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Introduction: Akkermansia muciniphila (A. muciniphila), known as a next-
generation probiotic, has been widely recognized for its beneficial effects in
various metabolic diseases. While there is not much research whether live or
pasteurized A. muciniphila has different effects on intestinal health.

Methods: In the present study, a strain of A. muciniphila was isolated from
healthy individuals, with the live and pasteurized A. muciniphila named
Timepie001 and Timepie001+, respectively. They were administered to dextran
sulfate sodium-induced ulcerative colitis mice to investigate their influences on
the host intestinal health.

Results and conclusion: The results showed that prophylactic supplementation
with live and pasteurized A. muciniphila alleviates ulcerative colitis symptoms
by retarding weight loss, preserving intestinal tissue structure, modulating
inflammatory cytokines (TNF-«, IL-1p), and enhance the colonic mucosal barrier
by upregulating the expression of tight junction protein Claudin-1. Interestingly,
pasteurized A. muciniphila has a better effect compared with live A. muciniphila.
Moreover, pasteurized A. muciniphila can regulates the gut microbiome to
maintain intestinal homeostasis. This provides theoretical support for the
widespread application of postbiotics in the food industry.

KEYWORDS
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1 Introduction

Ulcerative colitis (UC) is a chronic inflammatory bowel disease (IBD) commonly known
as “green cancer.” The pathogenesis of UC is complex and not fully understood, involving
oxidative stress, intestinal mucosal damage, inflammation, and microbial dysregulation (Han
etal,, 2023; Seni et al., 2024). Lesions typically occur in the sigmoid colon and rectum but can
extend to the descending colon, or even the entire colon (Li Y. et al., 2024). UC has become a
global health problem seriously affecting the quality of life of patients (Zheng et al., 2023). The
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etiology of UC is multifactorial, arising from the interplay of genetic
predisposition, environmental factors, unhealthy dietary habits, and
autoimmune responses (Ni et al., 2017). Current treatments for UC
include corticosteroids, immunosuppressants, and aminosalicylates,
which despite their effectiveness, often come with significant costs and
adverse side effects (Wangchuk et al., 2024). Therefore, there is a
pressing need to further elucidate the underlying pathogenesis of UC
and to develop safe and effective therapeutic strategies.

At present, although the pathogenesis of UC is not fully understood,
an increasing number of studies indicate that the disrupted intestinal
environment and gut microbiota are key factors affecting the occurrence
and development of UC (Guo et al., 2021; Cheng et al.,, 2023; Zhang et al.,
2025). Probiotics can modulate the balance of the gut microbiome,
influence the metabolites produced by gut microorganisms, and play a
key role in human intestinal health (Wang et al., 2024; Zhang et al., 2024).
Multiple studies indicate probiotics can inhibit the proliferation of
pathogenic bacteria, maintain mucosal barrier function, protect the host
from pathogen-induced damage, promote the development of the
intestinal immune system, and participate in immune regulation through
the production of beneficial metabolites (Wu et al., 2022; Dai et al., 2024).
This contributes to establishing a healthy gut microenvironment that can
prevent and alleviate enteritis (Shen et al., 2018). Compared to healthy
individuals, Earley et al. (2019) quantitatively analyzed the amount of
A. muciniphila in mucus brushings from the colonic mucus, and found a
significant reduction in all four areas of the colon, the caecum, transverse
colon, left colon and rectum in patients with UC. Vigsnaes et al. (2012)
and Wang et al. (2020) confirmed that A. muciniphila in stool samples was
significantly reduced in patients with UC. The DSS-induced acute UC
model in mice is a commonly used animal model for studying
UC. Similarly, numerous studies have shown that A. muciniphila in
animals with experimental colitis is negatively correlated with disease
severity (Berry et al., 2012; Dunn et al.,, 2016; Zhang et al., 2016). These
findings suggest that A. muciniphila may play a role in the pathogenesis
and progression of UC and could be a potential target for
therapeutic strategies.

