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ABSTRACT: The gut microbiota communicates with the host via extracellular vesicles (EVs), offering a promising
therapeutic target for ulcerative colitis (UC). This study investigates the therapeutic potential of sesquiterpene lactones
(SL) from chicory and the EVs derived from the faeces of SL-treated mice (SL-trained FEVs) in a dextran sulfate
sodium (DSS)-induced UC model. Oral administration of SL significantly ameliorated colitis symptoms, reduced
intestinal inflammation, preserved intestinal barrier integrity by maintaining tight junction proteins, and attenuated
colonic tissue damage. These protective effects were mechanistically linked to the attenuation of gut microbiota
dysbiosis and the restoration of bile acid metabolism homeostasis. Notably, gavage of SL-trained FEVs recapitulated
the therapeutic benefits of direct SL treatment, demonstrating the critical role of microbiota-derived EVs in mediating
SL's effects. Profiling revealed that SL treatment enriched specific microRNAs (e.g., miR-26a-5p, miR-200b-3p, and
miR-194-5p) within these FEVs. Both SL and SL-trained FEVs induced comparable and significant shifts in the gut
microbiota composition, notably modulating the relative abundance of genera including Odoribacter, Oscillibacter,
Escherichia-Shigella, g-Clostridia_UCG-014_unclassified, and phyla such as p-Actinobacteriota and
p-Patescibacteria. Concomitantly, both interventions significantly altered key bile acid profiles, affecting levels of
taurocholic acid (TCA), lithocholic acid (LCA), nor-deoxycholic acid (NorDCA), and taurochenodeoxycholic acid
(TCDCA). In conclusion, our findings highlight SL and SL-trained FEVs as promising agents for UC treatment,
acting through the coordinated modulation of the gut microbiota-bile acid axis, and propose FEVs as a novel, targeted
delivery system for microbiota-based therapeutics.
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1. Introduction

Ulcerative colitis (UC) is a chronic inflammatory condition of the colon with a rising global incidence,

posing a significant challenge to public health due to the lack of universally effective and safe therapeutic
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strategies !, Current first-line treatments, including corticosteroids and biologic agents such as anti-TNFa
antibodies, are often limited by substantial side effects, high costs, and variable patient responsiveness 2],
These limitations underscore the urgent need to develop novel, well-tolerated, and efficacious interventions
for UC management.

Accumulating evidence highlights the gut microbiota as a key player in maintaining intestinal

homeostasis and modulating host immune function ),

Dysbiosis of the gut microbial
community-characterized by altered microbial composition, impaired barrier integrity, and disrupted
metabolite production-has been closely linked to the pathogenesis and progression of UC *%. Among the
various microbial-derived mediators, extracellular vesicles (EVs) have emerged as critical facilitators of
cross-kingdom communication. These nanoscale particles (20400 nm), secreted by both host and microbial
cells, carry diverse bioactive molecules including nucleic acids, proteins, and lipids, and are increasingly
recognized for their role in regulating intestinal health "', Notably, facces-derived EVs (FEVs) have been
shown to influence systemic inflammation, metabolic disorders, and gut barrier function, suggesting their
potential as both diagnostic and therapeutic targets in UC [1>-14],

Dietary intervention represents a promising approach for modulating gut microbiota and mitigating
intestinal inflammation '3l Chicory (Cichorium intybus L.), a widely consumed edible plant rich in
bioactive compounds such as SL), has demonstrated anti-inflammatory, antioxidant, and gut-modulating

18-201 Our previous studies have confirmed that chicory-derived phenolic acids can ameliorate

properties!
colitis by reshaping the gut microbiotal>!l. Among its constituents, SL particularly those containing an
a-methylene-y-lactone moiety-exhibit potent anti-inflammatory activity through modulation of the NF-xB
and NRF2 signaling pathways [??. However, whether SL from chicory can alleviate UC via regulation of gut
microbiota and their derived EVs remains unexplored.

In this study, we hypothesized that chicory-derived SL interact with the gut microbiota to modulate the
composition and miRNA cargo of FEVs, thereby exerting protective effects against UC. Using a DSS-induced
murine model, we evaluated the therapeutic efficacy of both SL administration and SL-trained FEV
transplantation. Our integrated approach combined 16S rRNA sequencing, bile acid metabolomics, and
miRNA profiling to elucidate the underlying mechanisms. This work not only provides novel insights into the

role of diet-trained FEVs in gut-host communication but also proposes a potential strategy for UC treatment

using plant-derived vesicles.

2. Materials and methods
2.1 Materials and reagents

Fresh chicory leaves were harvested from the Nanjing Botanical Garden Mem. Sun Yat-Sen located in
Nanjing, Jiangsu, China, and identified by Prof. Bingru Ren, and preserved in the herbarium of the Institute of
Botany, Jiangsu Province and the Chinese Academy of Sciences, Nanjing, China, under specimen number
20200402. Dextran sodium sulfate (DSS, molecular weight 36000-50000, 02160110-CF) was obtained from
MP Biomedicals (CA, USA). Different concentrations of sucrose (8, 30, 45, and 60 %; R27584, R21504,
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R27585, and R27586) were purchased from Shanghai Yuanye Bio-Technology Co., Ltd (Shanghai, China).
Tumour necrosis factor-o (TNF-a, E-EL-M3063), interleukin-1p (IL-1p, E-EL-M0037), interleukin-6 (IL-6,
E-EL-M0044), and interleukin-18 (IL-18, E-EL-M0730) levels in the serum of mice were detected using
ELISA kits purchased from Elabscience Biotechnology Co., Ltd (Wuhan, China). Antibodies ZO-1
(21773-1-AP), E-cadherin (20874-1-AP), Claudinl (28674-1-AP), Occludin (27260-1-AP), TLR4
(19811-1-AP), NLRP3 (30109-1-AP), NFkB (33259-1-AP), and p-NF«B (82335-1-RR) were purchased from
Proteintech Group, Inc. (Wuhan, China). 3,3'-dioctadecyloxacarbocyanine perchlorate (DiO, BL925A),
4' 6-diamidino-2-phenylindole (DAPI, BL120A) were obtained from Biosharp (Hefei, China), RNase A
(ENO0531) was obtained from Thermo Fisher Scientific (Massachusetts, US), and Taurochenodeoxycholic
Acid (TCDCA) (HY-N2027) was obtained from MedChemExpress (Shanghai, China).

