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Ulcerative colitis (UC) is a chronic intestinal inflammatory disease characterized by a complex pathogenesis.
Weizmannia coagulans has emerged as a potential probiotic for treating intestinal disorders. This study aimed
to assess the therapeutic impact of W. coagulans BC99 on mice with DSS-induced UC and to elucidate its
underlying mechanism of action. Our findings revealed that BC99 administration ameliorated symptoms
associated with DSS-induced UC mice, as evidenced by reduced disease activity indexes, reversal of weight
loss, and normalization of colon length. Furthermore, BC99 treatment also protected the integrity of the
intestinal barrier through maintaining the antioxidant activity and the expression of tight junction proteins
(ZO-1 and occludin), and regulating the inflammatory cytokines in DSS-induced UC mice. Additionally,
BC99 supplementation enhanced the production of short-chain fatty acids (SCFAs) through the proliferation
of SCFA-producing bacteria, including Bidobacterium, Blautia and Faecallbaculum. Notably, the NF-kB
signaling pathway was found to be closely related to BC99 treatment in DSS-induced UC mice. The positive
protein expression and the mRNA expression of TLR4, MyD88 and p65 in colon tissue were all detected in
BC99-treated groups, which indicating that BC99 could alleviate UC symptoms by inhibiting TLR4/MyD88/
NF-«B signaling pathway. Metabolomics further confirms the previous results. Collectively, these findings
provide basic support for the W. coagulans as a functional food additive or a promising therapeutic agent for
the effective management of UC.
© 2026 Beijing Academy of Food Sciences. Publishing services by Tsinghua University Press.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The incidence of UC has been increasing around the world in past
few decades with a heavy burden on public health. The studies have
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In recent years, researchers have recognized that gut microbiota
plays an important role in intestinal inflammation, and probiotics have
been shown to have anti-inflammatory, anti-oxidant, and regulatory
effects on gut microbiota™. Previous studies have shown that the
probiotics, such as Lactobacillus plantarum, Pediococcus acidilacti
and Lactobacillus johansonii, have a positive effect on relieving
the symptoms of UCP"". Shang et al."” found that Bifidobacterium
bifidum H3-R2 could protect the integrity of colon and alleviate
the onset of colitis by inhibiting inflammatory signals, enhancing
the expression of tight junction protein, preventing the destruction
of intestinal epithelial cell barrier and maintaining intestinal
microecological homeostasis. However, due to the acidic environment
of the gastrointestinal tract and the action of digestive enzymes,
the activity of most probiotics in the digestive tract fluctuates
greatly, leading to unstable clinical treatment!*’. Spore-forming
probiotics have good stress resistance, which making them have
good processing performance and adaptability, thus ensuring a stable
intervention effect on diseases. At present, there are mainly strains of
spore probiotics used for the treatment of UC, including Weizmania
coagulans, Clostridium butyricum, Paraclostridium bifermentans
and others"*"”. Zheng et al."" proved that probiotic spores could
regulate gut microbiota by increasing the abundance of short-chain
fatty acid (SCFA)-producing bacteria and the overall abundance
of microbiota. In addition, it is generally believed that probiotics
ingested from external sources are difficult to colonize in the intestine
for a long time. Therefore, there is a relative lack of research on the
mechanisms of probiotics to alleviate the symptoms of UC.

Previous studies have shown that Weizmannia coagulans has a
significant effect on alleviating ulcerative colitis"*'™. W. coagulans
SANK 70258 could inhibit harmful bacteria in patients with UC, and
improve the intestinal microenvironment by increasing the content
of butyric acid. However, its mechanism of action has not yet been
fully elucidated. In this study, BC99 remarkably relieved symptoms
associated with dextran sulfate sodium (DSS)-induced UC mice,
including reduced the colitis severity, protected the integrity of the
intestinal barrier, enriched SCFA-producing bacteria. In addition, this
study also identified one of the signaling pathways (the NF-kB signal
pathway) through which BC99 alleviates colitis. These results may
provide the evidence for the further developed into a suitable functional
food additive or promising therapeutic agent of W. coagulans.

2. Materials and methods

2.1 Materials

W. coagulans BC99, was purchased from Wecare Probiotics Co.,
Ltd. (Suzhou, China). The strain was mainly isolated from the feces
of healthy infants, and the number of spores was high, and the spore
rate was as high as 90%. Its 16S RNA gene sequence was 99% similar
to that of different W. coagulans strains registered in NCBI database
Genbank (Accession CP092692). The bacterial culture was revived
and subsequently fermented at 40 °C for 96 h in a fermenter (5 L).
Following fermentation, the culture was spray-dried at 160 °C to yield
the probiotic powder.

All mice in this study were conducted in accordance with the
Regulations of the People’s Republic of China on the Administration
of Laboratory Animals, and the experiment was approved by the
Institutional Animal Ethics Committee (SYXK-(Yu) 2021-0020).

