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Abstract 

Background  Ulcerative colitisis (UC) classified as a form of inflammatory bowel diseases (IBD) characterized 
by chronic, nonspecific, and recurrent symptoms with a poor prognosis. Common clinical manifestations of UC 
include diarrhea, fecal bleeding, and abdominal pain. Even though anti-inflammatory drugs can help alleviate symp-
toms of IBD, their long-term use is limited due to potential side effects. Therefore, alternative approaches for the treat-
ment and prevention of inflammation in UC are crucial.

Methods  This study investigated the synergistic mechanism of Lactobacillus plantarum SC-5 (SC-5) and tyrosol (TY) 
combination (TS) in murine colitis, specifically exploring their regulatory activity on the dextran sulfate sodium (DSS)-
induced inflammatory pathways (NF-κB and MAPK) and key molecular targets (tight junction protein). The effective-
ness of 1 week of treatment with SC-5, TY, or TS was evaluated in a DSS-induced colitis mice model by assessing 
colitis morbidity and colonic mucosal injury (n = 9). To validate these findings, fecal microbiota transplantation (FMT) 
was performed by inoculating DSS-treated mice with the microbiota of TS-administered mice (n = 9).

Results  The results demonstrated that all three treatments effectively reduced colitis morbidity and protected 
against DSS-induced UC. The combination treatment, TS, exhibited inhibitory effects on the DSS-induced activa-
tion of mitogen-activated protein kinase (MAPK) and negatively regulated NF-κB. Furthermore, TS maintained 
the integrity of the tight junction (TJ) structure by regulating the expression of zona-occludin-1 (ZO-1), Occludin, 
and Claudin-3 (p < 0.05). Analysis of the intestinal microbiota revealed significant differences, including a decrease 
in Proteus and an increase in Lactobacillus, Bifidobacterium, and Akkermansia, which supported the protective effect 
of TS (p < 0.05). An increase in the number of Aspergillus bacteria can cause inflammation in the intestines and lead 
to the formation of ulcers. Bifidobacterium and Lactobacillus can regulate the micro-ecological balance of the intes-
tinal tract, replenish normal physiological bacteria and inhibit harmful intestinal bacteria, which can alleviate 
the symptoms of UC. The relative abundance of Akkermansia has been shown to be negatively associated with IBD. 
The FMT group exhibited alleviated colitis, excellent anti-inflammatory effects, improved colonic barrier integrity, 
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and enrichment of bacteria such as Akkermansia (p < 0.05). These results further supported the gut microbiota-
dependent mechanism of TS in ameliorating colonic inflammation.

Conclusion  In conclusion, the TS demonstrated a remission of colitis and amelioration of colonic inflamma-
tion in a gut microbiota-dependent manner. The findings suggest that TS could be a potential natural medicine 
for the protection of UC health. The above results suggest that TS can be used as a potential therapeutic agent 
for the clinical regulation of UC.

Keywords  Ulcerative colitis, Dextran sulfate sodium, Tyrosol, Lactobacillus plantarum, NF-κB, MAPK, Intestinal 
microbiota

Introduction
Ulcerative colitis (UC) is a chronic inflammatory disease 
that primarily affects the intestinal tract, specifically the 
mucosal and submucosal regions [1]. It typically origi-
nates from inflammation of the rectal mucosa and can 
extend proximally to involve the colon and other areas 
[2, 3]. UC is classified as a form of inflammatory bowel 
disease (IBD) characterized by chronic, nonspecific, and 
recurrent symptoms [4]. Common clinical manifestations 
of UC include diarrhea, fecal bleeding, and abdominal 
pain [5]. The prevalence of UC has been increasing glob-
ally, likely due to changes in diet and lifestyle [6]. Glob-
ally, more than 10 million people suffer from IBD [7] 
The reported global prevalence of UC ranges from 2.42 
to 298.5/100,000, with the highest incidence reported in 
North America and Northern Europe [8]. Although anti-
inflammatory drugs such as non-steroidal anti-inflam-
matory drugs (NSAIDs) and selective COX-2 inhibitors 
can reduce the production of inflammatory mediators, 
helping to control the development of ulcerative coli-
tis and alleviate symptoms [9]. However, the long-term 
use of antibiotics, aminosalicylates, corticosteroids, and 
immunosuppressants may lead to a series of adverse 
reactions, such as allergic reactions, metabolic disorders, 
and liver diseases [10]. These adverse reactions may have 
an impact on the health of patients. Therefore, alternative 
approaches for the treatment and prevention of inflam-
mation in UC are crucial.

Although the exact pathogenesis of UC remains 
unclear, studies have indicated that genetic predisposi-
tion, environmental factors, immune stimulation, and 
intestinal microorganisms play significant roles in its 
development [11, 12]. Oxidative stress has also been 
implicated in exacerbating UC by promoting the pro-
duction of reactive oxygen species (ROS) by neutrophils, 
leading to increased inflammation and damage to the 
intestinal mucosa [13]. Hence, the exploration of safe and 
natural antioxidant agents for the treatment of UC is of 
particular importance [14]. Natural antioxidant products 
are substances that, upon ingestion, provide beneficial 
effects on human health [15]. Recent studies have shown 
that specific natural antioxidant products can modulate 

the intestinal microbiota, thereby aiding in the treatment 
and prevention of colitis [16]. Research has reported that 
combining natural antioxidant products with probiotics 
can enhance the effectiveness of alleviating UC symp-
toms [17, 18]. However, there are few researches on the 
combination of natural antioxidant products and pro-
biotics for protecting against UC. Based on our earlier 
research, we found that the natural antioxidant product 
TY and the probiotic SC-5 possess strong anti-inflam-
matory and antioxidant capabilities [19, 20]. For this pur-
pose, we combined the natural antioxidant product TY 
with the probiotic SC-5 to explore the protective mecha-
nisms of TS in ulcerative colitis mice.

To investigate the protective effect of TS on UC, we 
hypothesized that oral supplementation of TS can mod-
ulate the gut microbiota to alleviate colitis, reduce host 
inflammation (NF-κB and MAPK signaling pathways), 
and oxidative stress levels, thus protecting against the 
effects of UC. Additionally, high-throughput microbial 
16SrRNA gene sequencing was performed to analyze 
the impact of TS on the gut microbiota and its relation-
ship with UC. Our findings highlight the potential of TS 
as a candidate drug for the treatment and prevention of 
colitis, and provide new insights into the development of 
probiotics combined with natural antioxidant products. 
This study contributes to our understanding of the mech-
anisms involved in UC and offers a promising therapeutic 
approach targeting the gut microbiota.

Materials and methods
Chemicals
Dextran Sulfate Sodium Salt (DSS) (Cat#9011-
18-1) was purchased from MP Biomedicals 
(Irvine, CA). Specific antibodies including ZO-1 
(1:1000; #AF5145; RRID:AB_2837631), Occlu-
din (1:1000; #DF7504; RRID:AB_2841004), Clau-
din-3 (1:1000; #AF0129; #RRID:AB_2833313), 
p65 (1:1000; #BF8005:AB_2846809), p-p65 
(1:1000; AB_2834435:AF2006), IKBα (1:1000; 
#AF5002:AB_2834792), p-IKBα (1:1000; 
#AB_2834433:AF2002), ERK (1:1000; 
#AB_2833336:AF0155), p-ERK (1:1000; 
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#AB_2834432:AF1015), JNK (1:1000; 
#AF6318:AB_2835177), p-JNK (1:1000; 
#AF3318:AB_2834737), p38 (1:1000; #BF8015:Q16539), 
p-p38 (1:1000; #AF4001:AB_2835330) and GAPDH 
(1:1000; #AF7021; AB_2839421) were purchased from 
Affinity Biosciences (OH, USA). Tumor necrosis fac-
tor (TNF)-α (Cat# 430915), interleukin (IL)-1β (Cat# 
432615), and interleukin (IL)-6 (Cat# 431307) enzyme-
linked immunosorbent assay (ELISA) kits were obtained 
from Biolegend (San Diego, California, USA). Myelop-
eroxidas (MPO) (A044-1-1), Superoxide Dismutase 
(T-SOD) (A001-3-2), Malondialdehyde (MDA) (A003-
1-2), Glutathione Peroxidase (GSH-PX) (A005-1-2), and 
Catalase (CAT) (A007-1-1) assay kit was bought from 
Nanjing Jiancheng Bioengineering Institute (Nanjing, 
China).

Bacterial liquid preparation
The Lactobacillus plantarum SC-5 strain was obtained 
from the Key Laboratory of Human-Veterinary Diseases, 
Jilin University, Ministry of Education, China (JUIZ). As 
previously described methods [19], the SC-5 strain was 
cultured in De Man, Rogosa, and Sharpe (MRS) medium. 
The culture was incubated at 37  °C and 180  rpm in a 
shaking incubator for 24 h. MRS medium is a commonly 
used medium for culturing lactic acid bacteria. After the 
incubation period, the bacterial culture was collected by 
centrifugation at 4000 rpm/min for 10 min. Centrifuga-
tion helps to separate the bacterial cells from the cul-
ture medium. The collected bacteria were washed three 
times with phosphate-buffered saline (PBS) solution. 
Washing with PBS helps to remove any residual culture 
medium or impurities. After the washing steps, the bac-
teria were resuspended in PBS to achieve a concentration 
of 1.0 × 1010 colony-forming units per milliliter (CFU/
mL). This concentration ensures that the bacterial liquid 
is sufficiently concentrated for further experiments or 
applications.