2.2 Prepared and identified SL from chicory leaves

The preparation of SL was set as follows: The dried leaves of chicory were soaked in 85% ethanol for
seven days. Afterward, the extract was filtered and concentrated. Then, D101 macroporous resin was
employed to remove most of the saccharides. The resulting 95% ethanol eluent was then concentrated and
rehydrated with water before being processed through polyamide resin (30-60 mesh) to adsorb the
polyphenols. The fraction eluted with water enriched in Sesquiterpene lactones was referred to as the SL
extract. Then, high-performance liquid chromatography (HPLC) and mass spectrometry methods were
employed to detect and assess the SL sample.

The assay was conducted using a Dionex Ultimate 3000 HPLC system equipped with a YMC-Pack
ODS-AQ column (250 x 4.6 mm, 5 pm, Japan). The mobile phase consisted of acetonitrile (A) and 0.1%
formic acid in water (B), with a 1 mL/min flow rate, and was reduced to 0.25 mL/min via a post-column flow
splitter prior to MS introduction. The elution program was as follows: 0-40 min, 10-40% A; 40-45 min,
40-50% A; 45-50 min, 50-60% A; 50-52 min, 60-90% A; 52-57 min, 90% A; 57-60 min, 90-10% A; 60-65
min, 10% A. The column temperature was maintained at 25°C, and the injection volume was 10 pL.

2.3 Animals

Male C57BL/6] mice, weighing between 22 and 25 g, were sourced from Changzhou Cavens Lab
Animal Co. (Changzhou, China, production license: SCXK(Su) 2021-0013). The mice were housed under
controlled conditions: the environmental parameters were set at a temperature of 22 + 2°C, a relative humidity
of 55 £ 5%, and a 12-hour light/dark cycle. And mice had free access to food and water. All the experimental
protocols received approval from the Animal Ethics Committee of China Pharmaceutical University (No.

2023-03-004).
2.4 The preventive effect of SL on ulcerative colitis

After a 1-week adaptation period, forty mice were randomly divided into two groups: The normal control
group (Control), mice were given normal drinking water (n=10), and the DSS model group (DSS), mice were

given 2.5% DSS drinking water (n=30). After 2 days, mice in the DSS group were further divided into 3



T.Y.. Jian et al. / Food Science and Human Wellness 16 (2027)

subgroups (n=10): (1) DSS model group (DSS), mice were gavaged with PBS; (2) SL low dosage (SLL-DSS),
mice were gavaged with 100 mg/kg SL; (3) SL high dosage (SLH-DSS), mice were gavaged with 200 mg/kg
SL. Drug administration continued for an additional 5 days. The specific workflow was illustrated in Fig. 2A.
All of the doses for mice were selected based on comprehensive pre-experiments. Oral gavage of
high-concentration SL (2000 mg/kg) in mice showed no safety concerns, complying with acute toxicity

assessment.
2.5 Isolation and purification of FEVs

The donor mice were given 2.5% DSS drinking water and SL (high dosage at 200 mg/kg) for 7 days.
Fresh faeces in the colon were collected at the end of the period. To prepare the SL-trained FEVs for
transplantation, 1 g Fresh faeces in the colon were suspended in 50 mL phosphate-buffered saline (PBS),
homogenized, and centrifuged at 5000 % g for 10 min at 4 °C. Then, the crude FEVs in the supernatant were
isolated by ultracentrifugation (Thermofisher Sorvall WX100+, Thermo Scientific, USA, rotor SureSpin 632),
with a sucrose density gradient (8, 30%, 45%, and 60%) at 100,000 x g for 2 h. The fraction at the sucrose
interfaces between 30-45 % was collected as purified FEVs. Five volumes of PBS were added and
ultra-centrifugated (100,000 x g, 2 h) to remove sucrose. The final FEVs pellets were collected, and
resuspended in PBS. The protein concentration of FEVs was measured using a BCA kit. The samples were

stored at -80°C until further use.
2.6 Morphology characterization and miRNA profiling of FEVs

The morphology of FEVs was obtained using transmission electron microscopy (TEM) with the
HT-7700 model from Hitachi, Japan. The size distribution and particle concentration of FEVs were
determined using a flow NanoAnalyzer (N30E, NanoFCM, China). This study employed the Exosomal RNA
Isolation Kit (NGB-58000, CA) for the preparation of total RNA of FEVs. Sequencing was performed on the
[llumina HiSeq 2500 platform using a single-end (SE) configuration with 50 cycles. After sequencing, quality
filtering, adapter trimming, and length selection were applied to the single-end sequencing reads using
ACGT101-miR (LC Sciences, Houston, Texas, USA). Functional annotation of the differentially expressed
miRNAs was performed using Gene Ontology (GO) terms (http://geneontology.org/) and the KEGG pathway
(https://www.genome.jp/kegg/).

2.7 Labeling and intestinal uptake of SL-trained FEVs

Purified SL-trained FEVs were incubated with 1 mM DiO at 37°C for 30 min, followed by
ultracentrifugation at 100,000 x g for 2 h to remove the unbound dye, yielding DiO-labeled FEVs. Through
oral gavage, 50 ug of DiO-labeled SL-trained FEVs were administered to C57BL/6J mice. At the time points
of 0, 3, 6, 12, and 24 h, the mice were euthanized, and the small intestines and colons were harvested for
imaging analysis to determine the distribution of the DiO-labeled SL-trained FEVs (IVIS Lumina III in vivo
imaging system, PerkinElmer, USA).

2.8 Transplantation of SL-trained FEVs in ulcerative colitis mice
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Thirty mice from the same source in the same experimenting environment were randomly divided into 2
groups: Normal control group (NC), mice were given normal drinking water (n=10), and DSS model group
(DSS), mice were given 2.5% DSS drinking water (n=20). After 2 days, mice in the DSS group were further
divided into 2 subgroups (n=10): (1) DSS model group (DSS), mice were gavaged with 200 uL. PBS; (2)
SL-trained FEVs group (SL-FEVs), mice were gavaged with 50 pg SL-trained FEVs in 200 pLL PBS (the dose
corresponds to the total protein content of FEVs, quantified via the BCA method). The administration of
SL-trained FEV's continued for an additional 5 days. The specific workflow was illustrated in Fig. 6A.