A. muciniphila is a normal human intestinal bacterium and a strictly
anaerobic gram-negative bacterium, oval-shaped organism, with
0.6-1.0 mm cell size. It is an obligate anaerobic, non-spore forming, and
non-motile, belonging to the Verrucomicrobia phylum, was first isolated
in 2004 by Derrien et al. (2004) from the feces of a healthy individual.
A. muciniphila colonizes the human intestinal mucosal layer, where it
degrades mucin and regulates the intestinal barrier and immune response.
The abundance of A. muciniphila in the human intestinal tract represents
1-4% of the total fecal microbiota, and changes with age, diet, body
weight and immune state throughout a life-time (Sharon et al., 2018). As
the next generation of probiotics, A. muciniphila have been reported
various beneficial properties, including protective effects against
metabolic and diabetes, obesity, pulmonary fibrosis, heredity and immune
conditions, colitis-associated colorectal cancer (Payahoo et al., 2019; Zhao
et al,, 2023; Faghfuri and Gholizadeh, 2024; Yu et al., 2024). Moreover,
both animal experiments and human trials have demonstrated that
exogenous supplementation with A. muciniphila or pasteurized
A. muciniphila is effective, safe, and tolerated (Frank et al., 2007; Zhai
etal, 2019). Depommier et al. (2019) conducted a randomized, double-
blind, placebo-controlled pilot study in overweight/obese insulin-resistant
volunteers. After 3 months of supplementation, they found that oral
administration of pasteurized A. muciniphila improved insulin sensitivity
by 30% compared to the placebo group, reducing insulin levels and total
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plasma cholesterol, while live bacteria did not exhibit these effects. The
previous articles mainly focused on the field of metabolic disease, with
limited research on UC. It is interesting that sometimes researchers’
conclusions are contradictory. Such as, Qu et al. (2021) found that
A. muciniphila strain BAA-835 significantly ameliorated the symptoms in
DSS-induced acute colitis; Bian et al. (2019) pointed that A. muciniphila
Muc" can protect the gut barrier function and reduce the levels of
inflammatory cytokines to ameliorates dextran sulfate sodium (DSS)-
induced UC in mice. However, Seregin et al. (2017) investigated fecal
samples from two genetically colitis-prone mouse model, namely IL10~~
Both models exhibited more abundant
A. muciniphila than their wild-type littermates, and gavage of

and Winnie”~ mice.
A. muciniphila to IL-107"~ mice aggravated their colitis. Therefore, further
research is needed to investigate the effect of A. muciniphila on colitis.

In this study, a strain of A. muciniphila was first screened and
identified from healthy individuals and designated as Timepie001, while
its pasteurized form was named Timepie001+. The optimal effects of live
and pasteurized A. muciniphila intervention, as well as prophylactic
supplementation, on intestinal barrier function in DSS-induced acute UC
mice were then investigated. Additionally, possible mechanisms were
explored through changes in inflammatory factors, expression of
intercellular junction proteins and the gut microbiota.

2 Materials and methods
2.1 Preparation of Timepie001

A fecal sample from a healthy adult volunteer was freshly collected
in a polyethylene bag and approximately 0.2 g fecal sample was
dissolved in anaerobic PBS (pH7.2) containing 0.5g/L of
cysteine-HCL. The suspension was thoroughly mixed and serially
diluted in 10-fold increments. Diluted suspensions were streaked onto
brain heart infusion (BHI) agar plates supplemented with 2.5 g/L
mucin. The plates were incubated at 37°C under anaerobic conditions
generated by a gas mixture of 182 kPa N,/CO,/H, (85:10:5, v/v) for
3 days. Single colonies were then selected and re-streaked onto fresh
BHI plates containing 2.5 g/L mucin until pure cultures were obtained.

To determine the phylogenetic affiliation of the purified colonies,
nucleotide sequence analysis of the cloned 16S rRNA gene was
performed (Gomez-Gallego et al., 2016). The 16S rRNA gene sequence
was compared to sequences from GenBank using the program
BLASTN 2.0, available through the National Centre for Biotechnology
Information (NCBI) website.!

A. muciniphila was incubated at 37°C for 48 h in BHI medium
contained 2.5 g/L mucin. Following incubation, A. muciniphila and
pasteurized A. muciniphila (70 degrees Celsius for 30 min)
subsequently centrifuged at 8,000 x g for 15 min at 4°C. The cells were
washed twice by PBS and centrifuged. The washed cells were
resuspended in protective medium containing 7% (w/v) skim milk,
5% (w/v) trehalose and 1.5% (w/v) natrascorb as lyoprotectors.
Immediately, the cells were prefrozen at —40°C for 12 h, and then
frozen at —15°C, 5Pa for 24h using a vacuum freeze dryer
(Turuvekere Sadguruprasad and Basavaraj, 2018).

1 http://www.ncbi.nlm.nih.gov/blast/
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2.2 Cell culture and anti-inflammatory
activity

RAW 264.7 cells were cultured in RPMI 1640 media with 10%
fetal bovine serum (FBS), 1% penicillin-streptomycin (Cytiva,
SH40003.01) in an environment containing 5% CO, at 37°C. Once cell
adhesion reached 80-90%, the cells were passaged at 1:2 ratios.

For experiments, cells were seeded into a 96-well or 6-well plate
until they reached an amount of 2 x 10° cells/mL. After 24 h
incubation, the cells were treated by different percentages (50, 25 and
12.5%) of live A. muciniphila. Cell viability was assessed using the Cell
Counting Kit-8 (CCK-8) (TargetMOI, C0005). The cells were then
treated with 2 pg/mL lipopolysaccharides (LPS) (Solarbio, L8880) and
25% of live and pasteurized A. muciniphila. After an additional 24 h
of incubation, the production of nitric oxide (NO), interleukin-1p
(IL-1p) and interleukin-6 (IL-6) were measured using the Griess assay
(Beyotime, S0021S) and ELISA kits (Excell, EM004-96/EM001-96).

