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Miniature rose alleviates
iInflammatory bowel disease in
mice by modulating gut
microbiota, inhibiting TLR4,
enhancing tight junction proteins,
and promoting metabolism

Jiaying Wu'?" and Xuwen Mao®?*!

ICollege of Pharmacy, Urumgi, China, Xinjiang Key Laboratory of Biopharmaceuticals and Medical
Devices, Xinjiang Medical University, Urumqi, China

Introduction: Inflammatory bowel disease (IBD) is a chronic, relapsing
inflammatory disorder of the gastrointestinal tract. Its pathogenesis is complex
and not fully understood, so it remains incurable. Traditional Chinese medicine
(TCM) attracts attention as a potential option. It offers multi-target actions. This
study investigated the protective effects of an aqueous extract of Miniature Rose
(MR), a medicinal plant from Xinjiang, in a dextran sulfate sodium (DSS)-induced
murine model of IBD. We focused on gut microbiota, intestinal barrier integrity,
and metabolic homeostasis.

Methods: IBD was induced in mice by DSS, followed by intervention with
different doses of aqueous MR extract. A multi-faceted approach incorporating
16S rRNA sequencing, non-targeted metabolomics, immunohistochemistry, and
ELISA was used to evaluate the effects of MR on gut microbiota composition,
fecal metabolic profiles, intestinal barrier protein expression, and the expression
of the inflammatory proteins TLR4 and TLRO.

Results: Treatment with aqueous MR extract markedly alleviated DSS-induced
colitis. MR improved intestinal barrier integrity by upregulating the tight junction
proteins Occludin (OCC) and Zonula Occludens-1 (ZO-1), while concurrently
downregulating TLR4 and TLR9. MR administration also markedly modulated
the gut microbiota, increasing the relative abundance of beneficial genera
(Bacteroides and Alloprevotella) and decreasing the abundance of the pathobiont
Erysipelatoclostridium. In addition, MR mitigated the metabolic dysregulation
observed in DSS-induced colitis.

Conclusion: MR ameliorates DSS-induced colitis through a multifaceted
mechanism that involves coordinated regulation of the gut microbiota,
restoration of the intestinal barrier, inhibition of inflammatory protein expression,
and correction of metabolic dysregulation. These findings highlight the potential
of MR as a multi-target therapeutic candidate and provide an experimental basis
for its further preclinical and clinical evaluation in IBD.
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1 Introduction

Inflammatory bowel disease (IBD) is a chronic disorder of the
gastrointestinal tract, including ulcerative colitis (UC) and crohn’s
disease (CD) (Flynn and Eisenstein, 2019). Typical clinical
manifestations include abdominal pain, diarrhea, and hematochezia.
The global prevalence of IBD is increasing, particularly in western
countries and in newly industrialized regions (Windsor and Kaplan,
2019). The etiology of IBD remains incompletely understood, and
current therapeutic strategies are often limited by the development of
immunological tolerance and adverse side effects. Consequently, a
definitive cure remains elusive.

Traditional Chinese medicine (TCM) and its active ingredients
are increasingly recognized as potential therapies for IBD (Muro et al.,
2025). This study focuses on Miniature Rose (MR), a characteristic
medicinal plant of the Rosaceae family found in southern Xinjiang.
The essential oil of MR is notably enriched in specific components; its
citronellol content is 5.6-fold higher and its geraniol content is 124.9-
fold higher than that of French rose. MR has been used to promote
intestinal peristalsis and inhibit inflammation (Hegde et al., 2022).
LC-TOF-MS/MS analysis has identified 34 active components in MR,
including flavonoids (lignanoside, chrysin, quercetin dihydrate),
phenolic acids (gallic acid, ellagic acid), organic acids (citric acid,
linoleic acid), and triterpenes (ivy saponins, goose deoxycholic
acid), as well as other polyphenols such as di-O-galloyl-
hexahydroxydiphenoyl-glucosid. Previous studies have indicated that
inhibition of the TLR2 and NF-xB signaling pathways contributes to
the anti-inflammatory properties of lignans (Wang et al., 2018; Zuo et
al,, 2021). In addition, gallic acid can be metabolized into intestinal
amination products that reduce the formation of harmful ammonia,
thereby ameliorating colitis associated with gut dysbiosis (Peng et
al., 2024).

The intestinal flora are essential for host physiological functions,
playing a crucial role in maintaining immune homeostasis and
producing beneficial metabolites. In patients with IBD, this ecological
balance is disrupted—known as dysbiosis—and is characterized by
reduced microbial diversity and an overgrowth of pathogenic
microorganisms. Marked alterations in the metabolic profile of the gut
microbiota also accompany IBD progression. These metabolites,
including lipids, amino acids, small peptides, nucleic acids, and
organic acids, exert important regulatory effects on host immunity
and metabolism (Fan and Pedersen, 2021; Adolph and Zhang, 2022).
Gut dysbiosis is now recognized as a key factor in the pathogenesis of
IBD (Hu et al., 2022; Li et al.,, 2015; Lin et al., 2023). In IBD, the
combination of microbial and metabolic dysregulation exacerbates
intestinal barrier damage by disrupting tight junction proteins and
reducing the secretion of antimicrobial peptides, thereby triggering an
aberrant intestinal immune and inflammatory response (Cai et al.,
2022; Gubatan et al., 2021; Liu et al., 2022). This inflammatory
response further aggravates gut dysbiosis, creating a vicious cycle that
perpetuates the chronic inflammatory state characteristic of IBD
(Weingarden and Vaughn, 2017; Al Bander et al., 2020). Therefore, a
thorough investigation of the intricate relationships among gut
microbiota, host immunity, and metabolism is crucial for elucidating
the pathogenesis of IBD and for developing effective
therapeutic strategies.

Therefore, we hypothesized that MR alleviates IBD by modulating
gut microbiota composition through the synergistic actions of its
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multiple active ingredients, thereby correcting metabolic imbalances
and exerting anti-inflammatory effects. To elucidate the potential
therapeutic mechanisms of MR in IBD, this study utilized 16S rRNA
sequencing and non-targeted metabolomics to investigate
MR-induced alterations in the gut microbiota and to analyze their
correlations with fecal metabolites, TLRs, and tight junction proteins.
This work aimed to explore the mechanisms of MR in the context of
IBD development, thereby providing experimental evidence to
support its potential clinical application and to aid in the identification

of novel therapeutic targets.

2 Materials and methods
2.1 Drugs and reagents

MR is defined as the dried flower buds of the branchlet rose,
which is the purple-red double-flowered form (Rosarugosa f.plena
Byhouwer) of the rose species in the family Rosaceae (Rosarugosa
Thunb.). MR crude material was purchased from Xingikang
Pharmaceutical Co., Ltd. (Urumgqji, Xinjiang, China). The extract was
prepared from this single rose cultivar and did not contain a mixture
of different Rosa species. The dried material was ground to a powder
in our laboratory and used to prepare the aqueous MR extract. For the
preparation of the aqueous extract, MR powder was soaked in water
for 30 min and then reflux-extracted at 80 °C. This extraction process
was repeated three times. The collected extracts were pooled and
concentrated to obtain a stock solution equivalent to 1 g/mL crude
drug. For experimental use, this stock solution was diluted with water
to the required concentrations. Gallic acid and chrysin were identified
as the primary components in the aqueous MR extract.

The following primary polyclonal antibodies (pAb) were
purchased: anti-ZO-1 and anti-OCC (Thermo Fisher Scientific), anti-
TLR4 (Novus Biologicals), and anti-TLR9 (Bioss Antibodies). Dextran
sulfate sodium (DSS) was obtained from Macklin (Shanghai, China),
and dexamethasone (DEX) was obtained from Shanghai Yuanye
Biotechnology Co., Ltd. (Shanghai, China).

2.2 Animal husbandry and ethical
statement

Sixty male C57BL/6] mice, 6-8 weeks of age and weighing
20-24 g, were obtained from the Animal Experimentation Center of
Xinjiang Medical University (Xinjiang, China). The animals were
acclimated for 1 week under controlled environmental conditions,
including 21 + 2 °C, 40-45% relative humidity, and a 12 h light/
dark cycle.

2.3 IBD model induction and treatment
protocol

Mice were randomly divided into six groups: Control group, DSS
group, DEX (0.4 mg/kg) group, MR-L (25 mg/kg) group, MR-M
(50 mg/kg) group, and MR-H (100 mg/kg) group. IBD was induced in
all groups except the Control group. To induce the IBD model, mice
were given free access to a 3% DSS solution for 10 consecutive days.
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Changes in body weight and fecal characteristics were observed and
recorded daily to monitor disease progression and confirm successful
model induction. The Control group and DSS group received a daily
intragastric administration of 0.2 mL sterile water. The DEX group
received daily intraperitoneal injections of dexamethasone (0.2 mL).
The MR-L, MR-M, and MR-H groups were administered 0.2 mL/10 g
of MR dry extract solution intragastrically. On day 11, the mice were
anesthetized intraperitoneally ~with pentobarbital sodium
(100-150 mg/kg) and subsequently sacrificed. The length and weight
of the colon were measured. One portion of the colon tissue was fixed
in polyformaldehyde, and the remaining portion was preserved at
—80 °C. Fresh fecal samples were also collected and stored at
—80 °C. The severity of colitis in each group was evaluated by
monitoring changes in body weight, fecal characteristics, and bleeding,
and by calculating the disease activity index (DAI) score (Pan et

al.,, 2025).

