:6(42,72,102,1372,1672,192)/14:1(9Z)),  thromboxane,  nafenopin = and  D-ribulose;
Parabacteroides, Parasutterella, Bacteroides, Escherichia-Shigella were negatively correlated with
3-dehydroshikimate, PC (18:0/20:5(5Z2,8Z,1172,147,177)), dimethylbenzimidazole. The correlation between
Colidextribacter, Akkermanisa, norank f Lachnospiraceae and these metabolites were reversed. The results
suggest that BAR may be able to ameliorate the severity of ulcerative colonic inflammation in mice by

modulating the gut microbiota to improve serum metabolites.
3.7 Pharmacological analysis of BAR network

In addition to gut microbiota and serum metabolites, the molecular mechanisms by which BAR directly
affected colitis are not clear. We used network pharmacology to explore potential targets for BAR intervention
in colitis. Venn diagram was generated by data collation and analysis to identify 18 potential targets of BAR

with anti-inflammatory effects (Figure 8A). Referring to previous studies, PPI node maps were generated after
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the score value was set to > 0.4, and 18 protein interaction maps were generated (Figure 8B). After enrichment
and visualization of this result, it was evident that the top five core targets were MAPK1, NF-kB, TNF, IL-6,
and IL-1P (Figure 8C). GO analysis mainly included biological process (BP), cellular component (CC) and
molecular function (MF). The top ten of BP, CC and MF were analyzed (Figure 8D). Results showed that
BAR may play a role in the positive regulation of interleukin-6 production, inflammatory response and
cellular response lipopolysaccharide, DNA—binding transcription activator activity, RNA polymerase
II-specific, RNA polymerase II-specific DNA-binding transcription factor binding and other processes. In
addition, the 20 most significant (P < 0.05) KEGG pathways were selected for demonstration and study
(Figure 8E). These signaling pathways include a variety of disease signaling pathways, such as IBD, NF-«xB
signaling pathway, Toll-like receptor signaling pathway, MAPK signaling pathway. In summary, based on
network pharmacology analysis, BAR may mainly regulate the inflammatory response of the body through
MAPK and NF-kB pathways.
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Fig.8. Screening and enrichment analysis of potential anti-inflammatory targets of BAR. (A) Venn diagram of BAR and
inflammatory targets; (B) PPI map among core targets; (C) Grading map of core targets; (D) GO analysis; (E) KEGG pathway
enrichment analysis. PPI: Protein-protein interaction networks; GO: Gene ontology; KEGG: Kyoto encyclopedia of genes and

genomes.

3.8 Molecular docking and molecular dynamics simulation analysis between BAR and core targets

Molecular docking can identify the interactions between molecules and predict the receptor-ligand
binding mode and complex structure. BAR was subjected to standard precision molecular docking with p38
MAPK and NF-xB (Figure 9). The binding energies of the two receptor proteins and BAR were -4.959 and
-4.609 kcal/mol, respectively. From previous studies, the negative binding energy indicates that BAR can bind
to two different receptor proteins and that they have strong binding between them. This also suggested that
BAR had the potential to regulate the NF-kB/MAPK signaling pathway. Based on the molecular docking

results, the ability of BAR to act on the core targets was further verified.
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Fig.9. The Molecular docking of BAR with p38 MAPK (A)and NF-«xB (B).

Molecular dynamics simulation can help to study the dynamic stability of receptor-ligand complexes.
Based on the binding force of the complex and the ligand-receptor interaction, MD simulations of BAR and
core target protein receptors were performed. Root mean square deviation (RMSD) is used as a metric to
quantify the average displacement of a particular atom in a particular frame compared to a reference frame.
The analysis of RMSD can indicate whether an equilibrium is reached during the simulation. The figure shows
that the RMSD curve of BAR and the two ligands forming a complex eventually converges in a stable range.
Especially after p38 MPAK and BAR were combined, RMSD tended to a stable value, indicating that the
protein-ligand complex was in equilibrium (Figure 10A/C). BAR can maintain a stable equilibrium state after
binding to two different target proteins, which is of great significance for regulating the biological functions of
the target proteins. Root mean square fluctuation (RMSF) is a quantitative method to evaluate the stability of
amino acid residues in proteins by measuring their fluctuation levels during simulation. This index serves as
an indicator of the sturdy rigidity and dynamic stability of the protein. Higher RMSF values at the beginning
and end of the curve indicate higher amino acid freedom of the protein, residues in contact with the ligand are
marked in green, and most amino acids have low values due to contact or persistent interaction with the ligand
(Figure 10B/D). Ligands can reduce the degrees of freedom of amino acids in the target protein, thereby
enhancing protein stability. After binding to BAR, different target proteins can maintain structural stability in

a dynamically changing environment, showing excellent adaptability and stability.
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Fig.10. Molecular dynamics simulations of BAR and p38 MAPK and NF-«kB. (A) RMSD values of BAR and p38 MAPK
complexes; (B) RMSF of BAR and p38 MAPK complexes; (C) RMSD values of BAR and NF-kB complexes; (D) RMSF of
BAR and NF-kB complexes. RMSD: Root mean square deviation; RMSF: Root mean square fluctuation.

