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Background: Probiotics supplementations have been regarded as an effective 
strategy for colitis treatment. However, the effect of Ligilactobacillus salivarius 
Li01 on benzo[a]pyrene (BaP)-induced colitis in Mongolian gerbils remains 
unclear. In this study, we leverage a BaP-induced model of colitis that exhibits 
significant remission following Ligilactobacillus salivarius Li01 intervention, to 
conduct an animal experiment that integrates histopathological assessment, 
inflammatory cytokines, 16S rRNA sequencing, targeted metabolomic profiling 
to investigate the relationship between Ligilactobacillus salivarius Li01, gut 
microbiota, and colitis.

Results: We demonstrated that the improvements in colon histopathological 
assessment and inflammatory cytokines by Ligilactobacillus salivarius Li01 
supplementation are accompanied by alterations in gut microbiota structure 
marked by increased abundance of strains with probiotic potential belonging to 
Bifidobacterium and Eubacterium_coprostanoligenes. Targeted metabolomic 
profiling analysis showed that Ligilactobacillus salivarius Li01 supplementation 
increases the concentration of acetic, propionic, butyric, and valeric acid. 
Correlation analysis showed that the alteration in the indicators associated with 
colitis is closely correlated to the changed microbial taxa and short-chain fatty 
acids (SCFAs).

Conclusion: These data highlighted that Ligilactobacillus salivarius Li01 
supplementation ameliorated the BaP-induced colitis, probably via modulating 
the structure of gut microbiota and promoting the production of SCFAs. Our 
findings provide preliminary evidence for a possible therapeutic strategy for the 
treatment of colitis based on host-microbiome interactions.
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1 Introduction

Inflammatory bowel disease (IBD) is a group of chronic 
non-specific disorders affecting the ileum, cecum and colon, which 
includes Crohn’s disease (CD) and ulcerative colitis (UC). The 
pathogenesis of IBD is multifactorial and involves a complex interplay 
of gene mutations, eating habits, unbalanced gut microbiota, 
environmental hygiene and psychosocial factors (1). Over the last few 
decades, IBD has undergone considerable rises in Asia and other 
recently developed and developing countries since its emergence in 
the Western world (2). A 30-year cohort study from Korea indicated 
that the incidence of UC and CD patients was 6.58 and 2.42 in every 
100,000 persons, respectively (3). In West Asia, the pooled annual 
incidence of UC was 2.33/100,000 persons and that of CD was 
1.46/100,000 persons (4). In clinical practice, corticosteroids, immune 
suppressants and biological preparations are usually used for IBD 
treatment (5). However, these drugs are limited by their significant 
side effects during a long-time use. Therefore, it is important to find 
new strategies for managing IBD, which acts as a worldwide 
healthcare issue.

The gut microbiota is a community of more than 1014 bacteria 
residing in the intestinal tract (6). In recent years, impressive body of 
evidence indicating the crucial crosstalk between gut microbiota and 
IBD have emerged. For instance, Frank et al. (7) found a significant 
association between shifts in the relative abundance of 
Faecalibacterium and Escherichia taxa and the clinical IBD phenotype. 
In addition, previous studies have shown that IBD patients presented 
a distinct microbiota profile in which a reduction of Bacillota and 
Bacteroidota ratio, as well as some butyrate-producing genera such as 
Eubacterium, and an increase in Proteobacteria and Actinomycetota 
were observed (8). These dysbiosis may contribute to an elevation in 
intestinal barrier permeability, a symptom that is commonly observed 
in IBD. Evidence from epidemiological data has also indicated the 
crucial role of gut microbiota in the development of IBD (9). More 
importantly, a randomized controlled trial has revealed that receiving 
fecal microbiota transplantation (FMT) from a healthy donor can 
significantly decrease the endoscopic index of severity and the level of 
C reaction protein (CRP) in patients with IBD (10). All the existing 
data might be important because, in this content, new targets aimed 
at regulating the composition and metabolism of gut microbiota for 
IBD treatment could be furtherly explored.

Probiotics are defined as “living microorganisms” which can confer 
health benefits to the host when administered in sufficient amounts 
and duration (11). Studies have reported that some probiotics exhibit 
a variety of physiological functions that are beneficial to human health, 
such as antibacterial activity, anti-inflammatory activity, antioxidant 
activity and immunomodulatory activity (12, 13). Data from a meta-
analysis of randomized controlled trials indicated that multi-strain 
probiotics supplementation can be  regarded as a good choice in 
remission of IBD (14). Probably, the beneficial effects come from the 
fact that, probiotics can enhance the function of gut microbiota in 
improving intestinal barrier integrity and have a protective effect on 
systematic inflammation (15, 16). Lactobacillus salivarius are probiotic 
strains widely used as a functional food and auxiliary medicine for 
various diseases (17). Current research has found that Ligilactobacillus 
salivarius Li01 could significantly alleviate the symptoms of acute liver 
injury in thioacetamide-induced mice by reducing serum inflammatory 
cytokine and lipopolysaccharide-binding protein (LBP) concentrations, 

and reshaping the perturbed gut microbiota (18). In addition, recent 
studies showed that Ligilactobacillus salivarius Li01 could significantly 
increase the ratio of Bacillota/Bacteroidota and improve the relative 
abundance of some beneficial genera such as Rikenellaceae_RC9 and 
Lachnospiraceae_NK4A136_group (19, 20), suggesting the 
characteristics of probiotics. However, the effect of Ligilactobacillus 
salivarius Li01 on whether it could ameliorate gut inflammation and 
injury by regulating gut microbiota and its metabolites remains unclear 
in colitis models.

Mongolian gerbil (Meriones unguiculatus) is a kind of long-lived 
small mammal species, which can live up to 32 months in the wild, 
and up to 50 months in the laboratory, and are therefore used as 
biomedical research models for a variety of diseases. They are very 
susceptible to intestinal lesions induced by a chemical and sequential 
inflammation, and have beneficial applicability in a variety of tissue 
collection and intestinal pathology observations in comparison with 
common rodents (21). However, Mongolian gerbils are adapted to 
their original habitat, semi-deserts and steppes, and are able to reduce 
water uptake, which might interfere with the application of dextran 
sulfate sodium (DSS) via drinking water (22). Given this, we employed 
benzo[a]pyrene (BaP), a contaminant widely distributed in the human 
environment, to establish a colitis model (23). The present study 
aimed to investigate the effects of Ligilactobacillus salivarius Li01 
supplementation on BaP-induced colitis in Mongolian gerbils and 
evaluate the role of gut microbiota. This study would therefore confirm 
the probiotic nature of Ligilactobacillus salivarius Li01 and provide 
new insight into the treatment of probiotics for colitis.

