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Ligilactobacillus salivarius Li0O1 enhances gut
microbiota-derived indole-3-propionic acid to
alleviate 5-fluorouracil-induced diarrhea in mice
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As a widely applied chemotherapeutic agent, 5-fluorouracil (5-FU) frequently causes significant gastroin-
testinal side effects, particularly diarrhea, a process in which the gut microbiome serves as a crucial
mediator. In this study, we evaluated the effect of oral administration of Ligilactobacillus salivarius Li0O1
(Li01) on 5-FU-induced intestinal mucositis in mice. We discovered that intake of LiO1 was associated with
alleviated diarrheal symptoms by mitigating inflammation, reducing oxidative stress, and restoring intesti-
nal barrier function. Moreover, transcriptome analysis revealed that the Th17 signaling pathway was signifi-
cantly suppressed. We also confirmed the essential contribution of the gut microbiota in mediating these
effects, since the protective benefits of LiO1 were not observed when the gut microbiota was depleted by
antibiotics. Furthermore, administration of LiO1 markedly increased the production of indole-3-propionic
acid (IPA) by the gut microbiota. This key molecule was shown to contribute to the protection against
5-FU-associated diarrhea by activating the pregnane X receptor (PXR). Additionally, a close correlation
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was identified between IPA levels and the abundance of two bacterial species that form a mutualistic
relationship with strain LiO1: Lactobacillus reuteri and Lactobacillus johnsonii. In conclusion, our study
demonstrates that LiO1 alleviates 5-FU-induced diarrhea and microbiota dysbiosis by enhancing gut
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Introduction

Chemotherapy is a critical tool in the treatment of malignan-
cies. A key limitation of chemotherapy, however, is that the
treatment can adversely affect normal cells, particularly by
impacting rapidly renewing cell types such as the mucosal
cells of the intestines, oral cavity, and stomach.' 5-FU is a first-
line chemotherapeutic agent for cancer,” which has been
shown to substantially increase cure and survival rates for
patients with colon cancer.® However, 5-FU therapy induces
severe adverse effects in 50-80% of patients, most notably
intestinal mucositis, which presents as diarrhea, nausea,
vomiting, and severe infections.”® These adverse effects are
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microbiota-derived IPA, supporting its potential as a probiotic.

some of the primary reasons for treatment discontinuation,
severely undermining the effectiveness of chemotherapy.®
Despite being a significant concern in the treatment of cancer,
the underlying mechanism of 5-FU-induced intestinal muco-
sitis has not been fully elucidated.” Moreover, very few drugs
can mitigate 5-FU-associated diarrhea, making the develop-
ment of effective and safe treatment methods critically
important.

The gut microbiota engages in a symbiotic association with
the host and is described as an “accessory organ” that contrib-
utes to immune homeostasis, metabolic processes, and other
physiological and pathological functions.>® The adminis-
tration of 5-FU markedly compromises the abundance and
variety of the bacterial community.'® Research has shown that
5-FU-induced impairment of the mucosal immune system in
mice results in an increased abundance of Pseudomonas aerugi-
nosa, consequently increasing host susceptibility to secondary
pulmonary infection.'" This evidence suggests that gut micro-
biota dysbiosis is closely associated with 5-FU-induced muco-
sitis. However, it remains unknown which specific taxa of the
gut microbiota are responsible for the toxic side effects associ-
ated with 5-FU chemotherapy.’® Furthermore, the complex
interplay between 5-FU-triggered intestinal dysbiosis and the
host has not been well characterized.
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The term “probiotics” refers to living microorganisms
which, upon administration in sufficient dosages, have a scien-
tifically beneficial impact on human well-being."? Probiotic
supplementation alters the intestinal microecological land-
scape and participates in the synthesis of various metabolites,
such as short-chain fatty acids (SCFAs), branched-chain amino
acids (BCAAs), and secondary bile acids."* Therapeutic appli-
cations of probiotics are becoming increasingly common,
especially for treatment of gastrointestinal disorders, such as
inflammatory bowel disease and irritable bowel syndrome."*"®
Specific probiotics, such as Lactobacillus delbrueckii CIDCA 133
and Lactobacillus rhamnosus FLRH93, have been reported to be
effective at alleviating intestinal mucositis caused by 5-FU in
mice."”"'® Ligilactobacillus salivarius 1i01 is a probiotic isolated
from feces of healthy adults in our laboratory. Previous studies
have shown that Li01 ameliorates loperamide-induced consti-
pation in mice via modulation of the 5-HT pathway.'® In
addition, Li01 has shown potential as a probiotic in alleviating
hepatic encephalopathy secondary to acute liver injury.>
However, the effect and mechanism of Li01 on diarrhea
caused by 5-FU have not been studied yet.

In this study, we investigated the efficiency of Li01 on 5-FU-
induced intestinal mucositis in mice. Li01 administration alle-
viated diarrhea by mitigating inflammation, reducing oxidative
damage, and restoring intestinal barrier function. Antibiotic
treatment validated that the protective effects of Li01 were
mediated by the gut microbiota. Mechanistically, Li01 exerted
its benefits by elevating the level of gut microbiota-derived
IPA, which in turn activated the PXR. Our findings highlight
IPA as a crucial microbiota-derived metabolite that mediates
the beneficial effects of Li01, thereby contributing to the
potential use of Li01 as a probiotic for the management of
5-FU-induced diarrhea.

Materials and methods

Li01 cultivation

Ligilactobacillus salivarius Li01 (CGMCC 7045), initially isolated
from feces of healthy adults in our laboratory, was cultured in
MRS broth (OXOID, Hampshire, UK) at 37 °C for 24 h under
anaerobic conditions. After cultivation, the bacteria were har-
vested by centrifugation at 4000 rcf for 10 min. The bacterial
precipitate was then washed twice with phosphate-buffered
saline (PBS) and resuspended in PBS to a density of 5 x 10°
CFU per mL before further use.”'

