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ABSTRACT

5-Fluorouracil (5FU) is a commonly employed and highly effective chemotherapeutic agent in clinical oncology. Nevertheless, one
of the most frequent and debilitating adverse effects associated with 5FU treatment is diarrhea. These gastrointestinal complications
can affect patients’ quality of life and adherence to treatment regimens. Consequently, addressing and mitigating diarrhea during SFU
therapy presents a critical and urgent challenge in oncological care. This study investigated whether probiotic Lactobacillus reuteri
combined with Clostridium butyricum Miyairi 588 (LCs) can alleviate SFU-induced diarrhea and the potential mechanism. Wistar
rats received SFU (50mg/kg, intraperitoneal injection) for 5 consecutive days to establish a SFU-induced colitis diarrhea model. LCs
were administered 15days before the 5SFU injection and continued until the day of sacrifice. Tissue morphology, inflammatory and
oxidative stress markers, as well as the expression of mRNA related to intestinal barrier integrity, apoptosis, and aquaporins (AQPs)
were evaluated in the colon tissue samples. These analyses used hematoxylin and eosin staining, enzyme-linked immunosorbent
assay (ELISA), and quantitative real-time reverse transcription-polymerase chain reaction (QRT-PCR) techniques. Additionally, the
concentrations of short-chain fatty acids (SCFAs) were measured using gas chromatography-flame ionization detection (GC-FID)
analysis. In this colitis model, LCs mitigated SFU-induced weight loss, diarrhea, bloody stool, shortened colon length, and colonic
histopathology. Treatment with LCs resulted in reduced levels of MDA, TNF-a, IL-1(3, and MPO activity, as well as decreased mRNA
expression of IFN-y, AKT, NF-xB, TNF-c, and iNOS. Additionally, LCs significantly downregulated the expression of VCAM-1,
CXCL4, MAPK, and caspase-3, while upregulating the tight junction protein occludin expression. LCs also notably diminished the
mRNA expression levels of AQP7, VIP, and PKA. This study demonstrates that LCs have therapeutic effects on colitis, primarily
through their antioxidant properties, anti-apoptotic effects, mucosal barrier integrity maintenance, neutrophil infiltration reduction,
and inflammatory cytokines and aquaporin expression modulation.
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1 | Introduction

Colitis is a well-recognized adverse effect of 5-fluorouracil
(5FU) chemotherapy, clinically manifesting as weight loss,
hematochezia, diarrhea, and reduced colon length. The inci-
dence of 5FU-induced diarrhea ranges from 40% to 70%, sig-
nificantly impairing patients’ quality of life. Severe diarrhea
may lead to malnutrition, electrolyte imbalance, immuno-
suppression, and, in some cases, fatal outcomes (Siritientong
et al. 2025; Yue et al. 2025). The pathogenesis of 5FU-induced
colitis is primarily driven by inflammation, oxidative stress,
and apoptosis, with excessive activation of neutrophils and
macrophages playing a key role in disease progression (Shen
et al. 2021; Xiang et al. 2020). Although anti-ulcer agents and
antibiotics have shown partial efficacy in alleviating 5FU-
induced intestinal mucositis, their clinical application re-
mains limited (Chen et al. 2022). Recent studies suggest that
probiotics may help manage chemotherapy-induced diarrhea
and mitigate intestinal mucositis in cancer patients undergo-
ing 5FU-based regimens (Siritientong et al. 2025).

Probiotics are generally considered safe and well-tolerated,
and are increasingly used as adjunctive therapies during radio-
therapy and chemotherapy (Chrysostomou et al. 2023; Wang
et al. 2023). Their health benefits have been linked to various
mechanisms, including antioxidant activity, immune modula-
tion, and intestinal barrier preservation (Maftei et al. 2024).
Both clinical and preclinical evidence suggest that probiot-
ics can alleviate gastrointestinal disorders, such as diarrhea,
abdominal discomfort, and inflammatory bowel disease, by
modulating oxidative stress and attenuating inflammatory re-
sponses (Ariyoshi et al. 2021; Huang et al. 2023). However,
the biological effects of probiotics are strain-specific, and their
therapeutic efficacy varies accordingly. Despite this variabil-
ity, targeting gut microbiota remains a promising strategy
for the prevention and management of 5FU-induced muco-
sitis (Chen et al. 2022; Justino et al. 2020; Shen et al. 2021;
Yeung et al. 2021). In addition to modulating inflammatory
responses, probiotics may influence the expression of adhe-
sion molecules such as intercellular adhesion molecule-1
(ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1),
both of which play crucial roles in leukocyte recruitment
during inflammation (Li et al. 2017). Although probiotic-
mediated inhibition of adhesion molecule upregulation has
been associated with symptom relief in colitis models, the un-
derlying mechanisms remain poorly defined, and the results
across studies are inconsistent (Chu et al. 2010; Rezazadeh
et al. 2023).

The probiotic mixture LCs, composed of L. reuteri and C. butyr-
icum Miyairi 588, has demonstrated potent anti-inflammatory
properties (Ariyoshi et al. 2021; Yue et al. 2025). C. butyri-
cum has been reported to reduce serum pro-inflammatory
cytokines and enhance the expression of intestinal barrier
proteins, including claudin-3, occludin, zonula occludens-1
(ZO-1), and zonula occludens-2 (ZO-2), thereby reinforcing
intestinal integrity (Yu et al. 2024). Additionally, C. butyricum
promotes IL-10 production in intestinal macrophages via a
TLR2-MyD88-dependent mechanism, contributing to its pro-
tective effects against dextran sulfate sodium (DSS)-induced

colitis (Hagihara et al. 2020). Similarly, recent studies have
shown that L.reuteri alleviates intestinal inflammation by
modulating gut microbiota, enhancing SCFA production,
and reinforcing epithelial barrier function. These effects are
linked to its ability to suppress pro-inflammatory cytokines,
regulate immune responses, and secrete bioactive metabo-
lites such as reuterin and organic acids (Lee et al. 2025; Yue
et al. 2025).

Although previous studies have highlighted the therapeutic
potential of probiotics in mitigating chemotherapy-induced
intestinal mucositis, the strain-specific efficacy and the un-
derlying mechanisms remain inconsistent and not fully elu-
cidated (Lopez-Gomez et al. 2023). Our unpublished data
demonstrated that the combination of L.reuteri and C.bu-
tyricum (LCs) exhibited superior protective effects compared
to single-strain treatments in a cisplatin-induced intestinal
mucosal injury model. Based on this preliminary evidence,
we hypothesized that this dual-strain formulation could also
exert protective effects against 5FU-induced intestinal muco-
sitis. Therefore, the present study aimed to investigate whether
preadministration of LCs could alleviate 5FU-associated diar-
rhea and colitis in a rat model by modulating inflammatory
responses, oxidative stress, apoptosis, adhesion molecule
expression, and intestinal barrier integrity. Our findings not
only support the potential of LCs as a probiotic-based inter-
vention for chemotherapy-induced mucosal injury but also
underscore the significance of strain combinations and ra-
tional dosing strategies in enhancing the efficacy of probiotic
therapies. These results provide novel insights into the design
of strain-combination approaches for probiotic interventions
and suggest that LCs may represent a promising alternative
for supportive care in managing chemotherapy-induced gas-
trointestinal toxicity.