2.2 Animal experiment design

The male KM mice (12 weeks of age, weighing (30 + 2) g)
were acclimatized for 1 week in a controlled environment with a
12-h light/dark cycle, at a temperature of (22 + 2) °C and humidity
of (50 £ 10)%. Then the mice were randomly divided into 5 groups
(10 mice per group): control group, DSS (MW 36 000-50 000;
Yeasen Biotechnology Co., Ltd., Shanghai, China) group, DSS + low
concentration (LC) group, DSS + medium concentration (MC) group
and DSS + high concentration (HC) group. Among them, LC, MC
and HC corresponded to 3 x 10°, 3 x 107 and 3 x 10° CFU/(mL-day)
doses of BC99, respectively, and the control group and DSS group
were treated with 0.85% normal saline. After 14 days, mice in all
groups were given 5% (m/V) DSS, except for the control group, which
was given distilled water (Table 1). During modeling, 2 mice died in
DSS group. According to the previous studies'”, the body weight, fecal
consistency, and blood in feces of the mice were scored to determine the
disease activity index (DAI) per day for all mice, and calculation method

as follows:
DAI score — ‘Weight score + Fecal condition 3§core + Hemorrhagic stool score
Table 1

Disease activity index scoring for DSS-induced colitis mice.

Score Weight loss ratio (%) Fecal consistency Stool bleeding

0 0 Normal Occult blood test-negative
1 1-5 Normal Slight

2 6-10 Soft Blood traces in stool

3 11-15 Soft Severe bleeding in stool
4 16-20 Diarrhea Gross rectal bleeding

2.3 Histopathological assessment

After 3 weeks of intervention, all mice were fasted for 12 h and
sacrificed, and the samples of blood, spleen, colon, kidney, liver,
intestine, and cecum were collected for analysis.

Post-euthanasia, a 0.5 cm segment of the colon tissue was
harvested, rinsed, and fixed in 4% paraformaldehyde. The tissues
were then dehydrated, embedded in paraffin, sectioned, and stained
with hematoxylin and eosin (H&E) for histological examination.
Pathological alterations, including epithelial cell lesions, crypt
damage, and inflammatory infiltration in the colonic tissue, were
evaluated using a light microscope (E100, Nikon Co., Japan).

2.4 Immunohistochemistry (IHC) staining

IHC analysis of zonula occludens (ZO)-1 and occludin in colon
tissue referred to the previous study™’. The colon tissues were
excised, weighed and fixed in 4% paraformaldehyde solution. The
samples were embedded in paraffin, sectioned, dewaxed and hydrated.
Following antigen retrieval, the endogenous peroxidase was blocked
with 3% hydrogen peroxide, and non-specific antigens were blocked
with serum at 37 °C for 30 min. After washed with PBS, the sections
were incubated with anti-ZO-1 antibody overnight at 4 °C. Secondary
antibody was added after three rinses with PBS and incubated for
50 min at room temperature. Then, the sections were stained with



Y. Wu et al. / Food Science and Human Wellness 15 (2026) 9250351 3

4',6-diamidino-2-phenylindole for 5 min. After being washed,
Sections were observed by a fluorescent microscope (ECLIPSE Cl1,
Nikon Corporation, Japan), and analyzed using ImagelJ software.

The expression of Toll-like receptor 4 (TLR4), MyD88, nuclear
cytokines kappa B (NF-kB) p65 and inhibitor of NF-xB (IxB) was
analyzed by IHC. The antigens of TLR4, MyD88, p65 and IxB were
diluted with blocking solution at a ratio of 1:100. The IHC analysis
was similar to the method mentioned above, while the sections
were instead of diaminobenzidine. The sections were sealed after
hematoxylin counterstaining and ethanol dehydration, and the results
were analyzed using microscope.

2.5 Western blot analysis

Total proteins from colon tissues were extracted and determined
using a BCA protein assay. The 25 pg of total protein were separated
by 12% SDS-PAGE and transferred to a PVDF membrane. The
membrane was blocked with 5% BSA for 1 h at 25 °C and then
incubated with the indicated primary antibodies (ZO-1, occludin,
TLR4, MyD88, IkB and p65) at 4 °C overnight. The membrane were
incubated with HRP-goat anti rabbit (Jackson Lmmuno Research,
USA) at 25 °C for 1 h. After that, the protein bands were detected with
the western blot substrate and images were obtained using the GE
Image Quant Las4000mini (GE Healthcare, Sweden). Image software
was used to calculate the relative expression of target protein bands.

2.6 RNA extraction and quantitative real-time PCR

Total RNA was extracted from the colon using a commercial
kit (SteadyPure Quick RNA Extraction Kit, China) following the
manufacturer’s protocols, and measured by Multiskan (Multiskan FC,
Thermo Fisher Scientific, America). The RNA was further reverse
transcribed into cDNA (Evo M-MLV RT Master Mix, China).
The SYBR Green PCR Master Mix kit (Ecoray Bioengineering Co.,
Ltd., China) was applied using quantitative real-time polymerase
chain reaction (QRT-PCR, CFX96 Touch, Bio-Rad Laboratories Inc.,
USA). The amplification condition: a pre-amplification stage at 95 °C
for 10 min, followed by 40 cycles at 95 °C for 15 s and 60 °C for
1 min. The expression of genes related to colitis was counted based
on the f-actin expression. All primers of these genes are shown in
Table S1.

2.7 Determination of oxidative stress in colon tissue

Colon tissues (0.1 g) were homogenized in 0.9 mL normal saline in
an ice bath. The homogenate was centrifuged at 3 000 r/min for 10 min
at 4 °C. The contents of total superoxide dismutase (T-SOD), GSH and
malondialdehyde (MDA) of supernatant were determined according to
the instructions of enzyme-linked immunosorbent assay (ELISA) kit
(Nanjing Jiancheng Bioengineering Institute, Nanjing, China).