2.3 Ulcerative colitis model and treatments

The animal experimental design was drafted according to the
requirements of the Guide for the Care and Use of Laboratory
Animals: Eighth Edition (Astronomy and Astrophysics, 1996).
Healthy male age-matched C57BL/6] mice (6-8 weeks of age) were
purchased from Zhejiang Academy of Medical Sciences (Hangzhou,
China). DSS (mol wt, 36,000-50,000 Da, CAS No. 9011-18-1) was
purchased from MP Biomedicals (Goddard, United States). All
animals were housed under specific pathogen-free conditions in IVC
cages with 12 h light/dark cycles, enriched water and food feeding.
Following 1 week of acclimatization, the mice were randomly assigned
to four groups (n = 6 for each group).

Negative control group (NC): received deionized water for 7 days.

DSS group (DSS): 2.5% DSS was given as the sole source of
drinking fluid and administered PBS for 7 days.

Live A. muciniphila (Timepie001) group: 2.5% DSS was given as
the sole source of drinking fluid and administered live A. muciniphila
(1 x 10° CFU/mouse) by oral gavage for 7 days.

Pasteurized of A. muciniphila (Timepie001+) group: 2.5% DSS
was given as the sole source of drinking fluid, and pasteurized
A. muciniphila (same weight as live A. muciniphila) was administered
by oral gavage for 7 days.

During the duration of the experiment, the body weight, fecal
status, and degree of fecal blood were measured daily for disease
activity index (DAI) assessment. At the end of the experiment, spleens
were excised, rinsed with 0.9% NaCl, and weighed. Colons were
collected, rinsed with ice-cold 0.9% NaCl, placed on filter paper, and
their lengths were measured using a ruler. Each colon was then

TABLE 1 Primer sequence list of the tested genes.
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divided into four large sections, which were snapped frozen at
—80°C. The above process was inspected and approved by the Animal
Care & Welfare Committee of Zhejiang University of Technology,
China (No. ZH20240531066).

2.4 Disease activity index

The disease activity index (DAI) was assessed based on body
weight loss, diarrhea, and hematochezia to evaluate the severity of
colitis. Body weight loss was scored as follows: 0 (<1%), 1 (1-5%), 2
(5-10%), 3 (10-15%), and 4 (>15%). Diarrhea and rectal bleeding
were scored daily, with rectal bleeding rated as: 0 (no bleeding), 2
(slight bleeding), and 4 (extensive bleeding); diarrhea was scored as:
0 (well-formed stools), 2 (soft and pasty stools), and 4 (watery stools).
The average DAI value was calculated from these scores.

2.5 Assessment of colon inflammation

Colonic tissues were fixed in 4% paraformaldehyde solution at
room temperature and then embedded in paraffin. The fixed colon
was cut into 5 pm sections for hematoxylin and eosin (H&E) staining.
Pathological analysis of all sections was performed using light
microscopy. The specific evaluation criteria are as follows: depth of
inflammation and at a range from 0 to 4 as to the amount of crypt
damage or regeneration. (0: intact recess without inflammation; 1: 1/3
recess damaged; 2: 2/3 recess damage and mild inflammation; 3: large
recess damage, intact mucosa, and moderate inflammation; 4: mucosal
epithelium loss, erosion, severe inflammation).

2.6 RNA extraction and RT-gPCR

RNA extraction from colonic tissue was modified from previously
established methods (Cheng et al., 2021). Total RNA was extracted
from the colon tissue samples with RNAprep Pure Tissue Kit
(TIANGEN, DP431). The RNA purity was assessed with a
microspectrophotometer (Mettler Toledo UV5) and 260/280 nm of all
the samples were between 1.8 and 2.1. Following the kit’s instructions,
RNA was reverse-transcribed into cDNA using the SPARKscript II RT
Plus Kit (with gDNA Eraser) (SparkJade, AG0304-B). RT-qPCR
amplification was performed using 2 x SYBR Green qPCR Mix (with
ROX) (SparkJade, AG0104-B). The primer sequences for GAPDH,
IL-1f, tumor necrosis factor-a (TNF-a) and zonula occludens-1
(ZO-1) were detailed in Table 1, with GAPDH serving as an internal
reference gene. Relative mRNA expression levels were calculated using
the 2722¢T method.

Gene Sense (5'-3) Anti-sense (5'-3)

GAPDH TGGCCTTCCGTGTTCCTAC GAGTTGCTGTTGAAGTCGCA
I-1p TCGCAGCAGCACATCAACAAGAG TGCTCATGTCCTCATCCTGGAAGG
TNF-a CAGGCGGTGCCTATGTCTC CGATCACCCCGAAGTTCAGTAG
70-1 GCGAACAGAAGGAGCGAGAAGAG GCTTTGCGGGCTGACTGGAG
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2.7 Western blot analysis