Animal experiments

Specific pathogen-free male C57BL/6 mice (6 weeks old) were
purchased from Ziyuan Company (Hangzhou, China). Mice
were raised in an environment under standard room tempera-
ture conditions, a 12 h light/12 h dark cycle, and free access to
water and food. The mice were acclimated for a week before
subsequent experiments. All animal-related experiments were
conducted according to ethical policies and procedures
approved by the Institutional Animal Care and Use Committee
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of The First Affiliated Hospital, Zhejiang University School of
Medicine (reference no.: 2025-201).

To elucidate the role of Li01 in the context of 5-FU-induced
diarrhea, 24 C57 mice were randomly assigned to three groups
(n = 8 per group): the negative control (NC) group, the 5-fluor-
ouracil (PC) group, and the Li01 + 5-FU (Li01) group. Mice in
the Li01 group were orally administered 0.2 mL of fresh Li01
suspension per day for 14 days, while mice in the NC and PC
groups were orally administered 0.2 mL of PBS daily. From Day
10 to Day 14, mice in the PC and Li01 groups were daily
injected intraperitoneally with 50 mg per kg body weight 5-FU
(Sigma-Aldrich, St. Louis, USA), whereas mice in the NC group
were injected with PBS daily.”> Throughout the experiment,
body weight and the diarrhea status were monitored daily.
Diarrhea scores were evaluated according to Table S1. All mice
were euthanized on Day 15, after which blood, intestinal
tissue, and intestinal contents were collected and stored.

To explore whether the effect of Li01 on 5-FU-triggered
intestinal mucositis is dependent on the gut microbiota, we
randomly divided 24 mice into 4 groups (n = 6 per group): the
negative control (NC) group, the antibiotics (Abx) group, the
Abx + 5-FU (APC) group, and the Abx + Li01 + 5-FU (ALiO1)
group. All mice except mice in the NC group were treated with
an antibiotic solution containing 1 g L' ampicillin, 1 g L™
metronidazole, 1 g L~" neomycin sulfate, and 0.5 g L™ vanco-
mycin (Sigma-Aldrich, St. Louis, USA) added to drinking water
for 14 days. Subsequently, mice in all groups were switched to
normal drinking water. From Day 14 to Day 27, mice in the
Li01 group were orally administered 0.2 mL day " Li01 suspen-
sion, while mice in the remaining groups were orally adminis-
tered 0.2 mL day ' PBS. Mice in the APC and ALiO1 groups
were administered 5-FU solution via intraperitoneal injection
daily from Day 23 to Day 27, whereas mice in the NC and Abx
groups received injections of PBS. On Day 28, all mice were
sacrificed, and samples of blood, colon, and intestinal con-
tents were collected for subsequent analysis.

To examine whether the antibiotic cocktail has a direct
effect on Li01’s function, 12 mice were allocated to 2 groups (n
= 6 per group): the Abx + PBS group and the Abx + Li01 group.
All mice received the antibiotic regimen via their drinking
water for 14 days. Subsequently, all mice were switched to
regular drinking water. From Day 14 to Day 24, mice in the
Abx + Li01 group were orally administered 0.2 mL day " Li01
suspension, while mice in the Abx + PBS group were orally
administered 0.2 mL day ' PBS. Fecal samples were collected
on Days 1, 7, 14, 19, and 24. The fecal samples were resus-
pended and diluted in PBS, plated onto MRS agar (OXOID,
Hampshire, UK) and incubated anaerobically at 37 °C for
48 hours. Colony-forming units (CFUs) were calculated to
assess the colonization of Li01.>*> All mice were euthanized on
Day 24, after which blood, intestinal tissue, and intestinal con-
tents were collected.

To investigate the protective effect of the key metabolite
IPA, 24 mice were allocated to 4 groups (n = 6 per group): the
negative control (NC) group, the 5-fluorouracil (PC) group, the
5-FU + IPA10 (IPA10) group, and the 5-FU + IPA20 (IPA20)

This journal is © The Royal Society of Chemistry 2026
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group. In the IPA10 and IPA20 groups, mice were orally admi-
nistered IPA (Sigma-Aldrich, St. Louis, USA) for 11 days at con-
centrations of 10 mg kg~ and 20 mg kg™, respectively.>* All
mice except mice in the NC group were intraperitoneally
injected with 5-FU daily from Day 7 to Day 11. On Day 12,
blood, intestinal tissue, and intestinal contents were collected
after sacrifice.

Histological analysis

Colon tissues from sacrificed mice were fixed in 4% parafor-
maldehyde (Biosharp, Beijing, China), embedded in paraffin,
and sectioned. For histological evaluation, sections were sub-
jected to Hematoxylin and Eosin (HE) and Alcian Blue/Periodic
Acid-Schiff (AB-PAS) staining to assess the general morphology
and goblet cells, respectively. Immunofluorescence staining of
Z0-1 was performed using the specific antibody (Proteintech,
Chicago, USA). Additionally, immunohistochemical staining of
myeloperoxidase (MPO), occludin, and ZO-1 was conducted by
using the corresponding antibodies (Proteintech, Chicago,
USA). All staining procedures followed standardized protocols,
including antigen retrieval and blocking, incubation with
specific primary antibodies, and appropriate secondary anti-
bodies. Quantitative analysis was performed by using Image]
software.

Transmission electron microscopy (TEM)

Distal colon segments from sacrificed mice were removed and
immediately placed in a 2.5% glutaraldehyde solution
(Solarbio, Beijing, China) for 24 hours. Then, the samples were
fixed with 1% osmic acid, fixed/stained with 2% uranium
acetate, dehydrated with gradient ethanol, embedded, and
sliced. Finally, the processed tissues were observed by using a
Tecnai G2 Spirit transmission electron microscope (Thermo
Fisher Scientific, Waltham, USA).