2.9 Intervention of miRNA-depleted SL-trained FEVs in ulcerative colitis mice

To prepare the miRNA-depleted SL-trained FEVs (de miRNA) control, we employed a method
combining ultrasonication and RNase treatment. The purified SL-trained FEVs suspension was subjected to
ultrasonication on ice using a sonicator to completely disrupt the vesicles. Subsequently, RNase A was added
to the lysate, followed by incubation at 37°C for 45 min.

Male C57BL/6J mice, weighing between 22 and 25 g, were sourced from Changzhou Cavens Lab
Animal Co. After a 1-week adaptation period, 18 mice were randomly divided into two groups: The normal
control group (Con), mice were given normal drinking water (n=6), and the DSS model group (DSS), mice
were given 2.5% DSS drinking water (n=12). After 2 days, mice in the DSS group were further divided into 2
subgroups (n=6): (1) DSS model group (DSS), mice were gavaged with PBS; (2) de. miRNA SL-trained FEV's
group (de. miRNA), mice were gavaged with 50 pg/day in 200 pL PBS. Drug administration continued for an
additional 5 days.

2.10 The preventive effect of TCDCA in ulcerative colitis mice

After a 1-week adaptation period, 24 mice were randomly divided into two groups: The normal control
group (Con), mice were given normal drinking water (n=6), and the DSS model group (DSS), mice were given
2.5% DSS drinking water (n=18). After 2 days, mice in the DSS group were further divided into 3 subgroups
(n=6): (1) DSS model group (DSS), mice were gavaged with PBS; (2) TCDCA low dosage (TCDCA-L), mice
were gavaged with 100 mg/kg TCDCA; (3) TCDCA high dosage (TCDCA-H), mice were gavaged with 200
mg/kg TCDCA. Drug administration continued for an additional 5 days.

2.11 Disease activity index (DAI) and colon histopathological analysis

DAI was assessed using the previously mentioned procedures to determine the severity of the colitis [2!),
After drying, the colon tissues were promptly fixed in 4% paraformaldehyde, embedded in paraffin, and
sectioned at a thickness of 5 um. Tissue sections from each mouse group were stained with hematoxylin and
eosin (H&E) and examined microscopically for histopathological analysis.

2.12 Determination of inflammatory factors

Blood collected from the mice's orbits was centrifuged at 10000 r/min for 15 min to separate the serum.
The concentrations of TNF-a, IL-1B, IL-6, and IL-18 were then measured according to the instructions

provided with the ELISA Kkit.
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2.13 Western blots, immunohistochemistry, and immunofluorescence staining

Western blots, immunohistochemistry, or immunofluorescence staining were used to detect the
expression of target proteins. In colonic tissues or sections, specific antibodies were employed to detect target
proteins, followed by a combination of secondary antibodies. The bands from Western blots were captured
using a Tanon 5200 imaging system, while tissue sections were digitized using a Pannoramic MIDI automatic
slide scanner (3DHISTECH Ltd., Budapest, Hungary). Densitometric measurements were calculated with
Imagel software (version 7, NIH, USA).

2.14 Analysis of gut microbiota by 16S rRNA gene sequencing

At the end of the experimental period, faeces in the colon were collected from mice across all groups. The
hypervariable V3-V4 region of the 16S rRNA gene was amplified. The raw sequencing data were processed
using the Illumina HiSeq X Five platform. Sequencing services were provided by Hangzhou Lianchuang
Biotechnology Co. (Hangzhou, China), and further analysis was performed using tools available on

OmicStudio (https://www.omicstudio.cn/tool).
2.15 Bile acids (BAs) analysis

BAs concentrations in faeces contents samples were measured using a Thermo Fisher Scientific TSQ
Altis triple quadrupole mass spectrometer with an ESI Turbo Ion-Spray interface and a Vanquish UPLC
system. Hangzhou Lianchuang Biotechnology Co. (Hangzhou, China) conducted the analysis. A 50 mg
sample was extracted with methanol/water and collected the supernatant for UPLC-MS/MS analysis.
Chromatographic separation was performed on a Waters ACQUITY UPLC BEH C18 column (2.1 x 100 mm,
1.7 pm). The mobile phases were 0.1% formic acid (A) and isopropanol-acetonitrile (7:3) (B). The injection
volume was 5 pL, the column temperature was 40°C, and the ESI-MS/MS operated in negative ion mode with
multi-response monitoring (MRM). Key ESI parameters were: 400°C temperature, 4500 V spray voltage, 55
Arb sheath gas, and 10 Arb auxiliary gas.

2.16 Statistical analysis

Data are presented as mean = SEM. Statistical analysis was conducted using either Student's t-test or

one-way ANOVA. Significance levels were set at P < 0.05.

3. Results
3.1 Identification of SL in chicory leaves

By comparing the UV spectra of the standards and the samples, it was determined that the SL extracted
from chicory leaves mainly contain seven different sesquiterpene lactones. The structures and retention times
of these compounds are detailed in Fig. 1 and Table 1. The unidentified compounds 3 and 6 were preliminarily
identified based on their characteristic UV absorption wavelengths and retention times, which are typical for
sesquiterpene lactones. Their specific UV absorption spectra are provided in the Supplementary Files. Under
the HPLC conditions established in Fig. 1, we calculated the ratio of the total peak area of all identified SL to

the total peak area of all detectable components in the fraction. The results showed that the purity of the major
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SL in the chicory concentrate fraction was 46.52%. The total SL yield per 100 g dry weight of leaves was
0.615 £ 0.14 g. Finally, the SL yield was determined to be 0.286 + 0.07 mg/100 g dry weight (mean + SD,

n=3). >
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Figure 1. Sesquiterpene lactones (SL) were structurally identified from fresh chicory leaves.
Table 1. Information of total sesquiterpene lactones from fresh chicory leaves
No. RT Compounds Rel. area %
(min)
1 10.664 cichorioside B 15.57
2 13.858 11, 13-Dihydrolactucin 9.52
3 17.062 unknown sesquiterpene lactones 6.67
4 20.084 Intybusin A 2.80
5 23.084 crepidiaside B 6.51
6 24.067 unknown sesquiterpene lactones 3.24
7 28.571 jacquilenin 2.21

