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Numerous studies have confirmed that gut microbiota is a key driver in the occurrence 
and progression of inflammatory bowel disease (IBD). Based on the bacterial 
collection constructed in our previous studies, we founded that Bifidobacterium 
adolescentis AF91-08b2A has the potential beneficial function. We  designed 
cohort studies, genomic studies and animal experiments to further explore the 
probiotic function of Bifidobacterium adolescentis AF91-08b2A and its therapeutic 
effect on IBD. The depletion of B. adolescentis in individuals with IBD suggested 
its significance for intestinal health. Genomic analysis highlighted the probiotic 
attributes of B. adolescentis AF91-08b2A, including resistance to antibiotics and 
stress, and metabolic pathways related to energy and carbohydrate metabolism, 
which are likely to enhance its therapeutic efficacy. In DSS-induced mice colitis 
model, the strain significantly enhanced the disease activity index (DAI), curbed 
weight loss, and attenuated colonic damage. It effectively modulated the immune 
response by reducing the levels of pro-inflammatory cytokines such as IL-6, IL-
1β, IL-17A, IFN-γ, and TNF-α, while promoting the secretion of anti-inflammatory 
cytokines like IL-4, IL-10, and TGF-β1. The restoration of tight junction proteins 
ZO-1, occludin, and claudin-2 by B. adolescentis AF91-08b2A demonstrated its 
capacity to safeguard the intestinal epithelial barrier. Collectively, our findings 
indicate B. adolescentis AF91-08b2A as a valuable therapeutic option for UC, with 
its multifaceted approach to reducing inflammation and fortifying the intestinal 
barrier.
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Introduction

Inflammatory bowel disease (IBD) is a chronic immune-
mediated disease that primarily affects the gastrointestinal tract, 
including Crohn’s disease (CD) and ulcerative colitis (UC) (Chen 
et al., 2023). The pathological changes include inflammation of the 
epithelial cells in the colonic mucosa, increased mucus production, 
and infiltration of lymphocytes and plasma cells in the submucosa 
(Saez et al., 2023). These pathological changes can lead to damage 
to the intestinal mucosa and disturbances in function, manifesting 
as symptoms such as diarrhea, abdominal pain, and rectal bleeding 
(Le Berre et al., 2023). Long-term use of traditional drug treatment 
can cause high costs, the potential for drug resistance and side 
effects, including liver damage, osteoporosis and compromised 
immune system (Feng et al., 2022). Due to some shortcomings of 
drug therapy, some new treatment methods have been applied in 
recent years.

The pathogenesis of IBD is complex and involves the interaction 
of many factors, including genetics, immune response, environmental 
conditions and the imbalance of intestinal microbial balance 
(Caparrós et al., 2021; Nakase et al., 2022). Numerous studies indicated 
that IBD has been strongly associated with gut dysbiosis (Kaur et al., 
2011; Sartor and Mazmanian, 2012), which involves an imbalance of 
beneficial microorganisms and an overgrowth of pathogenic bacteria 
in the intestinal microenvironment. Thus, probiotic interventions 
have garnered significant interest as potential therapeutic options for 
alleviating IBD. Research indicates that in UC patients, there is a 
significant shift in the composition of the gut microbiota, with a 
decrease in beneficial bacteria like Bifidobacteria and Lactobacilli, and 
an increase in potentially pathogenic species such as E. coli (Pittayanon 
et al., 2020). The metabolites from microbial sources, which are crucial 
for intestinal health, may become disrupted, impacting the intestinal 
barrier and inflammation. The immune-modulating effects of the gut 
microbiota are also significant, with certain probiotics capable of 
alleviating inflammation (Lin et  al., 2024). The exploration of 
treatment strategies based on the gut microbiota, including probiotics, 
prebiotics, and fecal microbiota transplantation, is ongoing to improve 
UC conditions. Understanding this relationship is vital for developing 
new therapeutic approaches to enhance the quality of life for 
UC patients.

Metagenome-wide association studies (MWAS) using human 
stool samples, as well as animal models, have pointed to a potential 
role of the gut microbiome in inflammatory bowel disease (IBD) 
(Franzosa et al., 2018; Lewis et al., 2015; Jiang et al., 2020; He et al., 
2017). B. adolescentis have differential abundance in IBD patients and 
normal people (Fan et al., 2021; Kowalska-Duplaga et al., 2019).