Western blot analysis was performed according to modified
protocols from previous studies (Lee et al., 2022). Total proteins were
extracted from the colonic tissue using RIPA lysis buffer (containing
protease inhibitors) (Macklin, Y10001173) and sonicated at
4°C. Protein concentrations in tissue lysates were quantitated using a
BCA protein assay kit (Solarbio, PC0020). After centrifuging the lysed
sample, protein concentrations were adjusted, mixed with a 5x loading
buffer, and heated in a metal bath for 10 min. Proteins (10 pL) were
separated using 10% SDS-PAGE and transferred to polyvinylidene
fluoride (PVDF) membranes (Millipore, Billerica, MA, United States).
After completion, the membranes were blocked for 1 h with 5% BSA
in 1% TBST and probed with specific primary antibodies [GADPH
(Affinity, AF7021), Claudin-1 (Zenbio, 343202)] at 4°C overnight. The
PVDF membrane was then washed five times with 1% TBST (TBS
with Tween-20) and incubated with secondary antibodies (ZSGB-
BIO, ZB-2301) in 5% bovine serum albumin (BSA) at room
temperature for 1 h. After the PVDF membrane was washed five
times, immunoblot images were captured using a fluorescence
imaging system (Tanon-5200Multi), and the band expression levels
were quantified using Image J. GAPDH was used as a reference gene.

2.8 Taxonomic analyses of the gut
microbiota

Fresh fecal samples were collected in sterile sampling tubes, with
approximately 200 mg from the distal segment taken using a sampler
and placed into a tube containing nucleic acid preservative solution,
then immediately stored at —80°C until DNA extraction. Genomic
DNA was extracted from all fecal samples and amplified using
polymerase chain reaction (PCR) with primers specific to the 16S V3-
V4 region. Libraries were constructed using the Illumina Inc. library
preparation kit (Model: TruSeq DNA PCR-Free Library Preparation
Kit). After quantitative assessment and qualification, sequencing was
performed on the NovaSeq 6000. Sequencing reads were assembled,
and sequence quality was controlled and filtered. The sequences were
clustered into operational taxonomic units (OTUs) with 97%
similarity and annotated using the Silva 138 database. Species
abundances across different categorization levels were detected
together with the composition of the gut microbiota in each sample at
each level of classification (phylum, class, order, family, and genus).
The number of OTUs in each group was statistically analyzed to
compare the changes in the richness of the mouse intestinal microbial
community. Alpha diversity was assessed using the Shannon, Simpson,
Chaol, and ACE index. The composition of the microbial community
was illustrated in a bar chart at the genus level and differences
were analyzed.

2.9 Statistics analysis

The data are presented as Mean + SEM with at least triplicates and
n = 6 for each group. All analyses were performed using Graphpad
Prism version 5.0 (Graphpad Software, San Diego, CA, United States).
One-way analysis of variance (ANOVA) was utilized to compare
multiple groups. When significant differences were identified, Tukey’s
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post hoc test was applied to determine specific differences between
pairs of means, with appropriate adjustments for multiple testing. In
all analyses, the confidence interval was set at 95%, and p-values less
than 0.05 were considered statistically significant.

3 Results

3.1 Isolation and identification of
Akkermansia muciniphila

The strain A. muciniphila Timepie001 was isolated from healthy
human subjects and identified through 16S rDNA analysis, which
revealed a 99.93% similarity with the 16S sequence of A. muciniphila
ATCC BAA-835, confirming its classification as A. muciniphila
(Ouwerkerk et al., 2016). To further establish the evolutionary
relationship between the two strains, whole-genome sequencing of
Timepie001 was conducted, followed by average nucleotide identity
(ANI) analysis comparing it to A. muciniphila ATCC BAA-835
(Figure 1). The ANI value obtained for Timepie001 was 97.24%,
meeting the ANI threshold for species classification (greater than
95%). Subsequent experiments utilized pasteurized freeze-dried
powder of the strain.

3.2 Anti-inflammatory activity in vitro

Macrophages are important participants in the pathogenesis of
UC due to their production of many pivotal cytokines. In this study,
an LPS-induced RAW 264.7 cell model was established in vitro. Cell
viability was assessed using the CCK-8 assay and ELISA was utilized
to measure the protein levels of cytokines in the supernatant of
different experimental groups. The survival rates of RAW264.7 cells
treated with varying concentrations of Timepie001 for 24 h are shown
in Figure 2. It is evident that Timepie001 at concentrations ranging
from 12.5 to 25% exhibited no cytotoxicity, with high cell viability
observed. For subsequent experiments, a concentration of 25% was
selected for cellular treatment, corresponding to a Timepie001
concentration of 1 x 10®° CFU/mL. Figure 2 displays the effects of
Timepie001 and Timepie001+ on the secretion of NO, IL-6 and IL-1f
from LPS-induced RAW264.7 inflammatory cells. As illustrated in
Figures 2B-D, LPS (2 pg/mL) significantly increased the secretion of
NO, IL-6 and IL-18 (p<0.01). Following intervention with
Timepie001 and Timepie001+, compared with model group, the
secretion levels of these three inflammatory factors were significantly
reduced by 86.66, 81.99, 24.20 and 91.80%, 81.61 and 28.40%,
respectively (p < 0.05). These results indicate that Timepie001 and
Timepie001+ markedly inhibits the inflaimmatory response in
LPS-stimulated RAW 264.7 cells, Timepie001+ has better anti-
inflammatory effects.