2 | Materials and Methods
2.1 | Animals

Adult 4-week-old Wistar rats (100-125g) were obtained from
BioLASCO Taiwan Co. Ltd. and randomly divided into three
groups consisting of seven animals each. All animals were kept
in a room maintained at 24°C+1°C and humidity of 55% +10%
with a 12-h light/dark cycle. During the study, these rats were
fed rodent chow (Lab Diet, 5001, PMI Feeds Inc., Richmond, IN,
USA) and drank sterile water ad libitum. 5FU was purchased
from Nang Kuang Pharmaceutical Co. Ltd. The original concen-
tration of 5FU was 50 mg/mL and was diluted to 10 mg/mL with
phosphate-buffered saline (PBS).

2.2 | Ethics Statement

All animal experimental procedures were reviewed and ap-
proved by the Animal Care and Use Committee of Chung Shan
Medical University, Taiwan, in accordance with the 3R prin-
ciples (Replacement, Reduction, and Refinement) (Approval
No: 2282).

We appreciate your guidance on this important aspect.
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2.3 | Probiotic Preparation

The probiotic strains L.reuteri and C.butyricum Miyairi 588
(CBM588), investigated in this study, were selected based on
their demonstrated increased gut microbiota abundance in a
cisplatin-induced nephrotoxicity model when coadministered
with D-methionine (Wu et al. 2019). The nephroprotective ef-
fects of LCs are associated with their ability to enhance anti-
inflammatory responses and maintain the integrity of the
intestinal barrier (Hsiao et al. 2021). Additionally, both strains
have been reported to exhibit antioxidant and anti-inflammatory
effects in the intestinal environment (Ariyoshi et al. 2021; Yue
et al. 2025). Based on these findings, both bacterial strains, as
potential probiotics, were selected for further investigation to
determine whether the administration of LCs could alleviate
diarrhea induced by 5FU through the regulation of intestinal
barrier integrity.

The probiotic mixtures used in this study were L. reuteri and
C. butyricum (Miyarisan Pharmaceutical). L. reuteri (BCRC
80379) was obtained from the Food Industry Research and
Development Institute (Hsinchu, Taiwan), while CBM588
was purchased from Asia Bio-Med Management Limited
(Taichung, Taiwan). The total quantity of bacteria CBM588
powder was 5x 108 cfu/g/packet. In an anaerobic incubator,
L. reuteri cultures were grown overnight in Lactobacilli MRS
broth at 37°C. the culture broth was centrifuged at 2000x g
for 3min and washed three times with PBS. The probiotic
mixtures contained viable CBM588 at 5x 10% colony-forming
units (CFU)/g and viable L. reuteri at 1-2x10° CFU/mL and
were reconstituted in 2mL sterile saline before administra-
tion. Control mice were treated with the same volume of ster-
ile water.

2.4 | Study Design and Sample Treatment

After a week of preexperimental adaptation, the rats of three
groups were given different treatments: control group, 5FU
group, SFU + L. reuteri, and C. butyricum (5FU +LCs group).
To establish an intestinal mucositis model, we adapted a pro-
tocol from a previous study (Chen et al. 2021) with minor mod-
ifications. 5FU was administered via intraperitoneal injection
at a dose of 50 mg/kg body weight from day 1 to day 5. In the
control group, rats received physiological saline injections
during the same period, along with daily oral administra-
tion of sterile water by gavage. The 5FU group was similarly
treated with 5FU and daily oral sterile water by gavage from
day 1 to day 5. The 5FU+ LCs group received probiotic sup-
plementation for 14 days before the initial 5FU injection and
continued with five intraperitoneal injections of 5FU from day
1 to day 5. Throughout the study, the body weight, food intake,
water consumption, and stool characteristics of the rats were
monitored daily. The diarrhea of all animals was observed
every day and was graded accordingly as follows: 0, normal
stool (normal); 1, considerably moist stool (mild); 2, unformed
and wet stool (moderate); and 3, watery stool (severe) (Kim
et al. 2018).

All rats were anesthetized with CO, and were sacrificed on the
8th day. The colons (from the ileocecal junction to the anorectal

junction) were removed, and colon length was measured with a
ruler. Then the colons were immediately divided into two por-
tions: one kept in 10% formalin for histological and immunohis-
tochemical evaluation. Another half of the tissues was frozen
in liquid nitrogen and stored at —80°C until used for the prepa-
ration of tissue homogenates, real-time PCR, and Western blot
analysis.

2.5 | Histopathological Examination of Colon

The colon tissues were fixed in 10% neutral buffered formalin, de-
hydrated in graded ethanol, embedded in paraffin wax, processed,
sectioned into 4mm-thick slices, and stained with hematoxy-
lin and eosin (H&E). The histological injury score of each colon
was evaluated by experienced pathologists with light microscopy
(Olympus, Japan) at a magnification of 40X, 100X, and 400X.

2.6 | Preparation of Tissues Homogenates

The colons (approximately 0.1 g) were homogenized in 10 mL
of cold PBS buffer using a homogenizer at 4°C. The crude tis-
sue homogenate was centrifuged and kept at —80°C for fur-
ther use.

2.7 | Oxidative Stress Biomarkers Analysis

Malondialdehyde (MDA) levels in colon homogenates were
determined using the thiobarbituric acid (TBA) reaction
method (Wen et al. 2004). The standard substance used was
1,1,3,3-tetramethoxypropane (TMP). TMP was used as the
standard for calibration, with concentrations of 0, 0.2, 1, 2,
5, and 10nmol/mL. Colon homogenates were diluted 1:1 with
phosphate-buffered saline (PBS). For the assay, 500 uL of each
sample or standard was mixed with 500 uL of 40% trichloro-
acetic acid (TCA) to precipitate proteins. Subsequently, 0.85%
TBA was added, and the mixture was thoroughly vortexed
and incubated in a boiling water bath (100°C) for 20 min.
Following cooling, 1 mL of the reaction mixture was trans-
ferred to a 1.5mL microcentrifuge tube and centrifuged. The
supernatant was collected, and its absorbance was measured
at 532nm. The MDA concentration was calculated based on
the standard curve.

Glutathione peroxidase (GPx) activity was determined by moni-
toring the oxidation of reduced glutathione (GSH) coupled with
the reduction of nicotinamide adenine dinucleotide phosphate
(NADPH) by glutathione reductase (GSR), as previously de-
scribed (Wen et al. 2004). In brief, 10uL of colon homogenate
was mixed with 50mM phosphate buffer (PPB) and 30 mM hy-
drogen peroxide (H,O,). The reaction was monitored using a
UV-visible spectrophotometer (Ultrospec 2100 pro, Biosciences
Amersham).

The decomposition rate of H,0, at 240nm was measured to as-
sess catalase activity (Wen et al. 2004). Briefly, 10 uL of diluted
homogenate was mixed with 690 uL of 50mM PPB and 350 uL of
30mM H,0,. After rapid mixing, the decline in absorbance at
240nm was recorded within 1 min.
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The concentrations of interleukin-10 (IL-10) and interleukin-18
(IL-1B) in colon homogenates were quantified using rat ELISA
kits (R&D Systems, Minneapolis, MN, USA), according to the
manufacturer's protocols.