3.9 Effects of BAR on downstream targets of NF-kB/MAPK signaling pathway

Combined with the network pharmacology analysis, we speculated that BAR might affect the activity of
NF-kB/MAPK signaling pathway to inhibit inflammatory response. In serum metabolomics analysis, changes
in these serum metabolites might be associated with arachidonic acid metabolism. This was also potentially
related to the NF-kB/MAPK signaling pathway. To test the direct link between BAR and the NF-kB/MAPK
signaling pathway, we used Western Blot to analyze the expressions of NF-kB/MAPK-related proteins in
mouse colon tissues (Figure 11). The results showed that the relative protein expression levels of
phosphorylated p38 and ERK1/2 in the DSS group were 2.39 + 0.60 and 2.83 + 0.71, respectively. In
DSS+BAR group, they were 1.52 + 0.38 and 1.62 + 0.41. Compared with the DSS group, the relative protein
expression of p-p38 and ERK1/2 in the DSS+BAR group decreased to 0.64 times (P < 0.05) and 0.57 times (P
< 0.05). The results showed that BAR inhibited the phosphorylation of p38 and ERK1/2 in the MAPK
pathway. This demonstrated the ability of BAR to directly target p38 MAPK. Since NF-kB was a key
upstream target of MAPK, the direct effect of BAR on MAPK signaling might be related to its regulation of
NF-«xB.
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3.10 Effect of BAR on LPS-induced RAW 264.7
To determine the anti-inflammatory properties of BAR in vitro, the LPS-induced RAW264.7

macrophage inflammation model was used in the present study. It was clarified that BAR was not toxic to
RAW264.7 cells at different concentrations. In addition, the cell activity of the solvent group and the cell
activity of different concentrations of BAR treatment were not significantly different from that of the CON
group (P > 0.05). This indicated that BAR did not significantly affect the activity of RAW?246.7 cells in the
concentration range of 100 pg/mL (Figure 12A/B). After the addition of LPS, both RT-qPCR (Figure 12C)
and Western Blot (Figure 12D/E) results showed that LPS successfully induced inflammatory factor
accumulation in RAW264.7 cells. BAR treatment inhibited this changes in inflammatory factors at the mRNA
and protein levels. The protein expressions of IL-6, IL-1p, TNF-a, COX-2 and iNOS in the maximum
concentration 100 pg/mL BAR treatment group were significantly lower than those in the DSS group by
54.35%, 47.84%, 74.03%, 55.60% and 79.65%, respectively. This indicated that BAR could reduce the
inflammatory response by down-regulating the protein expression levels of IL-6, IL-1p, TNF-a, COX-2 and
iNOS. This ability of BAR to inhibit the expression of inflammatory factors might be related to its inhibition
of NF-kB transcriptional activity. Reported gene results showed that compared with LPS group, the relative
luciferase activity of NF-kB in 25 pg/mL, 50 pg/mL and 100 pg/mL BAR treatment groups decreased by
33.90%, 44.25% and 56.90%, respectively (Figure 12F). The effect of BAR on phosphorylated proteins
ERK1/2, p38, and JNK in the MAPK signaling pathway was explored at the protein level (Figure 12G/H).
Compared with the CON group, the phosphorylation levels of ERK1/2, p38 and JNK were significantly
upregulated in the LPS group, indicating that LPS-induced inflammation activated ERK1/2, p38 and JNK in
the MAPK signaling pathway. Compared with the LPS group, the low concentration of BAR (25 pg/mL) had
no significant effect on the phosphorylation levels of p38, ERK1/2 and JNK proteins. But the 50 pg/mL and
100 pg/mL of BAR treatment significantly inhibited the phosphorylation levels of p38, ERK1/2 and JNK
proteins. Compared with the LPS group, the relative protein expressions of phosphorylated p38, ERK1/2 and
JNK in 100 pg/mL BAR treatment group were decreased by 32.84%, 62.14% and 50.00%, respectively (P <
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0.01). These results suggested that BAR exerted anti-inflammatory effects through regulating the
phosphorylation level of MAPK and the activity of NF-«B transcription factor, as well as the expression levels