3.2 Chicory SL administration alleviated symptoms in DSS-induced UC mice

DSS-induced UC mice were used to investigate whether SL could alleviate UC development. In Fig.
2B-E, it was shown that DSS significantly reduced body weight and colon length. DSS also significantly
increased the DAI index. However, administration of SL, especially at a high dose, reversed these
abnormalities. Furthermore, SL treatments significantly decreased the increase of TNF-a, IL-1f, IL-6, and

IL-18 caused by DSS (Fig. 2F-I, P < 0.05).
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Figure 2. Chicory SL administration alleviated symptoms in DSS-induced UC mice. (A) Workflow chart. (B) Body weight

changes in mice. (C) DAI scores. (D) Colon length measurements. (E) Representative images of colon length. (F-I) Levels of

TNF-0, IL-1B, IL-6, and IL-18 in the serum (n=10). **P < 0.001 vs. control group, ‘P < 0.05, P < 0.01, and “"P < 0.001 vs.
DSS group.

3.3 Chicory SL administration modulated intestinal injury and intestinal barrier

Pathological histological studies (H&E staining) demonstrated that DSS induced colonic barrier damage,
characterized by crypt degeneration, depletion of goblet cells, and infiltration of inflammatory cells, while SL
administration simultaneously reversed these symptoms (Fig. 3A). Additionally, we investigated the role of
SL in modulating intestinal barrier proteins. The results indicated that DSS dramatically decreased the levels
of tight junction proteins ZO-1, Occludin, Claudin-1, and the adhesion junction protein E-Cadherin, whereas

SL therapy substantially increased the expression of these proteins (Fig. 3B-F).



T.Y.. Jian et al. / Food Science and Human Wellness 16 (2027)

Control

w
O
o

o
1

Zo1 - | M & - |

o
o

E-Cadherin/GAPDH

E-Cadherin » [ B0 B A

Occludin » [ — —
Claudin-1» [ W R - |
GAPDH »

Control DSS SL-L SL-H

Occludin/GAPDH
Claudin-1/GAPDH

& og: >

o

Figure 3. Chicory SL administration modulated intestinal injury and intestinal barrier. (A) H&E staining. (B) Representative
bands of ZO-1, E-Cadherin, Occludin, and Claudin1. (C-F) Protein levels of ZO-1, E-Cadherin, Occludin and Claudin].
(n=3). #P < 0.01 and **P < 0.001 vs. control group, "P < 0.05, P < 0.01, and “*P < 0.001 vs. DSS group.

3.4 Chicory SL administration mitigated DSS-induced gut microbiota dysbiosis

We performed 16S high-throughput sequencing to examine the effect of SL isolated from chicory on the
gut microbiota. In Fig. 4A, principal coordinates analysis (PCoA) revealed distinct differences in gut
microbiota between the control and DSS model groups. Following SL treatment, the gut microbiota exhibited
a shift compared to the DSS group. DSS treatment at the phylum level led to an increased prevalence of
Proteobacteria and Verrucomicrobiota, while Patescibacteria exhibited a decreased abundance. SL treatment
partially restored the abundance of these gut microbiota (Fig. 4B). At the genus level, several vital taxa
showed significant changes, including Oscillibacter, Odoribacter, Candidatus Saccharimonas, and
Escherichia-Shigella. Specifically, SL significantly increased the abundance of Odoribacter and Candidatus
Saccharimonas while substantially reducing the abundance of Oscillibacter and Escherichia-Shigella,
compared to the DSS model group (Fig. 4C-F). The linear discriminant analysis effect size (LEfSe) analysis
was performed to identify the most significant differences among the control, DSS, and SL-treated groups. At
the genus level, Prevotellaceae_ UCG-001 and Oscillibacter were enriched in the DSS group, whereas
Lactobacillus and Ligilactobacillus were more abundant in the control group. Following SL treatment, this
pattern was reversed, with increased levels of Clostridia_UCGO014_unclassified, Alistipes, Anaerotipes, and
Odoribacter spp (Fig. 4G and H). These results suggest that SL has regulatory effects on gut microbiota
composition. KEGG analysis revealed that bile acids metabolism, particularly pathways related to bile
secretion, biosynthesis of secondary bile acids, and biosynthesis of primary bile acids, is a critical metabolic

process influenced by gut microbiota in DSS-induced UC mice (Fig. 41).
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Figure 4. Chicory SL mitigated DSS-induced gut microbiota dysbiosis. (A) PCoA plot. (B) The microbiota
characteristics at the phylum level. Relative abundance of (C) Oscillibacter, (D) Odoribacter, (E) Candidatus
Saccharimonas, and (F) Escherichia-Shigella. LEfse analysis of (G) evolutionary branching diagram and (H)

distribution histogram. (I) KEGG pathway prediction. P < 0.01 and *#*P < 0.001 vs. control group, ‘P <
0.05, and P < 0.01 vs. DSS group (n=8).

3.5 Chicory SL modulated BAs metabolism profiles in DSS-induced mice

Based on the KEGG results, we further analyzed the alterations in bile acids across different groups of
mice. As shown in Fig. 5A, DSS treatment altered the BAs profile compared to the control group, while SL
administration resulted in a distinct segregation of BAs components, indicating a different profile. As shown
in Fig. 5B, DSS induced a reduction in total bile acids levels in the faeces, which was improved by SL
treatment. Specifically, SL treatment significantly increased the primary bile acids taurocholic acid (TCA) and
TCDCA, as well as the secondary bile acids tauroursodeoxycholic acid (TUDCA) and lithocholic acid (LCA),
while significantly decreasing the levels of the secondary bile acid 23-nordeoxycholic acid (NorDCA) (Fig.
5C-QG). Spearman's correlation analysis revealed that TCDCA were significantly positively correlated with
Lactobacillus,

Ligilactobacillus and Candidatus_Saccharimonas, and negatively correlated with
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Oscillibacter and Escherichia-Shigella. Lactobacillus and Ligilactobacillus were negatively correlated with
NorDCA. Additionally, Candidatus_Saccharimonas and Ligilactobacillus were significantly positively
correlated with TCA and TUDCA, respectively (Fig. SH, P < 0.05).
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3.6 Morphology characterization and miRNA profiling of chicory SL-trained FEVs