2 Methods

2.1 Probiotic strains and growth conditions

The probiotic strains used in present study were donated by 
Shaoxing Tongchuang Biotechnology Co., Ltd. (Shaoxin, China). 
Briefly, Ligilactobacillus salivarius Li01, originally isolated from the 
faeces of healthy individuals, was grown in Man-Rogosa-Sharpe 
(MRS) broth (OXOID, Hampshire, United Kingdom) medium in an 
anaerobic chamber (Electrotek Scientific, Shipley, United Kingdom) 
for 24 h at 37°C. The cultures were then centrifuged at 8,000 g for 
10 min at 4°C. After that, the precipitate was washed twice with sterile 
phosphate-buffered saline (PBS) and resuspended to achieve a viable 
probiotic count of 5 × 1010 CFU/mL.

2.2 Animal experiments

Thirty-nine two-month-old male Mongolian gerbils were 
purchased from Zhejiang Provincial Laboratory Animal Center 
(License No. SCXK(ZHE)2019-0002) and housed in a conventional 
laboratory condition with a temperature of 22 ± 2°C, and a relative 
humidity of 50 ± 10%, with free access to water and food under a 12-h 
light/dark cycle. After 1 week of acclimatization, they were divided into 
two groups, normal control (NC, n  = 15) group and model group 
(n  = 24). During the first 4 weeks, to establish the colitis model, 
Mongolian gerbils in the NC group were orally administrated with 
0.5 mL of PBS twice a week, while those in the model group were orally 
administrated with 0.5 mL of BaP (5 mg/mL, Sigma, B1760) twice a 
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week (the initial body weight of each animal in the experiment was 
50 ± 3 g) (23). Then at the end of week 31, six Mongolian gerbils from 
each group were sacrificed to verify whether the colitis model was 
successfully established. Finally, the remaining Mongolian gerbils in the 
model group were further divided into the BaP and the BaP + Li01 
group, with the animals in the BaP group receiving 1 mL of PBS once a 
day and those in the BaP + Li01 group receiving 1 mL of Ligilactobacillus 
salivarius Li01 (5 × 1010 CFU/mL) once a day for 4 weeks. According to 
our previous studies, the beneficial effects of Ligilactobacillus salivarius 
Li01 are particularly significant at the current dosage. Furthermore, the 
amounts of probiotics currently consumed by the Chinese population 
also fall within this dosage range (19, 24). The body weight was 
measured once every 2 weeks. At the end of the whole experiment, all 
animals were euthanized, and all the indicators were compared. The 
animal experimental design is shown in Figure 1a. Animal protocols 
were approved by the Laboratory Animal Committee of Hangzhou 
Medical College (Hangzhou, China, approved number: 2023-115) and 
adhered to the guidelines of the Animal Ethical Committee.

2.3 Histopathological analysis

Hematoxylin-eosin (HE) staining was performed according to 
the manufacturer’s instruction. Briefly, the collected colons were 

dehydrated in graded alcohol (Macklin, E809056), then fixed with 
4% paraformaldehyde (Biosharp, Beijing, China) and cut into 3 μm 
flakes. The slices were dewaxed with xylene, rewatered with ethanol 
and washed with distilled water. Thereafter, they were stained with 
hematoxylin for 5 min, and eosin for 2 min (Sigma-Aldrich). 
Finally, dehydration, tissue removal and sealing were carried out in 
order. The histopathological grading of the colon tissue was 
determined based on the guidelines outlined in a prior study (25). 
Briefly, three main categories sufficiently reflected the severity of 
histopathology independent of the localization and the overall 
extent of an inflammation: (i) quality and dimension of 
inflammatory cell infiltrates, (ii) epithelial changes and (iii) overall 
mucosal architecture. Scoring schemata were defined along specified 
criteria for each of the three categories. With a high degree of 
generalisation and maximum scores from 4–8 suitable scoring 
schemata accounted specific histopathological hallmarks. Besides, 
Mongolian gerbils were observed daily and scored for colitis severity 
using the disease activity index (DAI). The scores were based on 
weight loss, stool hardness, and presence of blood in the stool (13). 
Briefly, the scoring criteria were recorded as follows: (i): weight loss 
(0 score, zero; 1 score, 1–5% loss; 2 score, 6–10% loss; 3 score, 
11–15% loss and 4 score more than 15% loss); (ii): stool consistency 
(0 score, normal; 1 score, slightly loose stool, 2 score, loose stools; 3 
and 4 score, diarrhea); (iii): occult blood or gross bleeding (0 score, 

FIGURE 1

Effects of Ligilactobacillus salivarius Li01 on general physiology in Mongolian gerbils. (a) Study design of the animal experiment. (b) The body weight 
between groups during the whole experiment. (c) The general aspect between groups. (d) The colon length between groups. ****p < 0.0001.
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normal, 1 score, small presence of blood, 2 score, significant 
presence of blood; 3 and 4 score, gross blood). The colon length was 
measured without removing the fecal content by 
standardized procedures.

2.4 Enzyme-linked immunosorbent assay

Blood samples were collected from the orbital venous plexus of 
Mongolian gerbils and then centrifuged at 2,000 rpm for 15 min, and 
stored at −80°C until analysis. The levels of serum inflammation 
factors including TNF-α, IL-1β, IL-6, and IL-10 were measured via 
commercial kits (Proteintech. Co., Ltd. Rosemont, United  States) 
according to the instructions of the manufacturer.

2.5 Detection of faecal short-chain fatty 
acid

Faeces samples (50 mg ± 10 mg) were extracted with 500 μL 
methanol (Thermo Fisher, United  States)-water solution 
(containing 0.1% HCl, 20%H2O). After adding the acetic acid-D4 
(CATO, China), the samples were crushed by a freezing crusher, 
ice bath Ultrasound 10 min, and then centrifuged (12,000 rpm, 
4°C, 5 min). Take 200 μL of the upper liquid in the sample bottle, 
for GC-MS/MS analysis.

The GC–MS/MS consisted of a Trace 1,310 gas chromatography 
coupled to a TSQ 8000 Evo mass spectrometer (Thermo Scientific 
Technologies, United States). An Agilent Agilent HP-Innowax GC 
column (30 m, 0.25 mm ID, 0.25 μm film thickness) was employed 
with a sample injection volume of 1 μL and a splitless. Helium gas was 
used as carrier gas. The injection port temperature was set at 
240°C. The column temperature was set to 50°C for 1 min and then 
increased to 180°C with a rate of 10°C/min, then increased to 240°C 
with a rate of 40°C/min, held at 240°C for 3 min. The MS spectra were 
acquired with the EI voltage of 70 eV.

External standard method was used for short-chain fatty acids 
(SCFAs) detection and is qualitatively compared to the retention time 
and SIM fragment ions by standard method. All mass spectrometry 
data acquisition and quantitative analysis of the target compound were 
performed with Thermo Scientific Xcalibur software.