2.4 Intestinal permeability assay

Following the final treatment, mice were deprived of food and
water for 4h. Subsequently, all mice received fluorescein
isothiocyanate-dextran (FITC-DEX; 1 mg/mL) via oral gavage. Three
hours after gavage, blood samples were collected from the retro-
orbital sinus into heparinized tubes. Plasma was obtained by
centrifuging the samples for 15 min, and the supernatant was
collected. The fluorescence intensity of FITC-DEX in plasma was
quantified using a spectrophotometer (excitation at 490 nm), and the
corresponding concentration was used to assess intestinal permeability.

2.5 Histological analysis

Formalin-fixed colon tissues were processed, embedded in
paraffin, and sectioned into 5-pm-thick slices. The sections were
stained with hematoxylin and eosin (H&E) and examined under a
light microscope to evaluate histological alterations in the
colonic tissue.

2.6 ELISA assay

The serum levels of TNF-a, IL-6, CXCL-1, and MPO were
measured using commercially available ELISA kits (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China), according to the
manufacturer’s instructions.

2.7 Immunohistochemistry

Colon tissue sections were dewaxed and rehydrated through a
graded ethanol series, followed by antigen retrieval and rinsing with
phosphate-buffered saline (PBS). The sections were blocked with
10% goat serum and subsequently incubated with primary antibodies
at 4°C overnight and then with secondary antibodies at
37°C for
3,3’-diaminobenzidine (DAB) as the chromogen, followed by

30 min. Immunostaining was performed using

counterstaining with hematoxylin, dehydration, and mounting. The
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expression levels of TLR4, TLR9, OCC, and ZO-1 proteins were
examined microscopically, and representative images were captured.
Image processing was conducted using Image] software, with all
groups subjected to identical standardized protocols. To quantify
specific staining, the H-DAB deconvolution method was applied to
separate DAB (positive signal) from hematoxylin. For each group,
the DAB channel was analyzed using a consistent threshold setting.
The ratio of integrated optical density (IntDen) to DAB-positive area
(Area) was calculated as the primary metric of protein expression.
Data were normalized relative to the control group, and eight
randomly selected fields of view were analyzed per tissue section
from each mouse.

2.8 Fecal microbial DNA extraction

Microbial DNA was isolated from fecal samples using the
cetyltrimethylammonium bromide (CTAB) technique (Zhang et al.,
2024). The concentration and purity of the extracted DNA were
evaluated using a UV spectrophotometer. The purified DNA was then
used as a template for PCR amplification of the 16S rRNA gene for
subsequent high-throughput sequencing.

2.9 lllumina sequencing

The V3-V4 region of the 16S rRNA gene was sequenced using
the Ilumina MiSeq platform (PE 2 x 250 bp). Paired-end
sequencing data were acquired, and adapter and barcode sequences
were estimate. Following splicing and quality filtration, the
DADA?2 algorithm was employed using qiime dada2 denoise-
paired for length filtration and denoising, producing ASV feature
sequences and relative abundance tables. The ASV sequence file
was annotated using the SILVA database (Release 138, https://
www.arb-silva.de/documentation/release138/) and the NT-16S
database, with a confidence level of 0.7 applied for taxonomy
classification.

2.10 Bioinformatic analysis

Alpha diversity (a-diversity) within each sample was evaluated
using multiple indices, including observed species, Shannon index,
Simpson index, Chaol, Good’s coverage, and Pielou’s evenness.
Microbial community composition at different taxonomic levels was
visualized using percentage-stacked bar plots generated with the
Wekemo Bioincloud platform (Gao et al., 2024). LEfSe was used to
identify differentially abundant microbial taxa that could serve as
potential biomarkers distinguishing the experimental groups. The
relationships between key gut microbiota and host parameters were
analyzed, and the results were displayed as correlation heatmaps using
Wekemo Bioincloud and Canoco 5 software (Gao et al., 2024).
Additional correlation heatmaps were generated using the online
platform at www.bioinformatics.com.cn (Tang et al., 2023). Multi-
group comparisons for general statistical analysis of non-microbiota
data were conducted using the Kruskal-Wallis test, and Fisher’s exact
test was applied to categorical data where appropriate. A p-value<0.05
was considered statistically significant.
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2.11 Untargeted metabolomic analysis

Sample preparation: Metabolites were extracted from 100 mg fecal
samples by adding 1 mL of methanol-water (4:1, v/v). The mixture
was sonicated for 10 min and then centrifuged at 3,000 rpm for
15 min at 4 °C. The resulting supernatant was collected for UPLC-
ESI-MS/MS analysis.

UPLC-ESI-MS/MS analysis: Chromatographic separation was
performed on a UPLC system using an Acquity UPLC® HSS T3
column (2.1 x 100 mm, 1.8 pm; Waters, Milford, MA, USA). The
system operated with a column temperature of 40 °C, a flow rate of
0.3 mL/min, and an injection volume of 1 pL. The mobile phases
consisted of (A) 0.1% formic acid in water and (B) 0.1% formic acid
in acetonitrile. The gradient elution program was as follows: 0-2 min,
0% B; 2—-6 min, linear increase from 0 to 48% B; 6-10 min, linear
increase from 48 to 100% B; 10-12 min, hold at 100% B; 12-12.1 min,
linear decrease from 100 to 0% B; 12.1-15 min, hold at 0% B for
re-equilibration. Raw data were processed using MS-DIAL software
(MSDIAL ver. 4.9.221218, Windows x64) for peak alignment,
retention time correction, and peak area extraction.

Mass spectrometry was conducted using a mass spectrometer
with an electrospray ionization (ESI) source operating in both positive
(ESI") and negative (ESI™) ion full-scan modes. The principal source
parameters were as follows: ion spray voltage, 5,500 V; source
temperature, 550 °C; curtain gas pressure, 241 kPa; collision
gas, medium.

2.12 Statistical analysis

Statistical analyses were conducted using GraphPad Prism version
9. All continuous data are expressed as the mean + standard error of
the mean. Comparisons between two groups for normally distributed
data were performed using an unpaired Student’s ¢-test. One-way
analysis of variance (ANOVA) was used for comparisons among three
or more groups, followed by Tukey’s post-hoc test. A two-way ANOVA
with Bonferroni’s post-hoc test was used to assess the effects of two
independent variables on a measured outcome. The nonparametric
Kruskal-Wallis test was used to compare multiple groups when the
data did not follow a normal distribution. A p-value below 0.05 was
deemed statistically significant. Figures were produced using the
same software.

3 Results

3.1 MR alleviates DSS-caused colitis in mice
models

Compared with the Control group, DSS-treated mice exhibited
typical features of colitis, including a significant decrease in body
weight (p < 0.05 or p < 0.001), significant increases in DAI (p < 0.001),
FITC-DEX levels (p < 0.001), and colon weight (p < 0.001), as well as
a significant shortening of colon length (p < 0.01). Relative to the DSS
group, MR treatment attenuated these changes, with the most
significant effect observed in the MR-H group (p < 0.05 or p < 0.001).
For all these parameters, the MR-H group showed no significant
differences compared with the DEX group (Figures 1A-E). H&E
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staining showed that, compared with the Control group, the DSS
group displayed disrupted crypt architecture, mucosal loss, and
extensive inflammatory cell infiltration. In contrast, all MR-treated
groups exhibited partial restoration of crypt structure, more orderly
mucosal arrangement, and reduced inflammatory cell infiltration
relative to the DSS group. Compared with the DEX group, mucosal
tissue in the MR-L and MR-M groups showed only partial recovery,
whereas the MR-H group exhibited more regularly arranged mucosa
and Dbetter crypt
pro-inflammatory cytokines revealed that serum levels of TNF-«
(p<0.001), IL-6 (p<0.001), MPO (p<0.001), and CXCL-1
(p < 0.001) were significantly higher in the DSS group than in the
Control group. MR-H treatment significantly reduced the levels of

restoration (Figure 1F). Assessment of

these pro-inflammatory factors compared with the DSS group
(p <0.05 or p<0.01). Relative to the DEX group, the MR-L and
MR-M groups showed weaker reductions in these cytokines, whereas
the anti-inflammatory effect of the MR-H group did not differ
significantly from that of the DEX group (Figure 1G). Overall, these
results indicate that MR effectively alleviated inflammatory symptoms
and improved pathological manifestations in DSS-induced colitis,
with the MR-H group showing the most pronounced therapeutic
effect, comparable to that of the DEX group.