2.8 Determination of serum inflammatory cytokines

Blood samples were centrifuged at 4 000 r/min for 15 min at 4 °C
to obtained serum. The concentrations of IL-10, TNF-o and IL-1B
in serum were quantified using ELISA kit (Shanghai COIBO

Biotechnology Co., Ltd., China), following the manufacturer’s
instruction.

2.9 Data analysis

SCFAs from each feces sample were determined by gas
chromatography-mass spectrometry (GC-MS, TSQ9000, Thermo Fisher
Scientific, America). The samples (0.1 g) were dissolved in 500 pL
saturated sodium chloride, then acidified by adding 10% H,SO, and
500 pL anhydrous ether. After centrifugation at 12 000 r/min at 4 °C
for 20 min, the supernatant through a 0.22 mm sterile membrane,
and then subjected for SCFAs analysis (HP-5 column; injection
temperature 250 °C; column temperature 40 °C). The standard curves
of acetic acid, propionic acid and butyric acid were prepared by
external standard method, and the samples were quantified according

to the peak area”".

2.10 16S rRNA sequencing analysis

Total DNA was extracted from the microbial community of
each cecal contents according to the instructions of the E.Z.N.A.®
soil DNA extraction kit (OMEGA Engineering, USA). The integrity
of genomic DNA was checked by 1% agarose gel electrophoresis,
and the concentration and purity of DNA were determined. Two
DNA samples from the same group were mixed in equal amounts.
The mixed DNA were sequenced for 16S rRNA using the Illumina
MiSeq platform, targeting the V3-V4 region (the universal
primers: 338F, 5'-ACTCCTACGGGAGGCAGCAG-3"; 806R,
5'-GGACTACHVGGGTWTCTAAT-3"). All subsequent data analysis
was performed on the Majorbio Cloud platform (https://cloud.
majorbio.com).

2.11 Metabolomics analysis

The samples (50 mg) were mixed with methanol and collected the
supernatant. After filtered by 0.22 um filter prior, all metabolites were
identified by mass spectrometry and compared with Metlin (https://
metlin.scripps.edu/) and HMDB (http://www.hmdb.ca/) databases to
obtain the annotation information of metabolites in the database. The
annotation information of metabolites in the database was statistically
analyzed. Combined with #test, the differential metabolites were screened
under the conditions of VIP > 1 and P < 0.05. The differential metabolite
volcano map was analyzed by MetPA software. Metabonomic analysis
was completed on the Shengxin cloud platform of Shanghai Meiji
Biomedical Technology Co., Ltd. (https://cloud.majorbio.com).

2.12  Statistical analysis

All statistical analyses were performed using SPSS Statistics
27.0 (IBM, Chicago, IL, USA), Graphpad Prism 5.0 (Graphpad
Software, Inc., USA) and MedPeer platform (https://www.medpeer.
cn/). Results were expressed as mean + standard deviation. Multiple
groups were analyzed for statistical differences using one-way
analysis of variance (ANOVA) with Tukey’s post hoc test or Kruskal-
Wallis test, and P < 0.05 was considered significant.



4 Y Wu et al. / Food Science and Human Wellness 15 (2026) 9250351

3. Results

3.1 BCY9 ameliorated the pathological symptoms of DSS-
induced colitis in mice

The DSS-induced model was used to evaluate the therapeutic effect
and survival rate of B. coagulans on UC in mice (Figs. 1A and S1).
Compared with DSS group, the DSS + MC group and DSS + HC group
alleviated the weight loss of colitis mice (P < 0.05), and increased the
weight of mice by 9.15% and 8.59%. Compared with the DSS group,
DSS resulted in high DAI score and severe body weight loss
(Figs. 1B and E). Specifically, the DAI score treated with BD99 in
DSS + HC and DSS + MC groups (3 x 107, 3 x 10° CFU/mL) decreased
significantly, and the DAI score in DSS + LC group decreased slightly,
which indicated that BC99 administration reversed the increase
in DAI induced by DSS in a dose-dependent manner (Fig. 1B).
BC99 could alleviate diarrhea and hematochezia in mice caused by
DSS. Furthermore, colon shortening observed in the DSS group were
significantly ameliorated in BC99-treated groups (Figs. 1C and D),
underscoring BC99’s beneficial effects in alleviating DSS-induced UC.

3.2 BC99 preserved intestinal barrier integrity in DSS-
induced mice

To further evaluate the effect of BC99 treatment on pathological
changes in the colon tissue of mice, H&E staining was employed.
In the control group, colonic epithelial tissue and crypts appeared
intact with no signs of inflammatory cell infiltration (Fig. 2A).
However, some significant pathological changes were found in the

DSS group, such as mucosal ulceration, inflammatory cell infiltration
and disappearance of crypt structures (Fig. 2A). Compared with DSS
group, the damage of colonic tissues in the mice supplementation
with BC99 were recovered as shown in Fig. 2A. The colonic mucosal
ulcer, inflammatory cell infiltration and crypt injury in DSS + HC
group were mild, and the histopathological score of the model group
decreased by 46.43% (P < 0.05).