2.6 Sequencing of 16S rRNA analysis

The bacterial 16S rRNA V3–V4 regions were amplified by using 
the primer V3_F341_N (5′-CCTACGGGNGGCWGCAG-3′) and 
V4_R805R (5′-GACTACHVGGGTATCTAATCC-3′). Sequencing 
was performed on the Illumina HiSeq platform by Hiseq 2500. The 
Hiseq analysis was based on nine parallel samples for each group. 
Sequences with a similarity of more than 97% could be classified as 
the same operation taxonomic units (OTUs). α-diversity, which 
reflects the diversity (Shannon or Simpson index) of microbial 
communities that existed in a single sample, could be calculated by 
Mothur (26). Furthermore, we  employed multiple response 
permutation procedures, and principal coordinate analysis (PCoA) to 
calculate β-diversity, which indicated the similarity of diversity 
between groups.

2.7 Statistical analysis

Data are shown as mean ± SEM if it follows a normal distribution, 
otherwise, median and interquartile range was used. One-way 
ANOVA or the Kruskal–Wallis test was utilized to test significant 
differences among multiple groups and post-multiple comparison 
(between NC and BaP group, and between BaP and BaP + Li01 group) 
was assessed by Dunnett’s t-test. The linear discriminant analysis 
(LDA) effect size (LEfSe) was performed to identify the significantly 
abundant taxa of bacteria among the three groups (LDA score > 4.0, 
p < 0.05). Spearman’s correlation analysis was conducted to evaluate 
the relationship between key gut microbiota and colitis indicators. All 
analyses were performed by using GraphPad Prism 9.5.1 (GraphPad 
Software Inc., San Diego, CA, United  States), Origin64, and R 
software. p < 0.05 was considered statistically significant.

3 Results

3.1 Effects of Ligilactobacillus salivarius 
Li01 on general physiology in Mongolian 
gerbils

As shown in Figure 1c, compared with the NC group, Mongolian 
gerbils in the BaP group exhibited signs of compromised health, 
characterized by disheveled fur, diarrhea, diminished activity, and a 
general state of lethargy. After Ligilactobacillus salivarius Li01 
intervention, significant improvements with alleviated diarrhea and 
improved behavioral activity were observed. In terms of body weight, 
Ligilactobacillus salivarius Li01 can prevent the weight loss induced by 
BaP administration and exhibit a gradual weight gain (Figure 1b). In 
addition, the decreased colon length induced by BaP was significantly 
reversed by Ligilactobacillus salivarius Li01 at the end of the 
interventional phase (p < 0.0001, Figure 1d). These findings indicated 
a preliminary beneficial impact of the probiotic on host health.

3.2 Effects of Ligilactobacillus salivarius 
Li01 on BaP-induced histopathological 
assessment in colon

To determine histological changes in the colon, HE staining was 
conducted. As shown in Figure  2a, the NC group had a regular 
histological architecture, characterized by intact epithelium and 
crypts, and abundant goblet cells. In contrast, the BaP group presented 
significant inflammation and cellular infiltration, deteriorating crypts 
and goblet cells, and disrupted epithelium tissue. On the other hand, 
in comparison with the BaP group, Ligilactobacillus salivarius Li01 
intervention led to less damage on colonic tissue; moreover, mild 
inflammatory infiltration, and more intact crypt structures were also 
observed. These findings were furtherly proved by the results from the 
pathological score of colon tissue, in which the BaP group had the 
highest scores and markedly reduced grade in the BaP + Li01 group 
(p = 0.0012, Figure 2c). Similarly, compared with the BaP group, the 
BaP + Li01 group had significantly reduced DAI values (p < 0.001, 
Figure 2b). All above, the results showed that the supplementation of 
Ligilactobacillus salivarius Li01 had a protective effect on 
BaP-induced colitis.
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3.3 Effects of Ligilactobacillus salivarius 
Li01 on inflammatory cytokines

Figure 2d presented the results for the effects of Ligilactobacillus 
salivarius Li01 on systematic inflammation in Mongolian gerbils. A 
notable decrease in the level of IL-6 was found in the BaP + Li01 
group compared with the BaP group (p = 0.0026). Besides, compared 

to the BaP group, the anti-inflammatory factor, IL-10 for the 
BaP + Li01 group displayed a significant increase (p = 0.0031). 
However, there were no significant differences in TNF-α and IL-1β 
between BaP and BaP + Li01 group (p = 0.1353 and p = 0.8556, 
respectively). These results exhibited the crucial role of 
Ligilactobacillus salivarius Li01  in ameliorating 
BaP-related inflammation.

FIGURE 2

Effects of Ligilactobacillus salivarius Li01 on histopathological assessment and inflammatory cytokines in Mongolian gerbils. (a) Histopathological 
assessment between groups. (b) The DAI values between groups. (c) The histopathological score between groups. (d) The inflammatory cytokines 
between groups. **p < 0.01 and ****p < 0.0001.
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3.4 Effects of Ligilactobacillus salivarius 
Li01 on gut microbiota

To investigate the change in gut microbiota after Ligilactobacillus 
salivarius Li01 supplementation, we conducted a pyrosequencing-
based analysis of bacterial 16S rRNA by using Illumina Hiseq to 
identify the modulated effect of Ligilactobacillus salivarius Li01 on 
intestinal bacteria. The violin diagram showed that the averaged 
numbers of OTUs in the NC, BaP and BaP + Li01 group were 461, 462 
and 508 (Supplementary Figure 1). In terms of α-diversity, a total of 3 
indexes (Shannon, Simpson, and Chao1) were employed to assess the 
species richness. The results showed that no significant difference was 
observed between BaP and BaP + Li01 group (Supplementary Table 1). 
Next, we  performed PCoA analysis based on weighted UniFrac 
distance to explore changes in the microbiota structure. As shown in 
Figure  3a, the model suggested that the BaP + Li01 group had a 
significant separation trend from the BaP group, among which the 
first and second principal coordinate in the PCoA analysis could 
explain 53.57% and 15.51% of the overall variations, respectively. 
These results provided evidence for the modulating effect of 
Ligilactobacillus salivarius Li01 on microbial β-diversity.

The histogram illustrating the species and relative abundance 
of gut microbiota at the genus and phylum level is given in 
Figures 3b,c. Briefly, Lactobacillus and Bacillota were the dominant 
species at genus and phylum, respectively. Significant reductions 
in the Lactobacillus, Ruminococcus and Candidatus Saccharimonas 
were observed in BaP + Li01 compared with the BaP group. In 
addition, it seems that Ligilactobacillus salivarius Li01 could 
down-regulate Ruminococcus to levels more similar to those of the 
NC group. In contrast, the relative abundance of both 
Ligilactobacillus and Bifidobacterium had significant increases after 
Ligilactobacillus salivarius Li01 treatment (Figure 3d). However, 
no significant between-group differences in Desulfovibrio and 
other bacterial genera were found after the intervention (data 
not shown).