In previous studies, new treatments such as probiotics and 
prebiotics have been shown to effectively mitigate the occurrence 
of IBD with fewer side effects than conventional treatments 
(Kennedy et al., 2023; Zhao et al., 2020). With the development of 
clinical and animal experimental studies, Bifidobacterium has been 
shown to relieve intestinal inflammation by repairing the intestinal 
barrier, changing the gut microbiota, and altering cytokine levels 
(Fan et  al., 2021; Jang et  al., 2019). Intestinal mucosal damage 
repair is a key link to promote ulcer healing, which can radically 
reduce recurrence in patients and thus treat UC (Zhao et al., 2020; 
Ivanov and Naydenov, 2013). Tight junction (TJ) is the most 
important component of the mechanical barrier of intestinal 

mucosa, which is widely distributed between neighboring intestinal 
epithelial cells. Research showed that the expression of the key 
proteins (claudin, occludin and ZO-1) play an important role in 
the repair of intestinal mucosal injury (Le Berre et al., 2023). A 
large number of lymphocytes, neutrophils, plasma cells and 
macrophages gather in the colon mucosa of UC patients. Among 
the cytokines released by these immune cells, the imbalance 
between pro-inflammatory factors and anti-inflammatory factors 
is one of the mechanisms triggering UC (Nakase et al., 2022). A 
study revealed that B. adolescentis ameliorates colitis by reducing 
pro-inflammatory cytokines, modulating Treg/Th2 response, and 
reshaping gut microbiota composition (Fan et al., 2021).

In this study, we analyzed the abundance of cultured B. adolescentis 
in IBD patients and the health from Chinese gut metagenomic cohorts 
and HMP, and checked the correlation between B. adolescentis and 
other bacteria. We investigated the beneficial effects of B. adolescentis 
AF91-08b2A on intestinal barrier damage in colitis mice by measuring 
inflammation and tight junction protein levels. Our research indicates 
that B. adolescentis offers a protective effect on the intestinal epithelium 
and, furthermore, diminishes the levels of inflammatory factors.

Materials and methods

Metagenomic cohort collection and 
analysis

Human gut metagenome sequencing data of a Chinese cohort 
(CN_Health, a part of 4D-SZ) (Jie et al., 2021) was downloaded from 
the CNGB Sequence Archive (CNSA) (Guo et al., 2020)1 of China 
National GeneBank DataBase (CNGBdb) (Chen et al., 2020) under 
the accession code CNP0000426. Gut metagenome data of IBD 
patients and non-IBD controls from Guangzhou cohort was retrieved 
from the National Center for Biotechnology Information (NCBI) with 
study accession number PRJEB15371 (CN_GZ) (He et al., 2017). Gut 
metagenome data of IBD patients and non-IBD controls from Yunnan 
cohort was collected in CNSA with accession number CNP0004022 
(CN_YN). Gut metagenome data of IBD patients and healthy 
individuals from HMP was downloaded following the link https://
portal.hmpdacc.org/.

The species-level clusters of CGR2 (Lin X. et al., 2023), including 
B. adolescentis, were built as a custom genome database by Kraken 
v2.1.2 (Wood et al., 2019) and Bracken v2.5 (Lu et al., 2016) Kraken2 
and Bracken were also used to calculate the read numbers of the 
species-level clusters in the cohorts established in Guangzhou, in 
Yunnan, and in the HMP. Relative abundances of the B. adolescentis 
in the four cohorts were calculated, and the correlations between 
B. adolescentis and other intestinal bacteria in CN_GZ, CN_YN, and 
HMP were analyzed based on Spearman’s rank correlation coefficient. 
Mean relative abundance was calculated and Wilcoxon test was used 
to evaluate the differential abundance of species in IBD patients and 
controls. Prevalence was determined using a 0.01% relative abundance 
threshold to indicate the presence of a cluster within a sample 
(Beresford-Jones et al., 2022).

1 https://db.cngb.org/cnsa/
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Bacterial isolation and cultivation

Strain AF91-08b2A was isolated from a fresh fecal sample 
obtained from a healthy female in China. Detailed methods regarding 
isolation and cultivation were studied by Zou et al. (2019).