3.3 Body weight and DAI scores

Food and water intake generally serves as indicator of an
organisms physiological status. As shown in Figures 3A,B, there was
no significant difference in water and food intake among the four
groups in 4 days. However, significant differences in food and water
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intake were observed among the group on the 8th day. In terms of
total food intake, there was no significant difference between the
Timepie001+ group and NC group (p > 0.05), and no significant
difference between the Timepie001 group and DSS group on the 8th
day. Regarding total water intake, significant differences were found
between the other three groups and the NC group (p < 0.05), but no
significant difference was ovserved among the three groups (p > 0.05).
These results indicate that some pathological changes occurred in the
three groups of mice after 5days, the condition of mice in
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Timepie001+ group was slightly better than that in the
Timepie001 group.

The current findings successfully established a DSS-induced
mouse model of UC, characterized by typical symptoms including
weight loss, diarrhea, hematochezia, and an increase in the
DAL During the experiment, the body weight of the NC group mice
continued to increase over time. In contrast, both the Timepie001,
Timepie001+ and DSS groups showed a significant reduction in body
weight compared to the NC group mice (p < 0.05). By day 8, the body
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weight of DSS-induced mice had decreased by 15.77% from their
initial weight. However, compared to the DSS group, the weight loss
in the Timepie001 and Timepie001+ group were significantly reduced
(Figure 3C), suggesting that Timepie001 and Timepie001+ effectively
alleviates weight loss in DSS-induced mice. The DAI score was used
to evaluate the impact of Timepie001 on colitis in mice. As illustrated
in Figure 3D, the DAI index of DSS group mice increased due to DSS
administration compared to the NC group, whereas the DAI index of
mice receiving oral Timepie001+ was significantly reduced. The
Timepie001 group did not show a similar effect.

3.4 Colon length and spleen distension size

As shown in Figure 4A, the colon tissue of the NC group exhibited
normal color and thickness, with no signs of edema or congestion, and
no adhesions to surrounding tissues. In contrast, mice treated with DSS
displayed clear symptoms of UC, including congestion, edema,
shortened colon length, as well as ulcers, localized necrosis, and melena.
Notably, Timepie001+ was found to effectively alleviate colonic damage
in DSS-induced colitis models. The shortening of the colon is typically
associated with inflammation, and it is important to highlight that both
Timepie001 and Timepie001+ significantly reduced colon shortening
in colitis mice compared to the NC group, with the improvement effect
of Timepie001+ being better (Figure 4B). The spleen, as the largest
lymphatic organ, contains a high number of lymphocytes and
macrophages involved in both humoral and cellular immune responses.
Inflammatory conditions lead to splenomegaly. The normal spleen
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appears smooth and deep red; however, the spleens of DSS-treated mice
became enlarged and darker. Following Timepie001+ treatment, the
size and color of the spleens were comparable to those of the NC group
(Figure 4C). The relative spleen weight of DSS-treated mice significantly
increased (p <0.05, as shown in Figure 4D). Timepie001 and
Timepie001+ markedly countered the enlargement of the spleen,
indicating its inhibitory effect on the peripheral inflammation
associated with colitis. There was no significant difference in the relative
weight of the spleen between Timepie001 and Timepie001+.

3.5 Histopathological alterations

The degree of colonic damage, including the status of the intestinal
wall, crypt integrity, colonic tissue ulceration, and neutrophil infiltration,
can be assessed using H&E staining. The effect of Timepie001 and
Timepie001+ on colonic histology in colitis-affected mice is illustrated
in Figure 5B. The colon mucosa of the NC mice was intact, with well-
distributed glands and no ulceration or significant inflammatory cell
infiltration. In the DSS group, the structure of the intestinal mucosa was
disrupted, resulting in irregular shapes, sloughing, ulceration, obvious
inflammatory cell infiltration and a significant increase in the histological
score. After treatment with Timepie001 and Timepie001+, the colonic
tissue injury of mice was significantly improved. In the Timepie001+
group, the area of mucosal ulcers in the colonic tissue was reduced, and
the intestinal wall showed signs of restoration (Figure 5B). Additionally,
histological examination revealed that mice in the Timepie001+ group
had reduced immune cell infiltration and less disruption of the crypts,
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NC DSS

Timepie001+

along with lower histological scores compared to the DSS group
(Figure 5A). However, there was no significant difference in histological
scores between the DSS group and the Timepie001 group (p > 0.05).
These results indicate that treatment with Timepie001+ can ameliorate
clinical symptoms, improve histological scores, and reduce inflammatory
cell infiltration in a murine model of colitis.