Figure 4 showed the results of the LEfSe and LDA analyses. The 
relative abundance of Lactobacillus was higher in NC group. However, 
the BaP group showed increased abundances of potentially pathogenic 
bacteria, such as Candidatus Saccharimonas at genus level, and 
Saccharimondia at class level. Increased abundances of potentially 
beneficial bacteria were observed in the BaP + Li01 group, such as 
Bifidobacterium, and Eubacterium_coprostanoligenes. In brief, 

FIGURE 3

Effects of Ligilactobacillus salivarius Li01 on gut microbiota in Mongolian gerbils. (a) PCoA analysis. The relative abundance of top 20 phyla in each 
group at genus (b) and phylum (c) level. (d) The significant abundant gut microbiota between groups. *p < 0.05 and **p < 0.01.
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intervention with Ligilactobacillus salivarius Li01, leads to significant 
changes in gut microbiota and could largely reverse the gut dysbiosis 
associated with colitis.

3.5 Effects of Ligilactobacillus salivarius 
Li01 on faecal SCFAs

Since SCFAs play a crucial role in maintaining gut health, 
we  measured the concentration of SCFAs in faeces. As shown in 
Figure 5, the levels of acetic, propionic, butyric and valeric acid were 
significantly increased in the BaP + Li01 group compared to the BaP 

group. While the levels of isobutyric and isovaleric acid were not 
significantly changed between groups.

3.6 Correlation analysis between gut 
microbiota, SCFAs, histopathological 
indicators, and inflammatory cytokines

Furtherly, we employed the Spearman’s correlation analysis to 
investigate the relationships between the key microbiota, SCFAs and 
colitis indicators. As shown in Figure 6, Ruminococcus were notably 
in negative and positive correlation with colon length and IL-6, 

FIGURE 4

The results of a LEfSe analysis through (a) cladrogram and (b) LDA score of Ligilactobacillus salivarius Li01 on gut microbiota in Mongolian gerbils.
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respectively. Of note, Lactobacillus was positively associated with 
colon length. However, when we focused only on BaP + Li01 group, 
we found that the relative abundance of Bifidobacterium was negatively 
correlated with TNF-α, while Ligilactobacillus was negatively 
associated with IL-6 (data not shown). On the other hand, we found 
that acetic acid was negatively associated with IL-6 and 
histopathological score, while positively correlated with colon length 
and IL-10. Additionally, there were obvious negative correlations 
between propionic acid and histopathological score, as well as IL-6, 
while positive correlation with IL-10. Similar results were also 
observed in the relationship between butyric acid and colitis indicators 
(Figure 6). These results suggested that some gut microbiota could 
reduce gut inflammation via producing SCFAs and improving 
intestinal pathology.

4 Discussion

Besides host genetics and environmental factors, in recent years, 
the role of probiotics supplementation in UC has gained popularity 
due to its beneficial health properties on gut microbiota. Many studies 
have demonstrated that probiotics supplementation is an effective 
intervention for IBD patients (27, 28). Our study aimed to evaluate the 
alleviating effect of Ligilactobacillus salivarius Li01  in Mongolian 
gerbils by using a BaP-induced colitis model. The results suggested 
that oral administration of BaP to Mongolian gerbils for 4 weeks 
destroyed the intestinal epithelial tissue and led to inflammation. 
We also found that oral administration of Ligilactobacillus salivarius 
Li01 could significantly prevent weight loss and improve the 

symptoms of colitis characterized by decreased inflammatory 
infiltration, improved crypt structures and restored number of goblet 
cells. In addition, 16S rRNA sequencing and Spearman’s correlation 
analysis furtherly suggested the beneficial effects of Ligilactobacillus 
salivarius Li01 might be  related to the modulated gut microbial 
community and its metabolites of SCFAs.

Body weight is a reliable indicator reflecting the severity of 
colitis in animals. In present study, we found that the Mongolian 
gerbils in the BaP group lost more than 20% of their body weight 
compared to the NC group. While the Mongolian gerbils with 
Ligilactobacillus salivarius Li01 supplementation for 4 weeks 
gradually regained their body weight. These results were in 
accordance with Shi et al. (24) who reported that Ligilactobacillus 
salivarius Li01 had significant capacity to protect against the 
weight loss induced by CCl4, indicating a preliminary therapeutic 
effect for colitis. Meanwhile, the increased colon length and lower 
scores in pathological evaluation in the BaP + Li01 group furtherly 
supported the beneficial effect.

Previous studies have indicated that inflammation cytokines play 
a crucial role in the pathogenesis of colitis (29, 30). We did find that, 
compared with the NC group, the levels of pro-inflammatory 
cytokines such as IL-6 and TNF-α were significantly increased in the 
BaP group. After a 4-week Ligilactobacillus salivarius Li01 
intervention, the concentration of IL-6 showed a significant decrease 
in BaP + Li01 group, while IL-10 was significantly increased. These 
results showed a high consistency with a meta-analysis that had 
confirmed the efficacy of probiotic supplementation in ameliorating 
systematic inflammation (31). Just as found by Yan et al. (32), who 
reported that the protein p40 secreted by Lactobacillus rhamnosus GG 

FIGURE 5

Effects of Ligilactobacillus salivarius Li01 on SCFAs in Mongolian gerbils. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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can activate the epidermal growth factor receptor (EGFR) pathway, 
thereby enhancing host immune function and protecting against 
experimental colitis. Despite this, we  failed to find a statistical 
significance in the level of TNF-α and IL-1β between the BaP and 
BaP + Li01 group. With this in mind, our study highlights the need 
for further mechanistic researches.

Actually, gut microbiota has been regarded as a key factor in the 
development of colitis (33, 34). A two-sample Mendelian 
randomization study has suggested a potential causal association 
between gut microbial genera and UC in humans (35). In the present 
study, we observed significant between-group differences in microbial 
composition using PCoA analysis, which indicates the regulated effect 
of Ligilactobacillus salivarius Li01 on microbial β-diversity. This result 
is consistent with Qiu’s et al. (20) findings, in which Ligilactobacillus 
salivarius Li01 also exhibited a significant difference in microbial 
composition in Li01 group compared to other group. However, no 
significant difference in α-diversity was observed between BaP and 
BaP + Li01 groups. We believed it may happen since minor changes 
in distinct taxonomic groups could be masked by high interindividual 
variations among the animals.