Animal model of DSS‑induced UC
The immune system characteristics of C57BL/6 mice 
are similar to humans, making them a good representa-
tive model for studying IBD [21]. DSS, by inducing dam-
age to the colonic mucosa and eliciting inflammatory 
responses in mice, effectively simulates the pathophysi-
ological process of UC [22]. Therefore, it is widely used 
in the study of IBD, particularly as an experimental ani-
mal model for UC. Male C57BL/6 mice (6–8 weeks old, 
22–24 g) were purchased from the Experimental Animal 
Center of Jilin University (Jilin, China). All experimental 
procedures were performed according to the guidelines 
of the Institutional Animal Care and Use Committee of 
Jilin University (No. SY202010004). Mice were kept in 

a specific pathogen-free environment at a temperature 
of (24 ± 1 °C) for 1 week prior to the formal experiment. 
Mice were randomized into five groups, (n = 9/group), an 
untreated normal control group (PBS treatment only), a 
DSS control group (DSS + treatment only), another SC-5 
group (DSS-treatment and SC-5 1.0 × 1010 CFU/kg/day), 
and a TY group (DSS treatment and tyrosol (20 mg/kg/
day)) [20]. And one TS group (DSS treatment with tyro-
sol (20 mg/kg/day) in combination with SC-5, after 7 days 
we induced acute colitis by drinking water with DSS at a 
dose of 3% (w/V) for 7 days, mice were sacrificed on day 
14, and colon length was measured.

For fecal transplantation, each group of fresh feces was 
pooled and homogenized, diluted in sterile saline at a 
final concentration of 50 mg feces/mL. The samples were 
centrifuged at 100×g for 2 min, and the resulting super-
natant was filtered through a 70  μm filter before being 
utilized for FMT treatment. After drinking water con-
taining 3% DSS for 7 days, each mouse was given a total 
of 100 μL of FMT per day by oral gavage [23].

Disease Activity Index (DAI) score
DAI is a commonly used measure for assessing the sever-
ity of IBD. The DAI is a method for assessing the activity 
of inflammatory diseases, scoring based on three differ-
ent clinical parameters: percentage of weight loss, stool 
consistency, and the presence of fecal blood. The DAI 
score (0–12) was the total score of above three param-
eters, body weight, fecal morphology and fecal occult 
blood were recorded during the experiment. The DAI 
was scored based on the mean scores of weight change, 
stool consistency, and bleeding volume in a previous 
scoring system [24]. Measurements were performed in 
six replicates.

Histopathological analysis
The proximal colon tissue was fixed in 4% formaldehyde 
solution. The colon segments were embedded in paraffin 
using standard procedures, and the sections were stained 
with H&E and AB-PAS. Histological sections were 
scored for pathological damage using established scoring 
criteria (n = 9) [4]. Histological scoring was performed in 
a blinded fashion by two pathologists. Colitis was scored 
based on the combined scores of inflammatory cell infil-
tration (score 0–4), ulceration (score 0–4) and area of 
crypt distortion (score 0–4).

Measurement of pro‑inflammatory cytokines level
Colonic tissue was scissored and homogenized in phos-
phate solution (PBS = 7.4), and the lysate was centri-
fuged at 12,000×g, 4  °C for 20 min, and the supernatant 
was aspirated. TNF-α, IL-1β, and IL-6 in tissues were 
detected using ELISA kits (ELISA MAX Deluxe Sets; 
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BioLegend), with optical density measured at 450 nm and 
background measured at 570  nm subtracted [18]. The 
data may be affected by the incubation time, incubation 
temperature, plate washing times, spectrophotometer 
wavelength, and the nature of different antibodies. There 
may be some deviation in the OD value, but the data have 
been counted three times and the average value is taken.

Measurement of oxidative stress level
Commercial kits (Nanjing Jiancheng Bioengineering 
Institute, Nanjing, China) were used to detect representa-
tive oxidoreductases such as MPO, T-SOD, CAT, T-AOC, 
GSH-PX and MDA [21]. The data may be affected by the 
incubation time, incubation temperature, plate washing 
times, spectrophotometer wavelength, and the nature of 
different antibodies. There may be some deviation in the 
OD value, but the data have been counted three times 
and the average value is taken.

Western blot analysis
Colon tissue was homogenized using standard RIPA 
buffer (Invitrogen) supplemented with protease inhibi-
tor cocktail (Roche) and the total protein concentration 
of the supernatant of the colon homogenate was deter-
mined using the BCA Protein Assay (Solarbio, China) kit. 
Protein samples (30 µg) were separated by electrophore-
sis on 15% SDS polyacrylamide gel, and then the samples 
were placed on nitrocellulose membrane (PVDF). To 
measure the expression of ZO-1, Occludin, Claudin-3, 
p38, p-p38, JNK, p-JNK, ERK, p-ERK, NF-κB p65, p-p65, 
IκBα, p-IκBα, and GADPH. The bands were visualized 
with a Bio-Rad ChemiDoc™ MP. Quantitative analysis 
of Western blot bands was performed using ImageJ soft-
ware 6.0 (National Institutes of Health, Bethesda, MD, 
USA) [25].

Immunohistochemistry
Immunohistochemistry was performed as previously 
described [25]. To probe the expression level of locali-
zation-quantified protein in colon tissue, sections were 
incubated overnight at 4  °C in primary antibody (anti-
ZO-1 1:200). The sections were then washed with PBS 
and incubated for staining with HRP-labeled anti-Rabbit 
IgG (1:1000). After washing, the sections were treated 
with DAB staining solution, and the sections were placed 
under the microscope to detect the image with 100× 
magnification, and the colon morphology was detected 
and compared. The relative intensities of stained proteins 
were determined by auto-mated image analyses in three 
to five randomly selected fields for every sample. ImageJ 
6.0 software (National Institutes of Health, Bethesda, 
MD, USA) was used to obtain the average fluorescence 
intensity (mean gray value) of the fluorescence channel.

Microbial sequencing of cecal content
Samples of cecal contents were frozen in liquid nitro-
gen immediately after removal and then transferred to 
− 80 °C. Subsequently, bacterial DNA was extracted from 
caecal contents of Control, DSS, SC-5, TY and TS groups, 
and the V3–V4 region of 16s rDNA was amplified by 
PCR. The primers 341F (CCT ACG GGNGGC​WGC​ 
AG) and 806R (GGA CTA CHVGGG TAT CTAAT) were 
used to amplify the V3–V4 region of the 16S rRNA gene. 
The composition spectrum of intestinal microbial diver-
sity was studied. The tags were clustered into different 
operational taxonomic units (OTUs) using Uparse soft-
ware, and the sequence homology was 97% [24]. Shan-
non index was used to analyze the species diversity (α 
diversity), and UniFrac distance was used to calculate the 
β diversity of the samples. The linear discriminant analy-
sis (LDA) effect size (LEfSe) was used to identify the sig-
nificantly abundant taxa (phylum to genera) of bacteria 
among groups (LDA score > 2, p < 0.05).

Statistical analysis
The data are expressed as the mean ± standard deviation. 
Analysis was performed using GraphPad Prism 9.3.0 
software, and a two-tailed p-value < 0.05 was considered 
statistically significant. To determine significance among 
these groups, the Kruskal–Wallis test was used for non-
normally distributed data analysis, and one-way ANOVA 
followed by T ukey’s test was used for normally distrib-
uted data. Six microphotographs per group were used for 
area quantification in the immunofluorescence analysis, 
and at least three colon samples per group were used for 
western blot analysis.

Results
Protective effect of oral TS on UC
To investigate the palliative effect of TS on DSS-induced 
colitis, experimental colitis was induced in mice by con-
tinuous administration of 3% DSS for 7  days, followed 
by daily oral administration of SC-5, TY, or TS (Fig. 1A), 
based on our previously observed optimal dose (data 
not shown). As shown in Fig.  1B, DSS administration 
decreased body weight in all groups of mice compared 
with the normal group. However, compared with the 
DSS group, the SC-5, TY, and TS groups were protec-
tive against DSS treatment for weight loss, with TS being 
the most protective against weight loss (Fig. 1C). Among 
them, oral TS intervention significantly alleviated DSS-
induced colitis, significantly reduced the disease activ-
ity index (DAI, a composite score of weight loss, stool 
consistency, and rectal bleeding), and colon shortening 
(Fig. 1D) (p < 0.05).

The results of H&E staining showed that DSS treat-
ment resulted in severe colonic edema, loose epithelial 
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structure, massive inflammatory cell infiltration and gob-
let cell loss, while oral administration of SC-5, TY, and 
TS improved the histopathological injury. In Fig.  1E, L, 
it can be found that compared with the DSS group, the 
structural integrity of epithelial cells in the colon tissue 
of the TY-treated group and the SC-5 treated group was 
improved to a certain extent, and the number of goblet 
cells was increased to a certain extent, but there was still 
some infiltration of inflammatory cells. The effect of TS 
was significantly better than that of TY and SC-5 alone. 