The mucosa damage could increase the intestinal permeability,
causing a variety of inflammatory responses and affecting the intestinal
mechanical barrier. The integrity of the epithelial barrier is mainly
maintained by tight junction protein such as ZO-1 and occludin. To
evaluate the intestinal barrier, the tight junction protein (ZO-1 and
occludin) were detected using IHC (Figs. 2B-D). Compared with
the control group, the ZO-1 and occludin of DSS group decreased
significantly, and the groups treated with low dose (3 x 10° CFU/mL)
and middle dose (3 x 10" CFU/mL) could not reverse the decreases.
However, the ZO-1 and occludin of DSS + HC group increased
15.27% and 21.94% than DSS group. Western blot analysis showed
that the relative expression levels of ZO-1 and occludin in the model
group decreased sharply. After feeding with BC99, the relative
expression of the 2 proteins of colons in mice gradually recovered,
and there was no significant difference between the control group and
DSS + HC group (Figs. 2E and F). Furthermore, the lipopolysaccharide
(LPS) concentration in serum of DSS group increased, while treated
with high dose BC99 effectively suppressed this change (Fig. 2G).
These results indicated that BC99 could alleviate the colonic tissue
damage in DSS-induced mice, protect intestinal epithelial cells, and
maintain the integrity of intestinal mucosa to some extent.
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Fig. 2 (Continued)

3.3 BCY9 mitigated oxidative stress in DSS-induced mice

DSS-induced UC usually causes a large amount of reactive oxygen
species in colon, resulting in an imbalance of the redox system in mice and
inflammatory damage to the colon tissue. GSH is an important free radical
scavenger in the body. As shown in Fig. 2, the concentration of GSH in DSS
group was significantly decreased than that in Control group, which means
the dysfunction of non-enzymatic antioxidant system in mice. After treated
with BC99, the GSH concentration in DSS + LC, DSS + MC and DSS +
HC groups increased significantly than DSS group. The GSH concentration
increased by 181.89 % in DSS + HC group (P < 0.001). T-SOD, a key
antioxidant enzyme, was found to be reduced in the DSS group but
significantly elevated in the DSS + HC group (Fig. 2J, 48.73%, P < 0.01).
MDA, a byproduct of lipid peroxidation, decreased 53.35% and 55.41%
significantly in the DSS + MC and DSS + HC groups compared to the
DSS group (Fig. 2K, P < 0.01), indicating reduced oxidative tissue
damage. These results indicated that BC99 could effectively relieve
oxidative stress of intestine in mice.

Control

DSS+LC

3.4 BCY9 enhanced immune regulatory in DSS-induced mice

The pro-inflammatory cytokines (TNF-a, IL-1B) and the anti-
inflammatory cytokines (IL-10), play an important role in immune
regulatory in UC, were determined in this study. As shown in Fig. 3,
the TNF-a and IL-1 concentration in DSS group increased and 1T-10
decreased significantly compared with control group, indicating that
inflammatory response in mice was aggravated by DSS induction. The
TNF-o and IL-10 concentration in DSS + HC group were significantly
reduced 24.87% and 46.81%, showed an effectively inhibition in the
pro-inflammatory cytokines (Figs. 3E and G). However, the IL-1f
concentration was no significant between DSS group and BC99-
treated groups (Fig. 3F). Overall, BC99 appears to mitigate DSS-
induced inflammation by suppressing pro-inflammatory cytokines and
enhancing anti-inflammatory factors.

The signaling pathway that contribute to UC may be activated by pro-
inflammatory cytokines (TNF-o, IL-1p) released from immune cells™.
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MYDSS, p65 and IkB; (C, D, H) Gene and protein expression of TLR4, MYDS88, p65 and IkB; Concentration of (E) TNF-a, (F) IL-1f, and (G) IL-10.
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Fig. 3 (Continued)

Therefore, we investigated the effect of BC99 on inflammatory
response signaling pathways in mice. As shown in Figs. 3E and F, the
TNF-a and IL-1B concentration increased significantly in DSS group,
but decreased after BC99 treated. Similarly, LPS concentration, which
can specifically activate TLR4 and trigger an inflammatory response,
was regulated as shown in Fig. 2H™. Immunohistochemistry revealed
that TLR4, MyD88, and p65 expressions significantly increased in
DSS-induced UC mice, with IkB downregulation. However, these

expressions were restored to varying extents in the DSS + MC and
DSS + HC groups (Figs. 3A and B). Compared to the DSS-induced
group, the relative protein expression and relative gene expression
of TLR4, MyD88 and p65 in BC99-treatment groups decreased, and
there was no significant difference between the DSS-HC group and
the control group (Figs. 3C, D and H), which suggesting that BC99
may inhibit the TLR4/NF-kB signaling pathway, thereby reducing pro-
inflammatory cytokine secretion.
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3.5 BCY9 regulated gut flora in DSS-induced mice

16S rRNA was used to analyze evaluated the changes of the gut
flora community in cecal contents after treated with BC99 in this
study. The model stress < 0.1 and P < 0.001 through NMDS analysis,
indicating that the model was reliable. Moreover, NEMD analysis
also showed a separation in the gut flora structure among control
group, DSS group and BC99-treated groups (Fig. 4A). Compared
with control group, the Simpson index of DSS group increased, while
BC99-treated groups decreased significantly than DSS group (Fig. 4B).
The results showed that gut flora diversity of mice in DSS group was
significantly reduced, while the gut flora diversity of mice in DSS + MC
and DSS + HC groups was similarly to that of healthy group.