In our BaP-induced colitis in Mongolian gerbils, the abundance 
of several genera, such as Candidatus Saccharimonas and 
Ruminococcus increased significantly, and then decreased by 
Ligilactobacillus salivarius Li01 treatment. According to a previous 
study, Candidatus Saccharimonas is reported to be closely related to 
inflammatory mucosal diseases and may be  a key component of 
colitis-associated carcinogenesis (36). Mechanistic study demonstrated 
that Candidatus Saccharimonas could suppress the production of TNF 
in macrophages, indicating a potential capacity for immune 
suppression (37). In other words, Candidatus Saccharimonas may have 
its growth favored by the presence of an inflammatory condition. On 
the other hand, we found that supplementation with Ligilactobacillus 
salivarius Li01 prevented BaP-induced intestinal inflammatory 
disorder, as assessed by a decreased level of IL-6 and a reduced 
abundance of Candidatus Saccharimonas. We hypothesize that the 
phenomenon might be related to the anti-inflammatory property of 
Ligilactobacillus salivarius groups (38, 39). The abundance of 

Ruminococcus, which can exhibit pro-inflammation response, has 
been shown to increase significantly in patients with IBD (40). 
Furthermore, correlation analysis indicated that Ruminococcus was 
positively correlated with IL-6, and inversely correlated with colon 
length. These findings were consistent with Li et al. (41), in which the 
authors found that the levels of IL-6 in the osteoporosis model in mice 
were significantly upregulated with a higher abundance of 
Ruminococcus. Interestingly, we observed a notable reduction in the 
abundance of Lactobacillus in the BaP + Li01 group, which conflicts 
with the others to some extent (42). Given that the probiotics used in 
the current study are one of the subtypes of Lactobacillus, probably, 
supplementation of Ligilactobacillus salivarius Li01 might mask the 
relative abundance of Lactobacillus. This hypothesis was partly 
supported by the increased abundance of Ligilactobacillus in the 
BaP + Li01 group. Furthermore, due to the significant shifts in gut 
microbiota composition, the relationship among certain altered 
genera may become complicated. For instance, the increased 
abundance of Eubacterium_coprostanoligenes observed in BaP + Li01 
group may disrupt Lactobacillus by competing for nutrients, given that 
both species possess the ability to ferment carbohydrates. This 
hypothesis has received partial support from the most recent studies 
as well (43, 44). In further study, we  aimed to explain the exact 
association between changes in the specific gut microbiota and 
probiotics supplementation.

In fact, the mechanisms through which gut microbiota affects 
colitis are not well understood. One possible pathway is SCFAs, 
which are produced by bacterial fermentation of indigestible 
carbohydrates (45). Many studies have shown that SCFAs are 
involved in the development and aggravation of colonic 
inflammation (46). It is reported that SCFAs are potentially 
beneficial for gut barrier integrity by stimulating the production of 
mucus and tightening the junctions between intestinal cells (47). In 
our study, we found a significant increase in faecal level of SCFAs 
mainly including acetic, propionic and butyric acid after 
Ligilactobacillus salivarius Li01 intervention. Furthermore, the level 
of main SCFAs showed significant inverse associations with IL-6 
and histopathological score, and positive correlation with colon 

FIGURE 6

Correlations between the key microbiota, SCFAs and colitis indicators in Mongolian gerbils. *p < 0.05 and **p < 0.01.
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length and IL-10, indicating a good anti-inflammatory 
characteristic. In a similar study, Saccharomyces cerevisiae I4 
treatment significantly increased faecal SCFA levels and greatly 
reduced inflammatory cytokines, compared with the model group 
drinking 3% DSS water without yeast treatment (48). Indeed, in a 
mice experiment of DSS-induced colitis, Tong et al. (49) found that 
supplementation of propionate acid could ameliorate dextran 
DSS-induced colitis by reducing inflammation and improving 
intestinal barrier function through the STAT3 signaling pathway. 
We  speculated that the increased levels of SCFAs might be  a 
consequence of the increased relative abundance of a group of 
SCFA-producing bacteria, such as Bifidobacterium. In comparison 
with the BaP group, a significant increase of Bifidobacterium was 
observed in the BaP + Li01 group. Moreover, regarding the 
composition of gut microbiota, we  found that the relative 
abundance of Ligilactobacillus, and Eubacterium_coprostanoligenes 
were also increased with Ligilactobacillus salivarius Li01 
supplementation although the correlation analysis did not suggest 
some significant findings. These genera are believed to have the 
capacity to produce SCFAs and maintain gut health (50, 51). In 
contrast, we  found a notable positive correlation between 
Lactobacillus and colon length despite the fact that there was a 
significant reduction in the relative abundance of Lactobacillus in 
the BaP + Li01 group. These results conflict with previous studies 
to some extent, since Lactobacillus was proved to have properties of 
regulating the intestinal pH and relieving inflammation (52). In 
summary, all these findings supported the crucial role of SCFAs 
stimulated by gut microbiota in ameliorating indicators associated 
with colitis.

There are some limitations that should be  noted. One 
limitation of this study was that we  did not examine the 
expressions of gut barrier-related proteins such as claudin-1 and 
occludin. A well experimental design would be necessary in the 
future. In addition, we could not conclude that there is a causal 
relationship between gut microbiota and improvement in colitis 
indicators. Further FMT experiment is necessary to clarify 
whether the beneficial effects rely on the modulated gut 
microbiota. Finally, given that the current study primarily 
emphasizes the therapeutic effects of Ligilactobacillus salivarius 
Li01, its potential early preventive role in colitis remains largely 
unknown. Consequently, it is required to conduct research 
involving the role of Ligilactobacillus salivarius Li01 in the initial 
stages of colitis.

5 Conclusion

In conclusion, we demonstrated that Ligilactobacillus salivarius 
Li01 supplementation exerts protective effects against BaP-induced 
colitis in Mongolian gerbils. Ligilactobacillus salivarius Li01 
alleviated intestinal damage and intestinal inflammation. 
Meanwhile, Ligilactobacillus salivarius Li01 restored the dysbiosis of 
gut microbiota and improved the concentration of SCFAs. 
Correlation analysis suggested that these effects might involve with 
the regulated gut microbial community and its metabolites SCFAs, 
which provides a new strategy for IBD treatment and extends our 
understanding of the role of gut microbiota in ameliorating 
BaP-induced colitis.

Data availability statement

The datasets presented in this study can be  found in online 
repositories. The names of the repository/repositories and accession 
number(s) can be found in the article/Supplementary material.

Ethics statement

The animal study was approved by Animal protocols were approved 
by the Laboratory Animal Committee of Hangzhou Medical College 
(Hangzhou, China, approved number: 2023-115) and adhered to the 
guidelines of the Animal Ethical Committee. The study was conducted in 
accordance with the local legislation and institutional requirements.

Author contributions

YH: Conceptualization, Writing – original draft. CY: Software, 
Writing – original draft. BF: Formal analysis, Writing – original draft. 
HG: Methodology, Writing  – original draft. YC: Visualization, 
Writing – original draft. DX: Supervision, Writing – review & editing.

Funding

The author(s) declare that financial support was received for the 
research, authorship, and/or publication of this article. The project was 
funded by the Basic Public Welfare Research Program of Zhejiang 
Province (Nos. LGD22C040024 and LGD22H160010).

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher’s note

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

Supplementary material

The Supplementary material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fnut.2025.1494525/
full#supplementary-material

SUPPLEMENTARY FIGURE 1

The numbers of OTUs in each group.