3.2 MR modulates toll-like receptor
expression and enhances intestinal barrier
integrity

TLR4 and TLR9 were primarily distributed in the cell
membranes and cytoplasm of colonic mucosal tissues, where their
expression levels correlated with the tissue’s inflammatory state.
Whereas OCC and ZO-1 were mainly localized to the cell
membranes, appearing as diffuse yellow granules, these proteins are
critical for maintaining intercellular barrier function and cell
polarity (Figures 2A-D). Quantitative analysis showed that the DSS
group had significantly higher expression levels of TLR4 and TLR9
(p <0.001) and significantly lower levels of OCC and ZO-1
(p < 0.001) than the Control group (Figures 2E-H). Following MR
treatment, the MR-H group markedly reversed these changes, with
significantly reduced TLR4 and TLR9 (p < 0.001) expression and
significantly increased OCC and ZO-1 (p <0.001) expression
compared with the DSS group. Compared with the DEX group, the
MR-L and MR-M groups showed weaker inhibition of TLR4 and
TLRY and less recovery of OCC and ZO-1, whereas the MR-H group
exhibited lower TLR4 and TLR9 expression and more fully restored
OCC and ZO-1 expression than the DEX group. These results
indicate that MR inhibited the expression of the pro-inflammatory
pathway proteins TLR4 and TLRY, increased the expression of tight
junction proteins, and thereby helped maintain intestinal mucosal
barrier function in IBD mice.

3.3 MR modulates gut microbiota dysbiosis
and restores microbial diversity

The rarefaction (dilution) curves for all groups tended to level

off, indicating that the sequencing depth was sufficient to capture
the vast majority of species present in the samples (Figures 3A,B).
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FIGURE 1

MR mitigates DSS-induced colitis in mice. (A) Changes in body weight over time in each group during the experimental period. (B) Disease activity
index (DAI) scores recorded daily. (C) Intestinal permeability assessed by the plasma concentration of FITC-dextran (FITC-DEX). (D) Colon weight €
Colon length at sacrifice. (F) Representative H&E-stained colon sections from each group (scale bar = 100 pm). (G) Serum concentrations of TNF-a,
IL-6, CXCL-1 and MPO measured by ELISA. #P < 0.01, ##P < 0.05, ###P < 0.001 vs Control, *P < 0.01, **P < 0.05, ***P < 0.001 vs DSS. Mean + SEM is
used to express the data.
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MR modulates TLR expression and enhances intestinal barrier integrity in DSS-induced colitis. A-D Representative immunohistochemical staining of
colonic sections showing TLR4 (A), TLR9 (B), OCC (C), and ZO-1 (D) in the Control, DSS, DEX, MR-L, MR-M, and MR-H groups (scale bar = 20 ym).

(E-H) Quantitative analysis of average optical density (AOD) for TLR4 (E), TLRO (F), OCC (G). and ZO-1 (H). ### P < 0.001 vs Control, ***P < 0.001 vs
DSS. Mean + SEM is used to express the data.
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Venn diagram analysis showed that the total number of ASVs in the
DSS group decreased sharply to 313 compared with the Control
group, whereas both MR-H and DEX treatment increased ASV
richness to 401 and 557, respectively (Figure 3C). Rank-abundance
analysis further confirmed that both MR-H and DEX enhanced
species richness, with comparable effects (Figure 3D). a-Diversity
analysis revealed that, relative to the Control group, the DSS group
showed significantly reduced Shannon (p <0.01), Simpson
(p <0.05), and observed-species (p <0.05) indices, with a
decreasing trend in the Chaol index. Compared with the DSS
group, these diversity indices increased after MR-H treatment and
reached levels similar to those observed in the DEX group

10.3389/fmicb.2025.1721294

(Figures 3E-H). These results indicate that MR treatment can help
restore the overall diversity and richness of the intestinal microbiota
in IBD mice.

3.4 MR rebalances the gut microbiota
composition at the phylum level

A total of 24 phyla, 62 classes, 128 orders, 222 families, 509 genera,
and 723 species were identified across all samples. Firmicutes and
Bacteroidota were the predominant phyla in all experimental groups.
Marked dysbiosis was observed in the DSS group compared with the
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FIGURE 3

MR modulates intestinal microbiota diversity and richness in DSS-induced colitis. (A) Chaol rarefaction curves showing sequencing depth and species
richness for each group. (B) Pielou’ s evenness rarefaction curves. (C) Venn diagram illustrating the numbers of shared and unique ASVs among the
four groups. (D) Rank-abundance curves depicting the relative abundance distribution of microbial taxa. (E) Shannon diversity index violin plots.

(F) Simpson diversity index violin plots. (G) Observed species richness violin plots. (H) Chaol diversity index violin plots. #P < 0.01, ##P < 0.05 vs
Control. Data are presented as mean + SEM. In panels A-D, groups A, B, C and E correspond to the Control, DSS, DEX and MR-H groups, respectively.
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Control group, with the relative abundance of Firmicutes increasing from
77.72 10 93.06% and that of Bacteroidota decreasing from 9.91 to 0.96%.
MR-H and DEX treatment partially counteracted this DSS-induced
shift, with Firmicutes and Bacteroidota restored to 79.18 and 15.33%,
respectively, values close to those of the Control group (Figure 4A).

At the genus level, Ligilactobacillus, Lactobacillus, Bacteroides,
Alloprevotella, and Erysipelatoclostridium were the predominant
genera across the Control, DSS, DEX, and MR-H groups. Clear
alterations in gut microbiota composition were observed when

10.3389/fmicb.2025.1721294

comparing the DSS and Control groups (Figure 4B). Genus-level
differential analysis showed that, compared with the Control group,
the relative abundances of 11 genera (p <0.05), including
Bacteroides and Alloprevotella, were significantly decreased in the
DSS group, whereas the relative abundance of Erysipelatoclostridium
(p <0.05) was significantly increased, specifically, the relative
abundance of Erysipelatoclostridium in the DSS group increased by
0.15 times, while the relative abundances of Lactobacillus,
Bacteroides and Alloprevotella decreased by 0.95, 7.48 and 69 times,

FIGURE 4
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respectively. Compared with the DSS group, the abundance of
Bacteroides in the MR-H group recovered to 7.32%, and the
abundance of Alloprevotella recovered to 4.84%. At the same time,
the relative abundance of Erysipelatoclostridium in the MR-H
group decreased to 1.07%, which was lower than that in the DSS
group (Figures 4C,D). These results indicate that MR treatment
promoted the growth of potentially beneficial bacteria in the
intestines of IBD mice, suppressed the proliferation of pathogenic
bacteria, and modulated the overall composition of the
intestinal microbiota.

To identify key bacterial taxa that differentiated the experimental
groups, LEfSe analysis was performed (LDA score>3.0, p < 0.05).
Ligilactobacillus was enriched in the DSS group, whereas Bacteroides
and Alloprevotella were more abundant in the MR-H group
(Figures 5A-D).

3.5 Correlation analysis links key microbial
taxa with host pathophysiological
indicators

To investigate the relationships between microbiota shifts and
host pathophysiology, correlation analysis was performed. At the
phylum level, the relative abundance of Firmicutes showed a significant
positive correlation with indicators of disease severity (DAI, FITC-
DEX, pro-inflammatory factors, TLR4, TLRY; p < 0.001 or p < 0.01 or
p <0.05) and a negative correlation with markers of intestinal health
(body weight, colon length p < 0.05, OCC, ZO-1). In contrast, the
abundance of Bacteroidota exhibited the opposite pattern, significantly
positively correlating with health-related markers (p <0.001 or
p<0.01 or p<0.05) and negatively with disease-related markers
(p < 0.05; Figures 6A,B). A similar trend was observed at the genus
level: the abundance of Erysipelatoclostridium showed a significant
positive correlation with disease indicators (p < 0.01 or p < 0.05),
whereas Bacteroides and Alloprevotella showed a significant positive
correlation with markers of intestinal health and barrier integrity
(p <0.001 or p<0.01 or p<0.05) and negatively correlated with
indicators of inflammation and pathology (p < 0.001 or p < 0.01 or
p <0.05; Figures 6C,D).

Redundancy analysis (RDA) was performed to assess the
associations between the gut microbiota and the measured indicators.
In the RDA ordination plot, arrows of different colors represent
distinct explanatory variables, and the angles between arrows indicate
the degree of correlation: acute angles reflect positive correlations,
obtuse angles reflect negative correlations, and right angles indicate
no correlation. The RDA plot shows that genera such as Bacteroides,
Alloprevotella, and Akkermansia are positively associated with
intestinal health-related indicators, whereas genera such as
Erysipelatoclostridium and Desulfovibrio are positively associated with
inflammatory and pathological indicators (Figures 6E,F). Correlation
analysis also revealed that in the DSS group, indicators of disease
severity and inflammation were positively correlated with the
abundance of Erysipelatoclostridium. Conversely, these pathological
indicators were negatively correlated with indicators of intestinal
health and with the beneficial genera Bacteroides and Alloprevotella.
MR-H treatment altered these adverse correlation patterns
(Figure 6G). These results suggest that MR-H may alleviate IBD
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symptoms by modulating the intestinal microbiota, promoting
intestinal barrier repair, and inhibiting TLR4/TLR9-mediated
inflammation.