Colonic contents were collected, and FEVs were isolated through ultracentrifugation using sucrose
gradients (Fig. 6A). FEVs were harvested from the 30-45% interface of the sucrose gradient. As depicted in
Fig. 6B-D, these particles displayed an exosome-like morphology with intact membranes and an average

diameter of 71.1 = 11.3 nm, the particle concentration at about 2.5 x 10° particles/mL. Additionally, miRNA
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profiling was performed to evaluate changes in FEVs across different treatment groups. The Venn diagram,

heatmap, and volcano plot revealed significant differences in FEV-miRNA profiles among the control, DSS,

and SL treated groups. Notably, several miRNAs with significant variations were identified, including
miR-144-3p, miR-25-3p, miR-126a-5p, miR-26a-5p, and miR-215-5p (Fig. 6E-G). Gene Ontology (GO)
enrichment analysis highlighted the top 10 enriched miRNAs in FEVs across different groups, which were

related to processes such as signal transduction, G protein-coupled receptor signaling, and protein binding

(Fig. 6H). Furthermore, Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis revealed that

FEVs were also associated with critical signaling pathways, including adherens junctions, the Wnt signaling

pathway, and bacterial invasion of epithelial cells (Fig. 6I).
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Figure 6. Isolation, characterization, and miRNA profiling of SL-trained FEVs. (A) Schematic representation of the isolation
process for SL-trained FEVs. (B) Morphological characterization of FEVs using transmission electron microscopy (scale bar
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3.7 SL-trained FEVs transplantation alleviated symptoms in DSS-induced UC mice

After gavage, SL-trained FEVs were absorbed in the gastrointestinal tract within 24 h (Fig. 7A). DSS
treatment significantly reduced the body weight of the mice compared to the control group, whereas
SL-trained FEVs notably increased body weight (P < 0.05). Furthermore, SL-trained FEVs effectively
reversed the DSS-induced increase in DAI scores (Fig. 7C, P < 0.01). Fig. 7D and E illustrate that DSS
administration led to a reduction in colon length compared to the control group. However, this effect was
significantly mitigated by SL-trained FEVs (P < 0.05). To assess the anti-inflammatory effects of SL-trained
FEVs, serum inflammatory markers were measured. As shown in Fig. 7F-I, DSS treatment markedly
increased the levels of TNF-a, IL-1p, IL-6, and IL-18, while SL-trained FEVs significantly reduced these
inflammatory cytokines (P < 0.001). H&E staining revealed marked inflammatory infiltration and crypt
distortion in the colonic tissue of the DSS group, whereas treatment with SL-trained FEVs alleviated these
symptoms (Fig. 7J). In addition, we explored the effect of SL-trained FEVs on the expression of proteins such
as Claudinl, TLR4, NLRP3, NF«B, and p-NFxB. Immunohistochemistry and immunofluorescence results
demonstrated that DSS markedly upregulated the expression of TLR4, NLRP3, and p-NFkB while
downregulating the expression of Claudinl. However, treatment with SL-trained FEVs effectively reversed

these changes (Fig. 7K-R, P < 0.05)
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3.8 SL-trained FEVs transplantation mitigated DSS-induced gut microbiota dysbiosis

A Venn diagram illustrating the OTU levels of gut microbiota showed that the DSS group had the fewest
OTUs. In contrast, the SL-trained FEVSs transplantation group displayed a similar number of OTUs compared
to the CON group (Fig. 8A). Chaol, Shannon, and Simpson index were used to describe the a-diversity of gut
microbiota among the control, DSS and SL-trained FEVs group. The results showed that SL-trained FEVs
improved the tendency of Chaol, Shannon, and Simpson to decrease (Fig. 8B-D, P < 0.05). PCoA analysis
revealed that SL-trained FEVs significantly modulated the gut microbiota structure, distinct from the control
and DSS groups (Fig. 8E). At the phylum level, the gut microbiota was predominantly characterized by
p-Firmicutes, p-Bacteroidota, p-Desulfobacterota, p-Verrucomicrobiota, p-Proteobacteria, p-Cyanobacteria,
and p-Actinobacteriota in the control group. Conversely, it was dominated by p-Firmicutes,
p-Verrucomicrobiota, and p-Bacteroidota in the DSS group. At the genus level in the DSS group, and the most
abundant gut microbiota (TOP 5) were g-Lachnospiraceae_ NK4A136_group, g-Akkermansia, g-Clostridium,
g-Eubacterium_siraeum_group, and g-Alistipes (Fig. 8F-H). DSS treatment significantly reduced the
abundance of p-Bacteroidota and p-Patescibacteria while increasing the F/B ratio compared to the control
group. Transplantation of SL-trained FEVs markedly increased the levels of p-Actinobacteriota and
p-Patescibacteria (Fig. 8I-L, P < 0.05). Although not statistically significant, SL-trained FEVs also impacted
p-Bacteroidota abundance and the F/B ratio (Fig. 8 I and J). LEfSe analysis was performed to further evaluate
the variability and enrichment of gut microbial species from the phylum to species level (LDA score > 4, Fig.
8 M and N). In the control group, 18 taxa were found to be enriched, including p-Bacteroidetes,
g-Lachnospiraceae_unclassified, o-Lactobacillales, g-Alistipes, and g-Alloprevotella. In contrast, the DSS
group was  predominantly  characterized by  p-Verrucomicrobiota,  g-Akkermansia, and
g-Eubacterium_siraeum_group. Notably, SL-trained FEVs transplantation significantly enriched
g-Clostridia_UCGO014_unclassified. These results indicate substantial alterations in gut microbial taxa across

the control, DSS treatment, and SL-trained FEVss transplantation groups.
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Figure 8. SL-trained FEVs transplantation mitigated DSS-induced gut microbiota dysbiosis. (A) Venn diagram. (B) Chaol,
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3.9 SL-trained FEVs transplantation modulated DSS-induced BAs metabolism profiles