SUPPLEMENTARY TABLE 1

The indexes of α-diversity in each group.

https://doi.org/10.3389/fnut.2025.1494525
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fnut.2025.1494525/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnut.2025.1494525/full#supplementary-material


Huang et al. 10.3389/fnut.2025.1494525

Frontiers in Nutrition 11 frontiersin.org

References
 1. Mak WY, Zhao M, Ng SC, Burisch J. The epidemiology of inflammatory bowel 

disease: east meets west. J Gastroenterol Hepatol. (2020) 35:380–9. doi: 10.1111/jgh.14872

 2. Agrawal M, Jess T. Implications of the changing epidemiology of inflammatory 
bowel disease in a changing world. United European Gastroenterol J. (2022) 10:1113–20. 
doi: 10.1002/ueg2.12317

 3. Park SH, Kim YJ, Rhee KH, Kim YH, Hong SN, Kim KH, et al. A 30-year trend 
analysis in the epidemiology of inflammatory bowel disease in the Songpa-Kangdong 
District of Seoul, Korea in 1986–2015. J Crohns Colitis. (2019) 13:1410–7. doi: 
10.1093/ecco-jcc/jjz081

 4. Mosli M, Alawadhi S, Hasan F, Abou Rached A, Sanai F, Danese S. Incidence, 
prevalence, and clinical epidemiology of inflammatory bowel disease in the Arab world: 
a systematic review and meta-analysis. Inflamm Intest Dis. (2021) 6:123–31. doi: 
10.1159/000518003

 5. Jeong DY, Kim S, Son MJ, Son CY, Kim JY, Kronbichler A, et al. Induction and 
maintenance treatment of inflammatory bowel disease: a comprehensive review. 
Autoimmun Rev. (2019) 18:439–54. doi: 10.1016/j.autrev.2019.03.002

 6. Sender R, Fuchs S, Milo R. Revised estimates for the number of human and bacteria 
cells in the body. PLoS Biol. (2016) 14:e1002533. doi: 10.1371/journal.pbio.1002533

 7. Frank DN, Robertson CE, Hamm CM, Kpadeh Z, Zhang T, Chen H, et al. Disease 
phenotype and genotype are associated with shifts in intestinal-associated microbiota 
in inflammatory bowel diseases. Inflamm Bowel Dis. (2011) 17:179–84. doi: 
10.1002/ibd.21339

 8. Khan I, Ullah N, Zha L, Bai Y, Khan A, Zhao T, et al. Alteration of gut microbiota 
in inflammatory bowel disease (IBD): cause or consequence? IBD treatment targeting 
the gut microbiome. Pathogens. (2019) 8:126. doi: 10.3390/pathogens8030126

 9. Gevers D, Kugathasan S, Denson LA, Vazquez-Baeza Y, Van Treuren W, Ren B, et al. 
The treatment-naive microbiome in new-onset Crohn’s disease. Cell Host Microbe. 
(2014) 15:382–92. doi: 10.1016/j.chom.2014.02.005

 10. Sokol H, Landman C, Seksik P, Berard L, Montil M, Nion-Larmurier I, et al. Fecal 
microbiota transplantation to maintain remission in Crohn’s disease: a pilot randomized 
controlled study. Microbiome. (2020) 8:12. doi: 10.1186/s40168-020-0792-5

 11. Hill C, Guarner F, Reid G, Gibson GR, Merenstein DJ, Pot B, et al. Expert 
consensus document. The International Scientific Association for Probiotics and 
Prebiotics consensus statement on the scope and appropriate use of the term probiotic. 
Nat Rev Gastroenterol Hepatol. (2014) 11:506–14. doi: 10.1038/nrgastro.2014.66

 12. Chandrasekaran P, Weiskirchen S, Weiskirchen R. Effects of probiotics on gut 
microbiota: an overview. Int J Mol Sci. (2024) 25:6022. doi: 10.3390/ijms25116022

 13. Zhou J, Li MY, Chen QF, Li XJ, Chen LF, Dong ZL, et al. Programmable probiotics 
modulate inflammation and gut microbiota for inflammatory bowel disease treatment after 
effective oral delivery. Nat Commun. (2022) 13:3432–269. doi: 10.1038/s41467-022-31171-0

 14. Ganji-Arjenaki M, Rafieian-Kopaei M. Probiotics are a good choice in remission 
of inflammatory bowel diseases: a meta analysis and systematic review. J Cell Physiol. 
(2018) 233:2091–103. doi: 10.1002/jcp.25911

 15. Seo S, Shin JS, Lee WS, Rhee YK, Cho CW, Hong HD, et al. Anti-colitis effect of 
K040706 via suppression of inflammatory responses in the dextran sulfate sodium-
induced colitis mice model. J Funct Foods. (2017) 29:256–68. doi: 10.1016/j.jff.2016.12.045

 16. Jakubczyk D, Leszczynska K, Górska S. The effectiveness of probiotics in the 
treatment of inflammatory bowel disease (IBD)—a critical review. Nutrients. (2020) 
12:1973. doi: 10.3390/nu12071973

 17. Sanchez MG, Passot S, Campoy S, Olivares M, Fonseca F. Functionalities, 
applications, and manufacturing challenges. Appl Microbiol Biotechnol. (2022) 
106:57–80. doi: 10.1007/s00253-021-11694-0

 18. Yang LY, Bian XY, Wu WR, Lv LX, Li YT, Ye JZ, et al. Protective effect of Li01 on 
thioacetamide-induced acute liver injury and hyperammonaemia. Microb Biotechnol. 
(2020) 13:1860–76. doi: 10.1111/1751-7915.13629

 19. Xu L, Qiu B, Ba FR, Zhang SB, Han SY, Chen H, et al. Synergistic effects of Li01 
and psyllium husk prevent mice from developing loperamide-induced constipation. 
Food Funct. (2024) 15:11934–48. doi: 10.1039/d4fo04444d

 20. Qiu B, Zhu L, Zhang SB, Han SY, Fei YQ, Ba FR, et al. Prevention of loperamide-
induced constipation in mice and alteration of 5-hydroxytryotamine signaling by Li01. 
Nutrients. (2022) 14:4083. doi: 10.3390/nu14194083

 21. Bleich E-M, Martin M, Bleich A, Klos A. The Mongolian gerbil as a model for 
inflammatory bowel disease. Int J Exp Pathol. (2010) 91:281–7. doi: 
10.1111/j.1365-2613.2009.00701.x

 22. National Research Council (US) Subcommittee on Laboratory Animal Nutrition. 
Nutrient requirements of the gerbil In: Nutrient requirements of laboratory animals. 
Washington, DC: National Acadamy Press (1995). 140–3.