3.6 MR reverses DSS-induced fecal
metabolomic dysregulation

Multivariate analysis using orthogonal partial least-squares
discriminant analysis (OPLS-DA) showed a clear separation of fecal
metabolic profiles among the Control, DSS, and MR-H groups. The
DSS group displayed a metabolic profile distinct from that of the
Control group, whereas the MR-H group clustered closer to the
Control group (Figures 7A-C). Univariate analysis, visualized by
volcano plots, further illustrated these shifts. Compared with the
Control group, DSS treatment was associated with widespread
metabolic disturbances, with 374 metabolites (p < 0.05) significantly
downregulated and 250 (p < 0.05) significantly upregulated. Relative
to the DSS group, MR-H treatment was associated with significant
changes in 528 metabolites, including 264 (p < 0.05) that were
(p <0.05) that were upregulated
(Figures 7D,E). Analysis of differential metabolites revealed

downregulated and 264

significant changes in the DSS group compared with the Control
group, specifically, 27 metabolites (p < 0.05), including Corchorifatty
acid B, 3-(phenylamino) alanine, and Micrandrol D, were
significantly downregulated, whereas 3 metabolites (p < 0.05), such
as 4-Hydroxybenzoylcholine and Oboflavanone B, were significantly
upregulated. In contrast, MR-H treatment induced a distinct
metabolic profile compared with the DSS group, with 18 metabolites
(p <0.05), including Phosphatidylcholine, Malkanguniol, and
15-Methylheptadecanoylcarnitine, significantly downregulated and
(p <0.05),
and sphingomyelin (d 18:1/15:0), significantly upregulated
(Figures 7EG).

To further characterize these changes, a UPLC-ESI-MS/MS-based
metabolomics

12 metabolites including N-Methylpelletierine

analysis was performed, and representative
chromatograms for the Control, DSS, and MR-H groups are shown in
Figure 8. Comparative analysis of the top 10 metabolites demonstrated
pronounced alterations in the DSS group relative to the Control group
(Table 1), and MR-H treatment was associated with additional shifts in
the metabolic profile compared with the DSS group (Table 2).
Intersection analysis identified six key differential metabolites common
to all three groups: Sanjoinine G2, Bethanidine, Heptadecanoyl
carnitine, 2-Oxopopulifolic acid, 15-Methylheptadecanoylcarnitine, and
5-Methylheptadecanoylcarnitine (Table 3).

Comapred with DSS group, analysis of specific differential
that MR-H

increased the abundances of Sanjoinine G2, Heptadecanoyl carnitine,

metabolites  showed treatment  significantly
15-Methylheptadecanoylcarnitine, and 5-Methylpentadecanoylcarnitine
(all p < 0.001), while significantly decreasing the levels of Bethanidine
and 2-Oxopopulifolic acid (all p < 0.001; Figures 9A-F). KEGG pathway
analysis indicated that, relative to the Control group, the DSS group
exhibited significantly dysregulation of multiple pathways: pathways
including the Neurotrophin signaling pathway (p < 0.05) and Vitamin
B6 metabolism (p < 0.05) were significantly enriched, whereas pathways
such as Aminoacyl-tRNA biosynthesis (p < 0.05) and protein digestion

(p < 0.05) and absorption (p < 0.05) were depleted. Compared with the
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MR-H groups, respectively.

DSS group, MR-H treatment significantly altered these pathway
changes, with pathways such as Pyrimidine metabolism (p < 0.05) and
Thiamine metabolism (p < 0.05) being downregulated and pathways
including the prion disease (p <0.05) pathway being upregulated
(Figures 9G,H).
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3.7 Key microbial genera strongly correlate
with differentiating metabolites

RDA analysis at the genus level revealed extensive and significant

associations between the gut microbiota and differential
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FIGURE 6 (Continued)

inflammatory indicators. (D) Correlation heatmap of genus-level taxa with TLR4, TLR9, OCC and ZO-1. (E) RDA biplot illustrating the relationships
between genus-level gut microbiota and disease/inflammatory indicators. (F) RDA biplot showing the relationships between genus-level gut
microbiota and TLR4, TLR9, OCC and ZO-1. (G) Clustered heatmap summarizing correlations between representative genera and key clinical,
inflammatory and barrier-related parameters across the Control, DSS, DEX and MR-H groups. In all heatmaps, red indicates positive correlations and
blue indicates negative correlations, asterisks denote statistically significant correlations. *P < 0.05, **P < 0.01, ***P < 0.001.

metabolites. In particular, the genera Bacteroides, Alloprevotella, and
Erysipelatoclostridium showed strong correlations with key differential
metabolites, including Sanjoinine G2, Bethanidine, 2-Oxopopulifolic
acid, and several acylcarnitines (Heptadecanoyl carnitine,
15-Methylheptadecanoylcarnitine, and 5-Methylpentadecanoylcarnitine;

Figure 91 and Table 4).

4 Discussion

4.1 MR ameliorates colitis by modulating
gut microbiota and inhibiting
TLR-mediated inflammation

Our study demonstrates that MR, a traditional Chinese
medicine, effectively ameliorates DSS-induced colitis through a
multifaceted mechanism involving modulation of the gut
microbiota, restoration of the intestinal barrier, suppression of
inflammatory responses, and correction of metabolic
dysregulation (Figure 10). The pivotal role of the gut microbiota
in IBD pathogenesis is well established; dysbiosis can compromise
intestinal barrier integrity and trigger aberrant immune
activation (Chen et al., 2023). Targeting this dysbiosis is therefore
considered a key therapeutic strategy. In this context, we found
that MR treatment markedly remodeled the gut microbiota by
selectively suppressing potentially pathogenic bacteria while
enriching beneficial microbial populations. A key observation
was the expansion of Erysipelatoclostridium in the DSS group,
which is consistent with reports in clinical IBD patients (Qiu et
al., 2017; Nagayama et al., 2020; Sun et al., 2019; Mancabelli et
al., 2017). The abundance of this genus was positively correlated
with colonic TLR4 and TLR9 expression, suggesting a pathogenic
loop in which the proliferation of Erysipelatoclostridium may
increase microbial products that cross the damaged barrier and
activate TLR4 and TLR9 on immune cells (Lin et al., 2025).
Activation of these receptors is known to trigger downstream
signaling pathways, including MyD88/NF-kB, leading to the
release of pro-inflammatory cytokines and promoting neutrophil
infiltration, thereby exacerbating inflammation. In line with this
mechanism, the pro-inflammatory mediators TNF-a, IL-6,
CXCL-1, and MPO were elevated and positively correlated with
Erysipelatoclostridium abundance in our model (Chow et al,,
1999; Poltorak et al., 1998; Chen et al., 2024; Berkowitz et al.,
2013). MR administration appeared to interrupt this cycle by
concurrently reducing Erysipelatoclostridium abundance, TLR4/
TLRY expression, and the levels of these pro-inflammatory
cytokines.

Concomitantly, MR treatment promoted the

proliferation of beneficial bacteria. The relative abundances of

Frontiers in Microbiology

Bacteroides and Alloprevotella, known producers of short-chain
fatty acids (SCFAs), were increased and showed negative
correlations with TLRs and pro-inflammatory factors. SCFAs play
a crucial role in enhancing intestinal barrier function by
promoting the expression of tight junction proteins, particularly
OCC and ZO-1,
immunohistochemistry findings (Macfarlane and Macfarlane,
2012; Jung et al., 2015; Peng et al., 2009).

which is consistent with our

4.2 MR restores intestinal barrier integrity
by upregulating tight junction proteins

The intestinal barrier is crucial for maintaining intestinal
homeostasis and preventing the translocation of detrimental luminal
substances. Its structural integrity is primarily maintained by the
tight junction (T]) complex, which comprises key proteins such as
Claudins, OCC, and ZO. The expression levels of these T] proteins
are a critical determinant of intestinal permeability (Cobo et al.,
2017; Schmitz et al., 1999). Consistent with this principle, our study
showed that DSS-induced colitis was associated with a marked
reduction in OCC and ZO-1 expression, accompanied by increased
intestinal permeability, as indicated by elevated FITC-DEX levels.
This compromised barrier function permits the translocation of
luminal pathogens and toxins, which in turn elicit immune
activation and the release of pro-inflammatory cytokines such as
TNF-a. As reported in the literature, TNF-a can activate myosin
light chain kinase (MLCK), promoting cytoskeletal contraction,
disrupting TJ integrity, and thereby further increasing intestinal
permeability in a vicious cycle (Kishida et al., 2015; Gomaa, 2020;
Ghouri et al., 2020). Our correlation analysis supports this
pathological framework, showing that the abundance of
Erysipelatoclostridium was negatively correlated with OCC and ZO-1
expression, suggesting that this pathogenic genus may impair barrier
function by releasing toxins and inducing pro-inflammatory
responses. In contrast, the beneficial genera Bacteroides and
Alloprevotella were positively correlated with OCC and ZO-1 levels,
likely reflecting their reported role in promoting TJ] protein
expression through metabolic products such as SCFAs (Huo et al,,
2022). Notably, MR treatment effectively counteracted these deficits,
leading to increased OCC and ZO-1 expression and a corresponding
decrease in FITC-DEX permeability. Collectively, these findings
suggest a dual mechanism underlying the therapeutic effects of MR:
it helps restore a healthy intestinal environment by suppressing
and associated while

bacteria inflammation,

simultaneously promoting the upregulation of TJ proteins, thereby

pathogenic

strengthening barrier integrity, reducing permeability, and ultimately
alleviating colitis.
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Untargeted fecal metabolomics analysis in DSS-induced colitis. (A) OPLS-DA score plot showing separation among the Control, DSS and MR-H groups.