Serum cytokines and IPA measurement

Serum from sacrificed mice was obtained by centrifuging the
collected blood at 4000g for 15 min. Serum cytokines, includ-
ing IL-6, IL-10, IL-1p, IL-17A, IFN-y, and TNF-a, were assessed
by using a Mouse Cytokine 6-Plex Panel (Bio-Rad, California,
USA) following the manufacturer’s instructions. Serum IPA
levels were measured by using an ELISA kit (COIBO BIO,
Shanghai, China) according to the manufacturer’s guidelines.

Estimation of intestinal oxidative stress levels

The protein concentration of intestinal tissues from sacrificed
mice was quantified with a BCA Protein Assay Kit (Beyotime,
Shanghai, China). Then, the content of malondialdehyde
(MDA) and the activity of superoxide dismutase (SOD) were
measured by using the corresponding detection kit (Beyotime,
Shanghai, China).

Cell experiments

The human colon adenocarcinoma Caco-2 cell line was pur-
chased from ATCC (Manassas, VA, USA) and cultured in
Dulbecco’s modified Eagle’s medium (DMEM, Gibco, MD,
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USA) supplemented with 10% fetal bovine serum (FBS, Gibco,
MD, USA) and 1% penicillin/streptomycin (Beyotime,
Shanghai, China) at 37 °C under 5% CO,.>*

To evaluate the sensitivity of Caco-2 to IPA, Caco-2 cells
were seeded in 96-well plates. After incubation for 24 h, the
cells were exposed to 0 pM, 5 pM, 25 pM, 50 pM, 100 pM,
200 pM, and 500 uM IPA for 24 h. Then, a CCK8 kit (Beyotime,
Shanghai, China) was used to measure the cell viability follow-
ing the manufacturers’ instructions.

To explore the effects of IPA on 5-FU-induced cellular
injury, Caco-2 cells were divided into 4 groups: the control
group, the 5-FU group, the 5-FU + IPA group, and the 5-FU +
IPA + ketoconazole (KTZ) group. The concentrations used were
as follows: 5-FU at 10 uM, IPA at 50 pM, and the PXR antagon-
ist ketoconazole (Sigma-Aldrich, St. Louis, USA) at 10 pM.>*?’
Following a 24 hour treatment, cells were harvested for real-
time qPCR analysis.

In vitro probiotic culture experiments

To investigate whether Li01, Lactobacillus reuteri, and
Lactobacillus johnsonii can convert tryptophan into IPA in
monoculture or co-culture, the following experiment was con-
ducted. To provide sufficient substrate for bioconversion, MRS
liquid broth was supplemented with r-tryptophan (Macklin,
Shanghai, China) at a concentration of 5 g L™". The medium
was then divided into six groups inoculated with different pro-
biotics as follows: no probiotics (MRS), Li01 (Li01),
Lactobacillus reuteri LRO8 (L.r.), Lactobacillus johnsonii 6084 (L.
j.), Li01 + L. reuteri LRO8 (Li01 + L.r.), and Li0O1 + L. johnsonii
6084 (Li01 + L.j.). Each strain was inoculated at an initial con-
centration of 1 x 10’ CFU per mL.>® All cultures were incubated
anaerobically at 37 °C for 48 h. After incubation, the cultures
were centrifuged at 4000 rcf for 10 min, and the resulting

supernatants were collected for subsequent analysis.

Real-time quantitative PCR

The RNA of intestinal tissue from sacrificed mice and Caco-2
cells was extracted by using an RNeasy Kit (Qiagen, Hilden,
Germany). Subsequently, cDNA was synthesized using
PrimeScript RT Master Mix (Takara, Kusatsu, Japan). The rela-
tive gene expression levels were determined with a
QuantStudio 5 Real-Time PCR system (Thermo Fisher
Scientific, Waltham, MA) by using TB Green Premix Ex Taq
(Takara, Kusatsu, Japan). Relative gene expression was calcu-
lated using the 27##°T method, and GAPDH was used as an
internal reference. Primers are presented in Table S2.

16S rRNA gene sequencing

Following the manufacturer’s guidelines, total bacterial DNA
was isolated from murine fecal samples by using a DNeasy
PowerSoil kit (Qiagen) and the quality and concentration were
determined using 1.0% agarose gel electrophoresis and a
NanoDrop ND-2000 spectrophotometer (Thermo Scientific).
The V3-V4 variable region of the 16S rRNA gene was amplified
by using specific primers.*® Following PCR amplification, puri-
fication, and quantification, equal amounts of the amplicons
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were pooled and subjected to sequencing on an Illumina
NovaSeq 6000 system. Subsequent bioinformatic processing of
the raw FASTQ files was performed to analyze the sequence
data.

Transcriptome sequencing

Colon tissue total RNA from sacrificed mice was isolated as
outlined previously.>® Following purification, enrichment, and
fragmentation of mRNA, sequencing libraries were constructed
with a TruSeq Stranded mRNA LT Sample Prep Kit (Illumina,
CA, USA). The libraries were subjected to paired-end sequen-
cing (150 bp) on an Illumina NovaSeq 6000 platform. Raw
sequencing reads were processed to yield high-quality clean
data. Principal component analysis (PCA) was performed by
using R (v3.2.0). Differentially expressed genes (DEGs) were
identified by DESeq2, and significantly enriched KEGG path-
ways were identified in R (v3.2.0). Gene Set Enrichment
Analysis (GSEA) was implemented via the GSEA software
platform.