The structure of mucosa, submucosa, muscularis and ser-
osa in TS group was compact and intact, and there were 
no exfoliated and necrotic epithelial cells in the intestinal 
lumen. The number of goblet cells in TS group was signif-
icantly higher than that in DSS group (p < 0.05), TY group 
and SC-5 group, and the infiltration of inflammatory cells 
was significantly reduced, even close to that in the con-
trol group. These indicate that the administration of TY 
and SC-5 alone can alleviate the histopathological dam-
age of DSS-induced colitis in mice to a certain extent. TS 

Fig. 1  TS ameliorated the pathological symptoms of DSS-induced UC mice. A Experimental procedure; B disease activity index; C body weight 
changes; D colon length; E histopathology score; F the number of goblet cells; G CAT in plasma; H MDA in plasma; I T-SOD in plasma; J level of MPO 
in the colon; K level of GSH-PX in the colon; L representative H&E-stained colon sections images (magnification ×100); M representative AB-PAS 
strain colon sections images (magnification ×100). The data are expressed as the mean ± standard deviation (n = 9). Significance was determined 
by ANOVA with Tukey’s analysis, *p < 0.05, **p < 0.01, ***p < 0.001. (Control, DSS: dextran sodium sulfate; SC-5: Lactobacillus plantarum SC-5; TY: 
tyrosol; TS: Lactobacillus plantarum SC-5 and tyrosol)
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had a more significant protective effect on colitis in mice 
compared with TY and SC-5 alone.

AB-PAS staining is shown in Fig.  1F. After DSS treat-
ment, the mucosal layer of the colon was significantly 
thinned and a large number of goblet cells were lost, 
showing more severe pathological damage. However, 
TY, SC-5 and TS significantly restored the thickness 
and integrity of the colonic mucosa, and the number 
and integrity of goblet cells were higher, even close to 
the control group, showing a good protective effect on 

the colon. TS and SC-5 have a good effect on restoring 
the number of goblet cells and the thickness of intestinal 
mucosa.

Oral administration of TS can decrease the level 
of pro‑inflammatory cytokines and suppress oxidative 
stress injury
In order to further explore the specific mechanism of 
TS alleviating colitis in mice. we examined inflamma-
tory cytokines TNF-α, IL-1β, and IL-6 (Fig.  2A–C), 

Fig. 2  TS alleviated inflammatory pathway in the DSS-induced UC mice. A The inflammatory cytokines level of TNF-α; B IL-1β; C IL-6; D the relative 
expression of IκBα phosphorylation levels was normalized to GAPDH; E p65 and IκBα phosphorylation levels were analyzed by Western blot; 
F the relative expression of p65 phosphorylation levels was normalized to GAPDH; G the relative expression of p38 phosphorylation levels 
was normalized to GAPDH; H MAPK p38, JNK, and ERK phosphorylation levels were analyzed by Western blot; I the relative expression of ERK 
phosphorylation levels were normalized to GAPDH; J the relative expression of JNK phosphorylation levels were normalized to GAPDH. The data are 
expressed as the mean ± standard deviation (n = 6). Significance was determined by ANOVA with Tukey’s analysis, p < 0.05, **p < 0.01, ***p < 0.001. 
(Control, DSS: dextran sodium sulfate; SC-5: Lactobacillus plantarum SC-5; TY: tyrosol; TS: Lactobacillus plantarum SC-5 and tyrosol)
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and oxidative stress related index MPO, T-SOD, CAT, 
T-AOC, GSH-PX, and MDA in the colonic tissue and 
blood of mice (Fig. 1G–K). Compared with the control 
group, DSS treatment led to a significant increase in 
the concentrations of TNF-α, IL-1β and IL-6, the con-
centrations of MPO and MDA significantly increase 
and T-SOD, CAT, T-AOC, and GSH-px significantly 
decrease (p < 0.05). However, the levels of pro-inflam-
matory cytokines in the serum and colonic tissue of 
mice treated with SC-5, TY, or TS were significantly 
decreased, the contents of MPO and MDA were sig-
nificantly reduced to levels similar to those in the con-
trol group, and the enzyme activities of T-SOD, CAT, 
T-AOC, and GSH-PX were significantly increased 
(p < 0.05). The above results indicate that the protec-
tive effect of TS on UC is superior to that of TY and 
SC-5 groups (p < 0.05). The results indicate that TS 
can improve the activity of antioxidant stress-related 
enzymes in vivo, alleviate the oxidative stress injury of 
the body, and then alleviate the DSS-induced colitis in 
mice.

Oral administration of TS can inhibit the activation 
of NF‑κB and MAPK signaling pathways
NF-κB and MAPK signaling pathways are the main 
inflammation-related signaling pathways in UC. To 
explore the mechanism of protective effect of TS on 
colonic inflammation, we examined the levels of sev-
eral key proteins in NF-κB and MAPK signaling path-
ways. As shown in Fig. 2E, the phosphorylation levels 
of NF-κB p65 and IκBα were upregulated after DSS 
intake, while the levels of SC-5, TY, and TS groups 
significantly downregulated the phosphorylation lev-
els of NF-κB p65 and IκBα compared with DSS group 
(p < 0.05), indicating that the activation of NF-κB sign-
aling pathway was inhibited.

Over-activation of MAPK has been shown to be 
involved in the progression of UC, and MAPK is an 
important pathway regulating inflammation. As shown 
in Fig.  2H, the MAPK pathway was significantly acti-
vated in the DSS-treated group, while the phospho-
rylation levels of p38, ERK, and JNK were significantly 
decreased in the SC-5, TY, and TS groups (p < 0.05).

We found that the oral administration of TS had the 
best inhibitory effect on NF-κB and MAPK signaling 
pathway activation among three different administra-
tions of SC-5, TY, and TS. These data suggest that the 
ameliorating effect of TS on colonic inflammation in 
mice is related to the inhibition of NF-κB and MAPK 
pathways, this is consistent with the findings of previ-
ous studies [26, 27].

Oral administration of TS enhances the integrity 
of the intestinal mucosal barrier
TJ protein is a kind of key protein connecting the inter-
cellular space and regulating the permeability of intes-
tinal mucosa. TJ mainly include Occludins, Zonula 
occludens (ZO) and claudin family proteins. They 
facilitate the formation of intercellular connections by 
interacting with proteins that link the cell’s cytoskel-
eton to other cell’s tight junction proteins, thereby 
contributing to the formation of the intestinal mucosal 
barrier [28]. In patients with IBD, studies have found 
that the expression and function of ZO-1, Occludin, 
and Claudin-3 may be affected, leading to compro-
mised intestinal mucosal barrier and increased perme-
ability. This situation can result in the infiltration of 
intestinal microbes and toxins, triggering an inflamma-
tory response, thereby exacerbating the progression of 
the disease and worsening symptoms [29]. Pro-inflam-
matory cytokines such as IL-6, IL-1β and TNF-α can 
decrease the expression TJ protein, thereby enhancing 
intestinal permeability and aggravating intestinal bar-
rier dysfunction [30]. To further explore the protec-
tive effect of TS on DSS-induced UC, we examined the 
expression of ZO-1, Occludin, and Claudin-3 (Fig.  3). 
As expected, DSS treatment significantly reduced the 
expression of ZO-1, Occludin, and Claudin-3 pro-
teins (p < 0.05). The expression of ZO-1, Occludin and 
Claudin-3 was significantly increased in SC-5, TY and 
TS groups (p < 0.05). These results suggest that SC-5, 
TY and TS can enhance the expression of TJ proteins 
in the colon of mice with DSS-induced colitis, thereby 
restoring the integrity of the intestinal mucosal bar-
rier. Increased expression of TJ proteins can enhance 
the tight connection between cells, thus enhancing the 
intestinal barrier effect and alleviating UC symptoms.

Oral administration of TS can regulate the compo-
sition of intestinal microbiota. It was found that the 
microbial richness, evenness, and diversity of the DSS 
group were significantly reduced by examining the 
cecal contents of mice, while the species diversity, rich-
ness, and community evenness could be effectively 
restored by supplementing TY (p < 0.05). The structural 
composition of the intestinal microbiota at the phylum 
and genus level in the five groups (Control, DSS and 
TY, SC-5, TS) is shown in Fig. 4. By contrast, the rela-
tive abundance of DSS-group Bacteroides and Proteus 
increased, but the relative proportion of Actinobacteria 
and Firmicutes decreased. Firmicutes/Bacteroides ratio 
can be used as a biomarker for intestinal inflammation 
[31]. The ratio of Firmicutes/Bacteroides rose gradually 
with the supplementation of TY, SC-5, and TS. Bifido-
bacteria, Rikenellacee_RC9_gut_group, Akkermannia, 
Rhamnaceae, Lactobacillus, and Alitipes in the TS 
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group returned to the levels of the control group com-
pared with the DSS, SC-5, TS group (Fig. 4).

Spearman correlation analysis was further performed 
to understand the relationship between differentially 
enriched microorganisms and antioxidant, inflamma-
tion parameters or SCFAs profiles. Correlation analy-
sis showed a significant positive correlation between 
Akkermansia and CAT levels in plasma (p < 0.05) and a 
significant negative correlation between Akkermansia 
and IL-6 levels in colon (p < 0.05) (Fig. 4). However, lac-
tic acid bacteria enriched in the colitis group showed 
a strong inverse correlation with colonic TNF-α, 
IL-1β,and IL-6 levels (p < 0.05). Most importantly, oral 
administration of TS caused alterations in the intesti-
nal microbiota in mice with colitis, suggesting that the 
intestinal microbiota may play a key role in alleviating 
DSS-induced colitis.