(B) OPLS-DA score plot comparing the Control and DSS groups. (C) OPLS-DA score plot comparing the DSS and MR-H groups. (D) Volcano plot of
differential metabolites between the Control and DSS groups, highlighting significantly upregulated and downregulated metabolites. (E) Volcano plot of
differential metabolites between the DSS and MR-H groups. (F) Variable importance in projection (VIP) plot showing key differential metabolites between the
Control and DSS groups. (G) VIP plot showing key differential metabolites between the DSS and MR-H groups. Differential metabolites were defined as those
with VIP>1.0 in the OPLS-DA model and P < 0.05 in univariate analysis; in the volcano plots (D-E), significantly upregulated and downregulated metabolites
(FC>1.5, P < 0.05) are highlighted. In the OPLS-DA score plots A-C, group labels A, B and E correspond to the Control, DSS and MR-H groups, respectively.
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The UPLC-ESI-MS/MS figure. (A) Control group. (B) DSS group (C) MR-H group. Representative UPLC-ESI-MS/MS total ion chromatograms of fecal
metabolites. A Control group. B DSS group. C MR-H group.
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TABLE 1 Differentially expressed metabolites in the control and model group.

Metabolites m/z Trend VIP P
Hynapene A 323.19 DOWN 1.928 0.00000021
beta-Zearalanol 321.17 DOWN 1.954 0.00000010
Corchorifatty acid B 307.19 DOWN 1.967 0.00000001
Glutaminylarginine 301.16 DOWN 1.921 0.00000122
9-Ox0OTrE 291.20 DOWN 1.927 0.00000126
15,16-bisnor-13-o0x0-8 (17),11Elabdadien-19-oic acid 289.18 DOWN 1.966 0.00000001
Micrandrol D 287.17 DOWN 1.964 0.00000002
4-(2-Amino-3-hydroxyphenyl)-2,4-dioxobutanoate 222.04 DOWN 1.947 0.00000155
Vanillin 153.05 DOWN 1.921 0.00000861
2’-Aminoacetophenone 136.08 DOWN 1.935 0.00000015
TABLE 2 Differentially expressed metabolites in the model and MR-H group.
Metabolites m/z Trend VIP p
Phosphatidylcholine 782.57 DOWN 2.139 0.000001
Sphingomyelin 689.56 UP 2.110 0.000003
(13Z)-Eicoseneoylcarnitine 454.39 DOWN 1.893 0.000015
15-Methylheptadecanoylcarnitine 428.37 DOWN 2.114 0.000003
Heptadecanoyl carnitine 414.36 DOWN 0.000 2.104919
5-Methylpentadecanoylcarnitine 400.34 DOWN 2.096 0.000005
Malkanguniol 285.17 DOWN 2.122 0.000001
3-Anilinoalanine 181.10 DOWN 2.065 0.000021
N-Methylpelletierine 156.14 193 2.129 0.000002
Succinic acid 117.02 DOWN 2.076 0.000006

TABLE 3 Differentially expressed metabolites in the control and model and MR.

Metabolites

Sanjoinine G2 117.02 DOWN DOWN 1.15 0.0000003
Bethanidine 178.13 UP Up 0.12 0.0000007
Heptadecanoyl carnitine 414.36 DOWN DOWN 1.63 0.0000015
2-Oxopopulifolic acid 343.22 UpP UP 0.96 0.000002
15-Methylheptadecanoylcarnitine 428.37 DOWN DOWN 1.45 0.0000035
5-Methylpentadecanoylcarnitine 400.34 DOWN DOWN 1.51 0.0000051

4.3 Certain compounds in MR can regulate
the gut microbiota

The intrinsic phytochemical profile of MR is also likely to
contribute to its gut-protective effects. Flavonoids such as quercetin,
kaempferol, and chrysin have been shown to strengthen intestinal
barrier function by upregulating tight junction proteins (ZO-1, OCC)
while concurrently suppressing mucosal inflammation by inhibiting
TLR4/NF-kB signaling (Qu et al.,, 2021; Xiong et al., 2025). These
compounds also reshape the gut microbiota in favor of commensal
taxa (e.g., elevating SCFA-producing Ruminococcaceae and
Prevotellaceae while reducing Proteobacteria), thereby enhancing

Frontiers in Microbiology

short-chain fatty acid production and immune homeostasis (Yao et
al.,, 2025). Tannins and phenolic acids likely complement these effects;
for example, persimmon-derived condensed tannins have been
reported to ameliorate colitis by downregulating macrophage
pro-inflammatory gene expression and suppressing the expansion of
pathogenic Enterobacteriaceae in DSS-treated mice (Kitabatake et al.,
2021). In addition, triterpenoids present in MR (e.g., ursolic acid) may
further contribute to epithelial protection and resolution of
inflammation, as they can activate antioxidant defenses and inhibit
NF-kB-driven cytokine release in colitic tissues (Liu et al., 2016).
Taken together, these MR-derived constituents appear to reinforce the
gut barrier, modulate microbial balance, and attenuate inflammatory
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FIGURE 9

Key differential metabolites and their pathway and microbiota associations. A-F Violin plots showing the relative abundances of six shared differential
metabolites 793 among the Control, DSS and MR-H groups: (A) Sanjoinine G2 (B) Bethanidine (C) Heptadecanoy! carnitine (D) 2-Oxopopulifolic acid
(E) 15-Methylheptadecanoylcarnitine (F) 5-Methylpentadecanoylcarnitine. (G) KEGG pathway enrichment analysis of differential metabolites between
the Control and DSS groups. (H) KEGG pathway enrichment analysis of differential metabolites between the DSS and MR-H groups. (I) RDA biplot
illustrating the relationships between the six key metabolites and the genera Erysipelatoclostridium, Alloprevotella and Bacteroides. *P <0.05,

**P < 0.01, ***P < 0.001. Data are presented as mean + SEM. For the pathway analyses in panels G and H, differential metabolites were defined as those
with a VIP>1.0 in the OPLS-DA model and a P < 0.05 in univariate analysis. Bubble size indicates the number of differential metabolites mapped to each
pathway, and bubble color reflects the differential abundance score. Inpanels A-F, group labels A, B and E correspond to the Control, DSS and MR-H
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TABLE 4 Correlations between gut microbiota and serum metabolites.

10.3389/fmicb.2025.1721294

Phylum Genus Metabolites R P
Sanjoinine G2 0.1967 0.4342
Bethanidine —0.3328 0.1772
Heptadecanoyl carnitine 0.3694 0.1314
Bacteroidota Bacteroides
2-Oxopopulifolic acid —-0.2977 0.2302
15-Methylheptadecanoylcarnitine 0.5563 0.0165
5-Methylpentadecanoylcarnitine 0.2792 0.2618
Sanjoinine G2 0.3429 0.1636
Bethanidine —0.4178 0.0845
Heptadecanoyl carnitine 0.3766 0.1234
Bacteroidota Alloprevotella
2-Oxopopulifolic Acid —0.4198 0.0828
15-Methylheptadecanoylcarnitine 0.5695 0.0136
5-Methylpentadecanoylcarnitine 0.2805 0.2595
Sanjoinine G2 —0.2206 0.3790
Bethanidine 0.02413 0.9243
Heptadecanoyl carnitine —0.01346 0.9577
Firmicutes Erysipelatoclostridium
2-Oxopopulifolic Acid 0.2014 0.4230
15-Methylheptadecanoylcarnitine 0.07404 0.7703
5-Methylpentadecanoylcarnitine 0.03092 0.9031

responses, thereby jointly contributing to the restoration of intestinal
homeostasis in DSS-induced colitis.