At the phylum level, Firmicutes and Bacteroidetes were
absolutely dominant in all samples, accounting for 80%—90% of the
total samples. The Wilcoxon rank sum test was used to explore the
distribution of bacteria at different taxonomic levels in the 5 groups.
The gut flora community at phylum level was shown in Fig. 4C.
The dominant bacterial community in each group were Firmicutes,
Bacteroidota, Actinobacteriota, Proteobacteria, Desulfobacterota.
Compared with healthy control group, there was a significant decrease
of Firmicutes and Actinobacteriota in the cecal contents in DSS
group, the content of Bacteroidota increased. After treated with BC99,
the Bacteroidota was remarkably decreased, while Firmicutes and
Actinobacteria increased than DSS group (Fig. 4C).

Furthermore, at the genus level, the intestinal microbiota in all
groups were mainly Romboutsia, Muribaculaceae, Allobaculum,
and Dubosiella (Fig. 4D). Specifically, compared to the control
group, the abundance of the main pathogenic bacteria (Clostridium-
sensu-stricto-1, Ruminococcus-gauvreauii-group, Turicibacter, and
Prevotella) causing UC, markedly increased in DSS group (Fig. 4F).
The abundance of these bacteria decreased in BC99-treated groups,
indicating that BC99 could effectively inhibit the growth of
pathogenic bacteria and maintain healthy intestinal microenvironment.
In addition, the abundance of four potential probiotic bacteria
(Bifidobacterium, Blautia, Lachnoclostridium, Butyricimonas and
Faecallbaculum) increased in the DSS + HC group (Fig. 4F). The
differentially abundant bacterial taxa in DSS-induced mice response
to BC99 treatment were further identified by LEfSe analysis. The
opportunistic pathogens (4llobaculum and Clostridium-sensu-
stricto-1) were enriched in DSS group, while the potential beneficial
microorganisms (Faecallbaculum, Blautia and Bidobacterium),
which produced SCFAs, enriched in DSS + HC group (Figs. 4E and G).
Moreover, further analysis through thermal map of the top 50 species
in genus abundance showed significant differences between Control
and DSS groups, and the intestinal microbiota of DSS + MC and DSS
+ HC groups was similar to that of the control group. These results
provide the evidence for the regulation of BC99 to the gut flora
community in DSS-induced mice.
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The correlation between gut flora, inflammatory factors was
analyzed, and the key strains to alleviate the inflammatory response of
BC99-treated DSS-induced mice were studied. At the genus level, the
Dubosiella, Clostridium_sensu_stricto 1, Ruminococcus_gauvreauii
group, Prevotella were positively correlated with pro-inflammatory
cytokines in DSS-induced mice. In addition, Faecalibaculum, Blautia,
Bifidobacterium, Bacillus, Enterorhabdus, Candidatus Saccharimonas,
Lachnoclostridium, Eubacterium _ xylanophilum_group, Streptococcus,
Roseburia, Coriobacteriaceae UCG-002, and Enterococcus exhibited
the remission effect of inflammatory response. Moreover, these strains
showed a significant negative correlation with pro-inflammatory
cytokines, but extremely positive correlation with anti-inflammatory
cytokines, and length to weight ratio of colon (Fig. SA).

At the species level, the strains such as Delftia_tsuruhatensis and
Citrobacter _rodentium 1CC168 played a driving role in promoting
the inflammatory response. While Bifidobacterium_animalis,
Phascolarctobacterium_faecium, Burkholderiales bacterium YLA45,
Bacillus _coagulans, Streptococcus _hyointestinalis, Enterococcus_
Jfaecium and other strains played an important role in alleviating the
disease species in UC mice (Fig. 5B). In addition, there were some
unclassified or uncultured strains at the genus and species levels, and
they were extremely associated with inflammatory responses, which
may be the focuses in the future.

3.6 Relationship between the levels of SCFAs and microbial
signatures or the expression of inflammatory cytokines in DSS-
induced mice treated with BC99

SCFAs are one of the main metabolites produced by gut flora, and
play an important role in maintaining intestinal balance and relieving
UC. Compared with the Control group, the content of acetic acid,
propionic acid, and butyric acid in DSS group was significantly
decreased (P < 0.01), and the contents of acetic acid, propionic acid
and butyric acid in BC99-treated groups increased significantly in
a stepwise manner with the intake dose of BC99 (Fig. 5C). These
results indicated that BC99 may alleviate UC by increasing the
content of SCFAs.

Furthermore, the relationship between SCFAs and gut flora
was investigated by Pearson correlation analysis. Faecalibaculum,
Blautia, Bifidobacterium, Bacillus, Enterohabdus, Lachnoclostridium,
Eubacterium_xylanophilum_group, Roseburia were positively
correlation with acetic acid, propionic acid and butyric acid. However,
the Clostridium_sensu_stricto 1 and Turicibacter increased significantly
in DSS group, which showed a negative correlation with SCFAs. The
microbiota was strongly correlated with SCFAs content (Fig. 5D). The
microbiota is closely related to the content of SCFAs in the intestine. The
results showed that treatment with BC99 could colonize more bacteria in
the intestine and produced more SCFAs in mice.

Additionally, the correlation between SCFAs and TLR4/NF-«B
signaling pathway-related proteins was investigated. Acetic acid,
propionic acid, and butyric acid showed positive correlations with
IL-10 and IkB, but negative correlations with TNF-o, IL-1f3, TLR4,
MyD88, and p65 (Fig. SE). These results suggested that SCFAs
exerted anti-inflammatory effects by inhibiting the activation of
TLR4/NF-kB signaling pathway and regulating the expression of
inflammatory cytokines.