TS–FMT relieves clinical symptoms of colitis better 
than CON–FMT
We next validated the effect of TS-mediated microbiota 
on murine colitis in a second animal assay by transplant-
ing fecal microbiota from mice receiving TS gavage to 
DSS-treated mice (Fig. 5A). Compared with CON–FMT, 
TS–FMT treated mice with colitis showed less reduction 
in body weight and colon length, and less DAI score and 
histopathological damage (Fig. 5B). Levels of pro-inflam-
matory factors such as IL-1β, IL-6, and TNF-α were sig-
nificantly decreased in serum, IL-6 and TNF-α levels 
were significantly decreased in colon, and the activity of 
MPO, an oxidative stress-related enzyme, was signifi-
cantly increased in TS–FMT-treated colitis mice com-
pared with the other three groups (Fig. 5B) (p < 0.05). The 
results showed that the treatment of TS can significantly 
inhibit UC induced by DSS, but in clinical treatment, the 

Fig. 3  TS alleviated gut barrier damage in the DSS-induced UC mice. A Protein expression of Occludin and Claudin-3 in the five groups 
determined using Western blot. B The relative expression of Occludin was normalized to GAPDH; C the relative expression of Claudin-3 
was normalized to GAPDH; D representative images of Control, DSS, S5, TY and TS at the level of ZO-1 by immunofluorescence staining. The 
image was taken by a confocal microscope with ×100 magnification. Blue: DAPI in the nucleus; Green: ZO-1 in the colon. The data are expressed 
as the mean ± standard deviation (n = 6). Significance was determined by ANOVA with Tukey’s analysis, p < 0.05, **p < 0.01, ***p < 0.001. (Control, DSS: 
dextran sodium sulfate; SC-5: Lactobacillus plantarum SC-5; TY: tyrosol; TS: Lactobacillus plantarum SC-5 and tyrosol)
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therapeutic effect of drugs made from fecal extracts and 
direct fecal transplantation on UC is unknown.

Activation of NF‑κB and MAPK signaling access was more 
inhibited by TS–FMT than by CON–FMT
Compared with the normal group, CON–FMT 
observed that the phosphorylation levels of p-p65 and 

p-IκBα were significantly increased, and the expres-
sions of p-p38, p-JNK and p-ERK were also significantly 
up-regulated in colitis mice (p < 0.05), indicating that 
NF-κB and MAPK access were over-activated (Fig. 6E–
J). The inhibitory effect of CON–FMT on DSS-induced 
activation of the inflammatory signal access was not 

Fig. 4  Effects of TS supplementation on the diversity and composition of gut microbiota. A The α-diversity of gut microbiota was determined 
using Simpson index; B the α-diversity of gut microbiota was determined using Chao1 index; C unweighted UniFrac-based principal coordinate 
analysis (PCoA) based on the OTU levels; D the flora composition of mice at the phylum level (Additional file 1: Table S1); E the flora composition 
of mice at the genus level (Additional file 2: Table S2); F correlation heatmap analysis using the Spearman correlation coefficient to determine 
the relationship between intestinal bacteria and the severity of Colon length, DAI score, Histopathology score, IL-β, IL-6, TNF-α, Occludin, 
and Cluadin-3. The data are expressed as the mean ± standard deviation. ns, not significant; p < 0.05, **p < 0.01, ***p < 0.001. (Control, DSS: dextran 
sodium sulfate; SC-5: Lactobacillus plantarum SC-5; TY: tyrosol; TS: Lactobacillus plantarum SC-5 and tyrosol)
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evident. Compared with CON–FMT group, NF-κB and 
MAPK access activation were significantly inhibited, 
and the expressions of p-p65, p-IκBα, p-p38, p-JNK and 
p-ERK were significantly down-regulated in TS–FMT 
group (p < 0.05). These results suggest that TS–FMT 
is more effective than CON–FMT in inhibiting DSS-
induced activation of colitis-associated Inflammation 
signaling access in mice.

Compared with CON–FMT, TS–FMT enhanced 
the expression of tight junction protein in intestinal 
mucosa
According to the WB and immunofluorescence results 
(Fig.  7), we found that the expression of tight junction 
proteins Occludin, Claudin-3, and ZO-1 in CON–FMT 
was significantly down-regulated, and the loss of tight 
junction proteins was severe, which was significantly 
reversed by TS–FMT. The expression of Occludin, 

Fig. 5  TS–FMT ameliorated the pathological symptoms of DSS-induced UC mice. TS ameliorated the pathological symptoms of DSS-induced UC 
mice. A Experimental procedure; B disease activity index; C body weight changes; D colon length; E histopathology score; F the number of goblet 
cells; G CAT in plasma; H MDA in plasma; I T-SOD in plasma; J level of MPO in the colon; K level of GSH-PX in the colon; L representative H&E-stained 
colon sections images (magnification ×100); M representative AB-PAS strain colon sections images (magnification ×100). The data are expressed 
as the mean ± standard deviation (n = 9). Significance was determined by ANOVA with Tukey’s analysis, p < 0.05, **p < 0.01, ***p < 0.001. (CON–FMT: 
the feces of the Control group were given to the DSS-treated mice for fecal microbiota transplantation, TS–FMT: the feces of the normal mice orally 
administered with TS alone were given to the DSS-treated mice for fecal microbiota transplantation)
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Claudin-3, and ZO-1 was higher than that of CON–FMT 
(p < 0.05), and even recovered to the level close to the 
normal control group. These results indicate that TS–
FMT can effectively up-regulate the expression of tight 
junction proteins in intestinal mucosa, repair the dam-
aged intestinal mucosal barrier and restore its integrity.

TS–FMT regulates intestinal microbiota structure better 
than CON–FMT
According to the results of 16s rRNA, CON–FMT sig-
nificantly increased the abundance of Helicobacter, 
Desulfovibrionaceae, Clostridiale and Escherichia and 

decreased the abundance of Ligilactobacillus and Muri-
baculaceae (Fig. 8) (p < 0.05). However, these results were 
significantly reversed by TS–FMT. TS–FMT significantly 
restored the abundance of Ligilactobacillus and Murib-
aculaceae, and reduced the abundance of Helicobacter, 
Desulfovibrionaceae, Clostridiale and Escherichia, and 
significantly increased alpha and beta diversity (p < 0.05). 
Desulfovibrio and Escherichia were positively correlated 
with IL-1β, IL-6, TNF-α, histopathologic score and DAI 
score. And negatively correlated with Claudin-3, Occlu-
din and colon length. Muribaculaceae and Lactobacillus 
were negatively correlated with IL-1β, IL-6, TNF-α and 

Fig. 6  TS–FMT alleviated inflammatory pathway in the DSS-induced UC mice. A The inflammatory cytokines level of TNF-α; B IL-1β; C IL-6; D 
the relative expression of IκBα phosphorylation levels was normalized to GAPDH; E p65 and IκBα phosphorylation levels were analyzed by Western 
blot; F the relative expression of p65 phosphorylation levels was normalized to GAPDH; G the relative expression of p38 phosphorylation levels 
was normalized to GAPDH; H MAPK p38, JNK, and ERK phosphorylation levels were analyzed by Western blot; I the relative expression of ERK 
phosphorylation levels were normalized to GAPDH; J the relative expression of JNK phosphorylation levels were normalized to GAPDH. The data are 
expressed as the mean ± standard deviation (n = 6). Significance was determined by ANOVA with Tukey’s analysis, p < 0.05, **p < 0.01, ***p < 0.001. 
(CON–FMT: the feces of the Control group were given to the DSS-treated mice for fecal microbiota transplantation, TS–FMT: the feces of the normal 
mice orally administered with TS alone were given to the DSS-treated mice for fecal microbiota transplantation)
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histopathologic score and DAI score. While positively 
correlated with Claudin-3, Occludin and colon length.

Discussion
UC, a type of IBD, has become a global health challenge 
and is currently on the rise [32, 33]. Studies have shown 
that oxidative stress may be an important factor in exac-
erbating UC, which can lead to neutrophils to produce 
ROS and other substances. Excessive production of ROS 
will lead to oxidative stress injury of the body and worsen 
the symptoms of UC [34, 35]. Previous studies have sug-
gested that probiotics or prebiotics may be effective by 
regulating intestinal microbiota, and probiotics and may 
reduce ROS production by regulating the structure of 
microbial intestinal microbiota [36]. In previous studies, 

we found that Lactobacillus plantarum SC-5 and an olive 
oil extract TY can reduce the level of oxidative stress in 
ulcerative colitis mice. According to research reports, 
combining natural antioxidant products with probiotics 
has shown a stronger effect in alleviating UC symptoms 
[17, 18, 37]. Therefore, in order to reduce this oxidative 
stress, we chose Lactobacillus plantarum SC-5 as a new 
probiotic strain and used TY, as a unique natural prebi-
otic source to explore its therapeutic effect on UC.