4.4 MR reverses metabolic dysregulation by
modulating key fecal metabolites

The gut microbiota modulates intestinal homeostasis in part
through the production of diverse metabolites. Our metabolomics
analysis revealed that MR intervention markedly increased the
levels of Sanjoinine G2 and several acylcarnitines, including
Heptadecanoyl carnitine, 15-Methylheptadecanoylcarnitine, and
5-Methylpentadecanoylcarnitine. These metabolites may contribute to
alleviating IBD through various mechanisms. Sanjoinine G2, a bioactive
alkaloid with sedative properties, may indirectly improve IBD-related
manifestations by mitigating comorbidities such as anxiety and
insomnia (Lund et al., 2024). Acylcarnitines are crucial regulators of
mitochondrial f-oxidation, a key pathway for ATP generation via
oxidative phosphorylation (Giesbertz et al, 2015). Notably, the
abundances of beneficial bacteria such as Bacteroides and Alloprevotella
were positively correlated with the levels of these acylcarnitines and
Sanjoinine G2. Given that colonocyte function is highly dependent on
mitochondrial energy and that these genera can supply additional
energy substrates through the production of SCFAs, these correlations
suggest that MR may help restore intestinal barrier integrity by enriching
short-chain fatty acid-producing bacteria and upregulating metabolites
related to mitochondrial f-oxidation. In contrast, MR treatment led to
a significant reduction in the levels of Bethanidine and 2-Oxopopulifolic
acid. Bethanidine inhibits norepinephrine (NE) release from
sympathetic nerve endings, thereby reducing sympathetic tone. This is
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particularly relevant because dysregulation of sympathetic nerve
activity, with consequent impairment of intestinal microcirculation, has
been implicated in the pathogenesis of IBD-related intestinal ischemia
(Grunz et al., 2023). Although the biological role of 2-Oxopopulifolic
acid remains unclear, its elevation in the DSS model may reflect
increased release of metabolites associated with microbial dysbiosis or
epithelial damage, potentially implicating it in IBD pathogenesis.
Furthermore, both Bethanidine and 2-Oxopopulifolic acid were
positively correlated with the pathobiont Erysipelatoclostridium. Thus,
MR treatment may help protect the intestinal barrier in part by reducing
Bethanidine levels, thereby modulating sympathetic nerve function and
improving intestinal perfusion, whereas the concurrent decrease in
2-Oxopopulifolic acid suggests a potential biomarker whose biological
significance warrants further investigation. Pathway analysis revealed
upregulation of the Neurotrophin signaling pathway in the DSS group.
Activation of this pathway via the p75NTR signaling molecule enhances
the expression of pro-inflammatory factors such as IL-6 through the
TRAF6-IKKo/f axis, a mechanism implicated in chronic inflammatory
diseases (Bandota et al., 2017). This suggests that heightened activity of
this pathway in the DSS group contributed to increased release of
pro-inflammatory mediators and exacerbation of the inflammatory
response. Conversely, MR treatment markedly downregulated pathways,
including those involved in Pyrimidine metabolism. This is consistent
with previous reports showing that dysregulated Pyrimidine metabolism
aggravates intestinal epithelial cell apoptosis and compromises barrier
function in other models of intestinal inflammation (Fu et al., 2022). In
our study, epithelial apoptosis was not directly assessed; therefore, the
observed modulation of Pyrimidine metabolism by MR should be
interpreted as a potential mechanism contributing to intestinal barrier
protection, which requires further experimental validation.
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Schematic illustration of DSS-induced IBD pathogenesis and the possible partial mechanisms of MR in treating IBD. DSS-induced colitis is
characterized by gut microbiota dysbiosis, disruption of the intestinal epithelial barrier (The expression levels of OCC and ZO-1 are downregulated,
increased permeability), activation of TLR4/TLR9 signaling and overproduction of pro-inflammatory cytokines, leading to mucosal injury and IBD-like
symptoms. MR treatment modulates gut microbiota and fecal metabolites, inhibits TLR4/TLR9-mediated inflammatory responses, restores tight
junction proteins and barrier integrity, and thereby attenuates DSS-induced colitis.

4.5 Limitations and future perspectives

This study provides experimental evidence that the traditional
Chinese medicine MR alleviates DSS-induced colitis through a multi-
pronged mechanism involving regulation of the gut microbiota,
correction of metabolic imbalances, and restoration of intestinal
barrier integrity. Despite these promising findings, several limitations
of the present study merit consideration. First, our results are
primarily correlational and do not establish causality between the

Frontiers in Microbiology

observed microbial and metabolic shifts and the therapeutic outcome.
For example, elucidating the precise roles of key metabolites such as
Sanjoinine G2, Bethanidine, and 2-Oxopopulifolic acid will require
future mechanistic studies, including those involving exogenous
supplementation or targeted blockade. Second, regarding innate
immune signaling, we focused on TLR4 and TLR9 as representative
pattern-recognition receptors and did not examine other TLRs, such
as TLR2, which recognizes Gram-positive bacterial components.
Given the predominance of Firmicutes and the changes observed in
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specific beneficial and pathobiont genera in our microbiota data, the
lack of TLR2 (and other TLRs) measurements represents an
additional limitation that should be addressed in future work. Third,
although our pathway analysis implicates the Neurotrophin signaling
and Pyrimidine metabolism pathways in IBD pathogenesis, the
specific molecular targets and regulatory networks remain to be
elucidated.
transcriptomics and proteomics will be necessary to dissect these

Future  multi-omics  approaches integrating
complex mechanisms. Fourth, the long-term stability of MR-induced
microbial alterations and the treatment’s efficacy across different
stages of IBD progression (e.g., induction versus remission) warrant
further investigation. Finally, given that this study was conducted
using an animal model, the applicability of our findings to human

clinical practice requires further investigation.

5 Conclusion

MR attenuates the progression of inflammatory bowel disease
(IBD) by reshaping the intestinal environment. It rebalances the
intestinal microbiota, restores intestinal barrier integrity by
upregulating tight junction proteins, suppresses TLR4/TLR9
expression, and corrects metabolic disturbances. In doing so, MR
helps to interrupt the vicious cycle linking dysbiosis, barrier
dysfunction, and aberrant immunity that perpetuates chronic
intestinal inflammation. This multi-target mode of action may offer
advantages over single-target biological inhibitors. As a traditional
therapeutic agent with a favorable safety profile, MR represents a
promising candidate for the development of safe and effective long-
term treatment strategies for IBD.

Data availability statement

The data presented in this study are publicly available. The data
can be found here: https://www.ncbinlm.nih.gov, accession
PRJNA1373134.

Ethics statement

The animal study was approved by Ethics Committee
of the Laboratory Animal Center of Xinjiang Medical
University (License No. IACUC-20211118-02). The study was
conducted in accordance with the local legislation and institutional
requirements.

Author contributions

JW: Investigation, Writing - original draft, Visualization, Software,
Formal analysis, Data curation, Methodology, Writing — review &

References

Adolph, T. E., and Zhang, J. (2022). Diet fuelling inflammatory bowel diseases:
preclinical and clinical concepts. Gut 71, 2574-2586. doi: 10.1136/gutjnl-2021-
326575

Frontiers in Microbiology

10.3389/fmicb.2025.1721294

editing, Conceptualization. XM: Supervision, Writing — review &
editing, Conceptualization, Investigation, Methodology, Resources,
Validation,
administration, Writing — original draft, Data curation.

Funding acquisition, Formal analysis, Project

Funding

The author(s) declared that financial support was received for this
work and/or its publication. This work was supported by Natural Science
Foundation of Youth Science and Technology Elite Talent
Program, Xinjiang Medical University (XYD2024Q01); Research
projects of universities in Xinjiang Uygur Autonomous Region
(XJEDU2025P054).

Acknowledgments

We would like to express our gratitude to the above funds for
their support. The authors would like to thank Shanghai Bioprofile
Co., Ltd. for providing technical support for UPLC-ESI-MS/
MS metabolomics. We also thank Xinrui Zhang at Shanghai
Bioprofile Technology Company Ltd. for his technical support in
metabonomics.

Conflict of interest

The author(s) declared that this work was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declared that Generative AI was not used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure accuracy,
including review by the authors wherever possible. If you identify any
issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any
product that may be evaluated in this article, or claim that may be
made by its manufacturer, is not guaranteed or endorsed by
the publisher.