Whole-genome sequencing, assembly, and 
annotation

DNA extraction, sequencing, and assembly, as our previous study 
described (Zou et al., 2019). The genomic taxonomy of strain AF91-
08b2A was determined using version 2.1.0 of GTDB-Tk, referencing 
with the GTDB Release 214. The genome quality of this strain was 
assessed by CheckM2. The Prokka was used to annotate the basic 
genomic information of this strain. And the genome circle map was 
visualized with the online Proksee server.2 The metabolic pathways of 
strain AF91-08b2A were annotated by eggNOG-mapper version 2.1.4. 
The carbohydrate-active enzymes (CAZymes) of strain AF91-08b2A 
were predicted based on the carbohydrate enzymes database using the 
Diamond software (--id 60 --query-cover 50 -e 0.00001). Moreover, 
the RGI tool with the CARD database and the virulence factor 
database (VFDB) with a minimum identity threshold of 60% and a 
query coverage exceeding 50% were used to predict the antibiotic 
resistance genes and virulence factors, respectively.

Animal experiments

All experiments involving animals were conducted according to 
the Ethics Committee of Kunming Medical University 
(kmmu20241596). Six-week-old C57BL/6J mice, sourced from 
Guangdong Model Biotechnology Co., Ltd., were housed in a standard 
SPF environment. Following a one-week acclimation period, the mice 
were randomly assigned into four experimental groups, each 
comprising eight individuals: (1) a control group on a regular diet for 
2 weeks; (2) a DSS group with DSS-induced colitis during the final 
week; (3) a 5-ASA group receiving both 5-ASA and DSS; and (4) an 
AF-91 group with AF-91 administration alongside DSS-induced 
colitis. Mice in the DSS, 5-ASA, and AF-91 groups received a 2.5% 
DSS solution for a period of 7 days. Administration of 5-ASA (100 mg/
kg/d) and AF-91 (1 × 109 CFU/d) to the mice was performed via oral 
gavage (Fan et al., 2021; Huang et al., 2023; Huang et al., 2022). Daily 
assessments of the disease activity index (DAI) were conducted for all 
mice. Colonic tissues were harvested on day 15, measured for length, 
and sectioned into three parts: one for H&E staining and 
immunohistochemical analysis, the remaining for molecular analysis 
including RT-PCR and western blotting, with storage at −80°C.

Immunohistochemistry

Paraffin embedding and fixation of intestinal mucosal samples 
were performed using a 4% paraformaldehyde solution, followed by 

2 https://proksee.ca/

continuous sectioning. Sections were deparaffinized and rehydrated 
in xylene, subjected to antigen retrieval with a 0.01 M citrate buffer 
via microwave treatment, followed by a 10-min treatment with 3% 
hydrogen peroxide for peroxidase quenching at ambient temperature. 
Afterward, sections were incubated with primary antibodies specific 
for ZO-1, occludin, or claudin-2 overnight at 4°C. The specific 
antibodies used included anti-ZO-1 from Proteintech, anti-occludin, 
and anti-claudin-2, both sourced from Abcam. Subsequently, 50 μL 
of DAB substrate was applied to the sections for colorimetric 
development, with the reaction closely observed microscopically. The 
slides were washed twice with double steam water for 1 min each, 
restained with hematoxylin for 1 min, rinsed with 1% ammonia, 
dehydrated in 95 and 100% ethanol, sealed with neutral resin, and 
observed under a microscope for results.

Histological staining

Isolated tissue specimens were immersed in a 4% paraformaldehyde 
solution for fixation, a process that lasted 24 h. Following this, the tissues 
were embedded in paraffin and subsequently sectioned. Sections were 
then stained using hematoxylin and eosin (H&E) to facilitate 
histopathological analysis.

Reverse transcription polymerase chain 
reaction

The experimental procedure followed the protocol outlined in 
the Platinum® SYBR® Green qPCR SuperMix (TaKaRa, Japan). 
Gene expression data were normalized relative to β-actin, serving 
as an endogenous control. The utilized primers in this research were 
custom designed and synthesized by TaKaRa Bio Inc., detailed in 
Table 1.

Western blot analysis

Tissue specimens from mice were processed into a uniform 
homogenate using a lysis solution fortified with protease inhibitors at 
a concentration of 1%. The quantification of protein was accomplished 
with a specific protein quantification kit. The antibodies utilized in 
this study included anti-ZO-1 (Proteintech), anti-occludin (Abcam), 
anti-claudin-2 (Abcam), and anti-GAPDH (Proteintech). The results 
were analyzed using ImageJ.