2.8 | Measurement of Diamine Oxidase (DAO)
and Myeloid Peroxidase Enzyme (MPO)

DAO activity in the colons homogenates was determined using
the commercial rat diamino oxidase ELISA kit (CSB-E12634r,
Cusabio Biotech, Wuhan) according to the protocols of the
ELISA kits. The MPO activity in the colon tissue samples was
determined according to the previous method with some alter-
ation (Kuo et al. 2011). The supernatant (50uL) was added to
1.4mL of 50mM phosphate buffer containing O-dianisidine di-
hydrochloride and 50 uL H,0,. Finally, the absorbance changes
were recorded at a wavelength of 460 nm within 3 min using the
Amersham-Ultrospec 2100 Pro spectrophotometer (LSI Model
Alfa-1502).

2.9 | RNA Extraction and Real-Time Reverse
Transcriptase-PCR (Real-Time RT-PCR)

Total RNA was extracted from colon tissues using RareRNA
(GenePure Technology Co., Taichung, Taiwan) according
to the manufacturer's protocol. The concentration of each
RNA sample and the 260/280-nm absorbance (A260/A280)
ratio were measured using the Amersham-Ultrospec 2100
Pro Spectrophotometer. Purified RNA (3ug/uL) was reverse-
transcribed into cDNA using a High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, Foster City, CA). RT-
qPCR was carried out on a StepOne Real-Time PCR System
(Applied Biosystems, Foster City, USA) using the Smart Quant
Green Master Mix (Applied Biosystems). PCR was performed
with 1 |2 sample cDNA, Smart Quant Green Master Mix 5uL,
1uLof each primer of GAPDH, and 1uL of each primer of the
gene to be tested, in a final volume of 10 uL. Ct values for both
the target and internal control genes were calculated, and the
relative changes in gene expression were analyzed by the 274ACt
method. The mRNA of GAPDH was used to normalize the total
amount of cDNA on real-time PCR. The primer sequences for
PCR amplification are presented in Table 1.

2.10 | The Analysis of the Short-Chain Fatty Acids
(SCFAs) in Cecum Content

The fecal short-chain fatty acid extraction and analysis method
is as follows. Approximately 0.5g of rat fecal samples was
weighed and transferred to 15mL centrifuge tubes. Deionized
water (5mL) was added, and the samples were homogenized
for 2min. The homogenates were then centrifuged at 7000rpm
for 5min at 25°C, and the supernatants were filtered. An ali-
quot of 2mL of the supernatant was collected and spiked with
a standard isocaproic acid solution. Subsequently, 200uL of
50% (v/v) sulfuric acid was added, followed by 2mL of diethyl
ether. The mixture was homogenized for 2min and then centri-
fuged at 4000 rpm for 5min at 25°C. Collect the supernatant for

subsequent gas chromatography with flame ionization detection
(GC/FID) analysis to quantify the SCFA profiles.

2.11 | Statistical Analyses

A one-way analysis of variance (ANOVA) was conducted using
IBM SPSS Statistics 20, followed by Tukey's honestly significant
difference test (Tukey's HSD) for post hoc analysis. Descriptive
statistics were expressed as means + standard error of the mean
(SEM). All statistical results were considered significant at
p<0.05.

3 | Results

3.1 | Changes in Diarrhea, Disease Activity Index
(DAI), and Colon Length in Rats With 5FU-Induced
Colitis

Diarrhea is a well-documented adverse effect of 5SFU treat-
ment. To evaluate the potential protective effect of probiotic
LCs against 5FU-induced colitis, the incidence of diarrhea
was first assessed. As illustrated in Figure 1A, no significant
diarrhea was observed in the control group throughout the
experimental period. In contrast, rats treated with 5FU ex-
hibited a marked increase in diarrhea incidence starting from
day 4, with some animals showing bloody stools. Notably,
coadministration of LCs significantly reduced the occur-
rence of diarrhea compared to the 5SFU-only group (p <0.05).
Colitis severity was further evaluated using the DAI, which
integrates scores for stool consistency, fecal occult blood, and
body weight loss (Sang et al. 2013). Treatment with 5FU sig-
nificantly elevated DAI values compared to the control group
(p<0.05). However, probiotic supplementation with LCs
markedly attenuated the DAI scores in comparison to the 5FU
group (Figure 1B). Similarly, the diarrhea scores were signifi-
cantly lower in the 5SFU + LCs group than in the 5FU group. In
addition, since severe diarrhea is often associated with colonic
shortening (Chen et al. 2022), colon length was measured at
the end of the experiment. Rats exposed to 5FU exhibited a
significant reduction in colon length after 5days of consec-
utive administration, while cotreatment with LCs effectively
mitigated this shortening effect (Figure 1C).

3.2 | Histopathological Changes in the Colon
Following 5FU Treatment

Histological evaluation of colonic tissues was performed to as-
sess mucosal damage induced by 5FU. The scoring criteria in-
cluded crypt cell apoptosis and expansion, mucosal atrophy and
inflammation, as well as the reduction of goblet cells. As shown
in Figure 1D,E, the 5FU-treated group exhibited a significant
increase in histopathological scores compared to the control
group (p <0.05), indicating substantial tissue damage. Notably,
LCs supplementation markedly alleviated the severity of these
histological lesions; however, the protective effect did not fully
restore the colonic architecture to the level observed in the con-
trol group.
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TABLE1 | Primer sequences for RT-qPCR.

Target Sequence (5’ —3') Accession
TNF-a Forward CCCAATCTGTGTCCTTCTAACT [NM_012675.3]
Reverse CACTACTTCAGCGTCTCGTGT
IFN-y Forward CACGCCGCGTCTTGGT [NM_138880.3]
Reverse TCTAGGCTTTCAATGAGTGTGCC
iNOS Forward ACAACGTGGAGAAAACCCCAGGTG [NM_012611.3]
Reverse ACAGCTCCGGGCATCGAAGACC
VCAM-1 Forward AAGTGGAGGTCTACTCATTCC [NM_012889.2]
Reverse GGTCAAAGGGGTACACATTAG
Occludin Forward TTGGGAGCCTTGACATCTTGTTC [XM_039103245.1]
Reverse GCCATACATGTCATTGCTTGGTG
CXCL-4 Forward TTCTTCTGGGTCTGCTGTTG [NM_001007729.1]
Reverse TGCGTTTGAGATGGATCCTG
Caspase-3 Forward GAGACAGACAGTGGAACTGACGATG [XM_006253130.4]
Reverse GGCGCAAAGTGACTGGATGA
AQP-7 Forward GCTGGCTGGGGCAAGAAAGTG [XM_039109352.1]
Reverse TTTATTGCAGAAGGGTTGTGGTCA
VIP Forward TCTGCAAGGGTAGCAATCGA [XM_039078200.1]
Reverse GGTGGAGTCCCTATCACTGG
MAPK Forward GGGTCGTGGTACTGAGCAAA [NM_031020.3]
Reverse ATAATGCGTCTGACGGGGAC
NFxB Forward GCAACTCTGTCCTGCACCTA [NM_001276711.1]

Reverse CTGCTCCTGAGCGTTGACTT

3.3 | Effects of 5FU and LCs on Oxidative Stress
Markers in Colon Tissue

To investigate oxidative stress status, the concentrations of MDA
as an index of lipid peroxidation and GSH, along with GPx ac-
tivity as indicators of antioxidant capacity, were measured in co-
lonic tissues (Figure 2A-C). Treatment with 5FU significantly
increased MDA levels while reducing both GSH concentrations
and GPx activity compared to the control group (p <0.05), in-
dicating enhanced oxidative damage. In contrast, pretreatment
with LCs effectively mitigated these alterations, restoring MDA,
GSH, and GPx levels toward values comparable to those of the
control group.