of its downstream genes and proteins, which further verified our previous experimental results.
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Fig.12. The anti-inflammatory effect of BAR was verified in vitro. The effect of BAR on RAW246.7 cell (A) morphology and
(B) activity; (C) The effect of BAR on mRNA expression of inflammatory factors in LPS-induced RAW246.7 cells; (D-E)
The effect of BAR on protein expression of inflammatory factors in LPS-induced RAW246.7 cells; (F) The effect of BAR on
the transcriptional activity of NF-kB in LPS-induced RAW246.7 cells; (G-H) The effect of BAR on the MAPK signaling
pathway in LPS-induced RAW246.7 cells; Data are presented as means = SEM, n = 6. #: P < 0.05; ##: P < 0.01 vs CON
group; *: P < 0.05; **: P <0.01 vs LPS group.



Z.M. Hu et al. / Food Science and Human Wellness 16 (2027)

4. Discussions

BAR has emerged as a highly bioactive food component that has attracted considerable research focus
owing to its multifaceted functional properties!'®. BAR exhibits a broad spectrum of organoprotective effects,
including hepatoprotection, bone density maintenance, antibacterial activity, kidney protection, blood-brain

17.28-30] BAR treatment not only significantly ameliorated body weight

barrier integrity, blood sugar controll
loss and the disease activity index (DAI) score but also obviously improved the pathological changes of conic
tissues in UC mice, confirming its preventative effect on UC. The spleen, as an important lymphoid organ
responsible for immune surveillance, showed a decreased weight after BAR, suggesting that the systemic
immune response was regulated!®!).

In this study, BAR administration significantly ameliorated DSS-induced UC symptoms, including
characteristic weight loss, rectal bleeding and colon shortening. The therapeutic effects of BAR were
supported by the evidences: (1) significant amelioration of colonic inflammation, (2) alleviation
histopathological damage to colonic tissues, (3) restoration of the integrity of the intestinal barrier. Notably,
BAR treatment induced significant alterations in the intestinalota ecosystem, shifting both microbial diversity
and abundance. Metabolomics analyses reveal significant changes in the serum metabolites, which may be
mechanistically linked to BARs-inflammatory effects by regulating key inflammatory signaling pathways.

Existing evidence indicates that the pathogenesis of UC is closely associated with oxidative stress
imbalance. The excessive production of reactive oxygen species (ROS) leads to cellular oxidative stress and
molecular damagel®?. This redox imbalance triggers lipid peroxidation, compromises intestinal mucosal
barrier integrity, and exacerbates inflammatory responses'>*!. Notably, BAR treatment effectively suppressed
MPO activity-a neutrophil-derived enzyme whose elevated levels correlate with inflammatory states and
oxidative stressi*¥. In this study, BAR attenuated DSS-induced the expressions of TNF-o, IL-6, and IL-1p in
colon tissues, suggesting that BAR reduces inflammatory response via decreasing the expressions of
inflammatory cytokines.

Mechanistically, BAR preserved intestinal barrier function by maintaining tight junction proteins>>, The
damage of intestinal barrier can increase intestinal permeability, further aggravating intestinal
inflammation(*%3"], In the DSS-induced colitis model, BAR can up-regulate the expressions of tight junction
proteins (ZO-1, Claudins, and Occludin) of intestinal epithelial cells, which can reduce intestinal permeability
and inhibit the entry of bacteria and LPS into the blood, which helps to reduce the inflammatory response of
colonic tissues.

The gut microbiota plays a pivotal role in regulating host immune responses, metabolic processes, and
developmental pathways, while also influencing the onset and progression of various diseases**l. There is
increasing evidence that the composition of the intestinal microbiota plays a crucial role in the pathogenesis of
ulcerative colitis, with specific bacteria exert either pro-inflammatory or anti-inflammatory effects that
influence intestinal inflammatory responses*®*’l. In experimental models, DSS-induced colitis is

characterized by gut microbiota dysbiosis, marked by reduced probiotic abundance and increased pathogenic
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41,421 Our findings corroborate these observations, demonstrating that DSS treatment

bacterial populations!
significantly diminished gut microbial diversity in mice. Although BAR intervention did not significantly
alter a-diversity, it induced substantial alterations in the microbial community composition and structure.