In order to evaluate the protective effect of TS on DSS-
induced UC, it was applied to in  vivo experiments. The 
DSS-induced colitis model is an important tool to assess 
the pathogenesis of UC, which is similar to the human 
UC pathogenesis [38]. DAI is widely used to evaluate 
the health of UC models [39]. The DAI score, which is 

Fig. 7  TS–FMT alleviated gut barrier damage in the DSS-induced UC mice. A Protein expression of Occludin and Claudin-3 in the three 
groups determined using Western blot; B the relative expression of Occludin was normalized to GAPDH; C the relative expression of Claudin-3 
was normalized to GAPDH; D representative images of Control, DSS, S5, TY and TS at the level of ZO-1 by immunofluorescence staining. The 
image was taken by a confocal microscope with ×100 magnification. Blue: DAPI in the nucleus; Green: ZO-1 in the colon. The data are expressed 
as the mean ± standard deviation (n = 3). Significance was determined by ANOVA with Tukey’s analysis, p < 0.05, **p < 0.01, ***p < 0.001. (CON–FMT: 
the feces of the Control group were given to the DSS-treated mice for fecal microbiota transplantation, TS–FMT: the feces of the normal mice orally 
administered with TS alone were given to the DSS-treated mice for fecal microbiota transplantation)
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composed of weight change, fecal viscosity and hema-
tochezia in mice, plays an important role in evaluat-
ing UC models [40]. Although the DSS-induced colitis 
mouse model is widely used in experiments, it has limi-
tations in simulating systemic diseases because it mainly 
focuses on colonic inflammatory responses and cannot 
comprehensively simulate the systemic features of human 

UC. Additionally, the model cannot fully replicate the 
complex pathophysiological processes of human UC. 
Despite the limitations of animal models, drug research 
remains a crucial step in understanding diseases in 
depth and improving patients’ quality of life. Therefore, 
research on colitis drugs remains of significant impor-
tance. While the mouse model is an important tool for 

Fig. 8  Effects of TS–FMT supplementation on the diversity and composition of gut microbiota. A The α-diversity of gut microbiota was determined 
using Simpson index; B the α-diversity of gut microbiota was determined using Chao1 index; C unweighted UniFrac-based principal coordinate 
analysis (PCoA) based on the OTU levels; D the flora composition of mice at the phylum level (Additional file 3: Table S3); E the flora composition 
of mice at the genus level (Additional file 4: Table S4); F correlation heatmap analysis using the Spearman correlation coefficient to determine 
the relationship between intestinal bacteria and the severity of Colon length, DAI score, Histopathology score, IL-β, IL-6, TNF-α, Occludin, 
and Cluadin-3. The data are expressed as the mean ± standard deviation (n = 6). p < 0.05, **p < 0.01, ***p < 0.001. (CON–FMT: the feces of the Control 
group were given to the DSS-treated mice for fecal microbiota transplantation, TS–FMT: the feces of the normal mice orally administered with TS 
alone were given to the DSS-treated mice for fecal microbiota transplantation)
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studying UC, further research and clinical validation are 
still required to translate drugs from mouse models to 
human treatments.

Oral administration of SC-5, TY, and TS resulted in a 
reduced degree of body weight loss and a reduced length 
of colon shortening compared to the DSS group, indicat-
ing that SC-5, TY and TS were able to restore the appar-
ent clinical symptoms of DSS-induced colitis in mice. In 
this study, the concentrations of MPO and MDA in DSS 
group were significantly increased, while the activities 
of T-SOD, T-AOC, GSH-PX and CAT were significantly 
decreased, while SC-5, TY, and TS groups significantly 
reversed these changes, indicating that TS can alleviate 
oxidative stress damage in the process of colonic inflam-
mation. It has a protective effect on the colon of mice.

DSS-mediated UC produces large amounts of pro-
inflammatory cytokines, such as TNF-α, IL-1β, and IL-6 
in the serum and colonic tissue of patients [41, 42]. TNF-
α, IL-1β and IL-6 play a crucial role in the pathogenesis 
of IBD [43]. In the early stage of inflammation, a large 
amount of TNF-α can be produced, and the increase 
of TNF-α can destroy the tight structure of intestinal 
epithelium [44]. The cytokines IL-1β secreted by mac-
rophages is involved in the pro-inflammatory response 
that promotes the progression of UC [45]. IL-6 is pro-
duced by lymphocytes produced by activated T cells and 
fibroblasts and mediates the process of inflammation 
[46]. In this study, after DSS treatment, the pro-inflam-
matory cytokines was significantly increased, indicating 
that the inflammation response was enhanced, and under 
the protection of SC-5,TY, and TS, the pro-inflammatory 
cytokines level was significantly decreased, indicating 
that the inflammation level in the body was inhibited. 
This suggests that TS has an ameliorative effect on UC, 
which may be achieved by inhibiting the level of pro-
inflammatory factor.

To further explore the mechanism by which TS-inhib-
ited UC, we examined the expression of NF-κB and 
MAPK signaling access associated proteins, which play 
an important role in promoting inflammation cytokines 
production [47, 48]. NF-κB and MAPK are cellular 
access that mainly promote the production of inflam-
mation and have a tremendous impact on the produc-
tion of cytokines. In our previous study, we measured 
the changes of pro-inflammatory factors in serum and 
colonic tissue of colitis mice, and found that SC-5, TY, 
and TS could inhibit the activation of related inflamma-
tion signaling access. To verify whether this change was 
mediated by NK-κB and MAPK access, we examined 
the expression of NF-κB and MAPK related proteins. As 
shown in the results, SC-5, TY, and TS all inhibited the 
activation of NF-κB and MAPK signaling access. DSS 
treatment significantly increased the expression of p-p65, 

p-IκBα, p-p38, p-JNK and p-ERK, which are involved in 
the activation of NF-κB signaling access, and DSS treat-
ment also increased the expression of p-p38, p-JNK and 
p-ERK, which are involved in the activation of MAPK 
access signaling. These results suggest that the anti-UC 
effects of SC-5, TY and TS are mediated by the inhibi-
tion of NF-κB and MAPK activation. Taken together, 
the NF-κB and MAPK pathways play important roles in 
the pathogenesis of UC. Their abnormal activation may 
lead to sustained and intensified inflammatory responses, 
thereby exacerbating symptoms and disease progression 
in UC patients. Therefore, targeting the regulation of 
these two pathways may become an important strategy 
for treating UC and developing new therapeutic products 
for UC.

The intestinal barrier refers to the physiological barrier 
on the surface of the intestinal mucosa, which is com-
posed of mucosal cell layers, mucus layer, and intestinal 
epithelial cells. It plays an important role in preventing 
the invasion of harmful substances, regulating immune 
responses, and maintaining the balance of the intestinal 
microbiota. Epithelial TJ proteins are essential for the 
formation of the cytoskeleton and maintenance of the 
intestinal mechanical barrier [49]. It has been reported 
that the expression of Occludin, Claudin-3 and ZO-1 
proteins in TJ proteins was significantly decreased in UC 
patients [50]. Therefore, we analyzed Occludin, Clau-
din-3, and ZO-1 proteins by western blot and immu-
nohistochemistry, and found that SC-5, TY and TS 
treatment restored the DSS-induced reduction of intes-
tinal mucosal TJ protein expression. These results sug-
gested that SC-5, TY, and TS may enhance the expression 
of TJ protein and then repair that mechanical barrier of 
the intestinal epithelium, thereby reducing the damage of 
the colon. Medications aimed at restoring intestinal bar-
rier function may become part of the treatment strategy, 
thereby reducing inflammation and maintaining a stable 
microbial environment within the intestines.

The structure of intestinal microbiota plays an impor-
tant role in the pathogenesis of UC, and different 
microorganisms are involved in pro-inflammatory or 
anti-inflammatory processes [51]. The Bifidobacterium 
can protect the integrity of the intestinal mucosa, reduce 
intestinal mucosal damage, and thus play a positive role 
in combating the development of UC [52]. Muribacu-
laceae can inhibit the activation of CD8+ T cells to tol-
erate immune stimulation and is negatively correlated 
with inflammation status [53]. Lactobacillus can regulate 
the balance of intestinal microbiota, reduce the growth 
of harmful bacteria, increase the number of beneficial 
bacteria, and have a positive impact on maintaining 
intestinal health [54]. In this study, we found that SC-5, 
TY, and TS increased the number of Bifidobacterium, 
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and Lactobacillus. On the other hand, SC-5, TY, and TS 
reduced the number of Proteobacteria. It is reported that 
Proteobacteria is considered to be the harmful bacteria 
in the process of UC, which promotes the production of 
pro-inflammatory factors in the intestine [45, 46]. The 
observations of the present study indicate an increase 
in the relative abundance of bacteria and Proteobacteria 
in the DSS group compared to the control group, which 
is consistent with previous reports [55]. Akkermansia 
abundance has been shown to be positively associated 
with colorectal cancer [56, 57]. The UC model used in 
this study was consistent with the changes described 
above, with a significant reduction in Akkermansia in 
the cecal contents of mice in the DSS group, while oral 
administration of SC-5, TY and TS significantly reduced 
the abundance of Akkermansia, indicating that SC-5, TY, 
and TS have a positive effect on inhibiting the reproduc-
tion of Akkermansia in the intestine, which is of great sig-
nificance for reducing the risk of colorectal cancer. DSS 
exposure altered the gut microbiota, and we observed an 
increase in the relative abundance of Helicobacter, Bac-
teroides, and Shigella in the DSS group, but they were 
suppressed by SC-5, TY, and TS. Increased abundance 
of Bacteroides may also be associated with the develop-
ment and progression of UC, consistent with the find-
ings of Hartley, who found high levels of Bacteroides in 
UC patients [58]. Helicobacter and Shigella belong to the 
phylum Proteus. Helicobacter is a potentially pathogenic 
bacterium that is positively correlated with inflamma-
tion [59]. The Shigella the most typical pathogen, may 
be involved in disrupting the intestinal mucosa and tight 
barrier junctions, leading to bleeding, which is consist-
ent with other results of this study [60]. Taken together, 
our results indicate that DSS-induced changes in the gut 
microbiota can be restored by supplementation of SC-5, 
TY, and TS. The above results suggest that SC-5, TY, and 
TS reduced DSS-induced colitis by reducing the harm-
ful microbiota and increasing the beneficial microbiota 
in the intestine. Although it has been demonstrated that 
SC-5, TY, and TS can regulate the intestinal microbiota 
and alleviate DSS-induced colitis, the specific mecha-
nism by which SC-5, TY and TS alleviated UC and the 
specific functional components of its alteration remain to 
be further studied.