3.4 | Effect of LCs on Inflammatory Markers in
5FU-Induced Colon Tissue

Previous studies have demonstrated that increased leukocyte
infiltration correlates with the severity of colitis, as observed
in DSS-induced animal models (Sang et al. 2013). In the pres-
ent study, a significant elevation in myeloperoxidase (MPO)
activity, a marker of neutrophil infiltration, was detected in

the colonic tissue of rats following five consecutive days of
5FU administration compared to the control group (p <0.05,
Figure 3A). Notably, coadministration of LCs significantly
attenuated this increase, indicating a reduction in leukocyte
infiltration into the colonic mucosa. Inflammatory cyto-
kines are recognized as pivotal mediators in the progression
of colitis-associated tissue damage. As shown in Figure 3B,
IL-183 levels were significantly elevated in the colonic tissues
of the 5FU group relative to controls (p<0.05). Although
IL-18 concentrations in the LCs-treated group showed a de-
creasing trend compared to the 5FU group, this difference
did not reach statistical significance (p>0.05). Conversely,
IL-10, an anti-inflammatory cytokine, was significantly sup-
pressed in the 5FU group compared to controls, while LCs
supplementation effectively restored IL-10 levels (p<0.05,
Figure 3C). Additionally, the mRNA expression of several
pro-inflammatory markers, including IFN-y, TNF-a, iNOS,
MAPK, and NF-xB, was analyzed in colonic tissues. As illus-
trated in Figure 3D-G, 5FU treatment significantly upregu-
lated IFN-y, TNF-a, iNOS, and MAPK expression compared to
the control group (p <0.05). Supplementation with LCs mark-
edly suppressed TNF-«, iNOS, and MAPK expression levels
(p<0.05). Although IFN-y expression was reduced in the LCs
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0.5
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colon length, and colitis severity across the three experimental groups.
(B) Disease activity index (DAI) score, (C) Representative image of the

colon and lengths of the colons, (D) HE staining of colonic sections under original magnification: 40X, 100X and 400X (black arrow showed multi-
focal cryptic apoptosis and dilation) and (E) The histopathological score of colon tissue. Data are presented as mean + SEM, n=7. Differences were
analyzed by one-way ANOVA. The data were statistically analyzed, with * denoting a significant difference compared to the control group (p <0.05),

and # indicating a significant difference compared to the SFU-treated group

group relative to the 5FU group, the difference was not statis-
tically significant. NF-xB expression (Figure 3H) was elevated
following 5FU treatment but did not differ significantly among
the experimental groups. Collectively, these results suggest
that LCs supplementation partially alleviates 5FU-induced
colonic inflammation by modulating the expression of inflam-
matory mediators and limiting leukocyte infiltration.

(p<0.05).

3.5 | LCs Protect the Integrity of the Intestinal
Barrier

DAO activity is considered a reliable biomarker of intestinal
permeability, with decreased DAO activity reflecting increased
barrier dysfunction (Zheng et al. 2023). As shown in Figure 4A,
5FU treatment significantly reduced DAO activity compared to
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way ANOVA. The data were statistically analyzed, with * denoting a sig-
nificant difference compared to the control group (p <0.05), and # indicat-
ing a significant difference compared to the 5SFU-treated group (p <0.05).

the control group (p<0.05). However, LCs supplementation
markedly restored DAO activity in SFU-treated rats. In addi-
tion, the gene expression of VCAM-1 and occludin, a key tight
junction protein, was assessed by real-time PCR. As illustrated
in Figure 4B,C, 5FU administration significantly elevated
VCAM-1 expression while suppressing occludin expression,
indicating disruption of the intestinal barrier. Notably, LCs
supplementation significantly downregulated VCAM-1 and
upregulated occludin expression in 5FU-treated rats (p <0.05),
suggesting that LCs contribute to the preservation of intestinal
barrier integrity under chemotherapeutic stress.

3.6 | Effect of LCs on the Apoptosis in 5FU-Treated
Colon Tissue

Apoptosis is a key mechanism of 5FU-induced mucosal injury,
partly mediated by the upregulation of chemokine CXCL4

(Gao et al. 2014). Given the protective effect of LCs on colitis
severity, we further evaluated their influence on apoptosis-
related gene expression. As shown in Figure 5, the mRNA
levels of CXCL4 and caspase-3 were significantly elevated in
the colonic tissues of 5FU-treated rats compared to controls
(p<0.05). Importantly, LCs supplementation significantly at-
tenuated the expression of both CXCL4 and caspase-3, indi-
cating that LCs may mitigate SFU-induced mucosal apoptosis
(Figure 5).

3.7 | Effect of LCs on the Aquaporins (AQPs) in
5FU-Induced Colitis

Given the observed alleviation of diarrhea and barrier dys-
function by LCs, we further investigated their impact on the
gene expression of aquaporin 7 (AQP7), vasoactive intes-
tinal peptide (VIP), and protein kinase A (PKA). As shown
in Figure 6, 5FU treatment significantly upregulated AQP7,
VIP, and PKA mRNA levels compared to controls (p <0.05).
Interestingly, LCs supplementation significantly suppressed
the expression of AQP7 and PKA (p <0.05) but had no signifi-
cant effect on VIP expression. These findings suggest that the
anti-diarrheal effects of LCs may be partly mediated through
the regulation of water transport and signaling pathways in
the colon.

3.8 | The Concentrations of SCFAs

SCFAs are known to play an essential role in maintaining
intestinal health by reducing mucosal inflammation (Shen
et al. 2021). To evaluate whether LCs supplementation could
modulate SCFA production under 5FU-induced colitis, the
concentrations of specific short-chain fatty acids, including
acetic acid, propionic acid, isobutyric acid, and butyric acid,
were quantified in fecal samples using GC-FID. The retention
times (RT) for each compound were: acetic acid (9.6 min), pro-
pionic acid (10.5min), isobutyric acid (10.7 min), and butyric
acid (11.3min). SCFA levels were calculated based on peak
area comparisons with standard curves (Figure 7A). As shown
in Figure 7E, the concentrations of acetic acid, propionic acid,
and isobutyric acid did not differ significantly among the con-
trol, 5FU, and 5FU + LCs groups. However, butyric acid levels
were significantly reduced in both the 5FU and 5FU+LCs
groups compared to the control group (p<0.05). Although
LCs supplementation slightly increased butyric acid levels
compared to the 5FU group, the difference did not reach sta-
tistical significance (p>0.05). Furthermore, the total SCFA
concentration was markedly decreased in the 5FU group rel-
ative to controls (p <0.05). Notably, LCs supplementation sig-
nificantly restored total SCFA levels in the SFU + LCs group
compared to the 5FU group (p<0.05), suggesting that LCs
may contribute to gut homeostasis through modulation of
SCFA production.