 23. He SY, Li XY, Li CQ, Deng H, Shao YY, Yuan L. Isoorientin attenuates benzo[a]
pyrene-induced colonic injury and gut microbiota disorders in mice. Food Res Int. 
(2019) 126:108599–159. doi: 10.1016/j.foodres.2019.108599

 24. Shi D, Lv LX, Fang DQ, Wu WR, Hu CX, Xu LC, et al. Administration of 
Lactobacillus salivarius LI01 or Pediococcus pentosaceus LI05 prevents CCl4-induced 

liver cirrhosis by protecting the intestinal barrier in rats. Sci Rep. (2017) 7:6927. doi: 
10.1038/s41598-017-07091-1

 25. Erben U, Loddenkemper C, Doerfel K, Spieckermann S, Haller D, Heimesaat MM, 
et al. A guide to histomorphological evaluation of intestinal inflammation in mouse 
models. Int J Clin Exp Pathol. (2014) 7:4557–76.

 26. Schloss PD, Westcott SL, Ryabin T, Hall JR, Hartmann M, Hollister EB, et al. 
Introducing mothur: open-source, platform-independent, community-supported 
software for describing and comparing microbial communities. Appl Environ Microbiol. 
(2009) 75:7537–41. doi: 10.1128/AEM.01541-09

 27. Zhang XF, Guan XX, Tang YJ, Sun JF, Wang XK, Wang WD, et al. Clinical effects 
and gut microbiota changes of using probiotics, prebiotics or synbiotics in inflammatory 
bowel disease: a systematic review and meta-analysis. Eur J Nutr. (2021) 60:2855–75. 
doi: 10.1007/s00394-021-02503-5

 28. Xu MQ, Zhang WL, Lin BB, Lei Y, Zhang Y, Zhang Y, et al. Efficacy of probiotic 
supplementation and impact on fecal microbiota in patients with inflammatory bowel 
disease: a systematic review and meta-analysis of randomized controlled trials. Nutr Rev. 
(2024) 83:e65–73. doi: 10.1093/nutrit/nuae022

 29. Kiernan MG, Coffey JC, Sahebally SM, Tibbitts P, Lyons EM, O'Leary E, et al. 
Systemic molecular mediators of inflammation differentiate between Crohn’s disease 
and ulcerative colitis, implicating threshold levels of IL-10 and relative ratios of pro-
inflammatory cytokines in therapy. J Crohns Colitis. (2020) 14:118–29. doi: 
10.1093/ecco-jcc/jjz117

 30. Francescone R, Hou V, Grivennikov SI. Cytokines, IBD, and colitis-associated 
cancer. Inflamm Bowel Dis. (2015) 21:409–18. doi: 10.1097/Mib.0000000000000236

 31. Faghfouri AH, Afrakoti LGMP, Kavyani Z, Nogourani ZS, Musazadeh V, Jafarlou 
M, et al. The role of probiotic supplementation in inflammatory biomarkers in adults: 
an umbrella meta-analysis of randomized controlled trials. Inflammopharmacology. 
(2023) 31:2253–68. doi: 10.1007/s10787-023-01332-8

 32. Yan F, Cao HW, Cover TL, Washington MK, Shi Y, Liu LS, et al. Colon-specific 
delivery of a probiotic-derived soluble protein ameliorates intestinal inflammation in 
mice through an EGFR-dependent mechanism. J Clin Invest. (2011) 121:2242–53. doi: 
10.1172/Jci44031

 33. Wang T, Shi CH, Wang SX, Zhang Y, Wang S, Ismael M, et al. Protective effects of 
MN047 against dextran sulfate sodium-induced ulcerative colitis: a fecal microbiota 
transplantation study. J Agric Food Chem. (2022) 70:1547–61. doi: 
10.1021/acs.jafc.1c07316

 34. Li F, Yu CJ, Zhao Q, Wang ZD, Wang Z, Chang Y, et al. Exploring the intestinal 
ecosystem: from gut microbiota to associations with subtypes of inflammatory bowel 
disease. Front Cell Infect Microbiol. (2024) 13:1304858. doi: 10.3389/fcimb.2023.1304858

 35. Liu B, Ye D, Yang H, Song J, Sun XH, Mao YY, et al. Two-sample Mendelian 
randomization analysis investigates causal associations between gut microbial genera 
and inflammatory bowel disease, and specificity causal associations in ulcerative colitis 
or Crohn’s disease. Front Immunol. (2022) 13:921546. doi: 10.3389/fimmu.2022.921546

 36. Cruz B, Conceicao LLD, Mendes TAO, Ferreira C, Goncalves RV, Peluzio M. Use 
of the synbiotic VSL#3 and yacon-based concentrate attenuates intestinal damage and 
reduces the abundance of Candidatus Saccharimonas in a colitis-associated 
carcinogenesis model. Food Res Int. (2020) 137:109721. doi: 
10.1016/j.foodres.2020.109721

 37. He XS, McLean JS, Edlund A, Yooseph S, Hall AP, Liu SY, et al. Cultivation of a 
human-associated TM7 phylotype reveals a reduced genome and epibiotic parasitic 
lifestyle. Proc Natl Acad Sci USA. (2015) 112:244–9. doi: 10.1073/pnas.1419038112

 38. Fei YQ, Zhang SB, Han SY, Qiu B, Lu YM, Huang WX, et al. The role of 
dihydroresveratrol in enhancing the synergistic effect of Ligilactobacillus salivarius Li01 
and resveratrol in ameliorating colitis in mice. Research. (2022) 2022:9863845. doi: 
10.34133/2022/9863845

 39. Zhang J, Zhang HQ, Xiao Y, Wang HC, Zhang H, Lu WW. Interspecific 
differences and mechanisms of Lactobacillus-derived anti-inflammatory 
exopolysaccharides. Int J Biol Macromol. (2024) 263:130313–141. doi: 
10.1016/j.ijbiomac.2024.130313

 40. Henke MT, Brown EM, Cassilly CD, Vlamakis H, Xavier RJ, Clardy J. Capsular 
polysaccharide correlates with immune response to the human gut microbe 
Ruminococcus gnavus. Proc Natl Acad Sci USA. (2021) 118:187–90. doi: 
10.1073/pnas.2007595118

 41. Li N, Wang H, Pei H, Wu Y, Li L, Ren Y, et al. Genus_Ruminococcus and order_
Burkholderiales affect osteoporosis by regulating the microbiota-gut-bone axis. Front 
Microbiol. (2024) 15:1373013. doi: 10.3389/fmicb.2024.1373013

 42. Wei Z, He Z, Wang T, Wang X, Wang T, Long M. Lactobacillus salivarius WZ1 
inhibits the inflammatory injury of mouse jejunum caused by enterotoxigenic 
Escherichia coli K88 by regulating the TLR4/NF-kappaB/MyD88 inflammatory pathway 
and gut microbiota. Microorganisms. (2023) 11:657. doi: 
10.3390/microorganisms11030657