Enzyme-linked immunosorbent assay 
analysis

After mixing with phosphate-buffered saline (PBS, 1:9 ratio), the 
tissue samples were processed through homogenization and 
subsequent centrifugation to extract the supernatant for ELISA 
analysis. Quantitative assessment of both pro-inflammatory and anti-
inflammatory cytokines in the colonic tissue was performed using 
ELISA kits procured from NeoBioscience, adhering to the protocol 
provided by the supplier.
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Statistical analysis

Measurement data were presented as mean ± standard 
deviation. Comparisons among several groups were performed 
utilizing one-way ANOVA through GraphPad Prism software. All 
graphics in this study were formatted using Adobe Illustrator. 
Significance indicators in the illustrations are represented with 
the following symbols: *p < 0.05, **p < 0.01, ***p < 0.001, and 
****p < 0.0001.

Results

The distribution of Bifidobacterium 
adolescentis in metagenomic cohorts

B. adolescentis has been identified in 22.99% samples in the 
Chinese gut metagenomic cohort (Figure  1A). Differential 
abundance analysis was conducted for B. adolescentis. The 
abundance of B. adolescentis were lower in the intestinal of IBD 
patients than the health in metagenomic cohorts of HMP, CN_
GZ, and CN_YN (Figure 1B). The abundance of B. adolescentis 
were lower in UC patients and in CD patients in HMP cohort 
(Supplementary Figure S1). The abundance of B. adolescentis 
were lower only in CD patients in CN_GZ cohort. The abundance 
of B. adolescentis were lower only in UC patients in CN_
YN cohort.

To explore the potential function of B. adolescentis in human 
gut, correlation between B. adolescentis and intestinal bacteria 
was calculated. More species negatively correlated with 
B. adolescentis in CN_YN cohort, especially Citrobacter, including 
Citrobacter freundii, Citrobacter gillenii, Citrobacter portucalensis, 
Citrobacter sp005281345, Citrobacter youngae, and Citrobacter_A 
amalonaticus (Figure  1C). Enterobacter cloacae, Enterobacter 
kobei, and Enterobacter roggenkampii also negatively correlated 
with B. adolescentis in CN_YN cohort. Enterocloster bolteae was 
significantly negatively correlated with B. adolescentis in CN_GH 
cohort and HMP cohorts. In CN_GZ cohort, Enterobacter kobei, 
Escherichia coli, and Escherichia fergusonii were significantly 
enriched in the gut of IBD patients (Figure 1D).

The bacterial taxonomic classification and 
genomic characterization

Using the GTDB-Tk tool for whole-genome annotation, strain 
AF91-08b2A was classified as B. adolescentis, which is a species 
within the genus Bifidobacterium and the family Bifidobacteriaceae. 
The genome circle map of strain AF91-08b2A is shown in 
Figure 2A. The genome of strain AF91-08b2A has been assembled 
into 37 contigs, totaling 2,242,707 base pairs with a G + C content 
of 59.0 mol%. It was predicted to contain 1803 coding DNA 
sequences (CDS), 4 rRNA genes, 53 tRNA genes, and 1 tmRNA 
gene. The genetic function of strain AF91-08b2A was annotated by 
eggNOG-mapper, which showed that 1,073 genes were annotated 
by the Kyoto Encyclopedia of Genes and Genomes (KEGG) 
database, matching 911 KO and 176 pathways. Among the six 
categories matched by KEGG, Metabolism and Genetic Information 
Processing are the most abundant, which means that this strain has 
a strong metabolic function and environmental adaptation ability 
(Figure  2B). At the metabolic level, this strain has a relatively 
complete pathway, and multiple copies of many genes exist in some 
pathways, including glycolysis/gluconeogenesis, pentose phosphate 
pathway, galactose metabolism, starch and sucrose metabolism, 
amino sugar and nucleotide sugar metabolism, and other metabolic 
pathways. These genes were divided into six categories, and the 
metabolism category was the most abundant. A total of 99 genes 
encoding CAZymes were predicted and assigned to the four 
categories, glycoside transferases (GTs), carbohydrate esterases 
(CEs), carbohydrate-binding modules (CBMs), and glycoside 
hydrolases (GHs), representing 26, 4, 10, and 60%, respectively.

Safety assessment of strain AF91-08b2A

Safety assessment of a strain typically involves a series of 
evaluations to ensure that the strain does not pose any health risks 
to humans or animals. The goal is to confirm that the strain is safe 
for its intended use, such as in probiotics, pharmaceuticals, or as a 
food additive (Di Pierro et al., 2023). In our research, we examined 
the genes associated with antibiotic resistance, virulence factors and 
toxins. As shown in the Supplementary Table S2, four antibiotic 

TABLE 1 Primer sequences utilized in quantitative real-time RT-PCR analysis.