The interaction between the gut microbiota and the 
host’s innate immune system and adaptive immune 
system plays an important role in regulating intestinal 
homeostasis and inflammation. Some studies suggest 
that dysbiosis of the gut microbiota may exacerbate the 
pathological symptoms of UC [61]. In the three groups 
(SC-5, TY, and TS), TS showed better effects than the 
other two groups, so we will continue the dosage and 
mode of administration of TS in further experiments. 

Next, we sought to demonstrate whether TS is able to 
mediate the preponderant proliferation of probiotics in 
the gut and to verify whether the affected gut micro-
biota is a consequence or a cause of colitis remission. 
To establish the experimental colitis mouse model, 
the feces of the normal control group were given to 
the DSS-treated mice for FMT (CON–FMT) or the 
feces of the normal mice orally administered with TS 
alone were given to the DSS-treated mice for FMT 
(TS–FMT).

Interestingly, TS–FMT successfully alleviated acute 
colitis, and the therapeutic effect of TS–FMT was signifi-
cantly better than that of CON–FMT, indicating that TS-
mediated changes in intestinal microbiota play a leading 
role in alleviating colitis. TS–FMT significantly attenu-
ated DSS-induced inflammation response and oxidative 
stress, which was similar to that of oral TS. Based on 
these results, we demonstrate that TS-mediated intestinal 
microbiota is responsible for the remission of UC. Com-
bined with the significant effect of oral administration of 
TS on the microbial community in healthy mice and the 
successful palliative effect of TS–FMT, we propose that 
TS increases the low abundance of other microorganisms 
in normal controls, thereby ameliorating colitis.

We analyzed the structure of intestinal microbiota in 
mice by 16sr RNA and found that at the genus level, the 
relative abundance of Muribaculaceae, Lachnospiraceae, 
and Lactobacillus in the DSS treatment group was lower 
than that in control group, while these were increased in 
the TS–FMT group. Muribaculaceae belongs to Bacte-
roidetes, which can regulate immune cells to reduce the 
levels of pro-inflammatory cytokines [62]. In addition, 
compared with CON–FMT, TS–FMT enriches the abun-
dance of Clostridiales, Eubacterium and other probiot-
ics in the mouse intestine. Previous studies have shown 
that Clostridiales and Eubacterium are beneficial bacteria 
existing in the intestine [63]. These increased probiotics 
may play a vital role in the anti-inflammatory and anti-
oxidant processes of TS. In our study, we also found that 
TS–FMT can reduce pro-inflammatory factors colon tis-
sue of mice, inhibit the activation of NF-κB and MAPK 
signaling access, and strengthen tight junction proteins in 
intestinal mucosa to improve the integrity of colonic epi-
thelium and maintain the homeostasis of colon [61, 62]. 
Through the fecal bacteria transplantation experiment, 
we can better understand the potential efficacy of probi-
otics in improving the symptoms of UC patients. This can 
help to develop more effective treatment strategies and 
bring better treatment results to patients. Experiments 
have confirmed that probiotic fecal bacteria transplan-
tation plays an important role in regulating the balance 
of intestinal microbiota, which is particularly critical 
for patients with UC. Restoring the balance of intestinal 
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microbiota may help reduce the inflammatory response 
and improve symptoms.

FMT experiment proved that TS could inhibit the 
occurrence of colonic inflammation in mice by regulating 
intestinal microbiota, which indicated that TS had the 
probiotic function of maintaining the balance of intes-
tinal microbiota, increasing the abundance of beneficial 
bacteria and reducing intestinal inflammation. This fur-
ther indicates that the imbalance of intestinal microbiota 
is closely related to the occurrence of UC. We conclude 
that TS can alleviate DSS-induced colitis in mice by regu-
lating the structure of intestinal microbiota, increasing 
the abundance of beneficial bacteria and reducing the 
abundance of harmful bacteria. These results suggest that 
TS–FMT has a similar palliative effect to TS itself. Of 
note, TS–FMT significantly promoted the production of 
beneficial species, whereas CON–FMT did not, suggest-
ing that the protective effect of TS in UC is dependent 
on probiotic species. Based on our results and previous 
studies, probiotic microorganisms may also play a ben-
eficial role in the interaction between the gut microbiota 
and beneficial organisms to treat or prevent disease [57].

In view of the intestinal microbiota modulatory effect 
of TS administration on mice, it is believed that the ben-
eficial effect of TS on the alleviation of UC progression 
mainly improves the DSS-induced intestinal microbiota 
structure in mice, implying a central role of the intestinal 
microbiota in mediating beneficial effects. These changes 
in the gut microbiota trigger significant antioxidant, 
anti-inflammatory, and barrier-enhancing processes that 
attenuate intestinal inflammation and damage. These 
findings provide new insights into TS-mediated remis-
sion of UC and will contribute to the development of 
therapeutic and preventive strategies for UC and other 
inflammatory diseases. In conclusion, TS can be con-
sidered as a potential prebiotic product to prevent or 
ameliorate UC. However, the clinical effect of TS on UC 
remains to be further studied.

Conclusion
In conclusion, TY, SC-5, TS could regulate DSS-induced 
colitis in mice by associated with normal intestinal 
microbiota balance, thereby reducing the expression lev-
els of pro-inflammatory factors IL-6 and IL-1β, TNF-α, 
correlated with the activation of NF-κB and MAPK sign-
aling pathway, and maintaining the expression of intesti-
nal mucosal epithelial tight junction proteins. However, 
based on animal studies, the exact mechanism and 
safety of TS need to be fully elucidated in further cellu-
lar research. These findings provide new insights into the 
treatment of UC in the disease process, and will help to 
develop treatment and prevention strategies for IBD and 
other inflammatory diseases. Before translating to human 

application, more preclinical research is needed, includ-
ing in-depth evaluation of the drug’s efficacy, safety, and 
pharmacokinetics.

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s12967-​024-​05026-9.

Additional file 1: Table S1. The flora composition of mice at the phylum 
level of TS.

Additional file 2: Table S2. The flora composition of mice at the genus 
level of TS.

Additional file 3: Table S3. The flora composition of mice at the phylum 
level of TS-FMT.

Additional file 4: Table S4. The flora composition of mice at the genus 
level of TS-FMT.

Author contributions
PH, FY and HR conceived the study. XH, FY, RS, and XW performed the experi-
ment. JG analyzed the omics data and created figures. JC and XZ interpreted 
the data, and wrote the manuscript. YJ, YL and ZL edited the manuscript. All 
authors read and approved the final manuscript.

Funding
National Key Research and Development Program of China 
(2023YFD1801000). This work was supported by Interdisciplinary Integration 
and Innovation Project of JLU (JLUXKJC2021ZY08) and the Excellent Young 
Teachers Training Plan of Jilin University (No. 419080520415).

Availability of data and materials
The datasets used and/or analyzed during the current study are available from 
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
All experimental procedures were in accordance with the guidelines of the 
Animal Care and Use Committee of Jilin University (No. SY202010004).

Consent for publication
All participants provided written informed consent to participate in the stud-
ies and for publication of the finding of the study.

Competing interests
The authors declare that they have no competing interests.

Author details
1 State Key Laboratory for Diagnosis and Treatment of Severe Zoonotic 
Infectious Diseases, Key Laboratory for Zoonosis Research of the Ministry 
of Education, Institute of Zoonosis, and College of Veterinary Medicine, Jilin 
University, Changchun 130062, China. 2 Institute of Special Animal and Plant 
Sciences of Chinese Academy of Agricultural Sciences, Changchun 130112, 
Jilin, China. 3 Jilin Academy of Animal Husbandry and Veterinary Sciences, 
Changchun 130062, China. 

Received: 20 November 2023   Accepted: 24 February 2024

References
	1.	 Zhou SY, Wang MJ, Li WH, Zhang Y, Zhao TY, Song QQ, Cong J. Com-

parative efficacy and tolerability of probiotic, prebiotic, and synbiotic 
formulations for adult patients with mild-moderate ulcerative colitis in an 
adjunctive therapy: a network meta-analysis. Clin Nutr. 2024;43(1):20–30.

https://doi.org/10.1186/s12967-024-05026-9
https://doi.org/10.1186/s12967-024-05026-9


Page 17 of 18Yu et al. Journal of Translational Medicine          (2024) 22:308 	

	2.	 Rubin DT, Ananthakrishnan AN, Siegel CA, Sauer BG, Long MD. ACG 
clinical guideline: ulcerative colitis in adults. Am J Gastroenterol. 
2019;114(3):384–413.

	3.	 Amarnani A, Thakker S, Panush RS. Reflecting on the immunopathology 
of arthritis associated with inflammatory bowel disease: what do we 
know and what should we know? Clin Rheumatol. 2022;41(8):2581–8.

	4.	 Sun JW, Yao JL, Olén O, Halfvarson J, Bergman D, Ebrahimi F, Sundström 
J, Ludvigsson JF. Familial coaggregation of inflammatory bowel disease 
with cardiovascular disease: a nationwide multigenerational cohort 
study. Gut. 2024. https://​doi.​org/​10.​1136/​gutjnl-​2023-​331632.

	5.	 Kim DH, Cheon JH. Pathogenesis of inflammatory bowel disease and 
recent advances in biologic therapies. Immune Netw. 2017;17(1):25–40.

	6.	 de Souza HS, Fiocchi C. Immunopathogenesis of IBD: current state of the 
art. Nat Rev Gastroenterol Hepatol. 2016;13(1):13–27.