Since BAs are essential for maintaining intestinal homeostasis, we examined the effects of SL-trained
FEVs transplantation on BAs levels in DSS-induced mice. As illustrated in Fig. 9A, the PCA plot shows
distinct BAs profiles across different groups. A total of 35 distinct BAs were identified among the control,
DSS, and SL-trained FEVs administration groups. DSS treatment reduced total intestinal BAs levels, a
reduction that was improved by SL-trained FEVs transplantation (Fig. 9B). In DSS-treated mice, levels of the
primary bile acids tauro-o-muricholic acid (T _a MCA), tauro-B-muricholic acid (T 3 _MCA), TCA, and
TCDCA, along with the secondary bile acid LCA, were markedly decreased (Fig. 8C-I, P < 0.05), while
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NorDCA, another secondary bile acid, showed an increase. These changes were reversed by SL-trained FEVs
transplantation. Fig. 9J showed that Spearman's correlation analysis identified a significant positive
association between p-Actinobacteriota and LCA, while NorDCA was negatively associated with
p-Actinobacteriota. Additionally, g-Clostridium was negatively correlated with levels of LCA, TCA,
T o MCAand T B MCA (P < 0.05). Furthermore, p-Patescibacteria was significantly positively correlated
with LCA and negatively correlated with NorDCA (P < 0.05).
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Figure 9. Effect of SL-trained FEVs transplantation on bile acids metabolism in DSS-induced mice. (A) PCoA plot. (B) Total
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3.10 Intervention of miRNA-depleted SL-trained FEVSs in ulcerative colitis mice

The therapeutic efficacy of SL-trained FEV-s was significantly attenuated by the depletion of miRNAs.
Compared to the untreated SL-trained FEVs group, the body weight of mice in the de miRNA FEVs
treatment group showed no significant improvement, with a declining trend similar to the DSS model group
(Fig. 10B). Meanwhile, de miRNA FEVs also failed to effectively alleviate DSS-induced colon shortening,
showing no statistical difference in colon length compared to the DSS group. (Fig. 10C and E) Regarding the
DAI score, the de miRNA FEVs group maintained a consistently high level (Fig. 10F).

At the histopathological level, H&E staining showed that colon tissue from mice treated with de. miRNA
FEVs still exhibited significant inflammatory cell infiltration, crypt destruction, and loss of epithelial
integrity, with pathological damage comparable to the DSS group (Fig. 10D). Further ELISA detection
revealed that serum levels of key pro-inflammatory cytokines, including TNF-a, IL-1p, IL-6, and IL-18 (Fig.
10G-J), remained high in this group, showing no significant decrease compared to the DSS model group,

indicating an inability to effectively control the clinical severity of the disease.
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Figure 10. The therapeutic efficacy of SL-trained FEVs was significantly attenuated by the depletion of miRNAs. (A)
Schematic diagram of the experimental design. (B) Body weight changes in mice. (C) Representative images of colon length.
(D) H&E staining of colon tissues. (E) Colon length measurements. (F) DAI scores. Levels of (G) TNF-a, (H) IL-6, (I) IL-1p,

and (J) IL-18 in the serum of mice (n=6). **P < 0.001 vs. control group.

3.11 TCDCA alleviated symptoms in DSS-induced UC mice

To investigate the role of bile acids in DSS-induced UC, we administered TCDCA as an interventional

agent (Fig. 11A). TCDCA treatment restored body weight and colon length in UC mice to levels comparable
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to those in the Control group (Fig. 11B-D). It also significantly reduced the DAI elevated by DSS (Fig. 11E).
Histological analysis via H&E staining further revealed that TCDCA ameliorated DSS-induced colonic
damage, including crypt degeneration and inflammatory cell infiltration (Fig. 11F). Moreover, while DSS
increased the levels of pro-inflammatory cytokines (TNF-a, IL-6, IL-1p, and IL-18), TCDCA intervention
markedly lowered these inflammatory markers (Fig. 11G-J). Notably, the protective effects of TCDCA
against UC exhibited a discernible dose-dependent trend.
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Figure 11. Intervention with TCDCA ameliorated DSS-induced ulcerative colitis. (A) Schematic diagram of the experimental
design. (B) Body weight changes in mice. (C) Colon length measurements. (D) Representative images of colon length. (E)
DAI scores. (F) H&E staining of colon tissues. Levels of (G) TNF-a, (H) IL-6, (I) IL-1pB, and (J) IL-18 in the serum of mice
(n=6). # P <0.001 vs. Control group; * P < 0.05, ** P <0.01, and *** P < 0.001 vs. DSS group.

4. Discussion
Dysbiosis of the gut microbiota was considered strongly associated with UC, and reshaping the microbial
composition was recognized as a crucial therapeutic strategy for UC treatment *. Chicory, a widely

consumed edible plant with numerous physiological benefits, has a correlation with its potential influence on
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gut microbiota 2231, This work focused on extracting a specific class of bioactive compounds of chicory,
sesquiterpene lactones , and clarifying their functions in reducing inflammation, repairing the intestinal
barrier, and alleviating intestinal damage in DSS-induced ulcerative colitis mice. Additionally, we also
explored the mechanism of SL modulating gut microbiota and bile acids metabolism in UC mice. Notably, as
mediators, EVs play a critical role in communication between the gut microbiota and the host. Furthermore,
SL-trained faeces-derived extracellular vesicles (FEVs) were transplanted into DSS-induced UC mice to
investigate their protected effects on UC symptoms, gut microbiota dysbiosis, and bile acids metabolism
disorder.

Studies demonstrated that modulating the gut microbiota composition was an effective strategy for UC
treatment |7, Dietary plant compounds, including terpenes, show promise in UC treatment 22, Chicory is a

3031 but their effect on UC was unknown. To our

rich source of SL with anti-inflammatory activity !
knowledge, this is the first study to explore the therapeutic effect of chicory-originated SL in UC. In this study
we isolated chicory SL and elucidated the composition firstly *!-3%), Then, the mice treated with 2.5% DSS for
7 days were employed to assess the possible effects of SL derived from chicory. Our results showed that the
DSS-induced UC model exhibited significant colonic shortening, weight loss, and an increase in inflammatory
cytokines (TNF-a, IL-1, IL-6, and IL-18), with pathological analysis confirming crypt loss and inflammatory
cell infiltration, consistent with previous studies. Moreover, DSS-induced loss of tight junction proteins can
compromise intestinal barrier function and increase intestinal permeability, potentially facilitating the
translocation of inflammatory cytokines and gut microbiota into the circulatory system, which further worsens

33.341 QL administration markedly alleviated the symptoms as mentioned above. While this

UC symptoms !
study demonstrates the therapeutic potential of SL, its dose—response design presents a limitation. The two
selected doses (100 mg/kg and 200 mg/kg) were based on preliminary experiments and showed clear
dose-dependent effects; however, the inclusion of an intermediate dose would have allowed for a more refined
dose—cffect relationship. Due to experimental constraints at the time, future studies will incorporate an
intermediate dose to better define the optimal therapeutic window.