Untargeted metabolomic analysis of intestinal contents

Untargeted metabolomic profiling of murine colonic content
samples was carried out as previously reported.>’ In brief,
colonic contents (50 mg) were resuspended in pre-chilled 80%
methanol and vortexed. The mixture was incubated on ice for
5 min and centrifuged at 20 000g at 4 °C for 20 min. The super-
natant was diluted with LC-MS grade water to a final methanol
concentration of 53%, followed by a second centrifugation.
The supernatant was subjected to UHPLC-MS/MS analysis
with raw data processed in Compound Discoverer 3.1 for peak
alignment and quantification. Peak intensities were normal-
ized to total spectral intensity, and metabolites were identified
by matching against the mzVault, mzCloud, and MassList
databases. Annotation was performed by using KEGG, HMDB,
and LIPIDMaps. Multivariate analyses including PLS-DA were
conducted in metaX. Differential metabolites were defined as
those with variable importance in projection (VIP) >1 and p <
0.05. Clustering heatmaps were plotted by using the Pheatmap
package in R language after z-score normalization of metab-
olite intensities.

IPA-targeted metabolomics

IPA was extracted from murine feces using a two-step sequen-
tial extraction with ultrapure water and methanol. For the pro-
biotic culture medium, proteins were precipitated by mixing
the medium with ice-cold methanol. All samples were then
sonicated, vortexed, and centrifuged, and the supernatants
were dried using a centrifugal vacuum concentrator
(Labconco, USA). The method for quantifying IPA was based
on the separation capabilities of Ultra-High Performance
Liquid Chromatography (UPLC) and the high sensitivity detec-
tion characteristics of Mass Spectrometry (MS). Using an exter-
nal standard method, IPA was quantitatively analyzed. A cali-
bration curve was established based on the peak area of the
target compound and the concentration of the standard, allow-
ing for the calculation of IPA content in the samples.
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Statistical analysis

Statistical analyses were performed by using IBM SPSS
Statistics 22.0 and GraphPad Prism 10.1.2. Data normality was
assessed with the Shapiro-Wilk test. Group comparisons were
performed using Student’s t-test or Mann-Whitney U test (for
two groups), and ordinary ANOVA or Brown-Forsythe/Welch
ANOVA (for multiple groups), as appropriate. Correlation
between microbiota and IPA was analyzed by Pearson corre-
lation analysis. Data are presented as mean + SEM, and differ-
ences with a P value <0.05 were recognized as statistically
significant.

Results

Lio1 conferred protection against 5-FU-triggered intestinal
inflammation and diarrhea

To investigate the effect of Li01 on diarrhea caused by 5-FU,
the following procedures were performed in mice (Fig. 1A).
Mice treated with 5-FU exhibited pronounced body weight loss
(P < 0.001) and higher diarrhea scores (P < 0.001) compared to
mice in the NC group, accompanied by macroscopic obser-
vations of watery feces (Fig. 1B and C). However, these mani-
festations were substantially mitigated by oral gavage of Li01.
In addition, administration of Li01 significantly ameliorated
5-FU-induced colonic shortening (P < 0.001) (Fig. 1D), while no
significant effect was observed on the length of the small intes-
tine (P > 0.05) (Fig. S1A). In line with the reduction in colon
length, HE staining and MPO immunohistochemistry revealed
that 5-FU inflicted severe damage to the colonic architecture,
characterized by crypt loss, epithelial erosion, submucosal
edema and neutrophil infiltration, all of which were improved
by Li01 treatment (Fig. 1E). Quantitative analysis of MPO
immunohistochemistry (Fig. S1B) revealed a significant
reduction in MPO-positive cell counts in the Li01 group com-
pared to the PC group. To assess systemic and local inflam-
mation, levels of key cytokines were measured. 5-FU adminis-
tration significantly elevated the serum concentrations of
IL-1B, IL-6, TNF-a, and IL-17A (Fig. 1F), and concomitantly
increased the colonic expression of IL-6, TNF-a, and IL-1f
(Fig. S1C). Compared to the PC group, the levels of these pro-
inflammatory factors were lower following Li01 administration.
Additionally, Li01 increased the concentration of the anti-
inflammatory cytokine IL-10 relative to the PC group (Fig. 1G).
As shown in Fig. 1H, Li01 counteracted 5-FU-induced oxidative
stress, with elevated SOD activity (P < 0.01) and reduced MDA
levels (P < 0.001). Collectively, these data demonstrate that
Li01 effectively attenuated 5-FU-induced diarrhea by mitigating
inflammation and oxidative stress.

Li01 improved 5-FU-induced intestinal barrier damage and
reversed microbiome dysbiosis in mice

In order to investigate the impact of 5-FU on the intestinal
barrier, key components including the microvilli, goblet cells,
and tight junction proteins were examined. Analysis with TEM
allowed identification of shortened, ruptured, and sparse

This journal is © The Royal Society of Chemistry 2026
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Fig. 1 LiO1 alleviated 5-FU-induced diarrhea in mice. (A) Study design of the Li01 intervention experiment. (B) Percentage of initial body weight and
diarrhea scores of mice following 5-FU administration. (C) Fecal form on the last day. (D) Representative photos of the colon (left) and colon length
(right) from mice on the final day. (E) Representative images of HE staining and immunohistochemical staining of MPO in colon tissues. (F) The levels
of IL-6, IL-1p, IL-17A, and TNF-a in serum. (G) The level of IL-10 in serum and its relative expression in colon tissues. (H) SOD activity and MDA con-
centration in colon tissues. Data are presented as mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001.

intestinal microvilli among mice in the PC group, whereas the
Li01 group appeared denser and more intact (Fig. 2A).
Additionally, AB-PAS staining revealed that, compared to the
NC group, 5-FU treatment greatly depleted the intestinal
goblet cell population (P < 0.001) (Fig. 2A and B). However, the
administration of Li01 resulted in a higher number of goblet
cells (P < 0.001) compared to the PC group. Moreover, colonic
immunofluorescence staining revealed a higher density of
ZO-1 in the Li0O1 group than in the PC group (Fig. 2A).