Al Bander, Z., Nitert, M. D., Mousa, A., and Naderpoor, N. (2020). The gut microbiota
and inflammation: an overview. Int. J. Environ. Res. Public Health 17:7618. doi: 10.3390/
ijerph17207618

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1721294
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.ncbi.nlm.nih.gov
https://doi.org/10.1136/gutjnl-2021-326575
https://doi.org/10.1136/gutjnl-2021-326575
https://doi.org/10.3390/ijerph17207618
https://doi.org/10.3390/ijerph17207618

Wu and Mao

Bandola, ], Richter, C., Ryser, M., Jamal, A., Ashton, M. P,, von Bonin, M., et al.
(2017). Neurotrophin receptor p75NTR regulates immune function of plasmacytoid
dendritic cells. Front. Immunol. 8:981. doi: 10.3389/fimmu.2017.00981

Berkowitz, D., Peri, R., Lavy, A., and Kessel, A. (2013). Increased toll-like receptor 9
expression by B cells from inflammatory bowel disease patients. Hum. Immunol. 74,
1519-1523. doi: 10.1016/j.humimm.2013.08.285

Cai, J., Sun, L., and Gonzalez, F. J. (2022). Gut microbiota-derived bile acids in
intestinal immunity, inflammation, and tumorigenesis. Cell Host Microbe 30, 289-300.
doi: 10.1016/j.chom.2022.02.004

Chen, L., Zhang, L., Hua, H., Liu, L., Mao, Y., and Wang, R. (2024). Interactions
between toll-like receptors signaling pathway and gut microbiota in host homeostasis.
Immun. Inflamm. Dis. 12:¢1356. doi: 10.1002/iid3.1356

Chen, S., Zhang, Y., Niu, X., Mohyuddin, S. G., Wen, J., Bao, M., et al. (2023).
Corrigendum: coral-derived endophytic fungal product, butyrolactone-I, alleviates LPS
induced intestinal epithelial cell inflammatory response through TLR4/NF-xB and
MAPK signaling pathways: an in vitro and in vivo studies. Front. Nutr. 10:1191154. doi:
10.3389/fnut.2023.1191154

Chow, J. C., Young, D. W,, Golenbock, D. T., Christ, W. J., and Gusovsky, F. (1999).
Toll-like receptor-4 mediates lipopolysaccharide-induced signal transduction. J. Biol.
Chem. 274, 10689-10692. doi: 10.1074/jbc.274.16.10689

Cobo, E. R., Kissoon-Singh, V., Moreau, F, Holani, R., and Chadee, K. (2017). MUC2
mucin and butyrate contribute to the synthesis of the antimicrobial peptide cathelicidin
in response to entamoeba histolytica- and dextran sodium sulfate-induced colitis. Infect.
Immun. 85, €00905-e00916. doi: 10.1128/IA1.00905-16

Fan, Y., and Pedersen, O. (2021). Gut microbiota in human metabolic health and
disease. Nat. Rev. Microbiol. 19, 55-71. doi: 10.1038/s41579-020-0433-9

Flynn, S., and Eisenstein, S. (2019). Inflammatory bowel disease presentation and
diagnosis. Surg. Clin. North Am. 99, 1051-1062. doi: 10.1016/j.5uc.2019.08.001

Fu, L, Liu, H, Chen, W, Hooft, JM, Overland, M, Cai, W, et al 2022;13:981917.
Enhancement of liver mitochondrial complex I and energy metabolism induced by
enteritis: the key role of gut microbiota derived endotoxins. Front. Immunol. doi:
10.3389/fimmu.2022.981917

Gao, Y., Zhang, G., Jiang, S., and Liu, Y. X. (2024). Wekemo bioincloud: a user-friendly
platform for meta-omics data analyses. iMeta 3:e175. doi: 10.1002/imt2.175

Ghouri, Y. A, Tahan, V., and Shen, B. (2020). Secondary causes of inflammatory bowel
diseases. World J. Gastroenterol. 26, 3998-4017. doi: 10.3748/wjg.v26.i28.3998

Giesbertz, P, Ecker, J., Haag, A., Spanier, B., and Daniel, H. (2015). An LC-MS/MS
method to quantify acylcarnitine species including isomeric and odd-numbered forms
in plasma and tissues. J. Lipid Res. 56, 2029-2039. doi: 10.1194/jlr.D061721

Gomaa, E. Z. (2020). Human gut microbiota/microbiome in health and diseases: a
review. Antonie Van Leeuwenhoek 113, 2019-2040. doi: 10.1007/s10482-020-01474-7

Grunz, E. A, Jones, B. W,, Lateef, O. M, Sen, S., Wilkinson, K., Joshi, T., et al. (2023).
Adventitial macrophage accumulation impairs perivascular nerve function in mesenteric
arteries with inflammatory bowel disease. Front. Physiol. 14:1198066. doi: 10.3389/
fphys.2023.1198066

Gubatan, J., Holman, D. R., Puntasecca, C. J., Polevoi, D., Rubin, S. J., and Rogalla, S.
(2021). Antimicrobial peptides and the gut microbiome in inflammatory bowel disease.
World J. Gastroenterol. 27, 7402-7422. doi: 10.3748/wjg.v27.i43.7402

Hegde, A. S., Gupta, S., Sharma, S., Srivatsan, V., and Kumari, P. (2022). Edible rose
flowers: a doorway to gastronomic and nutraceutical research. Food Res. Int. 162:111977.
doi: 10.1016/j.foodres.2022.111977

Hu, Y., Chen, Z.,, Xu, C,, Kan, S., and Chen, D. (2022). Disturbances of the gut
microbiota and microbiota-derived metabolites in inflammatory bowel disease.
Nutrients 14:5140. doi: 10.3390/nu14235140

Huo, J., Wu, Z., Sun, W,, Wang, Z., Wu, J., Huang, M., et al. (2022). Protective effects
of natural polysaccharides on intestinal barrier injury: a review. J. Agric. Food Chem. 70,
711-735. doi: 10.1021/acs.jafc.1c05966

Jung, T. H., Park, J. H,, Jeon, W. M., and Han, K. S. (2015). Butyrate modulates
bacterial adherence on LS174T human colorectal cells by stimulating mucin secretion
and MAPK signaling pathway. Nutr. Res. Pract. 9, 343-349. doi: 10.4162/nrp.2015.9.4.343

Kishida, K., Kohyama, M., Kurashima, Y., Kogure, Y., Wang, J., Hirayasu, K., et al.
(2015). Negative regulation of DSS-induced experimental colitis by PILRa. Int. Immunol.
27, 307-314. doi: 10.1093/intimm/dxv004

Kitabatake, M., Matsumura, Y., Ouji-Sageshima, N., Nishioka, T., Hara, A.,
Kayano, S. I, et al. (2021). Persimmon-derived tannin ameliorates the pathogenesis of
ulcerative colitis in a murine model through inhibition of the inflammatory response
and alteration of microbiota. Sci. Rep. 11:7286. doi: 10.1038/541598-021-86608-1

Li, ], Butcher, J., Mack, D., and Stintzi, A. (2015). Functional impacts of the intestinal
microbiome in the pathogenesis of inflammatory bowel disease. Inflamm. Bowel Dis. 21,
139-153. doi: 10.1097/MIB.0000000000000215

Lin, M., Piao, L., Zhao, Z., Liao, L., Wang, D., Zhang, H., et al. (2025). Therapeutic
potential of Cajanus cajan (L.) Millsp. Leaf extract in modulating gut microbiota and
immune response for the treatment of inflammatory bowel disease. Pharmaceuticals
18:67:9. doi: 10.3390/ph18010067

Frontiers in Microbiology

10.3389/fmicb.2025.1721294

Lin, S., Zhang, X., Zhu, X, Jiao, J., Wu, Y., Li, Y., et al. (2023). Fusobacterium nucleatum
aggravates ulcerative colitis through promoting gut microbiota dysbiosis and
dysmetabolism. J. Periodontol. 94, 405-418. doi: 10.1002/JPER.22-0205

Liu, B, Piao, X., Guo, L., Liu, S., Chai, F, and Gao, L. (2016). Ursolic acid protects
against ulcerative colitis via anti-inflammatory and antioxidant effects in mice. Mol.
Med. Rep. 13, 4779-4785. doi: 10.3892/mmr.2016.5094

Liu, X,, Tong, X., Zou, Y., Lin, X., Zhao, H., Tian, L., et al. (2022). Mendelian
randomization analyses support causal relationships between blood metabolites and the
gut microbiome. Nat. Genet. 54, 52-61. doi: 10.1038/s41588-021-00968-y

Lund, K., Zegers, F. D., Nielsen, J., Brodersen, J. B., Knudsen, T., Kjeldsen, J., et al.
(2024). Inflammatory bowel disease in adults and elderly: the use of selected non-IBD
medication examined in a nationwide cohort study. Inflamm. Bowel Dis. 30, 1965-1973.
doi: 10.1093/ibd/izad244

Macfarlane, G. T., and Macfarlane, S. (2012). Bacteria, colonic fermentation, and
gastrointestinal health. J. AOAC Int. 95, 50-60. doi: 10.5740/jaoacint.sge_macfarlane

Mancabelli, L., Milani, C., Lugli, G. A., Turroni, E, Cocconi, D., van Sinderen, D, et al.
(2017). Identification of universal gut microbial biomarkers of common human
intestinal diseases by meta-analysis. FEMS Microbiol. Ecol. 93:153. doi: 10.1093/
femsec/fix153

Muro, P, Jing, C., Zhao, Z., Jin, T., and Mao, E. (2025). The emerging role of
honeysuckle flower in inflammatory bowel disease. Front. Nutr. 12:1525675. doi:
10.3389/fnut.2-025.1525675

Nagayama, M., Yano, T., Atarashi, K., Tanoue, T., Sekiya, M., Kobayashi, Y., et al.
(2020). TH1 cell-inducing Escherichia coli strain identified from the small intestinal
mucosa of patients with Crohn's disease. Gut Microbes 12:1788898. doi:
10.1080/19490976.2020.1788898