3.7 BCY9 regulates the metabolite in DSS-induced UC mice

The untargeted metabonomics were used to explore the
intervention of BC99 on DSS-induced UC mice. The principle
component analysis (PCA) showed divergences in Fig. 6A. There
are significant differences in intestinal contents between healthy and
diseased mice. As shown in Fig. 6B, compared with the control group,
there were 19 up-regulated and 45 down-regulated metabolites were
traced in DSS group. However, compared with DSS group, there were
41 up-regulated and 19 down-regulated metabolites in DSS + HC
group (VIP> 1 and P < 0.05; Fig. 6B, Table S2).

Cluster analysis based on Euclidean distance was used to study
the relationship of metabolites between DSS-induced and BC99-
treated groups. The methylnoradrenalin, succinic acid, and cholic acid-
related bile acid metabolites were significantly down-regulated in DSS
group, and pantothenic acid, glutaconic acid and other metabolites
were significantly up-regulated in DSS group and DSS + HC group.
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However, the metabolism in BC99-treated mice was basically the
same as that of the control group (Fig. 6C). Moreover, the metabolism
pathways of tryptophan, glycine, serine, threonine and bile acid were
enriched in the Fig. 6E.

The correlation between gut flora and metabolites was showed
in Figs. 6F and G. There was a positive correlation between various
probiotics such as Bifidobacterium, Enterobacterium, Bacillus,
and some metabolites classified as organic acids and derivatives,
as well as nucleosides, nucleotides and their analogues (Fig. 6F).
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Similar results were also observed at species levels (Fig. 6G). The
7-dehydrocholesterol and 24-dihydroxyvitamin D3 are precursors in
the synthesis of VD3™. Compared with DSS group, the samples in
BC99-treated group showed an upregulation of 7-dehydrocholesterol
and 24-dihydroxyvitamin D3 (Table S2), as well as an upregulation of
bile acid metabolites (Fig. 6C). The biosynthesis pathway of primary
bile acids is also enriched in Fig. 6E.

B Control

By B Dss
40 F M DSS+LC

,50 1 1 1 1 1 1 T .
-80 -60 40 20 0 20 40 60

1]

Fig. 6 Metabolomic analysis of cecal contents. (A) The PCA cluster diagram; (B) PLS-DA analysis; (C) Heat map of metabolites in mouse caeccum contents.
Metabolic pathway construction based on MetPA database, (D) Control vs. DSS group; (E) DSS group vs. DSS + HC group. Heatmap of correlation analysis
between differential metabolites and intestinal microflora, (F) genus level; (G) species level.
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4. Discussion

UC is a chronic, recurrent intestinal inflammatory disease, often
linked to disrupted intestinal barriers, gut flora imbalances, and
inflammatory cytokine dysregulation™. The DSS-induced mouse
model, exhibiting symptoms like weight loss, diarrhea, and colon
shortening, effectively mimics these UC characteristics. This study
highlights the therapeutic potential of BC99 in UC treatment. BC99,
known for its high acid resistance and stability, significantly alleviated
DSS-induced UC symptoms in mice. These findings reinforce the
role of probiotics, particularly spore-forming strains like BC99, in
managing complex pathologies of UC. Our research contributes to the
growing evidence supporting probiotic use in UC, positioning BC99
as a promising candidate for future therapeutic strategies against this
chronic inflammatory condition.

Numerous clinical studies have shown that the intestinal
mechanical barrier can effectively prevent harmful substances, such
as bacteria and endotoxin, from entering the bloodstream through

121 The main features of intestinal mucosal

the intestinal mucosa
mechanical barrier, including the enlargement of intercellular space,
the loss of crypt structures and goblet cells, and the increase of
inflammatory infiltration of the lamina propria, are closely related

to the occurrence and development of UC?’?, Previous studies
have found that intestinal epithelial cells, mucin layer, and tight

junction proteins played the important roles in maintaining the
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(Continued)

integrity of colon tissue™”**"., In the present study, BC99 treatment
restored normal epithelial structure of the intestinal mucosa and
enhanced the expression of occludin and ZO-1 in colonic tissues,
which is consistent with previous study”". Additionally, the LPS
concentration in serum of DSS-induced UC mice treated with BC99
decreased significantly. The results indicated that BC99 treatment
had a protective effect to restore the integrity of intestinal mechanical
barrier and intestinal permeability in DSS-induced UC mice.

The oxidative damage is an inescapable factor on intestine. As an
important free radical scavenger in body, GSH reduce cell damage in
tissues, and helpful to activated and differentiated of immune cells,
thereby enhancing immunity™”
enzymes, T-SOD can decompose the reactive oxygen species produced
by the body into oxygen and hydrogen peroxide, thereby inhibiting
lipid peroxidation in colon tissues””. Nevertheless, MDA, a product
of lipid peroxidation, can reflect the degree of lipid peroxidation in the
tissues and indirectly reflect the damage degree of histiocytes”". The
results showed that GSH and T-SOD were significantly increased, and
MDA is significantly decreased after BC99 treatment, which indicates
that BC99 could effectively improve the oxidative stress level of the
colon of the UC mice, thereby reducing the injury of the intestinal

. As one of the important antioxidant

mucosa.