Frontiers in Microbiology

3.6 Expression of related genes in colonic
tissues

Quantitative RT-qPCR results for IL-18, TNF-a and ZO-1 mRNA

expression are presented in Figure 6. Compared to the NC group, the
mRNA expression of IL-1p, TNF-« were significantly increased and
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Z0-1 was decreased in the colon tissues of DSS-induced UC mice
(p < 0.01). Following intervention with Timepie001 and Timepie001+,
the expression of IL-1f and TNF-a was significantly reduced
compared to the DSS group, with relative decreases of 44.02, 70.27 and
81.05%, 47.16%, respectively, while ZO-1 increased by 246 and 147%
(p < 0.05). Inflammation is a major contributor to colon damage in
UC. When colitis occurs, the intestinal barrier is disrupted, pathogens
infiltrate the intestinal mucosa, causing a flood of pro-inflammatory
cytokines to be released, which exacerbates the inflammatory response
(Neurath, 2014). TNF-o and IL-1f are key pro-inflammatory
cytokines that are released at elevated levels in patients with UC,
intensifying the inflammatory response. These findings suggest that
Timepie001+ can improve DSS-induced colitis by modulating the
levels of inflammatory cytokines. Science UC is generally accompanied
by an increase in intestinal permeability, and the increase in ZO-1
gene expression also indicated that Timepie001 and Timepie001+ can
improve the intestinal permeability of the colon. With the
improvement effect of Timepie001+ being more significant.

3.7 Expression of epithelial intercellular
junction proteins

Claudin-1 protein is a crucial component of the colonic
epithelial barrier. Pathogens and viruses can exploit tight junctions
to infiltrate and infect cells, leading to the production of
inflammatory cytokines. The disruption of the colonic epithelial
barrier is a significant factor contributing to colitis. This study
investigates the impact of Timepie001 and Timepie001+ on the
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expression of tight junction proteins in the intestines of mice with
UC. As shown in Figure 7, there is a down-regulation of Claudin-1
expression in the colon of DSS-induced UC mice. However, although
Timepie001 and Timepie001+ up-regulates Claudin-1 expression in
UC mice (p < 0.05), there was no significant difference in protein
expression levels between the Timepie001+ groups and the NC
group. Overall, these finding suggest that Timepie001+ may mediate
its protective effects against UC mice by enhancing intestinal
barrier function.

From all the above results, it can be concluded that Timepie001+
group has a better improvement effect on DSS-induced UC. Therefore,
in the following section on gut microbiota analysis, only the
differences between the Timepie001+ group, NC group and DSS
group were analyzed.

3.8 Gut microbiological analysis

The intestinal microbiota of mice with colitis often changes, and
in this study, 16S rRNA gene sequencing was used to assess the
composition of the intestinal microbiota. The number of OTUs in the
sample detection results can reflect changes in the richness of the
mouse intestinal microbial community. The NC group, DSS group and
Timepie001+ group had 432, 336, and 489 OTUs, respectively
(Figures 8A). The Timepie001+ group was closer to the NC group
than the DSS group at the OTU level, indicating that the intestinal
microbiota of the mice tended to develop at a normal level after
intervention with pasteurized A. muciniphila, and the diversity of the
intestinal microbiota of the mice was restored.
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Alpha diversity was compared among the three groups using ACE
and Shannon index (Figures 8B,C), where the ACE index reflects
species richness, and the Shannon index reflects both richness and
evenness. The results indicated significant differences in alpha
diversity indices among the groups, with the ACE and Shannon values
in the DSS group being markedly lower than those in the NC and
Timepie001+ groups. The alpha diversity indices in the Timepie001+
group were comparable to the those of NC group, with both the ACE
and Shannon indices slightly exceeding those of the NC group.

Metagenomic techniques were employed to determine the
composition of the gut microbiota in each group. The relative
abundance of major gut microbiota in each group is represented by
bar charts at the phylum and genus level (Figures 8D,E). Notable
changes were observed in the composition of the gut microbiota
among UC mice. At the phylum level, the abundance of Proteobacteria,
Desulfobacterota, and

Verrucomicrobiota, Campylobacterota,

Deferribacterota increased in DSS-induced mice compared to the NC
group,
Actinobacteriota decreased. The relative abundances of Bacteroidota
in the NC, DSS, and Timepie001+ groups were 27.42, 7.61, and
31.29%, respectively, and for Firmicutes, they were 28.80, 10.51, and

while Bacteroidota, Firmicutes, Patescibacteria, and

16.28% (Figures 8D,F). Following Timepie001+ intervention, the
abundance of harmful bacteria decreased while that of beneficial
bacteria increased. At the genus level, DSS induction led to a decrease
in the abundances of Muribaculaceae, Acinetobacer, Mammaliicoccus,
Alistipes, Candidatus_Saccharimonas Enterorhabdus, Halomonas,
Limosilactobacillus, Rikenella and Muribaculum, while Pseudomonas,
Delftia, Akkermansia and Bacteroides increased. Timepie001+
intervention alleviated these changes (Figures 8E,F).