This journal is © The Royal Society of Chemistry 2026

Likewise, relative
expression levels of occludin, claudin-1, and ZO-1 in the colon

(Fig. S2A). To explore alterations in the gut microbiota, 16S

pretreatment with Li01 elevated the

ribosomal RNA gene amplicon sequencing was utilized.
Microbial a-diversity was markedly restored in the Li01 group
compared to the PC group, as reflected by the Observed
species (P < 0.05) and Chaol index (P < 0.01) (Fig. 2C). The
B-diversity, assessed by PCoA (Fig. 2D), showed that 5-FU-
treated mice clustered separately from mice in the NC group,
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Bacteroidetes (F/B) ratio. (G) Relative abundance of Proteobacteria at

(E) Relative abundance of bacteria at the phylum level. (F) Firmicutes to
the phylum level. (H) Relative abundance of Desulfovibrionaceae and

Lactobacillaceae at the family level. (I) Relative abundance of Lactobacillus reuteri and Lactobacillus johnsonii at the species level. Data are presented

as mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001.

indicating a shift in microbiota composition. However, this
shift was attenuated by the administration of Li01. The profile
of the gut microbiome at the phylum level is presented in
Fig. 2E. At the phylum level, the Firmicutes/Bacteroidetes ratio
(P < 0.001) was significantly lower in the PC group than in the
NC group (Fig. 2F). Compared to the PC group, the Li01 group
exhibited a significantly higher F/B ratio (P < 0.01).

Food Funct.

Furthermore, Li0O1 reversed the 5-FU-induced elevation in the
abundance of Proteobacteria (P < 0.05) (Fig. 2G). At the family
level, in contrast to 5-FU treatment, which increased the abun-
dance of Desulfovibrionaceae while reducing the abundance of
Lactobacillaceae, Li01 administration produced the opposite
effect, effectively suppressing Desulfovibrionaceae (P < 0.01)
and elevating Lactobacillaceae (P < 0.01) levels (Fig. 2H). At the
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species level, the abundance of L. reuteri (P < 0.01) and
L. johnsonii (P < 0.001) was significantly higher in the
Li01 group than in the PC group (Fig. 2I).

Li01 supplementation increased the level of microbiota-
derived indole-3-propionic acid in 5-FU-treated mice

Transcriptome analysis of murine colon tissue identified 369
significantly upregulated and 755 significantly downregulated
DEGs among mice in the Li01 group compared to mice in the
PC group (Fig. S3A and B). As shown in Fig. S3C, the PCA plot
showed clear separation among mice in the NC, PC, and
Li01 groups. The top 10 downregulated pathways based on the
KEGG analysis between the Li01 group and the PC group are
shown in Fig. 3A. Notably, the Th17 cell differentiation
pathway showed significant downregulation in the Li01 group
compared to the PC group. The GSEA results show that Li01
significantly suppressed the Th17 cell differentiation, Th1 and
Th2 cell differentiation and cytokine-cytokine receptor inter-
action pathways (Fig. 3B). To elucidate the underlying mecha-
nism by which Li01 conferred protection in 5-FU-treated mice,
LC-MS was employed to analyze the metabolic profiles of
colonic contents and a total of 1232 metabolites were identi-
fied. The PLS-DA showed distinct clustering of metabolites
among the three groups (Fig. 3C). Subsequently, the top 20
differential metabolites between the Li01 and the PC groups
were screened (Fig. 3D). Li01 supplementation resulted in the
downregulation of 11 metabolites and the upregulation of
9 metabolites. Of the 9 metabolites markedly elevated in the
Li01 group, only IPA was microbiota-derived. IPA levels were
subsequently analyzed in all three groups. The administration
of 5-FU resulted in a decrease in the relative abundance of IPA
in colonic contents and its concentration in serum (Fig. 3E
and F). However, both parameters were significantly higher fol-
lowing Li01 intervention compared to the PC group.
Expression levels of PXR and AhR, the primary receptors med-
iating the biological functions of IPA, were also analyzed.*?
Specifically, compared to the PC group, Li01 treatment signifi-
cantly upregulated PXR expression (P < 0.05), whereas the level
of AhR (P > 0.05) showed no obvious change (Fig. 3G).

Gut microbiota mediated the protective function of Li01
against 5-FU-induced mucositis

To determine whether the protective effects of Li01 in 5-FU-
treated mice are mediated by gut microbiota, an antibiotic
cocktail was administered to deplete the gut microbiota in the
Abx, APC, and ALiO1 groups before gavage and intraperitoneal
injection (Fig. 4A). As assessed from cultures of fecal samples
on Day 14, antibiotic treatment resulted in a significantly
lower bacterial burden compared to the NC group (Fig. S4A).
During this experiment, 5-FU caused significant weight loss,
diarrhea and shortened colon in the APC group, but treatment
with Li01 failed to alleviate these symptoms (Fig. 4B and C).
There was also no observable difference in the IL-6, TNF-a,
IL-10 and IL-17A levels between the APC and ALiO1 groups
(Fig. 4D and Fig. S4B). Consistently, Li01’s ability to counteract
oxidative stress was abrogated in microbiota-depleted mice, as

This journal is © The Royal Society of Chemistry 2026
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it neither improved the decline of SOD activity nor alleviated
the increase in MDA content triggered by 5-FU (Fig. S4C). In
addition, combined assessment of colon tissue by HE staining
and TEM revealed that mice administered with 5-FU showed
marked epithelial erosion and loss, crypt damage, and villus
disarray compared to mice in the Abx group (Fig. 4E).
However, supplementation with Li01 did not ameliorate these
pathological alterations. Similarly, MPO immunohistochemis-
try and its quantitative analysis (Fig. S4D and E) showed no
significant difference in MPO-positive cell counts between the
APC and ALi01 groups. Furthermore, analysis of tight junction
proteins via immunohistochemistry (ZO-1, occludin) and gene
expression (ZO-1, occludin, and claudin-1) confirmed that the
protective effect of Li01 on the gut barrier was abrogated by
antibiotic pretreatment (Fig. 4E and F). These results highlight
that the presence of gut microbiota is a prerequisite for Li01 to
exert its effects against 5-FU-induced mucositis. To rule out
potential direct effects of the antibiotic cocktail on the viability
of Li01, the Abx + PBS group and the Abx + Li01 group were set
up, as shown in Fig. S5A. Following antibiotic application, the
Lactobacillus content in the feces of both groups decreased sig-
nificantly (Fig. S5B). From Day 14 to Day 24, the Lactobacillus
content of the Abx + Li01 group showed a marked increase
compared to the Abx + PBS group (Fig. S5B). This indicates
that successful colonization of Li01 in the gut was achieved fol-
lowing antibiotic administration. No significant differences
were observed between two groups in terms of colon length,
colon HE staining, or the expression of IL-6, TNF-a, and occlu-
din in the colon (Fig. S5C-E).