 43. Zhang SS, Zhou RC, Xie XR, Xiong SS, Li LX, Li YQ. Polysaccharides from yam, 
and sunflower ameliorate colitis in a structure and intrinsic flora-dependent manner. 
Carbohydr Polym. (2025) 349:122905–11. doi: 10.1016/j.carbpol.2024.122905

https://doi.org/10.3389/fnut.2025.1494525
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://doi.org/10.1111/jgh.14872
https://doi.org/10.1002/ueg2.12317
https://doi.org/10.1093/ecco-jcc/jjz081
https://doi.org/10.1159/000518003
https://doi.org/10.1016/j.autrev.2019.03.002
https://doi.org/10.1371/journal.pbio.1002533
https://doi.org/10.1002/ibd.21339
https://doi.org/10.3390/pathogens8030126
https://doi.org/10.1016/j.chom.2014.02.005
https://doi.org/10.1186/s40168-020-0792-5
https://doi.org/10.1038/nrgastro.2014.66
https://doi.org/10.3390/ijms25116022
https://doi.org/10.1038/s41467-022-31171-0
https://doi.org/10.1002/jcp.25911
https://doi.org/10.1016/j.jff.2016.12.045
https://doi.org/10.3390/nu12071973
https://doi.org/10.1007/s00253-021-11694-0
https://doi.org/10.1111/1751-7915.13629
https://doi.org/10.1039/d4fo04444d
https://doi.org/10.3390/nu14194083
https://doi.org/10.1111/j.1365-2613.2009.00701.x
https://doi.org/10.1016/j.foodres.2019.108599
https://doi.org/10.1038/s41598-017-07091-1
https://doi.org/10.1128/AEM.01541-09
https://doi.org/10.1007/s00394-021-02503-5
https://doi.org/10.1093/nutrit/nuae022
https://doi.org/10.1093/ecco-jcc/jjz117
https://doi.org/10.1097/Mib.0000000000000236
https://doi.org/10.1007/s10787-023-01332-8
https://doi.org/10.1172/Jci44031
https://doi.org/10.1021/acs.jafc.1c07316
https://doi.org/10.3389/fcimb.2023.1304858
https://doi.org/10.3389/fimmu.2022.921546
https://doi.org/10.1016/j.foodres.2020.109721
https://doi.org/10.1073/pnas.1419038112
https://doi.org/10.34133/2022/9863845
https://doi.org/10.1016/j.ijbiomac.2024.130313
https://doi.org/10.1073/pnas.2007595118
https://doi.org/10.3389/fmicb.2024.1373013
https://doi.org/10.3390/microorganisms11030657
https://doi.org/10.1016/j.carbpol.2024.122905


Huang et al. 10.3389/fnut.2025.1494525

Frontiers in Nutrition 12 frontiersin.org

 44. Zhang Y, Qi HY, Wang L, Hu CY, Gao AB, Wu QH, et al. Fasting and refeeding 
triggers specific changes in bile acid profiles and gut microbiota. J Diabetes. (2023) 
15:165–80. doi: 10.1111/1753-0407.13356

 45. Zhang D, Jian YP, Zhang YN, Li Y, Gu LT, Sun HH, et al. Short-chain fatty acids in 
diseases. Cell Commun Signal. (2023) 21:212–195. doi: 10.1186/s12964-023-01219-9

 46. Deleu S, Machiels K, Raes J, Verbeke K, Vermeire S. Short chain fatty acids and its 
producing organisms: an overlooked therapy for IBD? EBioMedicine. (2021) 
66:103293–14. doi: 10.1016/j.ebiom.2021.103293

 47. Shin Y, Han S, Kwon J, Ju S, Choi TG, Kang IS, et al. Roles of short-chain fatty acids 
in inflammatory bowel disease. Nutrients. (2023) 15:258–67. doi: 10.3390/nu15204466

 48. Meng Y, Zhang LJ, Li PP, Yu J, Mu GQ, Li XL, et al. I4 showed alleviating effects 
on dextran sulfate sodium-induced colitis of Balb/c mice. Foods. (2022) 11:1148–51. doi: 
10.3390/foods11101436

 49. Tong LC, Wang Y, Wang ZB, Liu WY, Sun S, Li L, et al. Propionate ameliorates 
dextran sodium sulfate-induced colitis by improving intestinal barrier function and 
reducing inflammation and oxidative stress. Front Pharmacol. (2016) 7:253. doi: 
10.3389/fphar.2016.00253

 50. Fernando WMADB, Flint SH, Ranaweera KKDS, Bamunuarachchi A, Johnson SK, 
Brennan CS. The potential synergistic behaviour of inter- and intra-genus probiotic 
combinations in the pattern and rate of short chain fatty acids formation during fibre 
fermentation. Int J Food Sci Nutr. (2018) 69:144–54. doi: 10.1080/09637486.2017.1340932

 51. Mukherjee A, Lordan C, Ross RP, Cotter PD. Gut microbes from the 
phylogenetically diverse genus and their various contributions to gut health. Gut 
Microbes. (2020) 12:14–30. doi: 10.1080/19490976.2020.1802866

 52. Shi JL, Du P, Xie QG, Wang NN, Li HZ, Smith EE, et al. Protective effects of 
tryptophan-catabolizing KLDS 1.0386 against dextran sodium sulfate-induced colitis in 
mice. Food Funct. (2020) 11:10736–47. doi: 10.1039/d0fo02622k

https://doi.org/10.3389/fnut.2025.1494525
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://doi.org/10.1111/1753-0407.13356
https://doi.org/10.1186/s12964-023-01219-9
https://doi.org/10.1016/j.ebiom.2021.103293
https://doi.org/10.3390/nu15204466
https://doi.org/10.3390/foods11101436
https://doi.org/10.3389/fphar.2016.00253
https://doi.org/10.1080/09637486.2017.1340932
https://doi.org/10.1080/19490976.2020.1802866
https://doi.org/10.1039/d0fo02622k

	Impact of Ligilactobacillus salivarius Li01 on benzo[a]pyrene-induced colitis, based on host-microbiome interactions in Mongolian gerbils
	1 Introduction
	2 Methods
	2.1 Probiotic strains and growth conditions
	2.2 Animal experiments
	2.3 Histopathological analysis
	2.4 Enzyme-linked immunosorbent assay
	2.5 Detection of faecal short-chain fatty acid
	2.6 Sequencing of 16S rRNA analysis
	2.7 Statistical analysis

	3 Results
	3.1 Effects of Ligilactobacillus salivarius Li01 on general physiology in Mongolian gerbils
	3.2 Effects of Ligilactobacillus salivarius Li01 on BaP-induced histopathological assessment in colon
	3.3 Effects of Ligilactobacillus salivarius Li01 on inflammatory cytokines
	3.4 Effects of Ligilactobacillus salivarius Li01 on gut microbiota
	3.5 Effects of Ligilactobacillus salivarius Li01 on faecal SCFAs
	3.6 Correlation analysis between gut microbiota, SCFAs, histopathological indicators, and inflammatory cytokines

	4 Discussion
	5 Conclusion

	References