	7.	 Stallmach A, Grunert PC. Taking IBD treatment in STRIDE: how objective 
disease assessment is essential for the successful implementation of 
treat-to-target strategies. Digest Dis Sci. 2024. https://​doi.​org/​10.​1007/​
s10620-​023-​08221-8.

	8.	 Wu XG, Zhang T, Zhang TS, Park S. The impact of gut microbiome entero-
types on ulcerative colitis: identifying key bacterial species and revealing 
species co-occurrence networks using machine learning. Gut Microbes. 
2024;16(1):2292254.

	9.	 Wang D, DuBois RN. The role of anti-inflammatory drugs in colorectal 
cancer. Annu Rev Med. 2013;64:131–44.

	10.	 Giunashvili N, Thomas JM, Schvarcz CA, Viana PHL, Aloss K, Bokhari SMZ, 
Koós Z, Bócsi D, Major E, Balogh A, et al. Enhancing therapeutic efficacy 
in triple-negative breast cancer and melanoma: synergistic effects of 
modulated electro-hyperthermia (mEHT) with NSAIDs especially COX-2 
inhibition in models. Mol Oncol. 2024. https://​doi.​org/​10.​1002/​1878-​0261.​
13585.

	11.	 Jang YJ, Kim WK, Han DH, Lee K, Ko G. Lactobacillus fermentum spe-
cies ameliorate dextran sulfate sodium-induced colitis by regulating 
the immune response and altering gut microbiota. Gut Microbes. 
2019;10(6):696–711.

	12.	 Hu R, Lin H, Wang M, Zhao Y, Liu H, Min Y, Yang X, Gao Y, Yang M. 
Lactobacillus reuteri-derived extracellular vesicles maintain intestinal 
immune homeostasis against lipopolysaccharide-induced inflammatory 
responses in broilers. J Anim Sci Biotechnol. 2021;12(1):25.

	13.	 Keshavarzian A, Banan A, Farhadi A, Komanduri S, Mutlu E, Zhang Y, 
Fields JZ. Increases in free radicals and cytoskeletal protein oxidation and 
nitration in the colon of patients with inflammatory bowel disease. Gut. 
2003;52(5):720–8.

	14.	 Sartor RB. Therapeutic manipulation of the enteric microflora in inflam-
matory bowel diseases: antibiotics, probiotics, and prebiotics. Gastroen-
terology. 2004;126(6):1620–33.

	15.	 Luo JY, Liang L, Xie QL, Qiu YX, Jiang S, Yang YP, Zhu LJ, Fu YF, Chen SH, 
Wang W, et al. Differential analysis of phytochemistry and antioxidant 
activity in five citrus by-products based on chromatography, mass 
spectrometry, and spectrum-effect relationships. Food Chem X. 2023;20: 
101010.

	16.	 Genaro SC, Lima de Souza Reis LS, Reis SK, RabeloSocca EA, Favaro WJ. 
Probiotic supplementation attenuates the aggressiveness of chemically 
induced colorectal tumor in rats. Life Sci. 2019;237: 116895.

	17.	 Sheng K, He S, Sun M, Zhang G, Kong X, Wang J, Wang Y. Synbiotic 
supplementation containing Bifidobacterium infantis and xylooligosac-
charides alleviates dextran sulfate sodium-induced ulcerative colitis. Food 
Funct. 2020;11(5):3964–74.

	18.	 Liu Z, Liu F, Wang W, Sun C, Gao D, Ma J, Hussain MA, Xu C, Jiang Z, Hou J. 
Study of the alleviation effects of a combination of Lactobacillus rhamno-
sus and inulin on mice with colitis. Food Funct. 2020;11(5):3823–37.

	19.	 Shi RR, Yu FZ, Hu XY, Liu Y, Jin YY, Ren HL, Lu SY, Guo J, Chang J, Li YS, et al. 
Protective effect of Lactiplantibacillus plantarum subsp. plantarum SC-5 
on dextran sulfate sodium-induced colitis in mice. Foods. 2023;12(4):897.

	20.	 Yu FZ, Guo J, Ren HL, Lu SY, He ZQ, Chang J, Hu XY, Shi RR, Jin YY, Li YS, 
et al. Tyrosol inhibits NP-KB pathway in the treatment of enterotoxigenic 
Escherichia coli-induced diarrhea in mice. Microb Pathogenes. 2023;176: 
105944.

	21.	 Liu MF, Li SR, Cao NN, Wang QG, Liu YH, Xu QQ, Zhang L, Sun CH, Xiao XF, 
Yao JC. Intestinal flora, intestinal metabolism, and intestinal immunity 
changes in complete Freud’s adjuvant-rheumatoid arthritis C57BL/6 
mice. Int Immunopharmacol. 2023;125:111090.

	22.	 Dong DF, Su TX, Chen W, Wang DS, Xue YL, Lu QY, Jiang C, Ni Q, Mao EQ, 
Peng YB. Clostridioides difficile aggravates dextran sulfate solution (DSS)-
induced colitis by shaping the gut microbiota and promoting neutrophil 
recruitment. Gut Microbes. 2023;15(1):2192478.

	23.	 Wu ZH, Huang SM, Li TT, Li N, Han DD, Zhang B, Xu ZJZ, Zhang SY, Pang 
JM, Wang SL, et al. Gut microbiota from green tea polyphenol-dosed 
mice improves intestinal epithelial homeostasis and ameliorates experi-
mental colitis. Microbiome. 2021;9(1):1–22.

	24.	 Edgar RC. UPARSE: highly accurate OTU sequences from microbial ampli-
con reads. Nat Methods. 2013;10(10):996–8.

	25.	 Deng F, Zhao BC, Yang X, Lin ZB, Sun QS, Wang YF, Yan ZZ, Liu WF, Li C, Hu 
JJ, et al. The gut microbiota metabolite capsiate promotes Gpx4 expres-
sion by activating to inhibit intestinal ischemia reperfusion-induced 
ferroptosis. Gut Microbes. 2021;13(1):1902719.

	26.	 Khare S, Zhang Q. Role of endogenous MAPK pathway suppressor on IBD. 
Inflamm Bowel Dis. 2018;24:S36–S36.

	27.	 Ma YH, Li JL, Mai JL, Guo HZ, Ding LL, Li JL, Xiao JC, Li M, Fang WH, Zhang 
SC, et al. Ginsenoside Rb2 exhibits therapeutic value for male osteoporo-
sis in orchiectomy mice by suppressing osteoclastogenesis and modulat-
ing NF-κB/MAPK signaling pathways. Food Funct. 2024;15(3):1583–97.

	28.	 Mathern DR, Laitman LE, Chitre A, Mayer L, Dahan S. The notch signaling 
pathway mediates tight junction protein stiochiometry in IBD. Gastroen-
terology. 2012;142(5):S858–S858.

	29.	 Barnes A, Mountifield R. Active inflammatory bowel disease is associated 
with reduced sleep efficiency and sleep architecture changes: prelimi-
nary results of IBD-SLEEP. J Gastroenterol Hepatol. 2023;38:134–5.

	30.	 Mirsepasi H, Du ZY, Struve C, Karczewski J, Krogfelt KA, Wells JM, Petersen 
AM. Hemolysin in IBD associated E. coli disrupts tight junctions. Gastroen-
terology. 2014;146(5):S836–S836.

	31.	 Rodriguez-Nogales A, Algieri F, Garrido-Mesa J, Vezza T, Utrilla MP, Chueca 
N, Garcia F, Rodriguez-Cabezas ME, Galvez J. Intestinal anti-inflammatory 
effect of the probiotic Saccharomyces boulardii in DSS-induced colitis in 
mice: impact on microRNAs expression and gut microbiota composition. 
J Nutr Biochem. 2018;61:129–39.

	32.	 Cosnes J, Gower-Rousseau C, Seksik P, Cortot A. Epidemiology and 
natural history of inflammatory bowel diseases. Gastroenterology. 
2011;140(6):1785–94.

	33.	 Ng SC, Bernstein CN, Vatn MH, Lakatos PL, Loftus EV Jr, Tysk C, O’Morain C, 
Moum B, Colombel JF, et al. Geographical variability and environmental 
risk factors in inflammatory bowel disease. Gut. 2013;62(4):630–49.

	34.	 Jurk D, Wilson C, Passos JF, Oakley F, Correia-Melo C, Greaves L, Saretzki 
G, Fox C, Lawless C, Anderson R, et al. Chronic inflammation induces 
telomere dysfunction and accelerates ageing in mice. Nat Commun. 
2014;2:4172.

	35.	 Ballini A, Santacroce L, Cantore S, Bottalico L, Dipalma G, Topi S, Saini R, 
De Vito D, Inchingolo F. Probiotics efficacy on oxidative stress values in 
inflammatory bowel disease: a randomized double-blinded placebo-
controlled pilot study. Endocr Metab Immune Disord Drug Targets. 
2019;19(3):373–81.

	36.	 Carroll IM, Andrus JM, Bruno-Barcena JM, Klaenhammer TR, Hassan HM, 
Threadgill DS. Anti-inflammatory properties of Lactobacillus gasseri 
expressing manganese superoxide dismutase using the interleukin 
10-deficient mouse model of colitis. Am J Physiol Gastrointest Liver 
Physiol. 2007;293(4):G729-738.

	37.	 Son SJ, Koh JH, Park MR, Ryu S, Lee WJ, Yun B, Lee JH, Oh S, Kim Y. Effect 
of the Lactobacillus rhamnosus strain GG and tagatose as a synbiotic 
combination in a dextran sulfate sodium-induced colitis murine model. J 
Dairy Sci. 2019;102(4):2844–53.