4 | Discussion

5-U is a chemotherapy agent utilized in cancer treatment; how-
ever, it negatively impacts rapidly dividing cells, including those
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FIGURE 3 | The effect of LCs on 5-FU-induced inflammatory cytokines in colonic tissues at both protein production and gene expression lev-
els. (A) Myeloperoxidase (MPO) activity and cytokine concentrations, (B) IL-1f levels; (C) IL-10 levels. The gene expression levels of (D) IFN-y, (E)
TNF-a, (F) iNOS, and (G) NF-xB. Data are presented as mean + SEM, n=3-7. Differences were analyzed by one-way ANOVA. The data were statis-
tically analyzed, with * denoting a significant difference compared to the control group (p <0.05), and # indicating a significant difference compared
to the SFU-treated group (p <0.05).
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FIGURE 4 | Effect of LCs on intestinal mucosal integrity in rats

treated with SFU. (A) Diamine oxidase (DAO) activities; (B) gene ex-
pression levels of the inflammatory marker VCAM-1; (C) gene expres-
sion levels of occludin, as measured by quantitative PCR (QPCR) assay.
Data are presented as mean + SEM, n=3-7. Differences were analyzed
by one-way ANOVA. The data were statistically analyzed, with * de-
noting a significant difference compared to the control group (p <0.05),
and # indicating a significant difference compared to the SFU-treated
group (p<0.05).

in the gastrointestinal epithelium. This can result in a range of
gastrointestinal issues, notably intestinal mucositis. Clinically,
the diarrhea caused by 5FU is especially worrisome (Yeung
et al. 2021). Diarrhea results from damage to the intestinal mu-
cosa, which initiates repeated apoptosis and inflammation of
the intestinal epithelium and intestinal wall. Chemotherapy-
induced diarrhea can be life-threatening due to ongoing elec-
trolyte and fluid losses, compounded by malnutrition. In this
study, rats receiving 5FU for 5days exhibited moderate to severe
diarrhea. However, LCs treatment mitigated the incidence of
diarrhea (Figure 1A). Furthermore, intestinal mucosal injury,
bleeding, and inflammation can lead to shortening of the colon.
The DAI and colon length are important indicators for evaluat-
ing the severity of colitis in mice (Yue et al. 2025). Consistent
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FIGURE 5 | Effect of LCs on apoptosis-related inducer in 5FU in-
duced colonic tissues. The gene expression levels of (A) CXCL 4 and
(B) caspase-3, as measured by qPCR assay. Data are presented as
mean+SEM, n=3. Differences were analyzed by one-way ANOVA.
The data were statistically analyzed, with * denoting a significant dif-
ference compared to the control group (p <0.05), and # indicating a sig-
nificant difference compared to the SFU-treated group (p <0.05).

with our findings (Figure 1B,C), LCs demonstrated the ability
to reduce DAI scores and attenuate colon shortening, indicating
their therapeutic potential against colitis-related pathological
effects. Probiotics have a longstanding history in the treatment
of diverse intestinal diseases, encompassing conditions such
as diarrhea and enteritis. CBM588 has shown effectiveness in
not only preventing ulcerative colitis and exhibiting antitumor
properties but also in significantly reducing diarrhea and safe-
guarding the intestinal barrier (Ariyoshi et al. 2021; Hagihara
et al. 2020). In a study on diarrhea induced by Escherichia coli
in pigs, the addition of L. reuteri LR1 notably decreased both di-
arrhea incidence and intestinal permeability (Tang et al. 2021).
L. reuteri significantly alleviated DSS-induced reduced shorten-
ing of colon length and effectively prevented the increase of DAI
(Yue et al. 2025). These results suggest that probiotics have a
protective effect against colitis.

It is well established that lactic acid bacteria (LAB) exert an-
tioxidant effects through the production of bioactive metabo-
lites, surface-associated molecules, and specific antioxidant
enzymes. Probiotics are capable of synthesizing or secreting
antioxidant components, including extracellular polysaccha-
rides (EPS), superoxide dismutase (SOD), GPx, catalase (CAT),
pseudocatalase, SCFAs, and tryptophan derivatives, all of which
contribute to alleviating oxidative stress and inflammatory re-
sponses in host tissues (Feng and Wang 2020; Garcia Mansilla
et al. 2025; Wu, Xie, et al. 2022). Specifically, L. reuteri has
been shown to produce antioxidant enzymes such as SOD and
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FIGURE 6 | Effect of LCs on water transport in rats treated with 5-
FU. The mRNA expression levels were analyzed to assess the impact of
LCs treatment on key transport proteins. (A) AQP7 is a water channel
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ous signaling pathways that can influence cellular transport processes.
Data are presented as mean = SEM, n=3. Differences were analyzed by
one-way ANOVA. The data were statistically analyzed, with * denoting
a significant difference compared to the control group (p <0.05), and #
indicating a significant difference compared to the 5FU-treated group
(p<0.05).

CAT (Jalali et al. 2024). Moreover, genome sequencing analy-
ses have confirmed the presence of genes encoding oxidases,
reductases, and dehydrogenases, suggesting its potential reg-
ulatory role in oxidative stress (Ali et al. 2023). In addition to
enzymes, L.reuteri is recognized as a significant producer of
EPS, which has been reported to mitigate oxidative stress and
inflammation by modulating immune responses and enhanc-
ing antioxidant enzyme activities including SOD, GPx, and
CAT (Ferrer et al. 2024; Ksonzekova et al. 2016; Liu, Cheng,
et al. 2024). Another probiotic used in this study, C. butyricum,

is a known butyrate-producing bacterium, and its administra-
tion has been demonstrated to activate the Keapl-Nrf2/HO-1
pathway, leading to the transcription of antioxidant genes such
as HO-1 and reinforcing the cellular antioxidant defense (Zhou
et al. 2024). Additionally, SCFAs derived from C. butyricum and
L. reuteri can further activate Nrf2 signaling, thereby boosting
antioxidant enzyme expression and minimizing oxidative injury
(Liu, Cheng, et al. 2024). Recent studies have also shown that
probiotic combinations such as L. plantarum AS21 and C.bu-
tyricum can enhance microbial taxa linked to antioxidant and
anti-inflammatory benefits (Li et al. 2024). Furthermore, clini-
cal investigations have reported that probiotic supplementation
during chemotherapy not only alleviates mucositis but also re-
stores SCFA-producing microbiota, further contributing to in-
testinal antioxidant defense (Huang et al. 2023).

SCFAs have also been shown to stimulate the synthesis and ac-
tivity of antioxidant enzymes, providing additional protection
against oxidative stress (Liu, Cheng, et al. 2024). Taken together,
the antioxidant properties of L. reuteri and C. butyricum appear
to involve multiple complementary mechanisms, including the
production of antioxidant enzymes (SOD, GPx, CAT), EPS, and
SCFAs, as well as the activation of the Keapl-Nrf2 signaling
pathway. These combined actions help alleviate oxidative stress,
preserve redox balance, and protect the integrity of the intes-
tinal mucosa during chemotherapy-induced injury. While the
antioxidant activity of probiotics may involve multiple mecha-
nisms, these processes are not yet fully understood and warrant
further investigation.