IPA production was dependent on the gut microbiota

To further investigate the altered gut microbiota, we conducted
16S rRNA gene sequencing on fecal samples from mice sub-
jected to antibiotic intervention. Comparison between the NC
and Abx groups revealed that antibiotic pretreatment resulted in
a significant decline in o-diversity indices including Chao1 (P <
0.001), Observed species (P < 0.001), and Shannon index (P <
0.01) (Fig. 5A). Interestingly, mice in the APC and ALi01 groups
showed similar levels of a-diversity. The F/B ratio (P > 0.05) at
the phylum level did not differ significantly between the APC
and ALiO1 groups (Fig. 5B). Given that Li01 administration sig-
nificantly increased the abundance of L. reuteri and L. johnsonii
in mice without antibiotic treatment, we next assessed whether
the abundance of these two bacterial species would change in
antibiotic-treated mice. Following antibiotic administration, Li01
failed to increase the abundance of L. reuteri (P > 0.05) and
L. johnsonii (P > 0.05) at the species level (Fig. 5C). Targeted
quantification of IPA in fecal samples and measurement of
serum IPA levels were also performed; however, no significant
difference in IPA concentrations between the ALi01 and APC
groups could be observed (Fig. 5D). In mice receiving antibiotic
water, 5-FU administration resulted in lower PXR mRNA levels,
whereas mice treated with Li01 produced no obvious difference
compared to the APC group (Fig. 5E). These results indicated
that the gut microbiota is essential for IPA production. To test
our hypothesis that L. reuteri and L. johnsonii are key contribu-
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tors to host IPA levels, we performed a correlation analysis. As
illustrated in Fig. 5F, correlation analysis showed that IPA con-
centration was positively associated with the abundance of
L. reuteri (P = 0.0083, r = 0.3767) and the abundance of
L. johnsonii (P = 0.0026, r = 0.4254). To further explore the role of
the microbiota in IPA production, in vitro cultures were con-
ducted (Fig. 5G). The IPA levels in the culture supernatant of the

Food Funct.

Li01 group, the L. reuteri group, and the L. johnsonii group
showed no significant difference compared to the MRS control
group (Fig. 5H), indicating that Li01, L. reuteri, and L. johnsonii
were individually incapable of converting tryptophan to IPA.
However, a significant increase in IPA generation was observed
in co-cultures of Li01 with L. reuteri (P < 0.001) as well as Li01
with L. johnsonii (P < 0.001).
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Administration of IPA alleviated 5-FU-induced intestinal
mucositis

The effect of IPA on 5-FU-induced diarrhea in mice was investi-
gated by administering mice with IPA (10 mg kg™" or 20 mg
kg™") or PBS via gavage for 11 days (Fig. 6A). All mice except
those in the NC group were intraperitoneally injected with
5-FU daily from Day 7 to Day 11. Compared to mice in the PC
group, mice in the IPA-treated groups, particularly at the
20 mg kg™" dose, showed significantly attenuated mucositis-
associated symptoms, manifested as higher body weight, lower
diarrhea scores, and longer colon length (Fig. 6B and C). IPA20
treatment restored redox homeostasis by enhancing SOD
activity (P < 0.01) and reducing MDA accumulation (P < 0.01)
(Fig. 6D). The protective mechanism of IPA was associated
with a potent anti-inflammatory capacity, as it suppressed the
elevation of IL-1f, TNF-a, and IL-17A in systemic circulation
and IL-6, IL-1, and TNF-a in colonic tissue (Fig. S6A and B).
When compared to the PC group, HE and AB-PAS staining
showed that mice administered with IPA maintained colonic
epithelial integrity and abrogated the depletion of mucin-pro-
ducing goblet cells in a dose-dependent manner (Fig. 6E and
Fig. S6C). Furthermore, mice supplemented with IPA restored
occludin localization at tight junctions (Fig. 6E) and upregu-
lated mRNA expression levels of both occludin and claudin-1
(Fig. S6D), indicating amelioration of 5-FU-induced intestinal
barrier damage. Moreover, mice administered with IPA exhibi-
ted substantially elevated intestinal expression levels of PXR
and its target genes, Cyp3all and Abcbla, relative to mice in
the PC group (Fig. 6F). To verify that IPA exerts its protective
effect via PXR activation, we performed experiments using
Caco-2 cells. Caco-2 cell viability at different IPA concen-
trations is shown in Fig. 6G. Based on these results, a concen-
tration of 50 pM IPA was selected for subsequent intervention
experiments. IPA administration reversed 5-FU-induced cellu-
lar damage, evidenced by decreased IL-6 and increased occlu-
din expression, but this protection was abolished by the PXR
antagonist KTZ (Fig. 6H). Mechanistically, IPA treatment elev-
ated the expression of PXR (Fig. 6H) and its downstream
targets CYP3A4 and ABCB1 (Fig. S6E), compared to 5-FU alone,
an upregulation that was also blocked by KTZ.