At the phylum level, Firmicutes and Bacteroidetes represent two dominant bacterial groups in the
gastrointestinal tract, with their relative abundance serving as a critical biomarker of intestinal homeostasis!**!.
This alteration in the ratio of Firmicutes and Bacteroidetes is associated with intestinal microenvironment
imbalance. Among them, the increased level of Firmicutes was associated with metabolic disorders, while the
increased level of Bacteroidetes was associated with IBD!*4. Notably, a clinical study reported that increased
Firmicutes abundance was observed following fecal microbiota transplantation in UC patients!*]. It suggests
the protective role of Firmicutes in gut health. Conversely, Proteobacteria (a phylum encompassing multiple
pathogens, e.g., Escherichia coli, Salmonella, Vibrio cholerae, and Helicobacter pylori) are recognized as
microbial dysbiosis markers when elevated®). The gut microbiota of UC patients frequently exhibit

t147]. This trend in gut microbiota changes was replicated in DSS-induced mice!*3].

Proteobacteria enrichmen
DSS administration significantly reduced Firmicutes abundance while increasing Bacteroidetes and
Proteobacteria proportions. BAR treatment effectively counteracted these dysbiosis-related alterations.
Beyond these phylum-level alterations, BAR also restored diminished Verrucomicrobiota and
Desulfobacterota populations, further underscoring its regulatory role in intestinal homeostasis. At the genus
level, Akkermansia (the sole known gut-resident genus within Verrucomicrobiota) showed the reduced
abundance in DSS-treated mice, aligning with observations in IBD and metabolic disorder patients!*’),
Akkermansia contributes to mucosal integrity by enhancing tight junction protein expression and modulating
adaptive immunity®"). BAR intervention reversed DSS-induced depletion of Akkermansia and also attenuated
the colitis-associated proliferation of commensal Bacteroides. This was consistent with previous reports on
their environment-dependent role in intestinal inflammation.

The role of gut microbiota and their metabolites in regulating inflammation is not limited to the gut, but
extends to the metabolic homeostasis of the host?”). Our study identified the dysfunction of metabolic
homeostasis in DSS-induced UC. The results showed that the endogenous metabolites in UC mice were
abnormally changed, and the lipid metabolism-related linoleic acid metabolism, glycerophospholipid
metabolism, arachidonic acid metabolism pathways were impaired. Lipids play a crucial role in energy
reserve and metabolic supply within the organism. Excessive oxidized lipids in the gut may induce damage to
the intestinal epithelial tissue®!!. A number of studies have reported that lipid metabolism was impaired in UC
patients, which was further confirmed by IBD animal models. In the linoleic acid metabolic pathway,
9-HpODE is a product of the peroxidation of linoleic acid and is also regarded as one of the biomarkers of
oxidative stress in vivo>?l, In this study, BAR was found to down-regulate 9-HpODE. Arachidonic acid is a
polyunsaturated fatty acid found mainly in the form of phospholipids in cell membranes. Under cellular stress
conditions, phospholipase A2 and phospholipase C release arachidonic acid as free arachidonic acid from

phospholipids. The arachidonic acid metabolic pathway is subsequently activated by many enzymes and
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inflammatory mediators, leading to systemic inflammation in the host®?]. Arachidonic acid can be
metabolized to theomboxanel through the cyclooxygenase pathway. Theomboxanel is a prothrombotic,
chemically unstable prostaglandin compound that has been shown to promote inflammatory responses in
UCPH4., In this study, BAR was found to significantly down-regulate thromboxane.

Metabolites of the gut microbiota traverse through the intestinal barrier and enter the blood, thereby
influencing circulating metabolite profiles™®!. These serum metabolites play a crucial role in modulating
proinflammatory cytokine expression and can impact intestinal inflammatory responses via systemic

pathways[>®!

. Notably, specific serum metabolites have the potential to be biomarkers of gut health.
Consequently, monitoring these metabolites can provide insights into host gut health. Therefore, the current
study conducted a correlation analysis of the composition of the gut microbiota and the serum metabolomics
profile in the DSS-induced mice. Paracteroides, Parutterella, Bacteroides, Escherichia-Shigella were
negatively correlated with PC(18:0/20:55Z,8Z,1Z,14Z,17Z7)). At the same time, it was positively correlated
with 9-hpode, thromboxane and PE-NMe2. The present study was mainly conducted to find the relationship
between harmful bacteria and pro-inflammatory lipid mediators. In contrast, beneficial genera such as
Akkermanisa, Colidextribacter, norank [ Lachnospiraceae did not showe significant correlations with these
inflammatory metabolites. It suggests that the modulation of inflammatory responses mediated by the gut
microbiota may involve the biosynthesis of specific bioactive metabolites. Given the complexity and diversity
of the intestinal microbiota ecosystem, its impact on inflammation may involve multiple bacterial species and