The intestinal barrier is a dynamic epithelial structure that
facilitates nutrient absorption and waste excretion while pre-
venting the translocation of harmful luminal substances. Tight
junction (TJ) proteins, such as claudin-1, occludin, and ZO-1,
are essential for maintaining epithelial integrity. Inflammatory
cytokines and oxidative stress can impair TJ protein expres-
sion, resulting in increased intestinal permeability and barrier
dysfunction (Yong et al. 2021; Yu et al. 2024). Cell adhesion
proteins, such as selectins, integrins, ICAM-1, and VCAM-1,
play crucial roles in mediating the adhesion and migration of
leukocytes, as well as in regulating immune responses and in-
flammatory processes. Among these, ICAM-1 is particularly
significant in orchestrating the recruitment of white blood cells
to sites of tissue injury, whereas the expression of VCAM-1 is
markedly upregulated in response to inflammatory stimuli.
Consequently, both ICAM-1 and VCAM-1 serve as important
biomarkers for evaluating intestinal mucosal lesions (Wu, Jha,
et al. 2022). Chemotherapy agents like 5SFU have been shown
to disrupt intestinal barrier integrity by downregulating TJ pro-
teins (occludin, claudin-1) and upregulating adhesion molecules
(VCAM-1, ICAM-1,JAM-A), ultimately contributing to diarrhea
(Li et al. 2017; Zheng et al. 2023). Elevated TNF-« levels can
induce intestinal epithelial apoptosis through caspase-3 activa-
tion, further compromising barrier integrity (Geng et al. 2024).
Probiotics such as L. plantarum HNUO082 have been reported to
restore the expression of TJ proteins and mucin-2 and suppress
the expression of adhesion molecules, thereby improving bar-
rier function and reducing inflammation in colitis models (Wu,
Jha, et al. 2022). Interestingly, a recent meta-analysis also re-
ported that probiotic supplementation, particularly multispecies
formulations, longer intervention durations (>12weeks), and
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applications in patients with metabolic syndrome resulted in a
significant reduction of circulating VCAM-1 levels, suggesting
a systemic anti-inflammatory effect beyond the gut (Rezazadeh
et al. 2023). This finding echoes our current hypothesis that
combined probiotic supplementation, such as LCs, may mitigate
neutrophil adhesion by downregulating adhesion molecules like

VCAM-1, prevent TJ protein loss, suppress epithelial apoptosis,
and enhance DAO activity. Collectively, these interlinked ef-
fects contribute to reducing colonic epithelial permeability and
maintaining barrier integrity, further highlighting the potential
of probiotics in modulating intestinal barrier function under in-
flammatory conditions.
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Diamine oxidase (DAO) is an enzyme predominantly localized
in the mucosal villous epithelial cells, and its activity markedly
decreases during intestinal mucositis, reflecting compromised
mucosal integrity. Furthermore, necrosis of intestinal mucosal
cells can result in their detachment and subsequent shedding
into the intestinal lumen, which contributes to reduced levels
of DAO within the intestinal mucosa and an elevation of circu-
lating DAO levels (Shi et al. 2022). Consequently, mucosal DAO
activity is regarded as an indicator of intestinal mucosal matura-
tion and integrity, as well as a marker for mucosal injury and re-
covery. Additionally, DAO activity was found to be diminished
in mice exhibiting mucosal impairment induced by 5FU treat-
ment. The observed increase in intestinal DAO levels suggests
a restoration of tight junction integrity following the damage
incurred from chemotherapy-induced intestinal mucosal injury
(Zheng et al. 2023). Our study further demonstrated that 5FU-
induced intestinal injury led to an increase in intestinal permea-
bility and a decrease in DAO activity within the intestinal tract.
Supplementation with LCs effectively restored colonic DAO ac-
tivity, resulting in a reduction of intestinal permeability. Prior
research has shown that L. reuteri LR1 decreased serum levels
of DAO and LPS, thereby mitigating the incidence of diarrhea in
weaned pigs (Tang et al. 2021). Additionally, dietary supplemen-
tation with probiotics significantly enhanced intestinal DAO ac-
tivity in chicks (Tong et al. 2023). These results align with our
findings suggesting that probiotics possess therapeutic potential
for the restoration of intestinal epithelial integrity.

The intestinal epithelial barrier, maintained by TJ proteins,
plays a crucial role in limiting the translocation of luminal an-
tigens, bacteria, and toxins. Disruption of this barrier leads to
increased intestinal permeability, which is closely linked to the
onset and progression of inflammatory diseases (Li et al. 2017).
Pro-inflammatory cytokines such as TNF-«, IL-183, and IL-6
not only serve as biomarkers of inflammation but also directly
impair the structural integrity of tight junctions by altering the
expression and distribution of key proteins like occludin and
claudin-1. During chemotherapy-induced mucositis, these ele-
vated cytokines promote immune cell infiltration and activate
intracellular signaling pathways that degrade tight junction
components, ultimately exacerbating barrier dysfunction and
intestinal permeability (Dmytriv et al. 2024; Li et al. 2017; Qiu
et al. 2025). This evidence supports the view that inflammatory
markers are not only indicators but also active contributors to
intestinal barrier disruption, perpetuating a vicious cycle of in-
flammation and mucosal injury (Garcia Mansilla et al. 2025; Yu
et al. 2024). Furthermore, neutrophil infiltration is another key
event in the inflammatory response that aggravates intestinal
barrier damage. MPO, an enzyme specifically released by acti-
vated neutrophils, is widely recognized as a reliable biomarker
for assessing the degree of inflammatory cell infiltration and
plays a pivotal role in the pathogenesis of 5FU-induced intes-
tinal mucositis (Wu et al. 2020). Excessive infiltration of neu-
trophils amplifies tissue injury by releasing reactive oxygen
species and proteolytic enzymes, which further disrupt tight
junctions and compromise epithelial integrity. During intesti-
nal inflammation, the balance between pro-inflammatory and
anti-inflammatory cytokines is essential for the maintenance of
epithelial barrier function. TNF-a, primarily produced by mac-
rophages and immune cells, plays a central role in disrupting TJ
protein integrity and increasing epithelial permeability. Elevated

TNF-a levels also induce apoptosis of intestinal epithelial cells
via caspase-3 activation, further weakening the barrier and al-
lowing translocation of luminal contents (Gitter et al. 2000; Li
et al. 2017). Conversely, IL-10, predominantly secreted by regu-
latory T cells (Tregs), exerts potent anti-inflammatory effects by
suppressing pro-inflammatory cytokine expression, including
TNF-a, and thereby helps preserve tight junction integrity and
reduce intestinal permeability (Liu, Liu, et al. 2024).

Several probiotic strains have demonstrated beneficial effects
in restoring this immune balance. For example, C.butyricum
has been reported to stimulate macrophages and enhance IL-
10 secretion, thereby supporting intestinal immune homeostasis
(Hayashi et al. 2013). CBM 588, a specific strain of C. butyricum,
has also been shown to inhibit leukocyte recruitment and in-
filtration into colonic tissues under inflammatory conditions
(Hagihara et al. 2020). In addition, oral administration of
10°CFU of C. butyricum significantly reduced intestinal perme-
ability and decreased TNF-a and IL-6 levels in a burn-induced
intestinal injury model (Zhang et al. 2020). Similarly, L. reuteri
has been shown to suppress the production of pro-inflammatory
cytokines, highlighting its potential to modulate inflammatory
responses (Jiang et al. 2023). Consistent with these observations,
our study demonstrated that supplementation with LCs mark-
edly reduced neutrophil infiltration, as reflected by lower MPO
activity, moderately suppressed IL-1f3 expression, significantly
elevated IL-10 levels, and enhanced the expression of TJ pro-
teins. These combined effects contributed to improved intestinal
barrier integrity and attenuation of mucosal inflammation in
5FU-induced colitis. Altogether, these findings suggest that the
protective effect of LCs is mediated not only through the down-
regulation of pro-inflammatory cytokines and the upregulation
of IL-10, but also through the reduction of neutrophil infiltra-
tion, thereby breaking the cycle of inflammation-driven barrier
dysfunction.