4 Discussion

Probiotics are active microorganisms that are beneficial to human
health. They mainly exist in the human intestine and play many
important roles and effects, including maintaining intestinal health,
promoting digestion and absorption, enhancing immunity, improving
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constipation and diarrhea, and reducing cholesterol (Daglia et al.,
2024; Wang D. et al., 2025; Yao et al., 2025). Postbiotics has been a
rapidly growing topic in recent years (Wegh et al., 2019). Experts in
the field of probiotics and prebiotics suggested a definition for the
term “postbiotics’ which was “preparation of inanimate
microorganisms and/or their components that confers a health benefit
on the host” (Eslami et al., 2024). Most previous studies have focus on
the beneficial effects of probiotics and prebiotics on UC. However,
postbiotics appear to be safer than probiotics. Since postbiotics consist
of nonviable microbial cells, Interference inhibition by interferon,
infections, or inflammatory responses known side effects of probiotics
is lower with postbiotics.

A. muciniphila is known as the second-generation probiotic, It can
utilizes glycoprotein mucin as its direct source of carbon and nitrogen
to colonize the human intestinal mucosal layer (Zhou and Zhang,
2019), which means it has a unique survival advantage of being able
to survive in nutrient deficiencies and harsh conditions (Gomez-
Gallego et al., 2016). A. muciniphila have the characteristic of mucosal
degradation and play important role in regulating the intestinal
barrier and immune response, thus contributing significantly to
human health and diseases. The observation of decreased levels of
A. muciniphila in UC patients suggests that these bacterial may
contribute to the pathogenesis and procession of UC, and could
be potential target and promising strategy for UC therapy (Earley
etal., 2019). However, its anaerobic biological characteristics limit its
widespread application in dietary supplements. Research have shown
that after 30 min of pasteurization at 70°C, A. muciniphila retains
most of its beneficial effects. Pasteurized A. muciniphila was found to
increase systemic energy expenditure and fecal energy excretion in
diet-induced obese mice, as well as enhance intestinal epithelial
renewal (Depommier et al., 2020). However, there are few articles on
the effectiveness of using pasteurized A. muciniphila for UC.

DSS-induces UC symptoms characterized by weight loss, diarrhea,
hematochezia, shortened colon length, colonic swelling, splenomegaly,
and even death (Jang et al., 2019; Ma et al., 2020; Shi et al., 2024).
Colon length, DAI scores and histological analysis showed that
Timepie001+ significantly improved DSS-induced inflammatory
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infiltration, crypt damage, and mucosal injury. While Timepie001 did
not show significant improvement. Based on our findings, we propose
several potential mechanisms, including modulation of the
inflammatory response, enhancement of the intestinal mucosal
barrier, and reconfiguration of the gut microbiota.

Inflammation is a key factor in the onset of UC. The production
of TNF-a and IL-1p can further amplify the inflammatory response,
exacerbating UC (Hu et al., 2024; Li Y. et al., 2024). TNF-a is primarily
produced by monocytes and macrophages and acts as a
pro-inflammatory cytokine involved in systemic inflammation,
stimulating acute inflammatory responses (El-Boghdady et al., 2023).
It conveys signals to the cell nucleus via specific receptors on the cell
membrane, promoting various complex biological activities such as
cell proliferation, differentiation, immune regulation, and
inflammation mediation. TNF-a promotes the secretion of endothelial
cell adhesion factors, increases the permeability of epithelial tight
junctions, and inhibits epithelial cell growth, leading to damage to the

mucosa and extracellular matrix. Numerous studies have revealed the
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anti-inflammatory effect of A. muciniphila (Miao et al., 2024; Xiao
etal, 2024). For instance, oral administration of A. muciniphila strain
BAA-835 significantly ameliorated the symptoms in DSS-induced
acute colitis, as evidenced by decreased body weight loss, colon length
shortening, and colon histological inflammatory score. Zhai et al.
(2019) studied and compared the characteristics of A. muciniphila
ATCC BAA-835 and A. muciniphila strain 139, and reported
interesting results. Both strains showed anti-inflammatory effects
including inhibiting IL-8 production induced by TNF-a co-cultured
HT-29 cells in vitro anti-inflammatory experiments. However, these
two strains exhibited different functions in the DSS-induced UC
model. Although these two strains alleviated colitis symptoms by
down-regulating pro-inflammatory cytokines, only the DSS + ATCC
group observed significant reductions in spleen weight and
inflammation index compared to the DSS group. In our study, it can
be observed that Timepie001+ can significantly reduce the production
of NO, IL-1B, and IL-6 induced by LPS after interacting with
macrophages RAW 264.7 cells, demonstrating good anti-inflammatory
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effects. We also observed a decrease in the expression of inflammatory
cytokines (TNF-a and IL-1P) in colon tissue. These results suggest that
the protective effect of Timepie001+ on UC may be achieved through
anti-inflammatory effects.