Forward (5′ → 3′) Reverse (5′ → 3′)

ZO-1 5′-GTTGGAGCCAACTCTGTTTCTCTC-3′ 5′-GTTCAATCCACCTTCACATTGCTTA-3′

Occludin 5′-AAGGTCCTGGTGTGAGCTGTGA-3′ 5′-AGCGCTGCTGCAAAGATTGATTAG-3′

Claudin-2 5′-ATCGGACTCAGCTGGCTTTG-3′ 5′-ATCGGACTCAGCTGGCTTTG-3′

IL-6 5′-GTCGGAGGCTTAATTACACATGTTC-3′ 5′-GCAAGTGCATCATCGTTGTTCA-3′

IL-10 5′-TAGAGCTGCGGACTGCCTTC-3′ 5′-TGATTTCTCGCCATCCTTC-3′

TNF-α 5′-GCCTCTTCTCATTCCTGCTTGTG-3′ 5′-TGATGAGAGGGAGGCCATTTG-3′

IL-1β 5′-CCAGGATGAGGACATGAGCAC-3′ 5′-TGTTGTTCATCTCGGAGCCTCTA-3′

β-actin 5′-CACCATTGGCAATGAGCGGTTC-3′ 5′-AGGTCTTTGCGGATGTCCACGT-3′
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resistance genes were predicted in strain AF91-08b2A, namely rpoB 
mutants, tet (W), dfrF, and ErmX. Specifically, B. adolescentis rpoB 
mutants conferring resistance to rifampicin, tet (W), dfrF are 
resistant to rifamycin antibiotic, tetracycline antibiotic, 
diaminopyrimidine antibiotic, respectively. B. adolescentis rpoB 
mutants conferring resistance to rifampicin and tet (W) are genes 
commonly found in B. adolescentis. The specific antibiotic resistance 
depends on the gene expression levels and the presence of sites for 
horizontal gene transfer. Meanwhile, a multidrug resistance gene 
(ErmX) was detected, which the gene is resistant to macrolide 
antibiotic, lincosamide antibiotic, streptogramin antibiotic, 
streptogramin A antibiotic, and streptogramin B antibiotic. Some 
studies have shown that the erm(X) gene is quite common in 
Bifidobacterium strains, and the resistance level is directly 
proportional to the expression of this gene. However, Bifidobacterium 
breve PRL2020 (Di Pierro et al., 2023), which contains three erm(X) 
genes and B. adolescentis rpoB mutants conferring resistance to 
rifampicin, did not demonstrate resistance to the related antibiotics 
in vitro experiments. In this strain, a total of nine virulence factor 
genes were predicted, which were related to bacterial adherence, 

immune modulation, antiphagocytosis, nutritional/metabolic factor, 
etc. (Supplementary Table S3). Identified as virulence factors in the 
VFDB due to their role in aiding the survival and colonization of 
pathogenic bacteria within the host, these genes, in the absence of 
additional pathogenic mechanisms, may be considered advantageous 
for probiotic function (Wu et al., 2023). Thus, none of the virulence 
factor gene, which is truly virulent, was identified in the genome of 
strain AF91-08b2A.

Analysis of the stress-resistance genes

The annotation of the whole genome of strain AF91-08b2A was 
identified genes associated with probiotic properties as shown in 
Figure 2C. According to the whole genome sequence of AF91-08b2A, 
genes responsible for stress resistance include AF91-08b2A_01017 
(uspA), AF91-08b2A_01115 (a universal stress protein family gene); genes 
associated with heat-shock stress resistance include AF91-08b2A_01520 
(grpE), AF91-08b2A_01521 (dnaK), AF91-08b2A_00349 (dnaJ), AF91-
08b2A_01519 (dnaJ), AF91-08b2A_01648, AF91-08b2A_00642 (groS), 