Inflammatory cytokines play a crucial role in the pathogenesis of
UC. Previous studies have shown that overexpression of TNF-a may
aggravate intestinal mucosal injury, and IL-1f promote the expression
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of myosin light chain kinase, thereby increasing intestinal wall
permeability™* ", Besides, IL-10 alleviate UC by protecting intestinal
barrier™ . In this study, we found that BC99 significantly down-
regulated the expression of pro-inflammatory cytokines (TNF-o and
IL-1B), while up-regulated the anti-inflammatory cytokines (IL-10).
All these data suggest that BC99 could improve immune regulatory
in DSS-induced UC mice. The adverse factors may induce oxidative
stress reactions, which produces oxygen-containing derivatives
that further activate inflammation and amplify the inflammatory
response[”'w].

NF-kB has been proved to be one of the key pathways to
activate inflammation*'*?, Toll-like receptors (TLRs), as one of
the main types of pattern recognition receptor families, mainly
induce inflammation responses and establish adaptive immunity.
Among TLRs receptors, pathogen associated molecular patterns
recognized by TLR4 are activated, and MyD88 is recruited to induce
IkB activation and degradation, release and exposure of NF-kB
core localization sequence to promote NF-kB p50 and NF-«kB p65
translocates from cytoplasm to nucleus and binds to DNA, inducing
the release of a large amount of inflammatory cytokines in colon

41 Therefore,

tissue and exacerbating inflammation in UC patients
TLR4/MyD88/NF-«B signaling pathway is an important target for
drug therapy or nutritional intervention in UC patients. The results
in this study showed that the relative protein expressions and gene
expressions of TLR4, MyD88 and p65 were highly up-regulated
in DSS-induced UC mice, and IxB down-regulated. In contrast,
the expressions of p65 and IkB was showed an opposite trend after
the intervention of middle and high dose of BC99. Relevant studies
have shown that lipopolysaccharide could significantly up-regulate the
expression of inflammatory pathway proteins TLR4, MyD88, NF-«B,
IL-1B, IL-6 and TNF-a in the cecum of rat, but W. coagulans TL3
could significantly reverse this phenomenon, which could protect the
cecum of rat from lipopolysaccharide-induced inflammatory injury
by inhibiting the activation of NF-kB and the expression of downstream
pro-inflammatory cytokines™”. The relative expression of TLR4,
MyD88 and NF-«B are consistent with those reported by Wang et al. !,
Therefore, it was speculated that BC99 may inhibit the regulates
the release of pro-inflammatory cytokines and anti-inflammatory
cytokines by regulating the TLR4/NF-kB signal pathway in DSS-
induced UC mice.

The gut flora and pathogens, as important component of the
micro-ecological environment in intestine, may lead to certain
diseases in humans due to their changes of species and functions. In
this study, the diversity of gut flora was improved in BC99 treatment
group, indicating the effective regulation of the microbial community,
while the relative abundances of Allobaculum, Clostridium_sensu_
stricto_1, Ruminococcus_gauvreauii_group, Turicibacter, and
Prevotel were decreased in BC99-treated groups than DSS group™”**.
In addition, the ratio of Firmicutes/Bacteroidetes decreased in the
DSS group, but increased after BC99 supplementation. This result
was consistent with many previous animal and clinical studies. In
addition, the abundance of Actinomycetes increased after ingestion of
BC99, which may be due to a significant increase in the abundance of
Bididobacterium. The therapeutic effect of Bididobacterium on UC
also demonstrated in several studies'™ "\, B. coagulans could consume
free oxygen in the intestine, providing a better anaerobic environment
for the growth of Bididobacterium®",

In recent years, researchers have focused on the key strains associated
with the inflammatory responses and alleviate UC symptoms by ingesting
anti-inflammatory strains. Tyler noted that A/lobaculum and its associated
taxa were important drivers of human IBD and potential therapeutic
targets for the treatment of inflammatory diseases””. Clostridium_
sensu_stricto_1 belongs to Clostridium cluster 1 and has been found to
have potential pathogenicity”™. Ruminococcus_gauvreauii_group is
considered to be the most changed microbiota in IBD, which usually
increases significantly during the active stage of disease. Moreover,
Ruminococcus_gauvreauii_group can produce a polysaccharide, such
as TNF-a, which induces the secretion of inflammatory cytokines by
dendritic cells. Furthermore, Turicibacter is often found to be increased
in patients with IBD, and Prevotella was found to inhibit the secretion
of the anti-inflammatory cytokines IL-18 and increase intestinal
permeability”™. The DSS-induced UC mice have marked changes in
the species abundances of intestinal probiotics and pathogens, leading
to aberrant exacerbations of inflammatory responses”™. The probiotics
associated with anti-inflammatory activity increased in the BC99
treated mice in this study. At the genus level, BC99 treatment markedly
reduced the abundance of Faecalibaculum, Blautia, Bifidobacterium,
Bacillus, Enterorhabdus, Candidatus, Lachnoclostridium, Eubacterium,
Streptococcus, Roseburia, Coriobacteriaceae, Enterococcus, which were
significantly and positively correlated with anti-inflammatory cytokines,
and the similar results were also observed at species level. B. coagulans
spores are highly resistant to gastric acid and bile, and can be colonized
and produce lactic acid in the intestine, thereby reducing intestinal pH
and inhibiting pathogenic bacteria”". In addition, B. coagulans can also
secrete amino acids, vitamins, proteases, amylases and other metabolites
to promote the growth of beneficial bacteria in intestine, and cooperate
with them to alleviate intestinal inflammation.