	38.	 Szulc-Dabrowska L, Biernacka Z, Koper M, Struzik J, Gierynska M, Schol-
lenberger A, Lasocka I, Toka FN, Martinez E, Blanchet F. Differential activa-
tion of splenic cDC1 and cDC2 cell subsets following poxvirus infection 
of BALB/c and C57BL/6 mice. Cells. 2024;13(1):13.

	39.	 Sun MC, Zhang FC, Yin X, Cheng BJ, Zhao CH, Wang YL, Zhang ZZ, Hao 
HW, Zhang TH, Ye HQ. Lactobacillus reuteri F-9-35 prevents DSS-induced 
colitis by inhibiting proinflammatory gene expression and restoring the 
gut microbiota in mice. J Food Sci. 2018;83(10):2645–52.

	40.	 Kim MH, Choi SJ, Choi HI, Choi JP, Park HK, Kim EK, Kim MJ, Moon BS, Min 
TK, Rho M, et al. Lactobacillus plantarum-derived extracellular vesicles 
protect atopic dermatitis induced by Staphylococcus aureus-derived 
extracellular vesicles. Allergy Asthma Immunol Res. 2018;10(5):516–32.

https://doi.org/10.1136/gutjnl-2023-331632
https://doi.org/10.1007/s10620-023-08221-8
https://doi.org/10.1007/s10620-023-08221-8
https://doi.org/10.1002/1878-0261.13585
https://doi.org/10.1002/1878-0261.13585


Page 18 of 18Yu et al. Journal of Translational Medicine          (2024) 22:308 

	41.	 Ruffolo C, Scarpa M, Faggian D, Basso D, D’Inca R, Plebani M, Sturniolo GC, 
Bassi N, Angriman I. Subclinical intestinal inflammation in patients with 
Crohn’s disease following bowel resection: a smoldering fire. J Gastroin-
test Surg. 2010;14(1):24–31.

	42.	 Moldoveanu AC, Diculescu M, Braticevici CF. Cytokines in inflammatory 
bowel disease. Rom J Intern Med. 2015;53(2):118–27.

	43.	 Shen W, Durum SK. Synergy of IL-23 and Th17 cytokines: new light on 
inflammatory bowel disease. Neurochem Res. 2010;35(6):940–6.

	44.	 Danese S, Peyrin-Biroulet L. Are all the IL-23 blockers the same in inflam-
matory bowel disease? Nat Rev Gastroenterol Hepatol. 2024. https://​doi.​
org/​10.​1038/​s41575-​023-​00889-7.

	45.	 Yamamoto-Furusho JK, Santiago-Hernandez JJ, Perez-Hernandez N, 
Ramirez-Fuentes S, Fragoso JM, Vargas-Alarcon G. Interleukin 1 beta (IL-
1B) and IL-1 antagonist receptor (IL-1RN) gene polymorphisms are associ-
ated with the genetic susceptibility and steroid dependence in patients 
with ulcerative colitis. J Clin Gastroenterol. 2011;45(6):531–5.

	46.	 Wang Q, Bie YL, Wang D, Fan WT. Effects of dandelion polysaccharide on 
IL-6/STAT3 signaling pathway in ulcerative colitis rats. Zhongguo Ying 
Yong Sheng Li Xue Za Zhi. 2017;33(5):422–5.

	47.	 Kwak AW, Lee JY, Lee SO, Seo JH, Park JW, Choi YH, Cho SS, Yoon G, Lee 
MH, Shim JH. Echinatin induces reactive oxygen species-mediated 
apoptosis via JNK/p38 MAPK signaling pathway in colorectal cancer cells. 
Phytother Res. 2022;37(2):563–77.

	48.	 Yang JY, Zhong YT, Hao WN, Liu XX, Shen Q, Li YF, Ren S, Wang Z, Li W, 
Zhao LC. Retraction: The PI3K/Akt and NF-kappaB signaling pathways 
are involved in the protective effects of Lithocarpus polystachyus 
(sweet tea) on APAP-induced oxidative stress injury in mice. RSC Adv. 
2022;12(44):28658.

	49.	 Yu M, Wang Q, Ma Y, Li L, Yu K, Zhang Z, Chen G, Li X, Xiao W, Xu P, et al. 
Aryl hydrocarbon receptor activation modulates intestinal epithelial 
barrier function by maintaining tight junction integrity. Int J Biol Sci. 
2018;14(1):69–77.

	50.	 Poritz LS, Harris LR 3rd, Kelly AA, Koltun WA. Increase in the tight 
junction protein claudin-1 in intestinal inflammation. Dig Dis Sci. 
2011;56(10):2802–9.

	51.	 Mohamed SS, Abdeltawab NF, Wadie W, Ahmed LA, Ammar RM, Rabini 
S, Abdel-Aziz H, Khayyal MT. Effect of the standard herbal preparation, 
STW5, treatment on dysbiosis induced by dextran sodium sulfate in 
experimental colitis. BMC Complement Med Ther. 2021;21(1):168.

	52.	 Bozkurt H. A new bacterial transfer therapy for IBD: endoscopic 
bifidobacterium and xyloglucan administration. Gastroenterology. 
2021;160(3):S50–1.

	53.	 Shang L, Liu H, Yu H, Chen M, Yang T, Zeng X, Qiao S. Core altered micro-
organisms in colitis mouse model: a comprehensive time-point and fecal 
microbiota transplantation analysis. Antibiotics. 2021;10(6):643.

	54.	 Ma X, Shin JW, Cho JH, Han SW, Kim DH. IL-6 expression-suppressing 
Lactobacillus reuteri strains alleviate gut microbiota-induced anxiety and 
depression in mice. Lett Appl Microbiol. 2024;77(1): ovad144.

	55.	 Mukhopadhya I, Hansen R, El-Omar EM, Hold GL. IBD-what role do Pro-
teobacteria play? Nat Rev Gastro Hepat. 2012;9(4):219–30.

	56.	 Zou L, Xiong X, Yang H, Wang K, Zhou J, Lv D, Yin Y. Identification of 
microRNA transcriptome reveals that miR-100 is involved in the renewal 
of porcine intestinal epithelial cells. Sci China Life Sci. 2019;62(6):816–28.

	57.	 Lang M, Baumgartner M, Rozalska A, Frick A, Riva A, Jarek M, Berry D, 
Gasche C. Crypt residing bacteria and proximal colonic carcinogenesis in 
a mouse model of Lynch syndrome. Int J Cancer. 2020;147(8):2316–26.

	58.	 Tisza MJ, Smith DDN, Clark AE, Youn JH, Program NCS, Khil PP, Dekker JP. 
Roving methyltransferases generate a mosaic epigenetic landscape and 
influence evolution in group. Nat Commun. 2023;14(1):4082.

	59.	 Li M, Wu Y, Hu Y, Zhao L, Zhang C. Initial gut microbiota structure affects 
sensitivity to DSS-induced colitis in a mouse model. Sci China Life Sci. 
2018;61(7):762–9.

	60.	 Ansari A, van Liere E, Anderson S, Warner B, Hayee B, Nolan J, de Boer 
N, Mulder C. First-line azathioprine-allopurinol without metabolite 
monitoring is an effective and safe long-term therapy for IBD. Gut. 
2021;70:A129–A129.

	61.	 Federici S, Kredo-Russo S, Valdés-Mas R, Kviatcovsky D, Weinstock E, 
Matiuhin Y, Silberberg Y, Atarashi K, Furuichi M, Oka A, et al. Targeted 
suppression of human IBD-associated gut microbiota commensals 
by phage consortia for treatment of intestinal inflammation. Cell. 
2022;185(16):2879.

	62.	 Qi C, Li Y, Yu RQ, Zhou SL, Wang XG, Le GW, Jin QZ, Xiao H, Sun J. Com-
position and immuno-stimulatory properties of extracellular DNA from 
mouse gut flora. World J Gastroenterol. 2017;23(44):7830–9.

	63.	 Dunyashev T, Ilina L, Yildirim E, Sobolev D, Laishev K. Bacteroidales and 
Clostridiales are the dominant orders in the rumen community of the 
Russian arctic reindeers. FEBS Open Bio. 2021;11:373–373.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1038/s41575-023-00889-7
https://doi.org/10.1038/s41575-023-00889-7

	Protective effect of synbiotic combination of Lactobacillus plantarum SC-5 and olive oil extract tyrosol in a murine model of ulcerative colitis
	Abstract 
	Background 
	Methods 
	Results 
	Conclusion 

	Introduction
	Materials and methods
	Chemicals
	Bacterial liquid preparation
	Animal model of DSS-induced UC
	Disease Activity Index (DAI) score
	Histopathological analysis
	Measurement of pro-inflammatory cytokines level
	Measurement of oxidative stress level
	Western blot analysis
	Immunohistochemistry
	Microbial sequencing of cecal content
	Statistical analysis

	Results
	Protective effect of oral TS on UC
	Oral administration of TS can decrease the level of pro-inflammatory cytokines and suppress oxidative stress injury
	Oral administration of TS can inhibit the activation of NF-κB and MAPK signaling pathways
	Oral administration of TS enhances the integrity of the intestinal mucosal barrier
	TS–FMT relieves clinical symptoms of colitis better than CON–FMT
	Activation of NF-κB and MAPK signaling access was more inhibited by TS–FMT than by CON–FMT
	Compared with CON–FMT, TS–FMT enhanced the expression of tight junction protein in intestinal mucosa
	TS–FMT regulates intestinal microbiota structure better than CON–FMT

	Discussion
	Conclusion
	References