FIGURE 1

The distribution of B. adolescentis in metagenomic cohorts. (A) The occurrence rate and relative abundance of B. adolescentis in Chinese 
metagenome cohort. (B) Log10 relative abundance of B. adolescentis in IBDs and controls in metagenome cohorts of HMP, CN_GZ, and CN_YN. Mark, 
Wilcoxon test p-value. (C) Species negatively correlated with B. adolescentis in metagenome cohorts of CN_GZ (yellow), CN_YN (red), and HMP 
(green). (D) Log10 relative abundance of species negatively correlated with in B. adolescentis CN_YN. Mark, Wilcoxon test p-value.
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AF91-08b2A_01010 (groL), AF91-08b2A_00348 (hrcA); additionally, the 
gene AF91-08b2A_01015 (cspB) is responsible for cold-shock stress 
resistance. Furthermore, 10 genes encoding ATP synthase were related to 
acid resistance. They can maintain the pH stability in cells and adapt to 
acid environment or acid stress. Of these, studies have proved that clpB, 
clpC, clpP, and clpX are involved in the heat stress reaction (Wu et al., 
2023; Boucard et al., 2022). Four genes were associated with anti-oxidative 
stress, 16 genes associated with DNA and protein protection and repair. 
Because of these genes, the strain AF91-08b2A can better survive in 
various environmental conditions.

Bifidobacterium adolescentis AF91-08b2A 
alleviates weight loss and reduces DAI 
scores

The animal grouping and modeling schedule were conducted 
as described in the Materials and Methods section (Figure 3A). 

To evaluate the effects of Bifidobacterium adolescentis AF91-
08b2A on body weight changes and disease activity indices in a 
DSS-induced colitis mouse model, we recorded body weight 
alterations and disease activity indices across different treatment 
groups, including the control, DSS, AF91, and 5-ASA groups. The 
DSS group showed a significant reduction in body weight 
compared to the control group (p < 0.0001), while treatment with 
AF91 (p < 0.0001) and 5-ASA (p < 0.01) significantly mitigated 
this weight loss (Figure 3B). Moreover, the DSS group exhibited 
a marked increase in DAI scores from Day 10 to Day 14, reflecting 
severe disease activity (p < 0.0001). In contrast, both AF91 and 
5-ASA treatments significantly reduced DAI scores compared to 
the DSS group, with the AF91 group showing a substantial 
improvement by Day 14 (p < 0.0001, Figures 3C,D).

To further investigate the protective effects of B. adolescentis 
AF91-08b2A on colonic damage, colon lengths were measured, 
and histological staining was performed. The DSS group 
exhibited visibly shorter compared to the control group, while 

FIGURE 2

Genomic features and metabolic pathway annotations of strain AF91-08b2A. (A) Genomic circle map information of strain AF91-08b2A. (B) The KEGG 
metabolic pathway annotation. (C) Annotation of the beneficial metabolic pathways of strain AF91-08b2A.
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treatment with AF91 and 5-ASA alleviated colon shortening and 
preserved relatively normal morphology (Figure 3E). Quantitative 
measurements revealed a significant reduction in colon length in 
the DSS group (5.79 ± 0.46 cm) compared to the control group 
(8.45 ± 0.52 cm), as shown in Figure 3F (p < 0.0001). Notably, the 
AF91 group exhibited a significantly longer colon length (7.15 ± 
0.86 cm) than the DSS group (p < 0.05, Figure 3F), suggesting 
that B. adolescentis AF91-08b2A could attenuate DSS-induced 
colonic shortening. Histological analysis of H&E-stained colon 
sections further supported these findings. In the control group, 
intestinal mucosal epithelial cells were intact and organized, with 
no evidence of necrosis, shedding, or inflammatory cell 
infiltration. In contrast, DSS treatment induced submucosal 
edema, epithelial cell porosity, crypt damage, and significant 
inflammatory cell infiltration (Figure 4A). Both AF91 and 5-ASA 
treatment groups exhibit significantly reduced scores  
compared to the DSS group, suggesting their therapeutic effects 

(p < 0.0001, Figure 4B).These results suggest that B. adolescentis 
AF91-08b2A could effectively mitigate DSS-induced intestinal 
tissue damage.

Bifidobacterium adolescentis AF91-08b2A 
recovered goblet cells exhaustion

The content of intestinal goblet cells was analyzed by Alcian 
blue staining to further verify the alleviating effect of the strain 
on intestinal barrier destruction. Goblet cells were abundant in 
the control group (Figure 4A), mainly distributed on the surface 
of colon epithelial cells. In contrast, in the DSS group, the number 
of goblet cells was significantly reduced due to damage to the 
inner and outer mucosal layers of the colon, however, goblet cell 
counts were significantly improved with 5-ASA and AF91 groups 
(p < 0.05, Figure 4C).