Pan, H., Yang, S., Kulyar, M. E, Ma, H,, Li, K., Zhang, L., et al. (2025). Lactobacillus
fermentum 016 alleviates mice colitis by modulating oxidative stress, gut microbiota, and
microbial metabolism. Nutrients 17:452. doi: 10.3390/nu17030452

Peng, L., Li, Z. R., Green, R. S., Holzman, I. R,, and Lin, J. (2009). Butyrate enhances
the intestinal barrier by facilitating tight junction assembly via activation of AMP-
activated protein kinase in Caco-2 cell monolayers. J. Nutr. 139, 1619-1625. doi:
10.3945/jn.109.104638

Peng, J., Liu, T., Meng, P, Luo, Y., Zhu, S., Wang, Y., et al. (2024). Gallic acid
ameliorates colitis by trapping deleterious metabolite ammonia and improving gut
microbiota dysbiosis. MBio 15:€0275223. doi: 10.1128/mbio.02752-23

Poltorak, A., He, X., Smirnova, L, Liu, M. Y., Van Huffel, C., Du, X,, et al. (1998).
Defective LPS signaling in C3H/HeJ and C57BL/10ScCr mice: mutations in Tlr4 gene.
Science 282, 2085-2088. doi: 10.1126/science.282.5396.2085

Qiu, Z., Yang, H., Rong, L., Ding, W,, Chen, J., and Zhong, L. (2017). Targeted
metagenome based analyses show gut microbial diversity of inflammatory bowel disease
patients. Indian J. Microbiol. 57, 307-315. doi: 10.1007/s12088-017-0652-6

Qu, Y, Li, X., Xu, E, Zhao, S., Wu, X., Wang, Y,, et al. (2021). Kaempferol alleviates
murine experimental colitis by restoring gut microbiota and inhibiting the LPS-TLR4-
NF-xB Axis. Front. Immunol. 12:679897. doi: 10.3389/fimmu.2021.679897

Schmitz, H., Barmeyer, C., Fromm, M., Runkel, N., Foss, H. D., Bentzel, C. J., et al.
(1999). Altered tight junction structure contributes to the impaired epithelial barrier
function in ulcerative colitis. Gastroenterology 116, 301-309. doi: 10.1016/
$0016-5085(99)70126-5

Sun, M., Du, B,, Shi, Y, Lu, Y., Zhou, Y., and Liu, B. (2019). Combined signature of the
fecal microbiome and plasma metabolome in patients with ulcerative colitis. Med. Sci.
Monit. 25, 3303-3315. doi: 10.12659/MSM.916009

Tang, D., Chen, M., Huang, X., Zhang, G., Zeng, L., Zhang, G., et al. (2023). SRplot: a
free online platform for data visualization and graphing. PLoS One 18:€0294236. doi:
10.1371/journal.pone.0294236

Wang, X., Yuan, T, Yin, N., Ma, X., Zhang, Z., Zhu, Z., et al. (2018). Luteoloside
protects the uterus from Staphylococcus aureus-induced inflammation, apoptosis, and
injury. Inflammation 41, 1702-1716. doi: 10.1007/s10753-018-0814-7

Weingarden, A. R., and Vaughn, B. P. (2017). Intestinal microbiota, fecal microbiota
transplantation, and inflammatory bowel disease. Gut Microbes 8, 238-252. doi:
10.1080/19490976.2017.1290757

Windsor, J. W,, and Kaplan, G. G. (2019). Evolving epidemiology of IBD. Curr.
Gastroenterol. Rep. 21:40. doi: 10.1007/s11894-019-0705-6

Xiong, M., Kuang, W,, Liu, Z., Tong, R., Deng, X., Wang, N., et al. (2025). Quercetin
alleviates ulcerative colitis via regulating gut microbiota and tryptophan metabolism.
mSystems:e0070325. doi: 10.1128/msystems.00703-25

Yao, X,, Chen, Y, Li, Y., Mo, ], Liu, X., Wang, P, et al. (2025). Chrysin ameliorates
dextran sulfate-induced ulcerative colitis in mice by modulating inflammation and gut
microbiota. Int. J. Color. Dis. 40:57. doi: 10.1007/s00384-025-04843-8

Zhang, Y., Song, Z., and Schilling, J. S. (2024). Evaluation of DNA extraction methods
for microbial community profiling in deadwood decomposition. Microbiology
13:70007. doi: 10.1002/mbo3.70007

Zuo, T, Yue, Y., Wang, X,, Li, H., and Yan, S. (2021). Luteolin relieved DSS-induced
colitis in mice via HMGB1-TLR-NF-kB signaling pathway. Inflammation 44, 570-579.
doi: 10.1007/s10753-020-01354-2

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1721294
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.3389/fimmu.2017.00981
https://doi.org/10.1016/j.humimm.2013.08.285
https://doi.org/10.1016/j.chom.2022.02.004
https://doi.org/10.1002/iid3.1356
https://doi.org/10.3389/fnut.2023.1191154
https://doi.org/10.1074/jbc.274.16.10689
https://doi.org/10.1128/IAI.00905-16
https://doi.org/10.1038/s41579-020-0433-9
https://doi.org/10.1016/j.suc.2019.08.001
https://doi.org/10.3389/fimmu.2022.981917
https://doi.org/10.1002/imt2.175
https://doi.org/10.3748/wjg.v26.i28.3998
https://doi.org/10.1194/jlr.D061721
https://doi.org/10.1007/s10482-020-01474-7
https://doi.org/10.3389/fphys.2023.1198066
https://doi.org/10.3389/fphys.2023.1198066
https://doi.org/10.3748/wjg.v27.i43.7402
https://doi.org/10.1016/j.foodres.2022.111977
https://doi.org/10.3390/nu14235140
https://doi.org/10.1021/acs.jafc.1c05966
https://doi.org/10.4162/nrp.2015.9.4.343
https://doi.org/10.1093/intimm/dxv004
https://doi.org/10.1038/s41598-021-86608-1
https://doi.org/10.1097/MIB.0000000000000215
https://doi.org/10.3390/ph18010067
https://doi.org/10.1002/JPER.22-0205
https://doi.org/10.3892/mmr.2016.5094
https://doi.org/10.1038/s41588-021-00968-y
https://doi.org/10.1093/ibd/izad244
https://doi.org/10.5740/jaoacint.sge_macfarlane
https://doi.org/10.1093/femsec/fix153
https://doi.org/10.1093/femsec/fix153
https://doi.org/10.3389/fnut.2-025.1525675
https://doi.org/10.1080/19490976.2020.1788898
https://doi.org/10.3390/nu17030452
https://doi.org/10.3945/jn.109.104638
https://doi.org/10.1128/mbio.02752-23
https://doi.org/10.1126/science.282.5396.2085
https://doi.org/10.1007/s12088-017-0652-6
https://doi.org/10.3389/fimmu.2021.679897
https://doi.org/10.1016/s0016-5085(99)70126-5
https://doi.org/10.1016/s0016-5085(99)70126-5
https://doi.org/10.12659/MSM.916009
https://doi.org/10.1371/journal.pone.0294236
https://doi.org/10.1007/s10753-018-0814-7
https://doi.org/10.1080/19490976.2017.1290757
https://doi.org/10.1007/s11894-019-0705-6
https://doi.org/10.1128/msystems.00703-25
https://doi.org/10.1007/s00384-025-04843-8
https://doi.org/10.1002/mbo3.70007
https://doi.org/10.1007/s10753-020-01354-2

	Miniature rose alleviates inflammatory bowel disease in mice by modulating gut microbiota, inhibiting TLR4, enhancing tight junction proteins, and promoting metabolism
	1 Introduction
	2 Materials and methods
	2.1 Drugs and reagents
	2.2 Animal husbandry and ethical statement
	2.3 IBD model induction and treatment protocol
	2.4 Intestinal permeability assay
	2.5 Histological analysis
	2.6 ELISA assay
	2.7 Immunohistochemistry
	2.8 Fecal microbial DNA extraction
	2.9 Illumina sequencing
	2.10 Bioinformatic analysis
	2.11 Untargeted metabolomic analysis
	2.12 Statistical analysis

	3 Results
	3.1 MR alleviates DSS-caused colitis in mice models
	3.2 MR modulates toll-like receptor expression and enhances intestinal barrier integrity
	3.3 MR modulates gut microbiota dysbiosis and restores microbial diversity
	3.4 MR rebalances the gut microbiota composition at the phylum level
	3.5 Correlation analysis links key microbial taxa with host pathophysiological indicators
	3.6 MR reverses DSS-induced fecal metabolomic dysregulation
	3.7 Key microbial genera strongly correlate with differentiating metabolites

	4 Discussion
	4.1 MR ameliorates colitis by modulating gut microbiota and inhibiting TLR-mediated inflammation
	4.2 MR restores intestinal barrier integrity by upregulating tight junction proteins
	4.3 Certain compounds in MR can regulate the gut microbiota
	4.4 MR reverses metabolic dysregulation by modulating key fecal metabolites
	4.5 Limitations and future perspectives

	5 Conclusion

	Acknowledgments
	References