SCFAs, the indirect nutrients produced by the gut flora, play
an important role in modulating immune activity and enhancing
epithelial the barrier function in the gut. Acetic acid, propionic acid
and butyric acid, important components of SCFAs, related to the
occurrence of UCP”. For example, previous studies proved that the
relieved intestinal barrier injury and inflammation by regulating the
cascade response of microbiota-regulated SCFAs-TLR4/MyD88/
NF-kB cascade response in Acrylamide-induced rats™. In our study,
acetic acid, propionic acid and butyric acid decreased significantly
in DSS group, and increased gradually after BC99 treatment with
different doses. This conclusion is further supported by the previous
study™. The enrichment of acetic acid, propionic acid and butyric
acid in the DSS + HC group in the determination of SCFAs, which
confirmed the increase of SCFAs-producing bacteria in the intestine.
At the same time, we observed that Faecalibaculum, Blautia,
Bifidobacterium, Bacillus, Enterorhabdus and Lachnoclostridium had
a strong positive correlation with the increase of acetic acid, propionic
acid and butyric acid, while Clostridium and Turicibacter had a strong
negative correlation with SCFAs in DSS group. Supplementation with
BC99 increased the abundance of SCFAs-producing probiotics such
as Faecallbaculum, Blutia and Bididobacterium. Faecallbaculum
and Blutia were found to be significantly reduced in patients with
colon cancer, and they maintained intestinal epithelial barrier
function through production of SCFAs, regulate glucose and lipid
metabolism, improve intestinal balance of nature, and inhibit cancer
cells and intestinal inflammatory responses””*”. These studies
provide the evidence that BC99 could regulate the gut flora of
UC mice to produce more SCFAs. SCFAs are also involved in the
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development of regulatory T cells (Tregs), affecting the activity of
macrophages and the secretion of anti-inflammatory cytokines''.

Feng et al.®” found that SCFAs could inhibit the activation of NF-xB
by preventing the translocation of p65 into the nucleus. SCFAs in
the gut are consistent with a conserved signaling receptor signature
of TLR4, and thus SCFAs can inhibit the inflammatory response
triggered by activation of TLR4™*Y, In addition, Tian et al.*” also
found that SCFAs mixture could improve the symptoms of DSS-
induced by colitis by improving colon inflammation, and inhibiting
the expression of pro-inflammatory cytokines, such as IL-6, TNF-a,
and IL-7. Therefore, the increase of SCFAs content after probiotic
intervention is expected to alleviate colitis. Probiotics could regulate
the release of immune cytokines IL-1, IL-4, IL-6, IL-8, IL-10, IL-12,
TNF-a and IFN-y by inhibiting TLR4/NF-kB signaling pathway and
PI3K/AKT/NF-kB signaling pathway'®”. These data suggested that
BC99 could regulate the inflammatory response of mice by promoting
the production of SCFAs by beneficial bacteria, thus protecting the
intestinal barrier. Moreover, the results of metabolomics showed that
bile acid metabolism, purine metabolism and pyrimidine metabolism
were involved in the process of BC99 regulating UC induced by
DSS. Bile acid metabolism plays an important role in intestinal
barrier function and inflammatory homeostasis, once bile acid
metabolism is disordered, it will cause intestinal barrier dysfunction
and mucosal inflammation”. The results showed that the level of bile
acid metabolites was up-regulated after BC99 intervention. Uridine,
cytidine, xanthine and other metabolites related to pyrimidine and
purine metabolism also changed, which indirectly proved that BC99
could alleviate intestinal barrier dysfunction.
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There was positive correlation between gut flora and metabolites
at genus level and species level. This indicates that pathogenic bacteria
may cause disturbances in bile acid metabolism, purine metabolism,
and pyrimidine metabolism, thereby promoting the occurrence of
inflammatory reactions and exacerbating UC symptoms in mice.
Previous studies have shown that the bile acids play important roles in
various important physiological activities, such as immune inflammation
and metabolism through binding with vitamin D receptor (VDR)™Y,
which relieving intestinal barrier function by inhibiting NF-«kB signal
pathway™ 7. Nucleotides, including pyrimidine and purine, are
precursors for the synthesis of DNA and RNA, and are involved in almost
all biochemical activities in the body. Xanthine is a metabolite produced
during purine metabolism. This study found that uridine, cytidine and
xanthosine were correlated with the probiotics, indicating that BC99
could enhance pyrimidine and purine metabolism, thereby enhancing
immune system and better resisting inflammatory responses.

5. Conclusion

In conclusion, the present study revealed that BC99 has a
significant protective effect on the morphology of pathological
tissue, the physiological indexes of serum and colon, and the related
indexes of intestinal barrier in DSS-induced UC mice. The potential
mechanism of BC99 in alleviating UC symptoms is shown in Fig. 7.
These results provide new insights into the further investigation for
mitigating symptoms in human UC.
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Fig. 7 Potential mechanism of action of BC99 in relieving DSS-induced UC. BC99 intervention increased the abundance of SCFAs producing bacteria, resulting
in more SCFAs being produced. SCFAs affect TLR4/NF-kB signal pathway inhibits inflammatory response. At the same time, the abundance of gram-negative
pathogenic bacteria that produce LPS decreases, making LPS less secreted. The decrease in LPS causes a small number of TLR4 receptors to be activated, thereby
inhibiting LPS/TLR4/NF-«kB signal pathway, reducing the secretion of pro-inflammatory cytokines.
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