Fecal microbiota transplantation was considered as a therapeutic approach for UC, which highlighted the
essential function of gut microbiota in the development and management of disease *°1. EVs are nanoscale
particles secreted by mammals, bacteria, and plants, which play a crucial role in facilitating communication
across species and kingdoms ), Studies suggest that faeces are rich in EVs, known as faeces-derived EVs
(FEVs), which carry a variety of small biological molecules, particularly nucleic acids, and have been shown
to influence host physiological processes, including impairing spermatogenesis and contribute to liver disease

[13,37

in mammals 1. Numerous studies have demonstrated that transplantation of FEVs derived from trained gut

C 11738401 Tn the present study,

microbiota can alleviate various diseases, including intestinal disorders and U
we have demonstrated the therapeutic effect of SL on UC, and we further isolated FEV's from mouse colonic
contents after SL training. Morphological analysis revealed that SL-trained FEVs were nanoscale particles

(71.1 = 11.3 nm) enriched in miRNAs. Subsequently, the therapeutic efficacy of these miRNA-enriched



T.Y.. Jian et al. / Food Science and Human Wellness 16 (2027)

SL-trained FEVs was evaluated in DSS-induced UC mice models. The results demonstrated that SL-trained
FEVs successfully replicated the therapeutic efficacy of SL in UC treatment, showing marked
anti-inflammatory activity and significant attenuation of intestinal injury. Our findings confirm that
SL-trained FEV transplantation is a promising therapeutic strategy for UC.

Diet plays a pivotal role in shaping the composition of gut microbiota. Studies demonstrated that
supplementation with plant-derived components could effectively modulate DSS-induced gut microbiota
dysbiosis, therefore mitigating symptoms of UC 7). Oscillibacter and Escherichia-Shigella, which were
known as potential pathogenic bacteria, were observed significant increase in DSS-induced mice ! 4?1, In
contrast, an increase in Odoribacter and Candidatus Saccharimonas abundance was associated with

43,44 QI administration markedly reversed these abnormal patterns,

protective effects against DSS treatment [
modified gut microbiota composition in DSS-treated mice, consisted with previous investigations.
Meanwhile, transplantation of SL-trained FEVs also led to significant alterations in gut microbiota
composition in UC mice. Chlorogenic acid and riboflavin supplementation had been demonstrated to elevate
Actinobacteriota levels and mitigate intestinal inflammation in DSS-treated mice > 41 Notably,
supplementation with plant extracts trained fecal gut microbiota markedly elevated Actinobacteriota levels,
and showed therapeutic effects of UC 7. H Gu et al. [*®) demonstrated that administering plant extracts
increased Patescibacteria levels, which were inversely correlated with serum levels of inflammatory factors,
including TNF-a, IL-1B, IL-6, and IL-18, in DSS-treated mice. Our data suggested that transplantation of
SL-trained FEVs influenced the mentioned gut microbiota to protect against DSS-induced intestinal damage
and inflammation.

Diet not only altered the composition of the gut microbiota but also directly influenced the carriers of
secretory EVs, including modifying the miRNA contents, which in turn impacted the cellular function of the
host (311, The FEVs-mediated pathway has gained increasing attention as a potential mechanism underlying
diet-gut microbiota-host interactions °?1. After oral administration of SL, SL-trained FEVs exhibited distinct
miRNA profiles compared to the control and DSS model groups, as revealed by Venn diagram analysis.
miR-144-3p, miR-25-3p, miR-126a-5p, miR-200b-3p, and miR-26a-5p were significantly changed in
SL-trained FEVs compared with DSS group. It has been shown that the increase in miR-144-3p in EVs had
promoted inflammation and cellular fibrosis >3], miR-25-3p had been shown to target TLR4, NLRP3, and
NFkB, while FEVs had regulated the host inflammatory response through TLR4 mediation. Additionally,
FEVs had also been demonstrated to influence tight junction proteins in intestinal epithelial cells, and these
results were consistent with our immunofluorescence findings !'* 3% 31 Levels of miR-26a-5p and

361 while

miR-200b-3p in FEVs dramatically elevated from acute to remission phases in chronic colitis [
SL-trained FEVs were more abundant in miR-26a-5p and miR-200b-3p compared to DSS-trained FEVs,
which exhibited alleviation in UC. Nanoparticles carrying miR-194-5p targeted the TLR4/NLRP3 signaling
pathway to decrease the release of inflammatory substances during acute lung injury, while also altering tight

junction proteins ZO-1 and Occludin to enhance vascular endothelial cell permeability and alleviate tissue
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damage 71, and SL-trained FEVs regulated these targets for therapeutic benefits, possibly via increased
miR-194-5p expression. Our data revealed that SL-trained FEVs enriched with miRNA effectively alleviated
intestinal damage, restored intestinal barrier function, and inhibited inflammatory responses, primarily by
regulating tight junctions and the TLR4/NLRP3/NF«B signaling pathway.