UC with damage to the intestinal mucosal barrier being a critical
pathological mechanism (Wang J. et al., 2025; Wang Y. et al., 2025).
The intestinal mucosal barrier serves as the body’s first line of defense
against harmful substances and pathogens, comprising chemical,
biological, immune, and mechanical barriers, with the mechanical
barrier playing a predominant role (Li J. et al., 2024). Previous reports
indicate that the colons of UC patients or model mice are thinner
compared to controls, and intestinal permeability is increased in
colitis models. Madsen et al. (2010) explored the relationship between
increased intestinal permeability and intestinal inflammation in IL-10
deficient mice, noting that at 2 weeks of age, these mice showed no
signs of intestinal damage but exhibited increased intestinal
permeability alongside elevated concentrations of TNF-a and IFN-y.
This suggests that the increase in intestinal permeability precedes the
inflammatory response. Tight junction proteins are essential
components of the intestinal mucosal mechanical barrier, preventing
pathogenic bacterial antigens from entering the mucosal tissue and
circulatory system. Key tight junction proteins include ZO-1 and
Claudin-1. During the onset of UC, the expression levels of tight
junction proteins decrease, leading to increased mucosal permeability
and subsequent inflammatory responses and clinical symptoms. These
were consistent with our results, indicating that the protective
mechanism of Timepie001+ against UC operates by enhancing the
functionality of the intestinal barrier.

UC is also considered a consequence of dysregulated immune
responses due to an imbalance in the gut microbiota (Ni et al., 2017;
Cheng et al., 2023; Hu et al., 2024). Patients with UC often exhibit a
reduction in beneficial bacteria and an increase in harmful bacteria.
Our findings consistently demonstrate that in the intestines of
DSS-treated mice, there is a decrease in the diversity of specific
bacterial taxa and changes in their relative abundances. Notably, in the
group supplemented with Timepie001+, we observed a restoration of
microbial a-diversity.

At the phylum level, studies have shown that the ratio of
Firmicutes to Bacteroidetes should not be excessively high (Gomes
et al., 2018). In our study, after intervention with Timepie001+,
compared to the DSS group, there was an increase in Firmicutes and
Bacteroidetes, and a decrease in Proteobacteria. The ratios for the NC,
DSS, and Timepie001+ groups were 1.05, 1.38, and 0.52, respectively,
indicating that the Timepie001+ group had a significantly lower ratio
than the DSS group. At the genus level, Alistipes and Rikenella have
been proved as the producer of short-chain fatty acids, which have a
variety of physiological functions including provide energy for colon
cells, maintain intestinal barrier integrity, regulate intestinal immunity
etc., and play a significant role in intestinal homeostasis (Guo et al.,
2021). The relative abundance of Alistipes and Rikenella in the
intestines of mice with enteritis were severely insufficient compared
to the healthy group. After taking Timepie001+, the abundance of
Alistipes and Rikenella was restored to some extent. Muribaculum is
a member of Muribaculaceae and has been proven to be the dominant
microbiota in healthy mice in multiple studies (Lagkouvardos et al.,
20165 Hiraishi et al., 2022), may participate in the prevention or
alleviation of UC, but the specific mechanism is still unclear (Wang
et al., 2022). The abundance of Enterorhabdus and Halomonas was
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significantly reduced in DSS group, which is consistent with previous
research results (Tong et al., 2021; Wu et al., 2024). Meanwhile, we also
noted the increase in the abundance of Pseudomonas, Bilophila,
Erysipelatoclostridium and Romboutsia. Pseudomonas, a group of
gram-negative bacteria, is recognized as an opportunistic pathogen
associated with intestinal barrier dysfunction and infection.
Overgrowth of Pseudomonas has been linked to intestinal
inflammation and systemic inflammatory responses, and it is found
in higher abundances in the intestines of UC patients, where it
contributes to microbial imbalances and disease progression
(Goldberg et al., 2008; Ren et al, 2021; Cao et al., 2024). The
abundance of Bilophila, Erysipelatoclostridium, and Romboutsia have
been reported to have a positive correlation with IBD (Tong et al.,
2021; Cheng et al., 2023; Li et al., 2023), and our study has reached the
same conclusion. Collectively, these results suggest that alterations in
the gut microbiota may play a crucial role in the preventive effects of
A. muciniphila against UC.

All results indicate that pasteurized A. muciniphila has a better
effect on ameliorating UC than live A. muciniphila, which may be due
to the following reasons: (1) specific active ingredients: such as
Amuc_1100, the membrane proteins can interact with host cells or
receptors, promote intestinal barrier function, regulate host immunity,
and inhibit inflammation, thereby improving metabolic health; (2)
colonization of live bacteria: the colonization of live A. muciniphila in
the intestine may be inhibited by the host’s gut microbiota, leading to
their inability to fully exert their function. Pasteurized A. muciniphila
do not have colonization issues and can more stably exert their
beneficial components. (3) Safety and stability: pasteurized
A. muciniphila are less likely to cause infection or adverse reactions,
and have higher safety.

5 Conclusion

This study evaluated the alleviation effects of live and pasteurized
A. muciniphila on DSS-induced colitis in mice. The results
demonstrate that pasteurized A. muciniphila shows a more significant
improvement in UC compared to live A. muciniphila. Due to the fact
that postbiotics do not require attention to bacterial activity and is not
limited by temperature, humidity, etc., their application range is more
extensive. Overall, this research provides foundational insights for the
development of functional foods utilizing pasteurized A. muciniphila
in the management of UC.
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