It has been well established that SFU induces intestinal mucosal
injury by activating multiple inflammatory signaling pathways.
Specifically, 5SFU promotes the phosphorylation of ERK1/2,
JNK, p38 MAPK, IxB, and NF-xB in colonic tissues and upreg-
ulates the expression of inducible nitric oxide synthase (iNOS),
while also enhancing NF-xB nuclear translocation in intestinal
epithelial cells (Li et al. 2017). The activation of NF-xB signaling
triggers the production of pro-inflammatory cytokines, includ-
ing TNF-a, IL-1$3, and IL-6. Notably, TNF-a can further amplify
this inflammatory cascade by activating NF-xB, which in turn
exacerbates TJ disruption and intestinal permeability (Monteiro
et al. 2024; Wu et al. 2020). The MAPK signaling cascade is an-
other key mediator of inflammatory gene expression, where NF-
xB functions as a downstream effector, integrating upstream
signals and regulating the transcription of inflammatory cyto-
kines (Liu, Liu, et al. 2024). Previous studies have demonstrated
that probiotics can mitigate intestinal inflammation by inhib-
iting NF-xB and MAPK signaling pathways, thereby reducing
the release of pro-inflammatory mediators (Elkholy et al. 2023;
Ma et al. 2023; Yu et al. 2024). Consistent with this, our study
confirmed that 5FU administration significantly upregulated
the mRNA expression of TNF-a, iNOS, and MAPK in inflamed
intestinal mucosa (Li et al. 2017). Probiotic LCs treatment ef-
fectively attenuated this response, and although a decreasing
trend in NF-xB expression was observed, this reduction did not
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reach statistical significance. Several factors might account for
this outcome. First, NF-xB is a rapidly activated and transiently
regulated transcription factor, and the time point chosen for tis-
sue collection may not have captured the peak of its activation,
leading to an underestimation of its modulation by probiotics.
Second, the probiotic combination used in this study may exert
strain-specific protective effects that involve alternative mech-
anisms beyond the NF-xB and MAPK pathways, as suggested
by other studies (Batista et al. 2022; Hagihara et al. 2020; Yue
et al. 2025). Third, the inherent individual variability in the host
response to 5FU-induced intestinal injury may have introduced
biological fluctuations in NF-xB expression, which could have
further influenced the statistical results. Taken together, while
our study confirms the beneficial effects of L. reuteri and C. bu-
tyricum in alleviating 5FU-induced colitis, the precise mech-
anisms by which these probiotics exert their protective effects
remain complex and multifactorial. However, the pathogen-
esis of chemotherapy-induced intestinal mucositis is complex
and has not yet been determined (Yu, Zhang, Guo, et al. 2022).
Further research is warranted to clarify the precise molecular
mechanisms by which probiotics modulate inflammatory sig-
naling and oxidative stress responses during mucosal injury
(Hagihara et al. 2020; Jiang et al. 2023).

Chemotherapy-induced mucositis is strongly associated with
intestinal epithelial cell (IEC) apoptosis, primarily due to the cy-
totoxic effects of 5SFU (Xiang et al. 2020). Platelet factor 4 (PF4/
CXCL4), a heparin-binding protein, functions as a chemotactic
cytokine that facilitates the recruitment of leukocytes to inflam-
matory sites. The pro-inflammatory chemokine CXCL4 and the
activation of the p38-MAPK signaling pathway lead to the up-
regulation of proapoptotic proteins such as p53 and Bax, caspase
activation, and IEC apoptosis (Gao et al. 2014). In parallel, exces-
sive TNF-a promotes apoptosis and disrupts intestinal barrier
function via caspase-3 activation (Pott et al. 2018). Bcl-2 func-
tions as an anti-apoptotic protein, while Bax serves as a proapop-
totic counterpart. The balance between the proapoptotic protein
Bax and the anti-apoptotic protein Bcl-2 is a critical determinant
of intestinal epithelial cell survival. Intestinal toxicity-induced
disruption of this balance leads to an increased Bax/Bcl-2 ratio,
promoting cytochrome c release from mitochondria and se-
quential activation of caspase-9 and caspase-3, thereby initiat-
ing apoptosis (Alkushi et al. 2022). Caspase-3, a key executioner
of apoptosis, has been implicated in TNF-a-induced intestinal
barrier dysfunction by promoting epithelial cell apoptosis (Geng
et al. 2024). Probiotic intervention has been shown to modulate
this apoptotic process. L. reuteri downregulates caspase-3 ex-
pression while enhancing anti-apoptotic Bcl-xl, thereby preserv-
ing barrier integrity (Zhou et al. 2022). Similarly, administration
of C. butyricum significantly attenuated both epithelial apopto-
sis and inflammation in experimental colitis models (Wu, Zhou,
et al. 2022). In the colitis model, combined LCs supplementation
significantly suppressed the expression of TNF-a, CXCL4, and
caspase-3, while enhancing occludin expression, thereby protect-
ing against 5FU-induced colonic apoptosis and barrier disrup-
tion. Consistently, our unpublished data further demonstrated
that LCs administration markedly downregulated proapoptotic
markers Bax and caspase-3, while restoring the expression of
the anti-apoptotic protein Bcl-2 in a 5FU-induced intestinal
mucositis model. Moreover, LCs-derived SCFAs were shown to
enhance the activities of antioxidant enzymes, including CAT

and GPx, thereby mitigating oxidative stress-induced apoptosis
(Ferrer et al. 2024). Collectively, these findings suggest that the
anti-apoptotic effects of LCs are mediated through both immu-
nomodulatory and antioxidative mechanisms.

Diarrhea is a common adverse effect associated with 5FU-
induced intestinal mucositis. Aquaporins (AQPs), a family of
membrane channel proteins responsible for regulating water
and small solute transport, play an essential role in maintaining
intestinal fluid homeostasis. Dysregulated expression of AQPs
can impair water absorption and secretion, thereby exacerbat-
ing the pathological diarrhea characteristic of 5FU-induced
intestinal mucositis (Wu et al. 2021). Previous studies have
demonstrated that increased intestinal permeability is asso-
ciated with the altered expression of AQPs. Specifically, 5SFU
treatment has been reported to upregulate colonic protein levels
of AQP3, AQP7, and AQP11, ultimately disrupting water trans-
port and contributing to the onset of diarrhea (Gan et al. 2020).
In addition, vasoactive intestinal polypeptide (VIP), one of the
most abundant neuropeptides in the gastrointestinal tract, has
also been implicated in this process. Dysregulation of water
transport, alongside the overexpression of VIP, cyclic adenos-
ine monophosphate (CAMP), and protein kinase A (PKA), has
been observed in 5FU-induced intestinal mucositis, suggesting
that the VIP-cAMP-PKA signaling axis may further contrib-
ute to impaired intestinal water absorption (Wu et al. 2021).
Probiotics have shown potential in alleviating diarrhea, likely
by modulating AQP expression. A previous study reported that
the anti-diarrheal effects of probiotics are associated with the
restoration of water transport and absorption in the colon, as
well as the normalization of AQP3 and AQPS8 expression (Zhang
et al. 2018). Conversely, other research has demonstrated that
probiotic supplementation can increase AQP3 expression in
models of constipation, highlighting that AQP regulation may
exhibit context-dependent, bidirectional effects depending on
the nature of the gastrointestinal disorder (Deng et al. 2018).
Consistent with these findings, the present study showed that
5FU administration significantly increased the mRNA expres-
sion levels of AQP7, VIP, and PKA, whereas treatment with LCs
attenuated this upregulation, suggesting a protective role of LCs
in restoring intestinal water transport balance.