Discussion

In this study, we investigated the effects of L. salivarius Li01 on
5-FU-induced diarrhea in mice. Administration of 5-FU
resulted in severe diarrheal symptoms, driven by elevated
colonic inflammation, oxidative stress, intestinal barrier
damage, and microbial dysbiosis. In contrast, Li01 treatment
significantly ameliorated these pathological alterations.
Further mechanistic investigation revealed that the gut micro-
biota and microbiota-derived IPA play an important role in
mediating the protective effects of Li01 against 5-FU-triggered
diarrhea.

The mechanism by which intestinal mucosal injury is
caused by 5-FU has been extensively studied. The pathogenesis

This journal is © The Royal Society of Chemistry 2026
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of this condition is multifactorial; however, the direct cytotoxic
effect of 5-FU on intestinal crypt cells serves as the primary
initiating event.*® Following intracellular conversion of 5-FU to
fluorodeoxyuridine monophosphate, the metabolite potently
and irreversibly inhibits thymidylate synthase (TS), resulting in
impaired synthesis of deoxythymidine monophosphate
(dTMP).** This critical metabolic disruption leads to defective
DNA synthesis in intestinal epithelial cells and directly
impedes the normal division and renewal of crypt stem cells.?”
Consequently, the regenerative process of the intestinal
mucosa is severely compromised, culminating in the charac-
teristic pathological findings of villous blunting and atrophy.*®
This primary insult triggers a complex cascade of molecular
events, characterized by the upregulation of pro-inflammatory
cytokines, the induction of profound oxidative stress, and the
subsequent activation of apoptosis and necroptosis path-
ways.”” Crucially, this damage disrupts the integrity of the
intestinal mucosal barrier, facilitating bacterial translocation
and sustaining a vicious cycle of inflammation and tissue
injury.”® While this pathophysiological framework is well-
established, effective preventive or therapeutic strategies
remain an unmet clinical need.

Transcriptome analysis revealed a significant suppression
of the Th17 cell differentiation pathway in Li0O1-treated mice,
contrasting with its activation in the 5-FU group. Given the
established role of this pathway in intestinal inflammation, its
downregulation could logically result in reduced production of
related pro-inflammatory mediators.*>*® Consistent with this
possibility, we observed significantly lower levels of IL-1p, IL-6,
TNF-a, and IL-17A in serum and colonic tissue following Li01
administration. Collectively, the alleviating effect of Li01 on
5-FU-induced diarrhea appear to be mediated via immune
homeostasis. However, future studies directly quantifying
Th17 cells and their key effector molecules are warranted to
substantiate this mechanistic insight.

Emerging evidence indicates that the gut microbiota plays a
significant role in human health. This is particularly evident
in the context of intestinal pathologies, where microbial dys-
biosis has been implicated in the pathogenesis of a range of
disorders.** Our results showed that 5-FU induces a dramatic
shift in the gut microbiota of mice by decreasing the pro-
portion of Firmicutes and increasing the proportion of
Bacteroidetes. This observed shift aligns with previous publi-
cations: a markedly reduced F/B ratio is a hallmark of intesti-
nal inflammation, whereas an elevated ratio is frequently
reported in obesity.*> The increased relative abundance of
Proteobacteria, a phylum encompassing numerous potential
pathogens, indicates a shift toward a dysbiotic state that is
often associated with intestinal inflammation.** In addition,
Desulfovibrionaceae can convert sulfate into hydrogen sulfide
(H,S), a genotoxic and pro-inflammatory metabolite that
impairs colonocyte metabolism and disrupts the mucosal
barrier.** Our study indicates that administration of Li01
restores the imbalanced microbial homeostasis in 5-FU-chal-
lenged mice; notably, Li01 appears to suppress the expansion
of  typical pathogen-like communities, including
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Proteobacteria and Desulfovibrionaceae. L. reuteri and
L. johnsonii are indispensable commensal microorganisms
within the gut ecosystems of humans and animals. These
species function as key commensals by orchestrating host
immunity, reinforcing gut barrier integrity, and producing bio-
active metabolites.”® For example, L. reuteri stimulates intesti-
nal epithelial proliferation and protects the mucosal barrier
from inflammation by promoting Paneth cell expansion and
upregulating the expression of antimicrobial peptides, includ-
ing Defal, Defa6, and Lyz-1.*® L. johnsonii alleviates experi-
mental colitis by promoting the polarization of resident macro-
phages toward an anti-inflammatory CD206" phenotype
characterized by IL-10 production, mechanistically through the
TLR1/2-STAT3 signaling pathway.?” In our study, mice adminis-
tered with Li01 showed significantly higher abundance of
L. reuteri and L. johnsonii. This microbial shift was concomi-
tant with elevated IL-10 levels, decreased pro-inflammatory
cytokines, and improved intestinal barrier function, possibly
suggesting a potential mechanistic link between the enrich-
ment of these specific Lactobacilli and the observed ameliora-
tion. To establish a causal link, we utilized an antibiotic-
treated mouse model in which the endogenous gut microbiota
was substantially depleted. The absence of an ameliorative
effect of Li01 in 5-FU-treated antibiotic mice verifies that the
intestinal microbiome is essential in mediating the beneficial
effects of Li01 against mucositis. Thus, we propose that Li01
initiates a protective host response by modulating the gut
microbial community, which in turn mitigates 5-FU-induced
diarrhea.