[57] However, further verification is needed by using fecal microbiota transplantation and

metabolic pathways
antibiotic depletion of gut microbiota. In particular, it is to determine the correlation between intestinal
microbial metabolites and metabolites in the serum, and to identify which metabolites can also regulate the
MAPK/NF-«B signaling, thereby inhibiting the expressions of inflammatory factor genes. Only after this
series of research work is completed can we have a chance to know the full picture of the molecular
mechanism of BAR in inhibiting colitis. It should be noted that this study was conducted in a mouse model, so
whether the results apply to humans still need further verification.

Under adverse external stimuli, the body will activate a variety of immune cells to play an automatic
defense function and secrete various inflammatory mediators!®®l. This process underpins the pathogenesis of
inflammation. RAW246.7 is a commonly used cell model in inflammation research. In vitro, it can better
demonstrate the characteristics of immune cells’®”. LPS can activate the RAW246.7 internal signaling
pathway through the receptor on the cell membrane!®”. This allowed the expression of specific genes and
induced the secretion of inflammatory cytokines or chemokines. As a major member of the
pathogen-associated molecular pattern, LPS causes cytotoxic inflammatory responses mainly through
producing ROS and NOI®Y, We chosed LPS-induced RAW264.7 as an inflammation model in vitro and
determined that BAR did not affect the cell activity of RAW264.7. MAPK signaling pathway is important to

regulate the expression of a variety of inflammatory factors!®?. The most central regulatory genes in the

MAPK cascade are p38, ERK1/2 and JNK. These kinases are activated by upstream signaling pathways to
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produce responses, thereby affecting the activity of downstream transcription factors and up-regulating the

s3] Among them, p38 is involved in the production of COX-2 and other

expression of inflammatory factor:
inflammation-related substances/®*. When inflammation occurs, p38 phosphorylation levels in lesional tissue
increase significantly. JNK can induce the phosphorylation of c-Jun N-terminal residues and activate it to
nuclear transfer, thereby regulating inflammatory factors and participating in inflammatory response!®> 1, In
colitis, the phosphorylation of ERK leads to functional impairment of the colonic mucosa and reduces
intestinal water/sodium absorption'®”!. In vitro, we demonstrated that BAR treatment improved DSS-induced
activation of MAPK signaling in gut tissues. The relationship between NF-kB and inflammation has been an
important research direction. Study have shown that MAPKs can activate NF-kB and regulate the expression

of inflammatory cytokines[®®!.

In the D-galactose-induced mice, BAR treatment could improve
D-galactose-induced oxidative stress, cognitive dysfunction and inflammation by mediating MAPK and
NF-«B signaling pathways!®’!. In this study, BAR demonstrated significant inhibition of LPS-induced MAPK
pathway activation, as indicated by decreased phosphorylation of p38, JNK, and ERK1/2 (P < 0.01).
Concurrently, BAR suppressed NF-kB transcriptional activity by 58%, leading to concomitant
downregulation of pro-inflammatory mediators at both mRNA and protein levels (QPCR and Western Blot
validation). These mechanistic findings were further corroborated in vivo through immunohistochemical and

ELISA analyses.

5. Conclusion

The present study demonstrated that BAR significantly prevented DSS-induced colitis in mice. BAR
effectively alleviated UC by inhibiting inflammatory factors, reducing oxidative stress damage, and
improving intestinal barrier function. Combined analysis of gut microbiota and serum metabolism indicated
that BAR could ameliorate UC through regulation of gut microbiota and associated metabolites in mice. In
vitro, the experiments showed that BAR inhibited phosphorylation of the MAPK cascade and reduced
transcriptional activity of NF-kB, leading to decreased expression of inflammatory factors in immune cells.
The potential mechanism of BAR alleviating colitis is shown in Figure 13. These findings provide a
theoretical basis for further development of Aloe vera as a functional food ingredient and enhance the
utilization potential of BAR. For human dietary applications, these results may guide scientifically sound
nutritional strategies. However, several unresolved issues remain: The safety profile and dose-response
relationship of BAR require clarification. Additional studies focusing on targeted metabolomics of short-chain
fatty acids in gut contents are needed to better understand the relationship between gut microbiota-derived
metabolites and UC. Addressing these questions will significantly advance the practical applications of Aloe
vera and BAR.
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