In addition to FEVs, BAs (metabolites of gut microbiota) are also involved in gut microbiota-host
interactions. Studies have shown that gut microbiota-induced dysregulation of BAs metabolism plays an
important role in the pathogenesis of UC >, Our data suggest that SL treatment altered the BAs profiles and
attenuated the adverse symptoms in UC mice compared with normal mice. By comparing the levels of BAs in
each group, TUDCA, TCA, NorDCA, TCDCA, and LCA were identified as differential BAs. Furthermore,
the SL-trained FEV-treated group replicated SL's modulation of BAs, showing similar effects to SL. TUDCA
exhibited anti-inflammatory effects and could promote the production of type 2 anion exchange protein
(AE2), protecting cells from the harmful effects of toxic bile acids °% 3°1. Similarly, TCDCA, an important
active component of BAs, demonstrated anti-inflammatory and immunomodulatory effects via interactions
with the NFkB and AC-cAMP-PKA signaling pathways (6% 611, The current investigation demonstrated that
DSS markedly reduced TCDCA levels, while the administration of SL and SL-trained FEVs could modulate
TCDCA. Decreased levels of LCA were observed under UC conditions, whereas increased LCA levels were

62.63] Qur data corresponded with those reported in the

shown to reduce inflammation in a colitis model !
literature. The correlation analysis revealed that the alterations in BAs caused by SL and SL-trained FEVs
treatments were associated with g-Clostridium and g-Alistipes. Interestingly, EVs derived from Clostridium
butyricum (an important member of the g-Clostridium) could influence the gut microbiota and bacterial
metabolites to alleviate DSS-induced UC %4, Clostridium butyricum-derived EVs had also been shown to
restore miR-199a-3p expression, which could affect host functions, including inhibiting the NLRP3/caspase
and NF«B signaling pathways, as well as restoring tight junction Claudinl %3], Additionally, Park et al (6],
demonstrated significant differences in the gut microbiota composition and diversity of FEVs between
intestinal tumor patients and healthy individuals. Notably, EVs derived from the gut microbiota Alistipes were
closely associated with the progression of intestinal tumors. The findings of our investigation indicated that by
modulating the gut microbiota and altering microbiota-derived EVs in the faeces (including their miRNA
cargo), SL alleviated DSS-induced UC, by improving BAs metabolism and regulating NLRP3/NFxB
signaling pathways as well as tight junction proteins.

Beyond their well-documented roles in modulating inflammatory signaling and barrier integrity, the
miRNAs enriched within SL-trained FEVs may also serve as direct or indirect regulators of bile acid
metabolism-a possibility that remains largely unexplored in the context of microbiota-derived vesicles.
Emerging evidence indicates that specific miRNAs can fine-tune the synthesis, transport, and signaling of bile
acids by targeting key hepatic and intestinal genes. For instance, hepatic miR-34a has been shown to suppress
CYP7A1, the rate-limiting enzyme in bile acid synthesis, while intestinal miR-144 can modulate the farnesoid

X receptor (FXR) signaling pathway, a central regulator of bile acid homeostasis [¢7 %81, This raises the
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intriguing possibility that the SL-trained FEVs, upon intestinal delivery, may not only alleviate inflammation
but also directly contribute to the normalization of the bile acid pool observed in our experiments-for example,
the elevation of TCDCA and LCA-through their miRNA cargo. Thus, the miRNA profiling of FEVs, as
conducted in this study, provides a crucial mechanistic link: it suggests that dietary components like SL
can“program” the gut microbiota to release vesicles carrying specific regulatory miRNAs, which in turn may
participate in restoring bile acid metabolism and, consequently, gut microbiota equilibrium. This
proposed“miRNA-bile acid” axis adds a novel dimension to our understanding of how trained FEVs exert
their therapeutic effects and warrants further functional validation in future studies. However, while we
propose that the miRNA cargo of SL-trained FEVs may influence bile acid metabolism, the precise molecular
mechanisms-specifically, which individual miRNAs target which key genes in the hepatic or intestinal bile
acid synthesis, transport, or signaling pathways-remain to be definitively elucidated. Future studies employing
gain- and loss-of-function approaches for specific miRNAs, combined with target gene validation, are
warranted to causally link individual FEVs-derived miRNAs to the regulation of specific bile acid species and
their downstream effects in UC.

A key question arising from our study concerns the comparative efficacy of direct SL administration
versus SL-trained FEVs in reshaping gut microbiota and bile acid metabolism. While both interventions
exerted substantial therapeutic effects on colitis symptoms and gut barrier function, nuanced differences were
observed in their respective impacts on microbial diversity and BAs profiles. Specifically, although
SL-trained FEVs recapitulated many of the microbial modulations seen with SL-such as enriching beneficial
taxa like Clostridia UCGO014 unclassified and Alistipes-their influence on certain bile acid species was less
pronounced. For instance, both treatments consistently elevated levels of TCA, TCDCA, and LCA while
suppressing NorDCA ; however, these changes did not always reach statistical significance in the FEV-treated
group. We propose several non-mutually exclusive explanations for this observed discrepancy. First, bile acid
metabolism involves a highly complex regulatory network encompassing host enzymatic activities, gut
microbial biotransformation, and nuclear receptor signaling. While SL compounds may directly and broadly
influence multiple nodes within this network, FEVs-acting as natural nanocarriers-might exert more targeted
and potentially delayed effects, possibly through the delivery of specific miRNA cargo. Second, the relatively
modest and non-significant shifts in certain BAs following FEV treatment may reflect kinetic hysteresis,
wherein the full normalization of BAs metabolism requires a longer intervention period than that required for
amelioration of inflammation or epithelial repair. Third, it is plausible that the dosage or duration of FEV
administration used here, though sufficient to alleviate colitis, was inadequate to fully restructure the BAs
pool. To functionally validate the role of bile acids in the SL-FEV axis and bridge the observed gap between
the two interventions, we performed supplementary experiments using TCDCA-a primary bile acid
consistently modulated by both SL and SL-trained FEVs. Remarkably, TCDCA supplementation alone
significantly attenuated colitis severity, restored intestinal barrier integrity, and suppressed pro-inflammatory

signaling, thereby recapitulating key therapeutic benefits common to both SL and SL-trained FEV treatments.
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This not only confirms TCDCA as a functional mediator shared by the two interventional strategies but also
provides mechanistic support for the notion that FEVs act, at least in part, through fine-tuning host-microbiota

crosstalk in BAs metabolism.

5. Conclusion

In summary, SL isolated from medicinal and edible plant Chicory trained FEVs, which had different
miRNA compared with those from DSS-induced UC mice. SL-trained FEVs replicated the therapeutic effects
of SL on UC, including anti-inflammatory effects, restoration of intestinal barrier function, and attenuation of
intestinal damage. The potential mechanism of the effects on UC probably involved modulating gut
microbiota, bile acids metabolism, and the NLRP3/NF«kB signaling pathway. These findings not only
illustrate the mechanisms by which diet changes gut microbiota and how FEVs subsequently modulate host

function but also propose a potential treatment for UC utilizing SL and SL-trained FEVs.
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