FIGURE 3

AF-91 significantly alleviated the DSS-induced clinical symptoms in mice. (A) The experimental design flow chart. (B) The changes of body weight. 
(C,D) DAI score. (E) Images of colon tissue. (F) The quantification of the colon length.
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AF91 upregulates anti-inflammatory 
cytokines and downregulates 
pro-inflammatory cytokines in 
DSS-induced colitis mice

Colonic cytokine levels are indicative of the extent of 
inflammation triggered by DSS. Assessment of colonic damage 
included quantifying levels of the proinflammatory cytokines 
IFN-γ and IL-17A, and the anti-inflammatory cytokines IL-4 and 
TGF-β1. Our data indicate a significant downregulation of IL-4 
and TGF-β1, and upregulation of IFN-γ and IL-17A in the DSS 
group versus the control (Figures  5A,C vs. Figures  5B,D). 
Elevated levels of IL-6, IL-1β, and TNF-α, along with reduced 
IL-10, were observed in the DSS group’s colonic tissue compared 
to the control, with statistical significance (p < 0.05) 
(Figures  5E–H). Administration of 5-ASA and AF91 led to 
notable amelioration of these cytokine levels. Conversely, the 
AF91 and 5-ASA groups demonstrated an opposing cytokine 
profile. These findings indicate that AF91 mitigated DSS-induced 
intestinal inflammation by reducing pro-inflammatory cytokines 
and enhancing anti-inflammatory cytokine expression.

AF91 improves the destruction of the 
intestinal barrier induced by DSS

To further explore how AF91 modulates the expression of proteins 
critical to the intestinal barrier, we employed immunohistochemistry, 
western blot analysis, and RT-qPCR to assess the expression of intestinal 
barrier proteins (Figures 6, 7). DSS treatment diminished the mRNA 
levels of these barrier proteins (Figures  7B–D), with AF91 partially 
recuperating these levels. Furthermore, protein levels of ZO-1, occludin, 
and claudin-2 were markedly decreased in the DSS-exposed group as 
opposed to the control cohort, whereas AF91 supplementation partially 
reversed the DSS-induced reduction in expression (Figures 7F–H). Our 
findings indicate that AF91 may mitigate inflammation by preserving the 
structural integrity of the intestinal barrier.

Discussion

These are accumulating evidences showed that gut microbiota 
has closely correlation to human health, especially as a key 
participant of inflammatory bowel disease (IBD) and other 

FIGURE 4

Histological analysis and goblet cell quantification in colonic tissue. (A) Representative micrographs of H&E staining and Alcian blue staining of colonic 
tissue from the four groups of mice. (B) Histopathology scores. (C) The number of goblet cells.
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gastrointestinal diseases (Lavelle and Sokol, 2020; Wong and Yu, 
2023; Stewart et  al., 1977). B. adolescentis, one of the most 
abundant Bifidobacterium in human colon, which is common in 
60–80% of healthy adults and usually applied in the treatment of 
constipation, irritable bowel syndrome (IBS) and IBD (Gavzy 
et al., 2023; He et al., 2023). Moreover, B. adolescentis was proved 
the anti-virus ability potential caused by its Mx GTPase pathway 
(Lee et al., 2013). In previous study, we isolated a B. adolescentis 
strain named AF91-08b2A (Lin X. et  al., 2023). The whole 
genome sequencing was used to build the genome landscape of 
B. adolescentis AF91-08b2A, while we found that B. adolescentis 
has a wide range of sugar transporters and degrading enzyme 
libraries (Begley et al., 2005; Wei et al., 2023; Sonnenburg et al., 
2005). Additionally, we noticed that many metabolic pathways of 
B. adolescentis AF91-08b2A including carbohydrate metabolism, 
amino acid metabolism, vitamin metabolism were enriched, 
pointing this strain has the potential of fermenting plant derived 
glycans and producing beneficial metabolites like most 
B. adolescentis strains (Leser and Baker, 2023). Recently reports 
also revealed that B. adolescentis has the ability of alleviating 
colitis and improving immune microenvironment (Fan et  al., 
2021; Jang et al., 2019; Lin Y. et al., 2023).

To further explore the role of B. adolescentis in IBD, 
we  collected metagenomic sequencing data of three cohort 
studies from HMP2, CN_GZ and CN_YN. These results showed 
that B. adolescentis decreased in IBD groups compared with 
control groups and other reports also suggested this change of 
B. adolescentis (Fan et al., 2021; Su et al., 2023).