It is being increasingly recognized that metabolites gener-
ated by the gut microbiota serve as pivotal signal mediators
within microbial ecosystems and in the dialogue between the
host and the microbiota.*® Thus, the identification and func-
tional characterization of these microbial metabolites are
essential for advancing our understanding of microbiota func-
tionality and the dynamic relationships between the host and
microbiota.”® IPA is a tryptophan-derived metabolite syn-
thesized by specific commensal bacteria in the gut through
enzymatic processes.’® Due to the beneficial properties of the
compound, including functioning as an antioxidant and
immunomodulator, a substantial amount of research has
established the pivotal role of IPA in regulating host metab-
olism. For instance, IPA has been shown to promote apoptosis
of mucosal Th1/Th17 cells and alleviate inflammatory bowel
disease by binding to heat shock protein 70 (HSP70).>' Gut
microbiota-derived IPA ameliorates diabetic kidney disease by
inhibiting ubiquitin-mediated degradation of SIRT1.>?
However, the role of IPA in 5-FU-induced mucositis remains
largely unexplored. Our results demonstrated that Li01 admin-
istration alleviated 5-FU-related diarrhea, whereas this protec-
tive effect was absent after antibiotic administration. This indi-
cates that bioactive metabolites derived from the gut micro-
biome are essential for protection against mucositis.
Metabolomic analysis identified IPA as a central mediator in
the protective mechanism of Li0O1. Following antibiotic-
induced microbiota depletion, IPA levels in the feces and
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serum of Li01-treated mice did not show an increase, linking
the maintenance of host IPA homeostasis directly to an intact
gut microbiota. Li01 administration markedly increased the
abundance of L. reuteri and L. johnsonii in normal mice, but
did not increase their abundance in antibiotic-treated mice.
Then, a strong positive correlation between IPA levels and the
relative abundance of L. reuteri and L. johnsonii was observed.
Importantly, our in vitro co-culture experiments substantiate
this link: while neither Li01, L. reuteri, nor L. johnsonii alone
metabolized tryptophan into IPA, co-cultures of Li01 with
either L. reuteri or L. johnsonii resulted in significant IPA pro-
duction. This result explicitly demonstrates that the enrich-
ment of L. reuteri and L. johnsonii, in conjunction with Li01,
is both necessary and sufficient for the observed rise in IPA.
This aligns with previous research demonstrating a positive
correlation between IPA and L. reuteri.>® And earlier studies
have indicated that while L. johnsonii alone metabolizes
tryptophan only to indole-3-lactic acid (ILA), it collaborates
with Clostridium sporogenes to facilitate IPA production.’*
Collectively, these data support that Li01 promotes the
growth of L. reuteri and L. johnsonii, which in turn collaborate
with Li01 itself to drive IPA synthesis. Therefore, we propose
that the protective effect of Li01 is mediated, at least in part,
by its ability to foster a microbial environment that enriches
IPA-producing symbionts like L. reuteri and L. johnsonii,
thereby driving the increase in this key protective
metabolite.

Previous studies have shown that IPA mediates protection
through different mechanisms; some reports indicate that IPA
functions through activation of the aryl hydrocarbon receptor
(AhR), while others have shown that it acts via the pregnane X
receptor (PXR).>>”° Our findings associate its benefits in 5-FU-
induced mucositis with PXR activation. Mechanistically, IPA
treatment elevated intestinal expression of PXR and its target
genes, Cyp3all and Abcb1a.’” The induction of these genes is
critically linked to the observed phenotypic improvement.
Cyp3all is involved in detoxification processes that may
reduce oxidative stress, while Abcbla is an efflux transporter
known to maintain barrier integrity and modulate inflamma-
tory responses by exporting toxins and xenobiotics.’®° IPA,
through its activation of PXR and subsequent upregulation of
its target genes Cyp3all and Abcb1la, provides a direct mole-
cular pathway connecting metabolite signaling to the allevia-
tion of barrier dysfunction, inflammation, and oxidative stress.

Our demonstration that oral gavage of IPA effectively ame-
liorates 5-FU-induced intestinal damage provides a promising
first step in evaluating its therapeutic potential via a clinically
feasible route. However, a deeper understanding of its in vivo
pharmacokinetic profile is essential for further translation.
Although oral administration proved effective in our model, a
direct comparative pharmacokinetic and pharmacodynamic
study against systemic administration is warranted. Such a
study would help clarify the dominant mode of action and
define the most efficient delivery route. Furthermore, employ-
ing isotope-labeled IPA might enable precise tracking of its
absorption and distribution, which would be a key objective in
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future studies.®® Future delivery strategies, such as enteric
coating, lipid-based nano-carriers, or co-administration with
absorption enhancers, could be explored to improve intestinal
stability and enhance epithelial uptake of IPA.°>*> Ultimately,
while our work validates the oral activity of IPA, dedicated
pharmacokinetic studies and systematic route comparisons
constitute the logical and necessary next steps to translate this
gut microbiota-derived metabolite into a targeted and efficient
therapeutic agent.

Although this study demonstrates that Li01 ameliorates
5-FU-induced diarrhea in mice through the gut bacterial
metabolite IPA, several limitations must be acknowledged.
First, the exact in vivo mechanism responsible for the synthesis
of IPA has not been fully elucidated. Second, since adminis-
tration of Li01 was associated with substantial changes in the
gut microbiota and metabolome, contributions of other micro-
biota and metabolites to the observed effects cannot be ruled
out. Third, the beneficial effects exerted by Li01 and IPA were
validated only in mice, and their effects in humans remain
unclear. Thus, further studies are essential to decipher the
precise mechanisms by which probiotics modulate the micro-
biota-metabolite-host crosstalk.

Conclusion

We found that Li01 administration alleviated 5-FU-triggered
diarrhea by mitigating colonic inflammation, oxidative
stress, and barrier damage in a gut microbiota-dependent
manner. Mechanistically, administration of Li01 amelio-
rated microbial imbalance and significantly enriched the
gut microbiota-derived metabolite IPA. Furthermore, IPA
could activate PXR and contribute to the protection against
intestinal mucositis caused by 5-FU. Additionally, we discov-
ered that IPA production was mediated by cooperation
between Li01 and either L. reuteri or L. johnsonii. Our study
highlights the significance of the Li01-microbiota-IPA axis,
suggesting that both the probiotic Li01 and the metabolite
IPA may be promising therapeutic candidates for the preven-
tion and mitigation of 5-FU-induced diarrhea. Future
research will further elucidate the detailed mechanisms of
this axis and evaluate the therapeutic potential of Li01 in
clinical scenarios.
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