According to a study by L. Wu et al. (Wu et al. 2023), 5FU has
been shown to induce intestinal inflammation while simulta-
neously reducing the production of SCFAs. This observation
further emphasizes the pivotal role of SCFAs in maintaining
intestinal health and highlights their potential involvement
as risk-modulating factors in the pathogenesis of colitis (Xu
et al. 2022). Emerging evidence suggests that probiotic supple-
mentation may alleviate intestinal inflammation, in part by
promoting SCFA production, thereby preserving the integrity
and function of the intestinal mucosal barrier (Shen et al. 2021;
Wu, Jha, et al. 2022). SCFAs, as key microbial metabolites, have
been reported to exhibit strong negative correlations with pro-
inflammatory cytokines such as TNF-a, IL-13, IFN-y, IL-6,
and MPO, while showing a positive correlation with the anti-
inflammatory cytokine IL-10 (Wu, Jha, et al. 2022). These find-
ings underscore the essential role of SCFAs in supporting both
the structural integrity and immune balance of the intestinal
epithelium. Furthermore, butyrate, a major SCFA, serves as an
important energy substrate for colonocytes. Interestingly, LCs
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enhanced butyrate production in cisplatin-induced nephrotox-
icity (Hsiao et al. 2021), but only increased total SCFA levels in
5FU-induced mucosal injury. This discrepancy is likely attrib-
utable to variations in the duration of probiotic supplementa-
tion and pharmacological exposure. These results highlight the
significance of strain selection, dosing strategy, and treatment
timing, further reinforcing the translational potential of our
findings.

Growing evidence suggests that multistrain probiotic combina-
tions offer superior therapeutic efficacy to single-strain probiot-
icsin managing colitis, likely due to their synergistic interactions
(Hua et al. 2025; Li et al. 2024). In the present study, coadminis-
tration of C. butyricum and L. reuteri markedly alleviated 5FU-
induced colitis, supporting a cooperative protective effect. The
underlying mechanisms of this benefit are believed to arise from
the complementary actions of both strains. Both C. butyricum
and L. reuteri produce SCFAs, which enhance intestinal barrier
integrity by upregulating TJ proteins, stimulating mucus secre-
tion, and promoting epithelial renewal (Cazzaniga et al. 2024).
Additionally, both strains produce bioactive compounds such
as surface layer proteins, organic acids, antimicrobial pep-
tides, enzymes, and exopolysaccharides, all contributing to
anti-inflammatory and antioxidant properties (Garcia Mansilla
et al. 2025). Specifically, L.reuteri enhances epithelial adhe-
sion and immune modulation via structural components such
as teichoic acid, lipoteichoic acid, and EPS, and produces me-
tabolites including reuterin, indole derivatives, adenosine, and
histamine, all of which exhibit immunoregulatory and anti-
inflammatory activities (Ali et al. 2024; Lee et al. 2025). In
parallel, C. butyricum promotes the production of lipid-derived
specialized proresolving mediators, such as Protectin D1, which
enhances IL-10 secretion and maintains mucosal homeostasis
(Cazzaniga et al. 2024). In addition to the direct interactions be-
tween probiotics and the host, emerging evidence indicates that
communication is also mediated by bioactive molecules secreted
by probiotics. Among these, probiotic-derived extracellular vesi-
cles (EVs) have attracted growing attention for their role in mod-
ulating host physiology. Specifically, C. butyricum and L. reuteri
strains secrete EVs, which have been shown to inhibit inflam-
matory responses and strengthen intestinal barrier function,
thereby alleviating colitis (Ma et al. 2023, 2022; Yue et al. 2025).
Beyond their local effects on the gut, both strains have demon-
strated clinical relevance. C.butyricum has been shown to
alleviate chemotherapy-induced diarrhea and systemic inflam-
mation and even enhance the antitumor efficacy of 5FU (Lo
et al. 2023; Tian et al. 2019). The probiotic L. reuteri has the po-
tential to reduce both local and systemic inflammation and may
alleviate gastrointestinal symptoms (Jiang et al. 2023). Notably,
we observed that the combination of C.butyricum and L. reu-
teri alleviates 5FU-induced diarrhea and mucositis while also
reducing cisplatin-induced nephrotoxicity and gastrointestinal
toxicity, suggesting broad-spectrum protective potential (Hsiao
et al. 2021). These findings highlight the therapeutic promise
of probiotic-based interventions in mitigating chemotherapy-
associated complications.

Our study acknowledges several limitations that offer opportu-
nities for future exploration. First, while SFU is widely used in
preclinical models (Monteiro et al. 2024; Qiu et al. 2025; Shen
etal. 2021; Zheng et al. 2023), clinical chemotherapy regimens such

as FOLFOXIRI often involve multiple agents, including irinotecan
and oxaliplatin (Chai et al. 2024). Future studies should therefore
investigate the effects of LCs in combination with chemotherapy
models to better simulate clinical settings and evaluate their po-
tential as an adjunctive therapy. Second, the underlying mecha-
nisms by which LCs alleviate chemotherapy-induced intestinal
injury remain incompletely understood. Future research should
explore the involvement of molecular pathways such as NF-xB/
MAPK and the regulation of inflammatory cytokines via the
TLR4/MyD88/NF-xB signaling cascade. In addition, untargeted
metabolomics analyses of serum, gut microbiota, and colonic tis-
sue may provide deeper insights into the metabolic interactions
underlying LCs' therapeutic effects (Liu, Qiu, et al. 2024; Yu,
Zhang, Zhao, et al. 2022). Finally, the present study did not assess
LCs' effects in a tumor-bearing model. Previous clinical findings
have shown that probiotics can alleviate chemotherapy-induced
gastrointestinal complications without compromising anti-tumor
efficacy in colorectal cancer patients (Huang et al. 2023). Future
studies should validate the protective and synergistic roles of LCs
in tumor models under active chemotherapy.

5 | Conclusions

LCs pretreatment effectively alleviated 5FU-induced diarrhea,
likely through the suppression of colonic inflammatory re-
sponses, the upregulation of tight junction protein expression,
and the reduction of intestinal permeability by decreasing
adhesion molecule expression. Moreover, LCs inhibited the
AQP-VIP-PKA signaling pathway and modulated the CXCL4-
mediated MAPK/caspase-3 axis, thereby attenuating apoptosis.
These findings suggest that LCs supplementation may serve as
an effective strategy for the prevention of 5FU-induced diarrhea.
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