Considering the significant relative abundance differences in 
cohort studies and advantages in the genome of B. adolescentis, 

we performed comprehensive experiments to study the effect of 
B. adolescentis AF91-08b2A in DSS-induced colitis. Here, 
we  observed that treatment of B. adolescentis AF91-08b2A 
prevented DSS-induced colitis and the decrease of body weight 
in mice. Gavage with B. adolescentis AF91-08b2A further 
suppressed local and systemic inflammation, especially increasing 
the expression level of TGF-β1 and decreasing the expression 
level of IL-17A, which was considered maintaining the balance 
of Treg/Th17 cells (Wang et al., 2022; Wen et al., 2021). IL-4 was 
reported as a well-known anti-inflammation factor producing by 
Th2 cells and our result showed the increase of IL-4 (Bosurgi 
et al., 2017).

The damage of intestinal epithelial barrier will increase the 
chance of pathogen invasion, thus accelerating the occurrence 
and development of IBD (Chen et  al., 2021; Niu et al., 2022). 
Mucus layer was considered protecting intestinal immune system 
from excessive bacterial invasion and a key part of intestinal 
epithelial barrier (Kudelka et  al., 2020). Supplementation of 
B. adolescentis AF91-08b2A improved gut barrier function and 
secretion of mucin proteins. As an important contributor of 
intestinal epithelial barrier, the dysfunction of tight junction (TJ) 
proteins aggravates the inflammatory reaction (Suzuki, 2020). 
Therefore, we  detected three TJ proteins (ZO-1, occludin, 
claudin-2) and B. adolescentis AF91-08b2A reversed the decrease 
of TJ expression induced by DSS. The above results suggested 
that B. adolescentis AF91-08b2A helped intestinal epithelial 
healing and maintained the normal function of intestinal 
epithelial barrier.

Several metabolites produced by the gut microbiota, including 
short chain fatty acids (SCFAs), are crucial for host metabolism, energy 

FIGURE 5

Effects of AF-91 on pro-inflammatory and anti-inflammatory cytokine expression. (A–D) The levels of IL-4 (A), IL-17a (B), TGF-β1 (C) and IFN-γ (D) in 
colon tissues were determined using ELISA. (E–H) The relative mRNA expression levels of IL-1β (E), IL-6 (F), IL-10 (G), TNF-α (H).
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balance, and immune system development (Flint et al., 2015; Mann et 
al., 2024; Martin-Gallausiaux et al., 2021). SCFAs also serve as activators 
of receptors on host epithelial cells and liver cells, functioning as histone 
deacetylase inhibitors that regulate gene expression and physiological 
responses in the host (Martin-Gallausiaux et al., 2021). Among SCFAs, 
acetate and lactate are major members for modulating intestinal 
epithelial cells (IECs) (Ardawi and Newsholme, 1985; Fleming et al., 
1991) and can help maintain the homeostasis of the intestinal 
environment. Previous studies have proved that B. adolescentis 
produced a large amount of acetate and lactate through in  vitro 
fermentation (Leser and Baker, 2023). Therefore, it is plausible that 
some of the effects of administering B. adolescentis AF91-08b2A are 
dependent on acetate and lactate production in the intestines.

The analysis of the cohorts, genome mining of function and 
mice experiment verification was used to systematically explore 
the probiotic function of B. adolescentis AF91-08b2A, providing 
an important basis for the subsequent application of this strain 

in products. Nevertheless, we  still lack the exploration of the 
mechanism by which B. adolescentis AF91-08b2A alleviates 
colitis in mice. The relative abundance of B. adolescentis AF91-
08b2A is not clear, hindering us from knowing whether 
colonization. In subsequent studies, we will use metabolomics 
and single-cell transcriptomics to further explore the mechanism 
of B. adolescentis AF91-08b2A treating colitis. Our study provides 
a safe and effective approach for the prevention and treatment 
of colitis.

Conclusion

In conclusion, our study revealed the potential probiotic 
properties of B. adolescentis AF91-08b2A through whole genome 
and cohort analysis. These results also point to an important role 
of B. adolescentis AF91-08b2A in preventing DSS-induced colitis 

FIGURE 6

Effects of AF-91 on the epithelial barrier. The IHC staining of TJ protein (A–C) and area % of TJ protein (D–F).
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and local and systemic inflammation, indicating that 
B. adolescentis AF91-08b2A has the potential for being a 
probiotic supplement.
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